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Abstract

From 2011 to 2013, dual-polarization was implemented in the Weather Surveillance
Radar 1988 Doppler (WSR-88D) network, enabling the identification of hydrometeor
type, orientation, and size from radar data. With dual-polarization data, several fea-
tures have since been identified as relevant to supercell intensification and development.
Such features include, but are not limited to, the differential reflectivity (Zpg) column,
Zpr arc, spectral differential phase (Kpp) column, Kpp foot, and correlation coeffi-
cient (ppy) and Zpg rings. These dual-polarization radar signatures provide critical
insight into the microphysical and dynamical evolution of supercells, yet few studies
have examined the temporal evolution of such signatures across multiple storms within
a single outbreak or compared observations directly with high-resolution simulations of
polarimetric radar data. This dissertation addresses both of these gaps through three
integrated studies of the 24-25 May 2011 tornado outbreak.

In the observational component, polarimetric radar data from KOUN and KTLX
were analyzed across six supercells — three tornadic and three nontornadic — dur-
ing the outbreak. Tornadic supercells exhibited consistently larger mean areas across
all polarimetric signatures (Zpg column, Zpr arc, and Kpp foot), had decreases in
Zpr column area after the genesis of an EF4+ tornado, and produced larger Zpg-
Kpp separation angles than their nontornadic counterparts. Differences between storm
categories were maximized in the 15-minute window immediately preceding tornado-
genesis, and a characteristic three-stage Zpr arc development was identified across all
tornadic supercells.

In the simulation component, tornadic supercells were modeled using Cloud Model

1 (CM1) with three bulk microphysics schemes — Morrison 2-moment (MORR), NSSL

XVl



2-moment (NSSL2), and NSSL 3-moment (NSSL3) — and a polarimetric forward op-
erator. Three melting models were evaluated, and a novel Combined Melting Model
(CMM) was developed that produces more physically realistic distributions of mixed-
phase hydrometeors and removes artificial Zppg artifacts above the freezing level present
in prior approaches. Microphysics scheme comparisons revealed that the NSSL3 scheme
best reproduced polarimetric signatures below the freezing level and the observed ver-
tical evolution of near-surface rotation, while the MORR scheme most accurately cap-
tured signatures above the freezing level. However, the NSSL schemes produced the
largest updraft areas both at 1 km AGL and above the freezing level, with the NSSL3
scheme producing both the warmest cold pools and smallest Kpp foot areas. Despite
the differences across each microphysics schemes, all three schemes reproduced the or-
thogonal Zpr—Kpp separation vector orientation characteristic of observed tornadic
supercells.

These results demonstrate that bulk microphysics schemes can recreate key ob-
served polarimetric-dynamical relationships in tornadic supercells, while also highlight-
ing persistent challenges in representing mixed-phase hydrometeors and phase change
processes in simulated storms. The observed component of this dissertation highlights
the need for additional observations of the full lifecycle of supercells. The CMM and
modified parameterized forward operator from the simulated component provide a com-
putationally efficient framework for future studies of simulated polarimetric signatures

which can be expanded to a range of convective modes and radar wavelengths.
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Chapter 1

Introduction

Supercells produce a variety of hazards that negatively impact human life and property.
Such hazards include hail, severe winds, and tornadoes. Of these hazards, tornadoes
cause the greatest amount of loss of life, with the strongest tornadoes (EF4+) account-
ing for 67.5% of tornado-related deaths (Ashley, 2007). In addition to loss of life,
large-outbreak events in which multiple strong tornadoes are produced also influence
improvements to building codes in hopes of building more resilient architecture (e.g.,
Prevatt et al., 2012). It also cannot be understated how tornadoes impact the mental
health of affected communities, with the exposure to the tornadic event, post-tornadic
stressors, and prior experience with trauma all playing a role in producing negative
mental health symptoms (Lee, 2022).

