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ABSTRACT: The national upgrade of the operational weather radar network to include polarimetric capabilities has led
to numerous studies focusing on polarimetric radar signatures commonly observed in supercells. One such signature is the
horizontal separation of regions of enhanced differential reflectivity (ZDR) and specific differential phase (KDP) values due
to hydrometeor size sorting. Recent observational studies have shown that the orientation of this separation tends to be
more perpendicular to storm motion in supercells that produce tornadoes. Although this finding has potential operational
utility, the physical relationship between this observed radar signature and tornadic potential is not known. This study uses
an ensemble of supercell simulations initialized with tornadic and nontornadic environments to investigate this connection.
The tendency for tornadic supercells to have a more perpendicular separation orientation was reproduced, although to a
lesser degree. This difference in orientation angles was caused by stronger rearward storm-relative flow in the nontornadic
supercells, leading to a rearward shift of precipitation and, therefore, the enhanced KDP region within the supercell. Fur-
ther, this resulted in an unfavorable rearward shift of the negative buoyancy region, which led to an order of magnitude
less baroclinic generation of circulation in the nontornadic simulations compared to tornadic simulations.
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1. Introduction

Supercell thunderstorms are responsible for producing a
large majority of violent tornadoes, as well as tornado dam-
age, injuries, and fatalities (e.g., Brotzge et al. 2013). Because
of this, the study of supercell and tornado dynamics and envi-
ronments conducive to their formation has been a dedicated
area of research for several decades. The dedicated effort}
along with advancements in technological capabilities}has al-
lowed meteorologists to forecast environments favorable for
supercell and tornado formation with confidence (e.g., Coniglio
2012; Gallo et al. 2018). Although supercell tornadoes are associ-
ated with better warning performance compared to nonsupercell
tornadoes (Brotzge et al. 2013; Anderson-Frey et al. 2016), it
remains a challenge to assess the tornadic potential of an indi-
vidual supercell on the time scale of minutes to hours. Further, a
majority of supercells do not produce any tornadoes (Trapp et al.
2005). Therefore, it is critical to elucidate and investigate differ-
ences between tornadic (TOR) and nontornadic (NonTOR)
supercells.

Several past studies have focused attention on highlighting
differences between the environments of TOR and NonTOR
supercells (e.g., Rasmussen and Blanchard 1998; Thompson
et al. 2003, 2012; Anderson-Frey et al. 2016, 2019). Unfortu-
nately, there is a great deal of overlap between the weakly
tornadic (EF0 and EF1 ratings) and nontornadic distributions
of the relevant environmental parameters, such as lifted con-
densation level (LCL), convective available potential energy

(CAPE), vertical wind shear, and storm-relative helicity
(SRH; Davies-Jones 1984). Dedicated field campaigns, such
as the second Verification of the Origins of Rotation in Tor-
nadoes Experiment (VORTEX2; Wurman et al. 2012), have
provided an abundance of observations of tornadic supercells
(e.g., Wakimoto et al. 2012; Markowski et al. 2012a,b; Kosiba
et al. 2013; Tanamachi et al. 2013; Weiss et al. 2015) and non-
tornadic supercells (e.g., Skinner et al. 2014; Murdzek et al.
2020), facilitating comparisons between tornadic and nontor-
nadic supercells (Klees et al. 2016). In the past decade,
numerical simulation studies have allowed researchers to in-
vestigate numerous aspects of the tornadogenesis process in
supercells (e.g., Markowski and Richardson 2014, 2017; Orf
et al. 2017; Coffer and Parker 2017, 2018; Coffer et al. 2017).
Unfortunately, dedicated field observations and high-resolution
cloud model simulations are not consistently available to opera-
tional forecasters in a tornado warning situation. Thus, there is
great value in determining differences between TOR and Non-
TOR supercells that have operational utility.

An investigative tool that is routinely available to opera-
tional forecasters is weather radar. As such, uncovering differ-
ences between TOR and NonTOR supercells in radar data
would have significant operational utility. Conventional radar
variables that have been extensively used are the radar reflec-
tivity factor at horizontal polarization (ZH) and Doppler ve-
locity. The latter is a popular radar product for interrogating
potentially tornadic storms, owing to its ability to reveal azi-
muthal shear associated with the mesocyclone. However, a
small percentage (as low as 3%) of radar-detected mesocy-
clones are associated with tornadoes (Jones et al. 2004). Addi-
tionally, nontornadic mesocyclones can still display a significantCorresponding author: Scott D. Loeffler, loeffler@usna.edu
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degree of azimuthal shear (Trapp 1999). Because of this, issuing
tornado warnings based solely on Doppler velocity data is a
main contributor to the currently high false alarm ratios and
warning performance (Brooks and Correia 2018).

For almost a decade, the operational Weather Surveillance
Radar 1988-Doppler (WSR-88D) network has had dual-
polarization, or polarimetric, capabilities (Doviak et al. 2000).
Two of the polarimetric radar variables that are of particular
interest in this study are differential reflectivity (ZDR) and
specific differential phase (KDP). Differential reflectivity, in-
troduced by Seliga and Bringi (1976, 1978), is the difference
between the logarithmic radar reflectivity factors at horizontal
and vertical polarizations (i.e., ZDR 5 ZH 2 ZV). For hydro-
meteors small compared to the radar wavelength with their
major axis oriented horizontally (e.g., oblate raindrops), ZDR

is positive (ZH . ZV). Because drops become more oblate as
they grow larger (e.g., Brandes et al. 2002; Thurai and Bringi
2005; Thurai et al. 2009), ZDR can also be used to assess the
ZH-weighted mean drop size: large ZDR values can indicate
the presence of large raindrops. Specific differential phase
(KDP) is a measure of the differential phase shift per unit dis-
tance (8 km21) along the radar signal propagation direction and
is nearly linearly related to the rainfall rate (Sachidananda and
Zrnić 1986); thus, large KDP values are usually located in re-
gions of heavy rain and large liquid water content, which could
include large amounts of small melting hail (Kumjian et al.
2019a). The KDP is more closely related to the mass of the rain-
drops and less sensitive to median drop size compared to ZH

and ZDR: it is proportional to the approximately fourth to fifth
moment of the drop size distribution (DSD; Sachidananda and
Zrnić 1986; Kumjian et al. 2019b). Drops still need to be large
enough to have some measure of “oblateness” for there to be a
differential phase shift;KDP will be less affected by the presence
of small, quasi-spherical drops. For a more extensive review,
the reader is directed to the books by Doviak and Zrnić (1993),
Rauber and Nesbitt (2018), Ryzhkov and Zrnic (2019), and the
review series by Kumjian (2013a,b,c).

Several different polarimetric radar signatures have been
repeatedly observed in supercells (e.g., Kumjian and Ryzhkov
2008; Van Den Broeke et al. 2008; Snyder et al. 2013; Kumjian
2013b). One of these common signatures is a region of increased
ZDR values collocated with the ZH gradient along the inflow
edge of the forward flank, called the “ZDR arc” (Kumjian and
Ryzhkov 2008). Additionally, there is commonly a region of in-
creased KDP values located farther into the forward flank and
collocated with the precipitation core, called the “KDP foot”
(Romine et al. 2008). These two regions are horizontally sepa-
rated due to hydrometeor size sorting (Kumjian and Ryzhkov
2009; Dawson et al. 2014).