Tornadoes can arise in both linear and supercellular convection, though long-lived,
significant tornadoes (EF3+) primarily arise from supercells (Davies-Jones et al., 2001).
The general sequence of tornado formation in supercells is thought to involve the de-
velopment of a rotating mid-level mesocyclone, the generation of near-surface vertical
vorticity, and the convergence and amplification of near-surface vertical vorticity by a
dynamically driven, intensifying low-level updraft that stretches vorticity to intensify
the vortex (Davies-Jones, 2015; Fischer et al., 2024). However, a longstanding fore-
casting challenge is that the three-dimensional wind field is difficult to retrieve in real
time. Features such as the updraft or vertical vorticity field are thus nearly impossible

to apply to real-time tornado forecasting.



Polarization capabilities in radar were studied over a decade before their imple-
mentation into the Weather Surveillance Radar 1988 (WSR-88D) network in 2011 —
2013. Seliga and Bringi (1976) represents one of the first studies to assess the poten-
tial of using orthogonal polarizations to improve precipitation observations. Over the
following decade or so, work by Sachidananda and Zrni¢ (1985, 1986, 1987), Balakrish-
nan and Zrni¢ (1990), and Jameson and Mueller (1985) improved our understanding
of dual-polarization variables and their interpretation. These variables include differ-
ential reflectivity (Zpgr) — which is the difference in logarithmic reflectivity in the H
and V polarizations — propagation differential phase (¢pp) — which is the difference in
the phase shift between the two polarizations — and the co-polar correlation coefficient
(prw) — which is the correlation in the returned signal across the H and V polarizations.
The range derivative of ¢pp along a certain distance, called the specific differential
phase (Kpp), is often used as it is not impacted by attenuation and is not significantly
affected by the presence of hail (Zrni¢ and Ryzhkov, 1996). These dual-polarization
radar variables allow for inferences about hydrometeor type, size, and concentration
(Vivekanandan et al., 1999; Straka et al., 2000). Kumjian (2013) provides an excellent
summary of dual-polarization radar variables and how the magnitude of each variable
varies for different hydrometeor types (see their Fig. A1l — A4).

There are multiple dual-polarization radar signatures in supercells that have been
well documented. These signatures include, but are not limited to, the Zpg column
(Loney et al., 2002; Kumjian and Ryzhkov, 2008; Snyder and Ryzhkov, 2015; French
and Kingfield, 2021), the Zpg arc (Kumjian and Ryzhkov, 2008, 2009; Palmer et al.,
2011; Dawson II et al., 2014; Dawson et al., 2015a; Van Den Broeke, 2017), the Kpp foot
(Romine et al., 2008; Loeffler and Kumjian, 2018), the Kpp column (Hubbert et al.,
1998; Loney et al., 2002), pp, and Zpg rings (Kumjian and Ryzhkov, 2008), and tor-

nadic debris signatures (Ryzhkov et al., 2005; Van Den Broeke and Jauernic, 2014;



Bodine et al., 2014; Cross et al., 2023). Each of these signatures has been related back
to supercell dynamics and, given the challenges in retrieving the three-dimensional
wind field of supercells, dual-polarization radar signatures have been used to evaluate
supercell development and tornado potential throughout the literature (Gibbs, 2016;
Loeffler et al., 2020; Van Den Broeke, 2020; Wilson and Van Den Broeke, 2022; French
and Kingfield, 2021; Segall et al., 2022). For example, the Zpg column is an enhanced
region of Zpg (Zpr > 0 dB) above the freezing level. This Zpg enhancement is caused
by relatively large, oblate supercooled drops that are lofted by the updraft (Kumjian
et al., 2014). Thus, it is thought that the Zpr column can serve as a proxy for the
supercell updraft location and intensity. With the lack of information of the vertical
wind field from single radar observations, the Zpr column provides crucial insight into
the updraft that would otherwise be unavailable to operational meteorologists.

Much of the previous literature on dual-polarization radar signatures has been
focused on either climatological studies of radar signatures across numerous supercells
from a variety of environments (e.g., Van Den Broeke, 2017; Loeffler et al., 2020;
Homeyer et al., 2020; Van Den Broeke, 2020; Tuftedal et al., 2021; French and Kingfield,
2021; Segall et al., 2022; Healey and Van Den Broeke, 2023) or provide a case study
of one supercell (e.g., Houser et al., 2015; Kurdzo et al., 2015; Bluestein et al., 2019;
Wakimoto et al., 2020; Van Den Broeke et al., 2023). Klees et al. (2016) provides an
example of one of the few studies that have looked at multiple supercells during the
same event, though focus of the study was not the evolution of dual-polarization radar
signatures. This leads into the first objective of this dissertation:

Objective 1: To provide a detailed documentation of the time-evolution of dual-
polarization radar signatures across multiple tornadic and nontornadic supercells dur-
ing the same event.

In addition to observations of dual-polarization radar signatures, other studies have



evaluated such signatures using supercell simulations. Numerical models provide a
method of examining supercell dynamics and microphysics at higher spatiotemporal
scales compared to most observations. However, in order to retrieve dual-polarization
radar variables from model output, a forward operator and an appropriate melting
model must be employed. With this in mind, numerous studies have developed various
forward operators to produce realistic dual-polarization radar signatures (e.g., Shima
et al., 2009; Ryzhkov et al., 2011; Matsui et al., 2019; Oue et al., 2020; Zhang et al.,
2021). Most of these operators use the T-matrix method (Waterman, 1965) to calcu-
late the desired polarimetric variables. Some of these emulators derive polarimetric
variables directly from the output of the numerical model. Examples of these types of
emulators include the Hebrew University Cloud Model (HUCM) developed by Ryzhkov
et al. (2011) and the POLArimetric Radar Retrieval and Instrument Simulator (PO-
LARRIS; Matsui et al., 2019). Other emulators, such as RSim (Mahre et al., 2020)
and SimRadar (Cheong et al., 2017), employ realistic beam patterns and scanning
strategies in addition to a forward operator. However, the addition of a beam pat-
tern increases the computational expense of the emulator, making it less efficient for
analyses of high-resolution data.

Given the computational expense of the T-matrix method, Zhang et al. (2021)
developed a set of fitted equations that related the modeled drop size distribution
parameters to the polarimetric variables and tested the output of the fitted equations
with an observed case study. The parameterized forward operator developed in Zhang
et al. (2021) showed good agreement with observations of a broad region of supercellular
convection, though this was tested using model output on a 1.5 km x 1.5 km horizontal
grid.

The performance of the parameterized forward operator is also modulated by the

microphysics scheme of the model and the representation of melting processes. Different



methods of representing melting have been tested in convective storms (Jung et al.,
2008; Dawson II et al., 2014; Johnson et al., 2016; Liu et al., 2024b), but no study has
evaluated the impact that different melting models and microphysics schemes have on
producing realistic polarimetric radar signatures at high spatial resolutions (< 100 m)
and for tornadic supercells.

Currently, there is no set framework for comparing observations and simulations
of supercells from a polarimetric signature perspective. Often, studies focus on either
observations of polarimetric signatures (e.g., Tanamachi et al., 2012; Snyder et al., 2013;
Wakimoto et al., 2020) or simulations of polarimetric signatures (e.g., Jung et al.,
2010; Johnson et al., 2016), with a rare set of studies comparing both observations
and simulations of polarimetric signatures (Dawson II et al., 2014; Zhang et al., 2021;
Liu et al., 2024b). Out of the studies that have compared polarimetric observations
and simulations, Dawson II et al. (2014) is one of the few studies that have looked
at an isolated supercell. The comparison of the observed and simulated polarimetric
signatures in Dawson II et al. (2014) was primarily qualitative, comparing the general
size, structure, and magnitude of various signatures. Liu et al. (2024b) employed the
use of contoured frequency by altitude diagrams (CFADs) as a more quantitative way
of comparing observations and simulations. Furthermore, the simulations in these
previous studies were performed on a horizontal grid of 1 km — 1.5 km and at one
(or a select few) time step (Dawson II et al., 2014; Zhang et al., 2021; Liu et al.,
2024b). Thus, few (if any) studies have performed a detailed, quantitative comparison
of simulated and observed dual-polarization radar signatures over a continuous period
of time and at high (< 100 m) spatial resolutions. Such comparisons are crucial for
model improvement, as ensuring simulations replicate observations is important for
the accuracy of the storm microphysics and dynamics the model attempts to replicate.