Hydrometeor size sorting results from the variation of hy-
drometeor terminal velocity with size. The terminal velocity
of raindrops increases with increasing raindrop size (e.g.,
Gunn and Kinzer 1949; Foote and du Toit 1969; Beard 1976;
Brandes et al. 2002). As such, larger drops fall through a given
layer of the atmosphere quicker and, therefore, spend less
time in the layer compared to smaller drops. The sorting layer
is defined as the layer over which the storm-relative winds can
advect hydrometeors. If there are nonzero storm-relative

winds in the layer, this size sorting can be maintained (Kumjian
and Ryzhkov 2012; Dawson et al. 2015), with smaller drops be-
ing advected larger distances compared to larger drops. This
leads to a horizontal separation of drops by size at the bottom
of the sorting layer. Most of the liquid precipitation mass and
highest number concentrations will come from smaller to more
medium size raindrops, indicating that the region of relatively
small drops will be characterized by enhanced KDP values. On
the other hand, the region of relatively large drops will be asso-
ciated with enhanced ZDR values. Thus, a layer with nonzero
storm-relative winds and subsequent size sorting has created a
horizontal separation between regions of enhanced KDP and
ZDR.

Enhanced KDP values indicate regions of increased hydro-
meteor mass that can subsequently melt or evaporate to gen-
erate negative buoyancy (along with precipitation loading),
which is relevant for tornadogenesis (e.g., Markowski and
Richardson 2014, 2017). Because these polarimetric radar sig-
natures are readily observable and are also associated with
processes that play a role in tornadogenesis, there is potential
that this signature could show differences between TOR and
NonTOR supercells, with important operational implications.
The theoretical relationship between this ZDR–KDP separa-
tion and the storm-relative winds was analyzed by Loeffler
and Kumjian (2020), who used a simple idealized size sorting
model similar to that of Dawson et al. (2015). Their results
showed that the separation distance and direction between
the two enhancement regions was highly correlated to the
mean storm-relative wind magnitude and direction in the sort-
ing layer, respectively. Additionally, their study showed that
larger SRH values in the sorting layer were associated with
larger separation distances and separation directions that
were more perpendicular to the shear vector in the sorting
layer.

Complementing this past idealized work, several studies
have analyzed this ZDR–KDP separation in observed storms.
Crowe et al. (2012) studied the separation between enhanced
ZDR and KDP regions in different convective modes in the
southeastern United States. They found that, although both
TOR and NonTOR storms tended to have the two enhanced
regions overlapping, TOR storms tended to show greater sep-
aration between the two enhanced regions. However, most of
the analysis was qualitative and was performed on a relatively
small sample of storms (six storms). Martinaitis (2017) ana-
lyzed this separation, also in a qualitative manner, as a part of
the author’s radar analysis of convection associated with land-
falling tropical systems in Florida. When analyzing tornado-
warned circulations, the author was unable to find any significant
differences between TOR and NonTOR storms. Jurewicz and
Gitro (2014) assessed this separation quantitatively in supercells,
and found that TOR supercells tended to have greater separa-
tion distances compared to NonTOR supercells. However, their
use of point max values made their measurements susceptible to
radar noise.

Loeffler and Kumjian (2018) defined the “separation vector,”
which comprises the separation distance (taken from KDP cen-
troid toward ZDR centroid) and the orientation relative (de-
grees clockwise) to storm motion between the enhanced ZDR
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and KDP regions, to analyze 30 nonsupercellular TOR storms.
They showed that the separation distances tended to peak and
separation orientations tended to become closer to 908 around
the time of the reported tornado. A follow-up study by Loeffler
et al. (2020) analyzed the separation vector in 63 TOR and 53
NonTOR supercells. Their results showed that, although sepa-
ration distances were similar, TOR supercells tended to have
separation vectors close to perpendicular to storm motion,
whereas NonTOR supercells tended to have separation vec-
tors closer to parallel to storm motion. This difference in
orientation angles between TOR and NonTOR supercells
has been corroborated by Homeyer et al. (2020) and Wilson
and Van Den Broeke (2022). Both of these studies analyzed
independent datasets of a large number of supercells using differ-
ent methods and found that TOR supercells had ZDR–KDP sepa-
ration vectors that were more perpendicular to storm motion
than those in NonTOR supercells.

Although recent studies have identified this key observational
difference in separation orientation angles between TOR and
NonTOR supercells, we need to understand what this observed
difference means physically and how it potentially relates to tor-
nadogenesis. In this study, we will analyze the ensemble of TOR
and NonTOR cloud model simulations from Coffer et al. (2017)
to make connections between this observed radar signature and
tornadogenesis processes. Their simulations, initialized with com-
posite TOR and NonTOR near-storm environments, highlighted
the role of increased environmental low-level streamwise vor-
ticity. Supercells initialized with the composite TOR environ-
ments ingested more streamwise vorticity and subsequently
developed stronger low-level [’1 km above ground level
(AGL)] circulation, allowing for increased dynamic lifting and
vortex stretching.

The KDP region is of particular interest, due to its relation-
ship to precipitation mass, in generating hypotheses for the
connection between this polarimetric size sorting signature
and tornadogenesis processes. Markowski and Richardson
(2017) showed how the relative location of a heat sink to a
heat source (analogous to an updraft) could significantly
change the near-surface vertical vorticity. This heat sink is
analogous to the negative buoyancy generated by the main re-
gion of precipitation in the supercell forward flank and, there-
fore, could be collocated with the KDP enhancement region.
Additionally, Gray and Frame (2021) showed that the storm-
relative location for outflow surges was spatially related to the
location of the greatest precipitation loading, presumably also
collocated with the KDP enhancement region. Therefore, this
relative location of the KDP enhancement region within the
supercell is at the foundation of our hypotheses to be tested in
this study. A multipart hypothesis that could explain how the
observed polarimetric radar signature relates to tornadogenesis,
which will be tested in this study, is presented below. H1 and
H2 are motivated by previous observational work showing a
more parallel separation angle in nontornadic supercells and
provide a potential explanation. H3 and H4 are attempts to
connect this difference in observations with processes related to
tornadogenesis, specifically how this shift in KDP could be detri-
mental to tornadogenesis. A schematic of this is shown in Fig. 1.

• H1: The KDP enhancement region is shifted farther rear-
ward, in a storm-relative sense, in NonTOR supercells com-
pared to TOR supercells.

• H2: This rearward shift of the KDP enhancement region in
NonTOR supercells leads to separation angles more paral-
lel to storm motion.

FIG. 1. Schematic showing how a rearward shift in theKDP enhancement region when going from a (a) TOR super-
cell to a (b) NonTOR supercell could be detrimental for tornadogenesis. The KDP and ZDR enhancement regions are
indicated by light blue and red ovals, respectively. The KDP and ZDR centroids are indicated by red and blue squares,
respectively. Green arrows represent the separation vectors, and the orange circles represent the location of the low-
level vortex. Black contours represent the ZH outline of the supercell.
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• H3: Negative buoyancy resulting from the increased hydro-
meteor mass associated with the KDP enhancement region,
therefore, is placed too close to the low-level updraft/near-
surface vertical vorticity.

• H4: Parcels become too negatively buoyant to be lifted
and/or the stronger cold pool and outflow disrupt the up-
draft and stretching of the near-surface vertical vorticity,
such as that seen in Markowski et al. (2011) and Markowski
and Richardson (2014).

2. Data and methodology

a. Model configuration and simulations

In this study, we use the ensemble of Cloud Model 1 (CM1;
Bryan and Fritsch 2002) supercell simulations from Coffer
et al. (2017). Detailed model specifications can be found in
Coffer and Parker (2017) and Coffer et al. (2017), but will be
reviewed here. These storms are the members of ensembles
of supercells initialized with composite environments from
TOR and NonTOR storms observed during the second Verifi-
cation of the Origins of Rotation in Tornadoes Experiment
(VORTEX2; Wurman et al. 2012; Parker 2014). For the rest
of this study, we will simply refer to storms initialized with the
tornadic environments as “TOR” and those initialized with
the nontornadic environments as “NonTOR.” It is worth not-
ing that about 40% of the storms initialized in the NonTOR
environments did produce tornadoes as defined by subjective
criteria listed in Coffer et al. (2017) that needed to be met for
at least two minutes. However, these tornadoes were weaker
than those initialized in the TOR environments, and if the
original thresholds are marginally increased (surface vertical
vorticity increased from 0.3 to 0.4 s21 and maximum surface
wind speed increased from 35 to 40 m s21), all of the TOR en-
semble members still meet the criteria for at least a 2-min
period, while none of the NonTOR ensemble members do
(Fig. 2). This gives us confidence that these two ensembles of
simulations are different “classes” and we can group them to-
gether in our analyses moving forward. There are 15 members
in both TOR and NonTOR ensembles, including a control

simulation using the base-state thermodynamic and wind pro-
files from Coffer and Parker (2017). The NonTOR ensemble
environments are not drastically different with regards to the
thermodynamic and wind profiles compared to the TOR en-
semble environments, a feature exploited by Coffer and Parker
(2018). This provides a more stringent test of our hypotheses
compared to observational work that has analyzed NonTOR
supercells from a broader set of environments. (e.g., Loeffler
et al. 2020). Thus, we may expect a more subtle difference be-
tween TOR and NonTOR storms.