This leads into the second set of objectives for this dissertation:



Objective 2a: To use the Zhang et al. (2021) parameterized forward operator
to evaluate which microphysics scheme produces realistic polarimetric signatures in
tornadic supercells compared to radar observations.

Objective 2b: To evaluate the performance of different previously established melt-
1ng models in producing realistic polarimetric signatures.

Objective 2c: To develop an improved method to parameterize mixed-phase hy-
drometeors in simulated supercells.

In addition to using numerical models to evaluate supercell microphysics and po-
larimetric radar signatures, numerical models have been used to study the dynamics
in tornadic supercells (e.g., Dahl, 2015; Coffer et al., 2017a; Orf et al., 2017; Yao et al.,
2018; Flournoy et al., 2020; Vich and Romero, 2023; Fischer and Dahl, 2023). Such
studies have been pivotal in our conceptual knowledge of tornadic supercells and have
even influenced the trajectory of field campaigns (e.g., the results of Orf et al. (2017)
helped formulate one of the key research questions in the Targeted Observation by
Radars and UAS of Supercells field campaign (Houston et al., 2026)). However, super-
cell thermodynamics, dynamics, and microphysics are all interconnected. For example,
changes in how evaporative cooling is represented in a model will alter the thermo-
dynamic profile of the supercell. The resulting buoyancy changes will in turn alter
portions of the supercell dynamics (i.e., the updraft and downdraft).

The impact different microphysics schemes have on storm dynamics has been doc-
umented in various studies (Snook and Xue, 2008; Dawson et al., 2010; Morrison and
Milbrandt, 2011; Van Weverberg et al., 2012; Van Weverberg, 2013; Dawson et al.,
2015b). Given the observed relationships between polarimetric signatures and super-
cell dynamics (Van Den Broeke, 2017; Snyder et al., 2017; French and Kingfield, 2021),
it follows that changes in the model microphysics scheme will also alter how these po-

larimetric signature relationships are presented in supercell simulations. Healey and



Broeke (2025) evaluated the relationships between polarimetric radar signatures and
storm dynamics in a simulated quasi-linear convective system for a single microphysics
scheme. However, the impact that different model microphysics schemes have on the
polarimetric signatures and their relationships to supercell dynamics is unknown for
tornadic supercells. This leads into the final objectives of this dissertation:

Objective 3a: To evaluate how different microphysics schemes impact tornado,
updraft, and cold pool characteristics in tornadic supercells.

Objective 3b: To assess which model microphysics scheme best represents the re-
lationship between polarimetric signatures and supercell dynamics seen in observations.

This dissertation thus provides a unique analysis of dual-polarization radar signa-
tures from observations and simulations. The selected case for analysis is the 24 — 25
May 2011 tornado outbreak across central Oklahoma. This outbreak provides observa-
tions of multiple nontornadic and tornadic supercells. Also, a sounding taken from the
supercell that produced the prolific El Reno tornado (Orf et al., 2017) allows for the
initialization of simulations of the supercells during the outbreak. Chapter 2 covers the
observed case study and addresses Objective 1; Chapter 3 details the parameterized
forward operator, melting models, and simulation configuration and addresses Objec-
tives 2a-2c; and Chapter 4 uses the simulation framework from Chapter 3 to address
Objectives 3a and 3b. Finally, Chapter 5 will provide a summary of the findings from

the work herein.