The vertical wind profiles used for each set of the remaining
14 ensemble members have horizontal wind perturbations ap-
plied to the composite profile. These perturbations are#2 m s21

in magnitude and are identical between the corresponding mem-
bers of the TOR and NonTOR ensemble members. The com-
posite TOR and NonTOR storm-relative 0–6-km hodographs
(i.e., simulated storm motion is placed at the origin), along with
each of their 14 ensemble members, are shown in Fig. 3. The var-
iation of the storm-relative wind profile makes these simulations
an attractive choice when considering signatures of hydrometeor
size sorting. One feature that stands out is the westward bulge in
the low-level (0–1 km) NonTOR hodographs compared to the
TOR hodographs. This feature can be considered an enhance-
ment of rearward low-level storm-relative winds (storm motion
is approximately due east). This 0–1 km AGL portion of the
wind profile was of particular interest in Coffer and Parker
(2017), as they emphasized the difference between the crosswise
and streamwise components of the low-level environmental hori-
zontal vorticity evident in the NonTOR and TOR wind profiles,
respectively.

The model domain moves with the storm and is 200 km 3

200 km in the horizontal and extends to just over 18 km in the
vertical. The horizontal grid spacing in the inner 100 km 3

100 km area is 125 m, and stretches to 4.875 km at the outer
boundaries of the larger 200 km 3 200 km domain. Vertical
grid spacing is 20 m in the lowest 300 m, starting at 10 m.
Above 300 m, it stretches to 280 m at 12 km and maintains that
grid spacing to the top of the domain. This results in 115 vertical
levels, 31 of them contained in the lowest 1 km of the domain.

FIG. 2. Time series highlighting periods during the analysis period when surface vertical vorticity exceeds 0.4 s21 and max-
imum surface wind speed exceeds 40 m s21 for (a) TOR and (b) NonTOR ensemble members.
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The NSSL two-moment bulk microphysics scheme (Ziegler
1985; Mansell 2010; Mansell et al. 2010) is used, which has been
shown to produce size sorting signatures that compare well with
observations (Johnson et al. 2016). In particular, the NSSL
scheme has several different sedimentation treatments to help
limit excessive size sorting. This study used the default setting
(infall 5 4), which was shown to provide the best results in
Mansell (2010). This parameterization assumes a three-parameter
gamma distribution for hydrometeor size distributions, with the
shape parameter set to zero for rain and graupel and set to two
for hail. For each simulation, model output is saved every minute
for a 40-min period. For the TOR storms, the 40–80-min time
period is chosen to capture when tornadolike vortices are pre-
sent. The NonTOR storm data are saved for the 50–90-min
period, subjectively chosen due to the NonTOR simulations
taking slightly longer to initiate storms and for those storms to
organize.

b. Separation vector calculations

For a detailed description of the polarimetric radar forward
operator implemented in this study, the reader is referred to
the appendix. The forward operator produces realistic KDP

enhancement regions that agree with observations, with these
regions located farther into the forward flank (e.g., Romine
et al. 2008; Homeyer et al. 2020) and correlating well with the
bulk of the liquid precipitation mass (shown in section 3c).
On the other hand, the forward operator struggles to produce
a realistic ZDR arc. Although the forward operator produces a

hail ZDR field (Fig. 4c) consistent with physical expectations,
the rain ZDR field does not agree well with observations. In
observed supercells, the ZDR arc is characterized by enhanced
ZDR values along the inflow edge of the forward flank along
the gradient in ZH (Kumjian and Ryzhkov 2008). However,
the simulated rain ZDR field shows enhanced values pushed
farther into the forward flank, away from the gradient in ZH

(Fig. 4a). To investigate why, we look at the mass-weighted
mean drop diameter Dm 5M4/M3, where M3 and M4 are the
third and fourth moments of the rain DSD, respectively. Be-
cause ZDR provides a good estimate of median drop size, the
fields of ZDR and Dm (Fig. 4b) look remarkably similar, indi-
cating that the radar forward operator is behaving as expected
by producing greater ZDR values in locations of increased
Dm. In contrast to observed supercells, however, there is no
pronounced region of bigger drops evident along the forward-
flank ZH gradient, which indicates the discrepancy lies with
the model microphysics and not with the forward operator.
The NSSL two-moment microphysics scheme has a sedimen-
tation treatment that helps reduce excessive size sorting
(Mansell 2010), which is a common issue with two-moment
bulk microphysics schemes (Kumjian and Ryzhkov 2012).
However, it seems that the microphysics scheme was too ag-
gressive in suppressing excessive size sorting. The other sedi-
mentation treatments in the NSSL scheme were also tested
and did not yield better results. This overcorrection should be
explored further, but is beyond the scope and aim of this
study.

FIG. 3. Storm-relative hodographs (0–6 km AGL layer) for the TOR (red) and NonTOR
(blue) ensemble members, with the thicker lines indicating the composite VORTEX2 profile
and the thinner lines indicating the 14 ensemble members for each storm type. Red triangle,
square, and circle markers indicate the wind at 500-m, 1-km, and 3-km heights in the TOR simu-
lations with corresponding blue markers for the NonTOR simulations. Adapted from Coffer
et al. (2017).
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Owing to the lack of a realistic ZDR arc, we need to deter-
mine a proxy for the ZDR arc for use in calculating the separa-
tion vector. Because the inflow edge of the forward flank is
oriented roughly west–east in most of the simulations, we ap-
proximate the ZH gradient by calculating DZH/Dy. The result-
ing field is rather noisy (Fig. 5a), so we smooth this field by
using a 50-grid window moving average in the y direction
(Fig. 5b). The ZH gradient values are enhanced in a region

along the inflow edge of the forward flank, as expected. Given
that the ZDR arc is observed in nature along this gradient (see
Fig. 5 in Kumjian and Ryzhkov 2008), the smoothed ZH gradi-
ent is what we use as a proxy for calculating the separation
vector. The ZDR centroid in past observational work (Loeffler
et al. 2020) is often found along the ZH gradient (not shown
here), providing confidence in utilizing this proxy. Limited
comparisons of these two methods on observational data

FIG. 4. Simulated near-surface (a) rain ZDR (dB), (b) mass-weighted mean drop diameter (mm), (c) hail ZDR, and
(d) total ZDR for a TOR member. Contours of ZH for 25, 30, 35, and 40 dBZ are overlaid in black in each panel.

FIG. 5. As in Fig. 4 but for the (a) raw and (b) smoothed ZH gradient field (dB km21).

MONTHLY WEATHER REV I EW VOLUME 1511868

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 03:21 PM UTC



show that the ZH gradient centroids might be shifted along
the reflectivity gradient closer to the hook echo, leading to
smaller separation distances and larger separation angles.
However, we expect that this shift is consistent across TOR
and NonTOR cases. Thus, using the ZH gradient centroid in-
stead of the ZDR enhancement region centroid preserves the
key differences between the two supercell types (whereas cau-
tion is warranted in comparing the absolute values of the sepa-
ration vector between these two methods). This has potential
utility for radars without polarimetric capabilities that wish to
analyze this signature. Although reproducing a realistic ZDR arc
is desired for assessing this polarimetric size sorting signature,
our hypothesis is more focused on the relative location of the
KDP enhancement region and its effects on tornadogenesis.
Therefore, we have confidence in our results moving forward.

The calculation of the separation vector here is similar to that
done in previous observational work (Loeffler andKumjian 2018;

Loeffler et al. 2020). Briefly, a region of interest is indicated by an
“analysis box” to avoid sampling entire fields, and only gates
within the analysis box are considered. This method uses an
“adaptive threshold” to identify ZDR and KDP enhancement re-
gions. Rather than using subjective ZDR and KDP thresholds, a
gate threshold is used that defines the minimum number of gates
that can comprise an enhancement region. The algorithm then
finds the largest ZDR and KDP threshold value that produces an
enhancement region of at least that many gates. All the radar
gates within the analysis box that have a ZDR or KDP value
greater than the objectively chosen threshold determine the en-
hancement region. Then, the centroid of the enhancement region
is determined by calculating the median x and y coordinates of all
the gates that comprise the enhancement region [see Fig. 2 in
Loeffler and Kumjian (2018) for reference]. The separation vec-
tor points from the KDP centroid toward the ZDR centroid. The
distance between these two centroids is the separation distance
(i.e., length of the separation vector) and the angle between the
separation vector and storm motion is the separation orientation
(defined as degrees clockwise from stormmotion).

A few adjustments to this method are made for this study.
First, we use the ZH gradient field in place of ZDR, as dis-
cussed above. Second, the “adaptive thresholds” for the KDP

and ZH gradient enhancement regions are chosen using incre-
ments of 0.58 km21 and 1 dB km21, respectively. Instead of a
gate threshold like that used in observational analysis, here
we use an area threshold of 80 km2, similar to the average
ZDR arc areal extent found in Van Den Broeke (2017). Be-
cause the storms are located within the inner 100 km 3 100 km
domain (consistent grid size), the area threshold acts in a similar
manner to a gate threshold and should not alter the results.
Third, the storm motion vector used is simply the motion of the
domain that keeps the supercell centered. Fourth, because the
supercells stay in the center of the domain and because they
are rather large and isolated, we use a larger analysis box of
55 km 3 55 km focused on the center of the domain, compared
to the approximately 25 km3 25 km analysis boxes used in pre-
vious observational work. This larger analysis box opens the
potential for separation distances to be larger on average than
those seen in previous observational work. This methodology is

FIG. 6. Near-surface ZH (dBZ) from a TOR member with KDP

and ZH gradient centroid markers (red and blue squares, respec-
tively) and enhancement regions (red and blue contours, respec-
tively) overlaid. Separation and stormmotion vectors are also over-
laid (black arrows).

FIG. 7. Vertical profiles of storm-relative wind (a) magnitude and (b) direction. Line color and thickness is as in Fig. 3.
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applied to the KDP and ZH gradient fields at the lowest model
level (10 m AGL) for calculating the separation vector. An ex-
ample result from this algorithm is shown in Fig. 6.

3. Results and discussion

a. Environmental and storm characteristics

Figure 7 shows vertical profiles of the storm-relative wind
magnitude and direction. Within the 0–2 km AGL layer, we
see the NonTOR storm-relative winds maintain larger magni-
tudes, and that the NonTOR and TOR winds (with the excep-
tion of the very top of this layer) have an easterly component,
with the NonTOR winds more backed. These indicate there is
stronger westward or rearward flow at low levels in the Non-
TOR simulations compared to the TOR storms. At midlevels
(4–6 km), the comparison in the storm-relative wind magnitude
has reversed: the NonTOR winds are now weaker than the
TOR winds. The wind direction in this layer for both sets of sim-
ulations is approximately southwesterly or west-southwesterly.
This indicates that the NonTOR storms have environments with
weaker flow to the northeast or east-northeast at midlevels com-
pared to the TOR storms. Taken together, this suggests that hy-
drometeors are advected farther to the northeast away from the

updraft in TOR storms and hydrometeors remain closer to the
updraft in NonTOR storms.

The differing environments lead to storm structural and be-
havioral differences described in Coffer et al. (2017) (Fig. 8).
The TOR simulations consistently maintain stronger updrafts
(max w) throughout the analysis period and are statistically
significantly different after approximately 5 min (Fig. 8a). The
tornadic period of the simulations is well captured, with
maximum wind speed (Fig. 8b) and surface vertical vorticity
(Fig. 8c) noticeably increasing between 10 and 15 min and
maintaining larger values between 15 and 30 min before
weakening for the remainder of the analysis period. After
10–15 min, these two quantities remain statistically signifi-
cantly larger for the remainder of the analysis period. A simi-
lar trend is seen for the low-level (1 km AGL) vertical
vorticity (Fig. 8d).

b. Separation vector characteristics for TOR and
NonTOR simulations

We can assess the distributions of the separation vector in the
TOR and NonTOR simulations using kernel density estimates
(e.g., Peel and Wilson 2008; Anderson-Frey et al. 2016). The dis-
tributions of TOR and NonTOR separation vectors across all

FIG. 8. Composite mean time series for TOR (red line) and NonTOR (blue line) simulations with 95% boot-
strapped confidence intervals in shading for (a) maximum vertical velocity, (b) maximum surface horizontal wind
speed, (c) surface vertical vorticity, and (d) 1 km AGL vertical vorticity.
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cases and all times is shown in Fig. 9, with contours representing
50%, 70%, and 90% of the maximum density of observations
for both supercell types. The figure is constructed such that
stormmotion is in the1x direction, so a separation vector point-
ing parallel to storm motion (i.e., orientation angle of 08) would
also be directed in the 1x direction. Separation vectors directed
in the 2y, 1y, and 2x thus correspond to orientation angles of
908, 2908, and 61808, respectively. Another way of interpreting
this figure is that the KDP centroids are placed at the origin and
the contours are showing higher densities of observed ZH gradi-
ent centroid locations relative to storm motion (1x direction).

The TOR supercells tend to concentrate at larger separation dis-
tances compared to NonTOR supercells, contrary to observations.
Both sets of separation vectors have orientations that are closer to
perpendicular, rather than parallel. However, the TOR separation
vectors are closer to perpendicular to stormmotion thanNonTOR
separation vectors, in agreement with observations (e.g., Loeffler
et al. 2020;Homeyer et al. 2020).

To analyze the evolution of the separation vectors we com-
pute composite time series of the two components of the sep-
aration vector, distance and orientation (Fig. 10). Unlike
observed supercells, which exhibited similar separation dis-
tances (Loeffler et al. 2020), the simulated supercells show a
distinct difference in separation distance. The TOR supercells
reach significantly larger separation distances compared to
the NonTOR supercells, as shown by the clear separation be-
tween the 95% bootstrapped confidence intervals, especially
during the middle of the analysis period. However, the more
significant result from observational studies was the differ-
ences in separation orientation between TOR and NonTOR
storms. We can see in the composite time series of separation
orientation angles that both sets of simulations have orienta-
tion angles closer to perpendicular than to parallel. However,
the composite time series nicely illustrates the subtle difference be-
tween the TOR and NonTOR orientation angles. This figure
shows that, of the two, the TOR simulations produce orientation
angles that are closer to orthogonal than the NonTOR simulations,
especially for the first 20–25 min of the analysis, where we can see
separation between the 95% bootstrapped confidence intervals for
the two simulation types. This indicates that, although the Non-
TOR orientation angles are farther from parallel than they are in
the observed cases, the tendency for TOR cases to be more or-
thogonal compared to NonTOR cases is reproduced in these simu-
lations. Further, this tendency is statistically significant and can be
assessed using our current observational radar network, providing
confidence for its potential utilization in operations.

c. Storm-relative composite fields

Being able to reproduce the polarimetric radar size sorting
signature to a reasonable degree in these simulations is only an

FIG. 9. Distribution of separation vectors across all times and all
ensemble members. Gray dotted lines indicate separation distances
in 5-km intervals. Red and blue solid contours represent 50%,
70%, and 90% of the maximum density of points for TOR and
NonTOR cases, respectively. The corresponding contours for the
observational data from Loeffler et al. (2020) are shown in dashed
lines for reference.