Chapter 2

A Case Study of Polarimetric
Radar Signatures Across Tornadic
and Nontornadic Supercells in a
Volatile Environment During the 24

— 25 May 2011 Outbreak

2.1 Introduction

Supercells produce some of the most intense and long-lived tornadoes, which cause
significant destruction of life and property. Although there have been improvements
to tornado forecasting, such as the implementation of the WSR-88D network, forecast
skill for tornadoes has shown limited improvement over the past decade (Brooks and
Correia, 2018). With operational dual-polarization radar networks (Doviak et al.,
2000), inferences about the microphysical and dynamic evolution of supercells can
be made in real-time (e.g., Kumjian and Ryzhkov, 2008; Kumjian et al., 2010; Van
Den Broeke, 2017). Differential reflectivity (Zpgr) helps determine the orientation and

size of the scatterer, the specific differential phase (Kpp) provides information about



the liquid water content, and the correlation coefficient (py,) indicates the diversity of
scatterers within a radar volume. Using these fields, various polarimetric signatures
are common to supercells: the Zpg arc (Kumjian and Ryzhkov, 2008, 2009; Van Den
Broeke, 2017), Kpp foot, Zpgr column (Loney et al., 2002; Kumjian and Ryzhkov,
2008; Snyder et al., 2015), and tornado debris signature (TDS; Ryzhkov et al., 2005;
Bodine et al., 2013; Van Den Broeke and Jauernic, 2014) when applicable. Each of
these signatures has a relationship to supercell or tornado dynamics. The Zpg arc area
scales with the intensity of the low-level, storm-relative winds (Kumjian and Ryzhkov,
2009; Dawson et al., 2015a); the magnitude of the Kpp foot indicates the amount
of liquid water in the radar volume and is related to negative buoyancy (Carlin and
Ryzhkov, 2019); the TDS height can indicate tornadic intensity (Cross et al., 2023);
and the Zpgr column can be used as a proxy for updraft location, strength, and width
(Kumjian and Ryzhkov, 2008; Kumjian et al., 2014; Snyder et al., 2015; French and
Kingfield, 2021). Of these four signatures, only the TDS cannot be used across tornadic
and nontornadic supercells since a tornado must be present for a TDS to exist.
Within the subset of the literature examining differences between tornadic and non-
tornadic supercells, some studies have investigated how well dual-polarization radar
signatures distinguish between these types of supercells in relatively large sample sizes
(dozens or hundreds of supercells). Given the correlation of the Zpgr column with a
storm’s updraft properties, the Zpgr column area, width, and height are commonly
studied signatures (Van Den Broeke, 2017; Snyder et al., 2017; Van Den Broeke, 2020;
French and Kingfield, 2021). Van Den Broeke (2017) looked at Zpg columns in nontor-
nadic and tornadic storms and found that EF2+ storms had taller Zpr columns than
storms that produced weak (EF0 only) tornadoes (Van Den Broeke, 2017). Snyder
et al. (2017) looked at similar features in a simulated framework, noting that larger

Zpr columns were present in cases with stronger vertical wind shear. A larger sample



size of 198 Zpr columns in supercells was analyzed by French and Kingfield (2021).
This time, however, French and Kingfield (2021) analyzed the Zpg column area rather
than height. They showed that, much like the Zpgr column heights in Van Den Broeke
(2017), nontornadic supercells had small Zpx column areas (< 20 km?) and EF3+ su-
percells had larger areas than EF1-2 supercells (French and Kingfield, 2021). Finally,
Van Den Broeke (2020) showed that, in the 30-min period prior to tornadogenesis,
tornadic supercells had larger Zpr column depths and sizes above the freezing level.

Other, non-dual-polarization proxies for updraft strength and tornado intensity
exist and are useful as well, such as mesocyclone width and overshooting tops (e.g.,
Marion et al., 2019; Sessa and Trapp, 2020). While there appears to be forecast utility
in these signatures, some questions remain since these updraft proxies probably bet-
ter represent middle- and upper-level updrafts rather than low-level updrafts directly
linked to tornadogenesis processes.