FIG. 10. Composite time series of separation (a) distance and (b) orientation relative to storm motion for TOR (red
solid line) and NonTOR (blue solid line) supercell simulations. Shading for each time series represents the 95% boot-
strapped confidence interval (n5 5000 samples).
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initial goal of this study. The main motivation is to understand
how this signature is related to the dynamics of these storms,
and how it may be related to tornadogenesis. One avenue of ex-
ploring this relationship is to analyze the average kinematic and
microphysical structure of the storms. We do this by using an
“anchored grid” approach. First, a storm-relative anchor point
is identified. Here, we use the updraft center (which is calcu-
lated as the centroid of the w. 30 m s21 region) at 5 km AGL.
Next, we take a 50 km 3 50 km grid centered on this anchor
point. We obtain these “anchored grids” for every model out-
put time and composite the fields for all times across all simula-
tions for a given storm type (TOR or NonTOR).

We assess the composite fields from the top down, emulat-
ing the path that hydrometeors take on their descent. We start
at 6 km AGL where the storm-relative flow is approximately
WSW for both TOR and NonTOR, but the flow is weaker for
the NonTOR wind profiles compared to TOR wind profiles
(cf. Fig. 7). The composite rain, graupel, and hail mass fields
for TOR and NonTOR simulations are shown in Fig. 11. The
left column shows the NonTOR composite, the middle

column shows the TOR composite, and the right column
shows a contoured comparison of the two. The top, middle,
and bottom rows display the composited rain, graupel, and
hail mass mixing ratio fields, respectively.

The rain composite fields for TOR and NonTOR simula-
tions show similar locations in the center of the anchored grid
for a majority of the rain mass. This is expected given that the
center of the domain (gray circle) represents the midlevel up-
draft and liquid rain would be found in and near the updraft
at 6 km as it is advected upward above the environmental 08C
level (approximately 3.5 km in these simulations) (Kumjian
et al. 2014). However, the TOR composite shows noticeably
greater rain mass at 6 km than the NonTOR composite, which
matches well with the fact that the TOR simulations consis-
tently maintain stronger updrafts (cf. Fig. 8a).

The graupel composite fields show more noticeable differ-
ences in the precipitation spatial distribution. The bulk of the
graupel mass in the TOR composite is concentrated to the
north and east of the updraft, whereas the NonTOR compos-
ite shows graupel mass concentrated more to the northwest of

FIG. 11. Composite fields of hydrometeor mass mixing ratio (g kg21) at 6 km AGL. (a) NonTOR, (b) TOR, and (c) comparison of the
two rain composite fields. NonTOR (blue dashed) and TOR (red solid) contours are shown for 0.25, 0.5, and 0.75 g kg21. (d)–(f) As in
(a)–(c), but for graupel composite fields. Contours are shown for 1, 2, and 3 g kg21. (g)–(i) As in (a)–(c), but for hail composite fields. Con-
tours are shown for 0.4, 1, and 1.6 g kg21. The gray dot represents the updraft at 5 km AGL.
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the updraft, illustrating a westward/rearward shift compared
to the TOR composite. The TOR composite also shows the
graupel mass region extending farther toward the northeast
corner of the grid. These differences in the areal graupel distri-
bution might be explained by the differences in storm-relative
flow at this height. The stronger west-southwesterly flow in the
TOR wind profiles could lead to more efficient advection of
graupel to the east-northeast into the forward flank compared
to the weaker flow in the NonTOR profiles. The differences in
the composite hail fields are more subtle. The NonTOR com-
posite shows an increase in hail mass that is also shifted rear-
ward compared to the TOR hail composite.

We focus next on the low-level composite fields at 1 km
AGL (Fig. 12). The storm-relative wind profiles show that
both sets of simulations have an easterly component and that
the NonTOR profiles have stronger flow at this level. The
TOR rain composite shows a slight increase in rain mass com-
pared to the NonTOR composite. This field also shows a
greater extent of the rain mass toward the northeast corner of
the anchored grid, similar to the differences in the graupel
field at 6 km. This implies the greater amount of graupel aloft
leads to rain below after descent and melting, producing the

northeastward extent of the rain field at lower levels. On the
other hand, we see a rearward shift of the NonTOR rain mass
due to the increased rearward storm-relative flow at low levels
for the NonTOR simulations (Fig. 12c).

There are subtle differences between the TOR and Non-
TOR composite fields of both graupel and hail magnitude.
There is a slightly larger graupel mass maximum in the Non-
TOR composite, whereas the hail mass maximum in the TOR
composite has an increased magnitude. However, the more
noticeable differences between TOR and NonTOR compo-
sites are seen in the locations of these maxima relative to the
updraft (Figs. 12f,i). For both graupel and hail, we see the
bulk of the mass concentrated further rearward in the Non-
TOR composite compared to the TOR composite. Once
again, this rearward shift is due to the stronger rearward
storm-relative flow at this level in the NonTOR profiles com-
bined with the weaker flow aloft being less efficient at advect-
ing these hydrometeors north and eastward.

The composite fields at the lowest model level, 10 m AGL
(Fig. 13), show similar trends to those seen at 1 km AGL.
Once again we see similar magnitudes in the rain mass max-
ima between the two composites, but the TOR composite

FIG. 12. As in Fig. 11, but for 1 km AGL. (c) Rain contours are shown for 0.3, 0.7, and 1.1 g kg21. (f) Graupel contours are shown for
0.1, 0.2, and 0.3 g kg21. (i) Hail contours are shown for 0.1, 0.3, and 0.5 g kg21.
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rain field extends farther to the northeast and the NonTOR
composite is shiftedmore rearward. The TORhail mass compos-
ite shows an increased magnitude compared to the NonTOR
composite, whereas the NonTOR graupel mass composite shows
a slightly larger enhanced region than seen in the TORcomposite
(Fig. 13f). However, both graupel and hail composites show the
similar rearward shift of precipitation in theNonTORcomposite.

Owing to the relationship between hydrometeor mass and
KDP, we expect to see this same rearward shift in the compos-
ite KDP fields. Figure 14 shows that, indeed, this is the case.
The NonTOR composite KDP enhancement region is increased
in magnitude by 0.58 km21 and shifted rearward by 3.625 km
compared to the TOR compositeKDP enhancement region. The
TOR composite KDP enhancement region also extends further
northeast into the forward flank due to the increased rain mass
in this region. The combination of the rearward shift of the Non-
TOR composite KDP enhancement region and the separation
vector orientations further from orthogonal (shown in Fig. 10)
for the NonTOR simulations shows support for H1 and H2.

To discern how much of this rearward KDP shift in the Non-
TOR composite is due to the background storm-relative wind
profile compared to the winds within the storm itself (e.g., the

mesocyclone), we use the size sorting toy model presented in
Loeffler and Kumjian (2020). A detailed description of the toy
model can be found in Loeffler and Kumjian (2020) but will be
briefly explained here. The toy model is three-dimensional with
a prescribed vertical wind profile and horizontally homoge-
neous winds. It is a steady-state model (i.e., no dependence on
time) and thus captures the persistent size sorting as a result of
the storm-relative winds. Only liquid (no ice) hydrometeors
are used in the model and microphysical processes are ignored.
A “cloud base” is located at the top of the model domain
(3 km AGL) and centered in the middle (0 km, 0 km) and each
grid cell is initialized with a three-parameter gamma DSD. The
steady-state DSDs for every grid cell in the domain are a result
of only advection by the storm-relative winds and sedimenta-
tion. The terminal velocity equation from Brandes et al. (2002)
is used to determine the fall speed for each raindrop size bin.
The DSDs in each grid cell are then used in the polarimetric
radar forward operator described above, and more formally in
the appendix, to produce the polarimetric radar variables at
S band for every grid cell in the domain.

We use the average TORandNonTOR0–3-km storm-relative
wind profiles in the toy model. The locations of the KDP

FIG. 13. As in Fig. 11, but for the near-surface level. (c) Rain contours are shown for 0.5, 1, and 1.5 g kg21. (f) Graupel contours are shown
for 0.05, 0.1, and 0.15 g kg21. (i) Hail contours are shown for 0.15, 0.3, and 0.45 g kg21.
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enhancement regions resulting from these toy model simula-
tions are shown in Fig. 15. In this figure, the anchor point for
the KDP composites was changed to the rainwater mass mix-
ing ratio maximum at 3 km AGL for a more direct compari-
son with the toy model. We see a clear westward shift in the
NonTOR KDP enhancement region compared to the TOR
KDP enhancement region. This is reflected in the separation
orientation angle values, taken both relative to the 0–3-km
shear vector [consistent with Loeffler and Kumjian (2020)]
and relative to the simulated storm motion vector (Table 1).
Once again, we see a tendency for the TOR storm-relative
wind profile to produce separation orientation angles closer
to orthogonal, and these orientation angles from the toy
model compare favorably with those seen in the simulations.
The separation distances in the toy model, however, are
much smaller than those in the simulations. Additionally,
there is a difference in the relative locations of the KDP en-
hancement regions when comparing the composite fields and
the toy model. In the composite fields, the NonTOR enhance-
ment region is shifted a lesser distance rearward (0.63 km) rela-
tive to the TOR enhancement region compared to a similar
relative rearward shift in the toy model (1.68 km). Considering a
deeper sorting layer for these simulations would increase the res-
idence time of the hydrometeors and, therefore, increase the
magnitude of size sorting. However, for these storm-relative

wind profiles, expanding the sorting layer would introduce more
westerly winds into the layer and cause the mean storm-relative
wind vector to be more southerly or southwesterly. This would
be detrimental to producing the further rearward/westward shift
that we see in the precipitation and KDP enhancement regions,
so it is unclear if a deeper sorting layer should be considered
when assessing this size sorting signature. The enhancement re-
gions in the simulations may also be closer to the 3 kmAGL an-
chor point owing to melting of graupel and hail, which descend
more rapidly and have decreased residence times, contributing
to the rainmass andKDP fields.

To test the third part of the hypothesis (H3), we analyze
the NonTOR and TOR composite fields of near-surface buoy-
ancy (Fig. 16). We have established that there is a rearward
shift in the bulk of the precipitation mass for the NonTOR
composite, and this is also reflected in a rearward shift in the
NonTOR KDP enhancement region. This precipitation is associ-
ated with several processes that contribute to negative buoyancy
generation: evaporation, melting, and precipitation loading. As
expected, we see a rearward shift in the NonTOR negative
buoyancy region (Fig. 16c). However, this rearward shift has ac-
tually placed the negative buoyancy region farther away from
the updraft in the NonTOR composite compared to the TOR
composite, inconsistent with H3. These results indicate that,
although the rearward shift in precipitation mass does lead to the

FIG. 14. Near-surface composite fields of KDP (8 km21) for (a) NonTOR, (b) TOR, and (c) a comparison of the
two simulation types. NonTOR (blue dashed) and TOR (red solid) contours are shown for 18, 28, and 38 km21.
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ZDR–KDP separation becoming less orthogonal, this rearward
shift in precipitation mass does not place negative buoyancy in
closer proximity to the updraft. Thus, it appears unlikely that the
area in and around the updraft is “overrun” by negatively buoy-
ant air that is difficult to lift (e.g., Markowski et al. 2002), leading
to an inability to stretch any existing vertical vorticity to tornadic
strength. Therefore, if this shift in the precipitation and observed
KDP enhancement region plays a role in tornadogenesis or torna-
dogenesis failure in these simulations, it must be a different role
than what we first hypothesized.

d. Effects of precipitation distribution on baroclinic
circulation generation

Although the rearward shift in NonTOR low-level buoy-
ancy and KDP does not result in the NonTOR updraft being
overrun by negatively buoyant air, this shift could potentially
still play a role in tornadogenesis. This rearward shift appears

to produce a stronger buoyancy gradient northeast of the up-
draft in the TOR composite, in a region where air parcels ap-
proaching the updraft may pass through (e.g., Rotunno and
Klemp 1985; Markowski et al. 2012a; Marquis et al. 2012;
Kosiba et al. 2013; Dahl et al. 2014; Dahl 2015; Coffer and
Parker 2017). Parcels passing through this region along the
buoyancy gradient can obtain baroclincally generated circula-
tion as they approach the updraft, which could strengthen the
low-level mesocyclone’s dynamic lifting. This indicates the
rearward shift in negative buoyancy for the NonTOR com-
posite is less conducive for parcels acquiring such baroclini-
cally generated circulation. Our new hypothesis is that the
placement of the KDP enhancement region and thus region of
negative buoyancy in the TOR composite leads to air parcels
acquiring increased baroclinically generated circulation as
they approach the updraft.

We evaluate this hypothesis by using the anchored grid
composite approach for each of the 42 levels in the lowest
2 km, creating a low-level composite volume for buoyancy and
the wind field. We create two low-level composite volumes,
one TOR and one NonTOR. As has been done in many past
studies investigating the origins of mesocyclone and tornado
rotation (e.g., Rotunno and Klemp 1985; Davies-Jones and
Brooks 1993; Trapp and Fiedler 1995; Mashiko et al. 2009;
Markowski and Richardson 2014; Mashiko 2016; Roberts et al.
2016, 2020; Roberts and Xue 2017; Tao and Tamura 2020),
material circuits are used to examine the generation of circula-
tion within each of the composite supercells (Fig. 17). The ma-
terial circuits are initially 2.5-km-radius rings introduced at an
altitude of 1 km in each composite storm, centered on the cir-
culation maximum in the respective composite storms (circula-
tion was computed about a 2.5-km-radius ring at each grid
point). The circulation about each grid point is G(x, y)5 2pyr0
where y is the average tangential wind speed about (x, y) at a
radius of r0 5 2.5 km. More generally, the circulation about a

material circuit is G 5

�
v ?dx, where x is the position vector of

each parcel within the circuit.
The circuits are tracked backward in time for 40 min using

the composited (steady-state) three-dimensional velocity fields.
The circuits initially consist of 2000 parcels, but additional par-
cels are added to the circuits as the circuits are advanced back-
ward in time in order to ensure that adjacent parcels never
drift more than 25 m apart. By the time the circuits are ad-
vanced 40 min backward, they comprise a total of approxi-
mately 9600 parcels. The irregular spacing between parcel
markers along the starting point of the circuits in Figs. 17a and
17b (every 500 parcel is marked) reflects along-circuit differences
in the number of parcels needed to maintain the maximum 25-m

FIG. 15. Comparison of KDP fields from using the average TOR
and NonTOR VORTEX2 wind profiles in the size sorting toy
model and the composite enhancement regions from CM1 simula-
tions. Contours of KDP values (8 km21) from the toy model for
NonTOR (blue solid) and TOR (red solid) are 0.088, 0.148, and
0.28 km21 and from the CM1 simulations for NonTOR (blue
dashed) are 3.758, 48, and 4.258 km21 and TOR (red dashed) are
2.758, 38, and 3.258 km21 at the bottom of the sorting layer. Gray
dot represents the rain-generating-cell location in the toy model
and the rain mass mixing ratio maximum in the composite fields.

TABLE 1. Comparison of separation characteristic values between the CM1 and toy model simulations.