Polarimetric signatures within the lower levels of the supercell (< 2 km AGL) have
also been shown to distinguish between tornadic and nontornadic supercells. The
Zpr arc tends to have larger variability in its width, higher dB values in EF2+ torna-
does, and have larger sizes in tornadic supercells (Van Den Broeke, 2017, 2020). The
Zpr -Kpp separation angle is another metric that can distinguish between nontornadic
and tornadic supercells (Loeffler et al., 2020; Homeyer et al., 2020; Wilson and Van
Den Broeke, 2022). Within each ensemble in Loeffler et al. (2020) and Homeyer et al.
(2020), supercells had separation angles 90° to the right of storm motion. In Wilson
and Van Den Broeke (2022), the tornadic supercells had separation angles slightly lower
than what was seen in Loeffler et al. (2020) and Homeyer et al. (2020), with tornadic
supercells having separation angles larger than 40°. The orthogonal orientation rela-
tive to storm motion is hypothesized to benefit tornadogenesis since the Kpp foot and

associated cooling are pushed northward and away from the storm’s primary updraft
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(Loeffler et al., 2020). Furthermore, Homeyer et al. (2020) found a pp, minimum near
the Zpr—Kpp separation, with the minimum overlapping with the Kpp enhancement
region in nontornadic supercells.

The aforementioned studies examined tornado intensity and potential using dual-
polarization radar variables for supercells across numerous cases and environments.
However, few studies have documented the time-evolution of polarimetric signatures
during the same event. In fact, only one known study has examined observations of
dual-polarization radar signatures across numerous nontornadic and tornadic supercells
during the same event (Healey and Van Den Broeke, 2023). Healey and Van Den
Broeke (2023) examined nontornadic and tornadic supercell pairs occurring within 1
hour of each other with similar environmental variables. Healey and Van Den Broeke
(2023) then looked at the average areal extent of the Zpg arc, Zpg column, and hail
fallout along with the Kpp foot-Zpr arc separation distance and angle during the 30
min window before tornadogenesis, or max rotation for nontornadic supercells. The
primary distinguishing features between tornadic and nontornadic supercells were the
Kpp foot-Zpg arc separation distance and Zpg column area. The remaining signatures
(Zpr arc, hail fallout, and Kpp foot-Zpg arc separation angle) were similar across
tornadic and nontornadic supercells, emphasizing how the environment can play an
important role in the evolution of these features.

Much of the previous literature has compared 30-min averages of polarimetric radar
signature characteristics (e.g., Healey and Van Den Broeke 2023), but few studies have
examined the temporal evolution of dual-polarization radar signatures across nontor-
nadic and tornadic supercells during the same event and on longer timescales than 30
min. Van Den Broeke et al. (2023) provided a polarimetric analysis of a long-lived
supercell on 10-11 December 2021, covering the genesis, maintenance, and dissipation

of the supercell’s EF4 tornado, and Van Den Broeke (2020) provided a comparative
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analysis in the 30-min window prior to tornadogenesis between tornadic and nontor-
nadic supercells in different environments. Klees et al. (2016) evaluated two supercells
during the same event, but the analysis did not include observations of the polarimetric
signatures.

This study provides an analysis of the time evolution of polarimetric signatures
across tornadic and nontornadic supercells during the 24 — 25 May 2011 outbreak.
Specifically, the time evolution and structure of the Zpgr column, Kpp foot, Zpr arc,
and Zpgr arc-Kpp foot separation vector are analyzed across 3 tornadic and 3 nontor-
nadic supercells. Section 2.2 details the case selected for this study and the methods
used for dual-polarization signature identification. Section 2.3 outlines the results of

this analysis, while section 2.4 provides a summary of this paper’s contents.

2.2 Data and Methodology

The 24 — 25 May 2011 tornado outbreak was a prolific event, with 5 tornadic supercells
across Oklahoma identified by the NWS (Fig. 2.1), and tornadoes ranging from EF(0 —
EF5. This specific outbreak was chosen because of the high concentration of supercells
(tornadic and nontornadic) during the same event that were visible by a WSR-88D.
Furthermore, the 24 — 25 May 2011 outbreak has been well-documented by mobile
dual-polarization and phased array radars (Houser et al., 2015; French et al., 2015;
Tanamachi et al., 2015), allowing for a comparison of the polarimetric signatures with
the updraft dynamics and mergers analyzed by past work.