TOR NonTOR

Orientation angle relative to shear vector (toy model) 86.068 67.038
Orientation angle relative to storm motion (toy model) 75.688 49.058
Average orientation angle relative to storm motion (CM1) 84.158 68.518
Separation distance (toy model) 2.67 km 3.16 km
Average separation distance (CM1) 12.10 km 8.69 km
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spacing along the circuits. The segments of the circuits with large
spacing between parcel markers are in diffluent flow (in going
backward, few parcels need to be added to the circuit); the seg-
ments of the circuits with small spacing between parcel markers
are in confluent flow (in going backward, many parcels need to be
added to the circuit).

In the inviscid limit, changes in circulation are governed by
Bjerknes’s circulation theorem, which to a good approxima-

tion, can be written as DG/Dt5
�
B dz, where B is the buoy-

ancy,
�
B dz is the baroclinic or solenoidal generation of

circulation, and GBC 5

� �
B dz dt is the baroclinic circulation.

Though the total circulation includes contributions from the
barotropic circulation (GBT), which is attributable to the envi-
ronmental vorticity (GBT is the circulation about the circuit
when the circuit is in the environment, where B 5 0 by defini-

tion), and the viscous circulation (GV 5

� �
F ?dx dt, where F

is the acceleration owing to turbulent and numerical diffusion
in the simulations), our analysis is limited to the baroclinic

generation of circulation, i.e.,
�
B dz and GBC.

The viscous circulation cannot be evaluated because the
subgrid-scale stress tensor and numerical diffusion were not

composited. The barotropic circulation also cannot be as-
sessed because the circuits never completely escape into the
environment (i.e., the circuits never make it to a region where
B 5 0 all along the circuits). It was found to be impossible to
introduce circuits into the composite storms (at least centered
on the circulation maxima) without having the circuits inter-
sect the rear-flank gust fronts, where wind speeds are vanish-
ingly small (i.e., a stagnation zone exists). As a result, these
segments of the circuits get stuck within the rear-flank regions
no matter how far backward in time the trajectories are
advanced (Figs. 17a,b); thus, long segments of the circuits re-
main stuck in the outflow and experience baroclinic circula-
tion generation indefinitely going backward in time beyond
approximately t 2 5 min (Figs. 17c,d). This behavior is proba-
bly unrealistic and likely a consequence of assuming steady-
state velocity fields. It is also futile to attempt to reconcile the
circulation budgets, i.e., there is no point in comparing the

time integral of
�
B dz with the calculated G about the circuit

because D(hvi ?dx)/DtÞ
� �

hBidz dt, where the angle brack-

ets indicate an ensemble average, which is what we are really
dealing with by analyzing the composite storms.

Focusing on the baroclinic circulation generation, the TOR
composite supercell has an order of magnitude more baro-
clinic generation of circulation than the NonTOR composite

FIG. 16. As in Fig. 14, but for near-surface buoyancy (m s22). Contours are shown for20.1,20.125, and20.15 m s22.
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supercell (Figs. 17c,d), despite having slightly less baroclinity
(i.e., weaker horizontal B gradients) than the NonTOR com-
posite supercell (Figs. 17a,b). The large differences in baro-
clinic circulation generation are perhaps surprising given how
subtle the differences are between the B fields and horizontal
projections of the trajectories in the TOR and NonTOR com-
posite storms (the circuits in the NonTOR composite do not
pass through as much negative buoyancy as those in the TOR
composite; Figs. 17a,b). The vertical excursions are larger in
the TOR composite as well. Thus, the circuits in the TOR
composite have larger vertical projections than those in the
NonTOR composite. This is consistent with larger baroclinic
circulation generation, given that the depths of the baroclinity
in the TOR and NonTOR composite storms are comparable
(not shown). In other words, a membrane stretched over the
TOR composite’s material circuit would subtend a greater
vertical cross section than in the NonTOR composite, and
therefore would be pierced by a greater number of baroclinically

generated vortex lines (as a result of Stokes’s theorem, circula-
tion is proportional to themean normal component of the vortic-
ity on the surface bounded by the material circuit). In summary,
the rearward displacement of theKDP enhancement region, and
its associated negative buoyancy (see Figs. 14 and 16), in the
NonTOR storms is ultimately a less favorable setup for parcels
en route to the low-level mesocyclone to acquire baroclinically
generated circulation. The lesser circulation (and weaker meso-
cyclones) at low levels, as found by Coffer et al. (2017), is associ-
ated with weaker dynamic lifting and a lower likelihood of
tornadogenesis.

4. Summary and conclusions

This study investigates the potential processes that could
explain the observed differences in hydrometeor size sorting
signatures between TOR and NonTOR supercells and their
connection to tornadogenesis. We use the Coffer et al. (2017)

FIG. 17. (a),(b) Material circuits at 600-s intervals going backward in time to t5 22400 s in the TOR and NonTOR
composite supercells, respectively. The circuits are overlaid atop the buoyancy fields (color shading) at the lowest grid
level. Portions of the circuits that lie above the lowest scalar grid level are black and those that lie below are gray. Alti-
tudes in meters are shown at t 5 22400 s for every 500th parcel in the circuit. The trajectories of these parcels are
also shown (red lines). At t 5 0, the circuit has a radius of 2.5 km and is centered at the location of maximum circula-
tion about a 2.5-km-radius ring at z 5 1 km. (c),(d) Baroclinic circulation (GBC; black) and baroclinic circulation gen-

eration rate (
�
B dz; cyan) about the material circuits analyzed in the TOR and NonTOR composite supercells,

respectively.

MONTHLY WEATHER REV I EW VOLUME 1511878

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/30/24 03:21 PM UTC



ensemble of simulated supercells initialized with both TOR and
NonTOR VORTEX2 composite environments. The model mi-
crophysics appears to be too aggressive in suppressing excessive
size sorting, leading to a lack of a ZDR arc. Although past stud-
ies have shown success with the NSSL scheme at replicating po-
larimetric radar signatures, future studies might consider
exploring newer bulk microphysics schemes that have recently
been included in CM1 (i.e., predicted particle properties (P3)
scheme; Morrison and Milbrandt 2015). As a proxy, we instead
use the meridional ZH gradient along the inflow edge of the for-
ward flank. This opens up the potential for non-polarimetric ra-
dars to assess the separation vector: using the forward flank ZH

gradient as a proxy for the ZDR enhancement region and the
ZH maximum (often collocated with the KDP maximum) as a
proxy for theKDP enhancement region.

Our initial hypotheses connecting tornadogenesis processes to
the observed ZDR–KDP separation differences between TOR
and NonTOR supercells is that a KDP enhancement region
placed further rearward in the supercell (H1) would lead to a
more parallel (or less perpendicular) separation orientation an-
gle in NonTOR storms (H2) and could detrimentally place the
negative buoyancy region too close to the low-level updraft and
circulation (H3 and H4). The separation distance in the TOR
ensemble is noticeably larger than the NonTOR distances, a dif-
ference not seen in observations. However, the shift in orienta-
tion angles is consistent with observations, where the TOR
separation vector orientation angles are more orthogonal to
storm motion compared to NonTOR separation vector orienta-
tion angles (albeit with a smaller difference in angles compared
to observations1), supporting H2. This is due to a storm-relative
rearward shift in the NonTOR KDP enhancement region com-
pared to the TOR KDP enhancement region, supporting H1.
This rearward shift is also observed when the storm-relative
wind profiles are used in the size sorting toy model from Loeffler
and Kumjian (2020).

The environment for NonTOR supercells has stronger rear-
ward 0–2-km storm-relative winds compared to the TOR super-
cell composite environment. Considering the storm-relative
winds further aloft (3–6 km), the TOR composite environment
contains stronger westerly/southwesterly flow compared to the
NonTOR composite. This weaker flow further aloft in the Non-
TOR composite environment leads to weaker advection of fro-
zen hydrometeors out into the forward flank in the NonTOR
simulations compared to the TOR simulations. We see a rear-
ward shift in the NonTOR composite graupel and hail fields
and more graupel and hail mass to the northeast of the updraft
in the TOR simulations. Homeyer et al. (2020) observed a mid-
level ZDR dipole, with a region of positive ZDR values adjacent
to a region of slightly negative ZDR values, where the negative
values indicated the presence of graupel and hail being ad-
vected out of the updraft. The negative ZDR region was located
more along the storm motion in TOR supercells, whereas this
region was found further rearward in the NonTOR supercells.

This shift in frozen hydrometeor mass aloft agrees well with the
composite fields from our simulations.

As the precipitation descends, the NonTOR rearward shift
is still apparent owing to stronger rearward flow, which results
in the observed rearward shift in enhanced KDP. This is also
associated with a rearward shift in the low-level negative
buoyancy; however, the NonTOR region of negative buoy-
ancy is actually placed farther from the updraft, contrary to
H3 and H4. Rather than focusing on the location of the most
negatively buoyant air, this shift in low-level negative buoy-
ancy alters the location and strength of the buoyancy gradient
and, therefore, affects the production of baroclinic circulation.
Material circuit analyses using the low-level composite TOR
and NonTOR environments show that this shift in precipita-
tion distribution leads to the composite TOR environment
having an order of magnitude more baroclinic generation of
circulation than the NonTOR composite environment. This
increase in circulation enhances low-level dynamic lifting and
can stretch vertical vorticity to tornadic strength.

Our findings suggest that the low-level and midlevel storm-
relative winds can play a role in tornadogenesis through deter-
mining the distribution of precipitation fallout, impacting the
location of associated negative buoyancy and thus altering the
amount of baroclinic circulation generation. Coffer et al. (2017)
analyzed the same simulations and suggest that the storm-relative
winds in the 0–500mAGL layer play thekey role in tornadogenesis,
with TOR supercell environments containing greater low-
level streamwise vorticity and NonTOR environments con-
taining greater low-level crosswise vorticity. Our study does
not question the validity of the arguments made in Coffer et al.
(2017), but rather suggests an additional mechanism simulta-
neously influencing tornadogenesis. Further targeted studies
are needed to determine which of these processes is dominant.
Nonetheless, the benefit of the mechanism regarding precipita-
tion distribution and baroclinic circulation generation described
here is that it can be assessed at the storm-scale by analyzing
low-level polarimetric radar data that are routinely available to
forecasters. In a situation nowcasting tornadoes, operational ra-
dar data could be utilized to assess the temporal trends of this
signature in real time, with the location of negative buoyancy
(determined by the KDP enhancement region) relative to the
mesocyclone (determined by Doppler velocities) providing an
indication of how favorable the thermodynamic and kinematic
fields are for generating baroclinic circulation.
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APPENDIX

Radar Forward Operator

To convert our model hydrometeor output fields (number
concentration mixing ratio N and mass mixing ratio q) into
polarimetric radar variables, we use a polarimetric radar
forward operator similar to ones described in Ryzhkov et al.
(2011, hereafter R11), Kumjian and Ryzhkov (2012), and
Kumjian and Prat (2014). The polarimetric radar variables
are calculated for an S-band wavelength (11 cm). Raindrops
are divided into 0.1-mm intervals ranging from 0.05 to 7.95 mm
and are oriented with a 08 mean canting angle with respect to
vertical and a standard deviation of the distribution of canting
angles s 5 108.

To account for the effects of melting hail on the simu-
lated polarimetric radar variables, we use a similar treat-
ment to Kumjian et al. (2018, hereafter K18). Hailstones
are divided into 0.1-mm bins with ice-core diameters rang-
ing from 0.1 to 40 mm. The ice cores are assumed to be
solid ice with density rice 5 917 kg m23. These hailstones
contain a liquid water coating determined by the maximum
amount of retainable meltwater following Rasmussen and
Heymsfield (1987) and Ryzhkov et al. (2013):

mw,max 5 m8 1 0:139 (mi 1 mw,soak): (A1)

In (A1), mw,max is the maximum retainable meltwater,
m8 5 2.68 3 1024 kg is the mass of an 8-mm raindrop, mi

is the ice core mass, and mw,soak is the mass of liquid that is
soaked within the stone. Because the ice cores are assumed
to be solid ice, mw,soak 5 0 here.

For melting hailstones, the meltwater tends to concen-
trate near the equator of the stone, forming a liquid “torus”
(Rasmussen et al. 1984). Because of this preferential con-
centration of meltwater, the overall particle (ice 1 liquid)
axis ratio g ; a/b could differ from the ice-core axis ratio
gi ; ai/bi, in contrast to other treatments, which assume
g 5 gi (e.g., R11). The values a and b correspond to the
minor and major axis, respectively. In this study, gi 5 0.7
(e.g., Shedd et al. 2021), and g is determined by gi and the
liquid water mass fraction:

fmw 5
mliq

mliq 1 mi

: (A2)

In (A2), fmw is the liquid water mass fraction and mliq is the
mass of liquid meltwater. The reader is referred to K18 for a
detailed derivation of the overall particle axis ratio. A mini-
mum threshold of g 5 0.56 is used here, equivalent to that of
a large 8-mm raindrop. The relationship between liquid water
mass fraction and ice-core size is shown in Fig. A1.

An additional modification we make is for the standard
deviation of the distribution of canting angles for melting
hailstones, smelt (Fig. A2). In general, smelt is assumed to

vary between that of rain (srain) and that of dry hail (sdry)
depending on ice-core size, liquid water fraction, and/or
axis ratios. Here, we assume srain 5 108 and sdry 5 608 fol-
lowing Dawson et al. (2014) and Johnson et al. (2016). The
sdry is increased compared to the 408 used in R11 and K18
to emulate greater tumbling for larger hailstones that retain
less liquid meltwater. We do this with the idea of replicat-
ing the “ZDR hole,” a region of relatively low ZDR near the
updraft that disrupts the ZDR arc due to larger, drier hail-
stones [Kumjian and Ryzhkov (2009); see also schematic in
Dawson et al. (2014) for reference].

Both R11 and K18 present methods to determine how smelt

varies between srain and sdry. The two methods are similar ex-
cept for the linear factor relating srain and sdry: R11 use liquid
water mass fraction:

FIG. A1. Relationship between liquid water mass fraction and size
of the ice core.

FIG. A2. Standard deviation of the distribution of canting angles as
a function of ice-core size from R11, K18, and this study in magenta,
green, and blue lines, respectively. This plot assumes srain 5 108 and
sdry5 608. Note that the K18 values are identical to the values in this
study for ice-core sizes less than approximately 1 cm.
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smelt 5 sdry 1 fmw (srain 2 sdry) (A3)

and K18 use a ratio of aspect ratios:

smelt 5 sdry 1
gi 2 g

max(gi 2 g) (srain 2 sdry): (A4)

For this study, we use a slightly different distribution by
simply squaring the factor of aspect ratios in the K18
distribution:

smelt 5 sdry 1
gi 2 g

max(gi 2 g)
[ ]2

(srain 2 sdry): (A5)

This modification allows larger hailstones to have greater smelt

like those in R11, which leads to decreased ZDR values, but
smaller hailstones still maintain smaller smelt like those in K18,
which leads to increasedZDR values. An example of the resulting
hailZDR fields using the three different functions for smelt assum-
ing srain5 108 andsdry5 608 are shown in Fig.A3. TheR11smelt

treatment consistently produces smaller hailZDR values, resulting
from the increased canting angle variability. Although small ZDR

values are observed close to the updraft, greater hail ZDR values
are associated with smaller melting hail, which has larger liquid

water mass fractions and can appear to the radar similarly to a
large raindrop. On the other hand, the K18 parameterization con-
sistently produces larger hailZDR values. Our treatment produces
both low ZDR values (0–1 dB) near the updraft and higher ZDR

values on the periphery of the hail core, where hail is smaller and
retains greater amounts of meltwater, consistent with observa-
tions [e.g., Fig. 4 in Kumjian (2013b)].
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