Polarimetric radar data from KOUN and Doppler velocity data from KTLX, KFDR,
and KOUN were used to analyze each supercell on 24 — 25 May 2011. The KTLX
and KFDR velocity data were corrected using the region-based dealiasing from the

Python ARM Radar Toolkit (Py-ART) (Helmus and Collis, 2016). The quality of the
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corrected velocity data was also manually inspected after the region-based dealiasing.
The Nyquist velocity for the dealiasing was taken from the NEXRAD Level II files and
was 26.1 m s~!. Also, the Zpp field was calibrated by comparing the Zpp field above
the freezing level (approximately 4.5 km AGL) to the expected value of Zppg for dry
snow (0.2 dB). The correction resulted in 0.1 dB added to the Zpp field and was done
before any gridding or feature identification was performed.

Supercells on 24 — 25 May 2011 were identified using WSR-88D and NWS storm
data. Tornadic storms were selected using NWS storm data (NOAA, 2011) while
nontornadic storms were identified based on the presence of a mesocyclone at 0.5° from
KTLX or KFDR and polarimetric radar signatures common to supercells at 1.5 km
AGL from KOUN (e.g., some combination of a Zpr arc, Kpp foot, and Zpg column).
To identify a mesocyclone, the center of rotation was manually identified. Then, since
mesocyclones have average widths between 3-8 km (Markowski and Richardson, 2010),
VROT was calculated from the maximum and minimum radial velocities within an 8
km x 8 km box centered on the manually identified center. For polarimetric signatures,
if one or more were present in a storm, that storm was classified as a supercell and
included in the analysis. Table 2.1 gives a list of each identified storm. Supercell A
and E were not analyzed as they were too far from KOUN to observe polarimetric data
at 1.5 km AGL and, in the case of supercell E, had poor data quality just before and
during the supercell’s tornado. Fig. 2.1 shows the path and location of each tornadic

supercell within Oklahoma.

Vma,m outbound Vmax inboun
VROT = thound 5 bound (2.1)

It should be noted that the use of tornado reports approximates the time of tornado-

genesis. Thus, genesis likely occurred between T-5 (5 minutes before tornadogenesis)
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and T (time of tornadogenesis) rather than at T for some cases. Furthermore, us-
ing maximum VROT as a comparison point for the nontornadic storms approximates
genesis failure. It is also possible that failure occurred right after maximum VROT
or right before. It is impossible to achieve high accuracy in genesis or genesis failure
with the coarse time resolution of KOUN and the lack of 3D wind data, making these

approximations best guesses based on the available data.

Table 2.1: Table of supercells from 24 — 25 May 2011. Supercells with an asterisk were
not analyzed due to a lack of data or distance from KOUN. The time window for each
TOR was taken from NWS storm data. Distance from KOUN was calculated at 5.0
km AGL from the gridded radar data.

Average Distance Average Beam Average Beam

Supercell 2 Time of TOR Height at Height at
Tdentifier L OR (UTC) frOHEkKC))UN 0.5° 19°
" (km) (km)
% EF3: 20:20 — 20:43
Supercell A Y EFO: 2047 — 20-51 152.9 3.17 52.78
EF3: 20:31 — 20:46
EF5: 20:50 — 22:35
Supercell B Y EF0 21-37 - 21:38 88.7 1.67 30.49
EF2: 22:50 - 23:05
EF4: 22:06 — 23:01
Supercell C Y EF0 22:45 — 29:46 65.8 1.25 22.64
EF4: 22:26 — 23:05
Supercell D Y EF1: 23:02 74.0 1.39 25.45
EF2 23:36 — 23:39
Supercell E* Y EF1: 00:30 — 00:45 158.6 3.33 54.78
Supercell F N N/A 120.6 2.35 41.51
Supercell G N N/A 134.2 2.68 46.25
Supercell H N N/A 140.0 2.83 48.27

Tornadogenesis times for each supercell were defined using NWS storm data (the
first time listed in Table 2.1). For the nontornadic supercells, the maximum rotational
velocity (VROT, Eq. 2.1) at 0.5° from KTLX and KFDR was used as a proxy for

genesis failure. When relevant, the x- and y-coordinates of the KTLX and KFDR

14



o The Tornado Outbreak

!
T

MAJOR ; of May, 24, 2011 - FENIEE
. e NGFISHER LOGAN o
ERGRE .{'I A i,::—‘\l
FaN
L d KLAHOMA
CUSTER L - Wi Ve
/ ornado B2 — “ = L ’ L";.J-s _:,
Tornado B1‘ e _H b Tomado D3y
gt 1 F = T
| ]
WASHITA S
& B T e
= "4y, |POTTAWATOMIE| SEMINOLE
KIOWA C ¢ [Tomado D1 MCCLAIN
i ) I
[
o 5
o OTT
Tornado E1
JEFFERSON -

Figure 2.1: Tornado damage path overview from the National Weather Service sum-
mary of the 24 — 25 May 2011 outbreak.

radars were subtracted from the x- and y-coordinates of the KOUN radar so that
KOUN was at the origin of the KTLX and KFDR data. This adjustment was made so
that the mesocyclone locations from KTLX and KFDR could be compared with the

polarimetric radar data from KOUN.

2.2.1 Polarimetric Signature Identification

To analyze dual-polarization radar signatures, the Zpg arc, Zpg column, and Kpp foot

had to be identified first. First, Kpp was calculated using Py-ART’s Vulpani algorithm
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(Vulpiani et al., 2012). Then, data from KOUN were gridded using Py-ART’s Barnes
interpolation to a 1 km x 1 km x 0.5 km grid to keep the analysis height consistent
across all supercells.

With the gridded KOUN data, the center of each polarimetric feature was manually
selected at each time step. A 20 km x 20 km analysis box was then centered on the
selected point, similar to what was done in LoefHler et al. (2020). Each grid point within
the analysis box was passed through a simple detection algorithm to see which bins
represented the feature and which did not. The algorithm’s criteria varied depending
on the polarimetric radar signature being analyzed. Two other methods for detecting
polarimetric signatures were tested to assess their sensitivity: manually tracing the
boundaries of each signature and using a larger analysis box (40 km x 40 km). The
previously mentioned thresholds were then applied to all locations within the traced
boundary or the larger analysis box. All locations that met the threshold criteria were
then defined as part of the polarimetric feature under analysis. The larger analysis
box better captured larger features (Zpgr arcs in particular), but would sometimes
detect high Zpgr regions in nearby cells for smaller storms. The trace method captured
signatures well and had less room for error than the 40 km x 40 km box method when
detecting features, but it was time-consuming for multiple long-lived supercells and
more subjective. The trace method and box methods (both the 40 km x 40 km and
20 km x 20 km box methods) showed similar temporal trends in the areal values of
polarimetric signatures (now shown). Given the consistency in temporal trends across
methods, the smaller (20 km x 20 km) analysis box was selected to remain consistent
with the methodology used in past work.

In the gridded data, there are instances of missing data that especially impact
supercells further away from KOUN. Any missing data that fell within the analysis

box was not flagged as part of the observed signature. As such, the calculation of
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the area of polarimetric signatures could be under estimated in instances where the
missing data masked portions of the signature. Supercell H was most impacted by
missing data, so the reported areas of signatures in this supercell are likely slightly
larger than what is presented.

The Zpr column was defined as a region of enhanced Zpgr (> 1.0 dB) at 5.5 km
AGL. The freezing level was defined as z = 4.5 km AGL in the El Reno reanalysis
sounding, as reported in Orf et al. (2017), placing the analysis of the Zpg column 1.0
km above the freezing level (AFL). The Zpr arc was defined as a region of enhanced
Zpr > 3 dB and the Kpp foot was defined as a region of enhanced Kpp (> 1.5° km™1)
at 1.5 km AGL. A pp, threshold of 0.93 was used in the identification of each signature
to help remove non-meteorological scatterers as done in Loeffler and Kumjian (2018).
The 1.5-km analysis height of the Zpg arc and Kpp foot was chosen to ensure that
close and far-range supercells can be compared, while remaining within the expected
altitudes of the signatures. The 1.5° km ™! threshold is lower than the 3° km™! threshold
used for Kpp foot detection in other studies (e.g., Loeffler and Kumjian, 2018; Loeffler
et al., 2020). Interpolation of the Kpp data to a Cartesian grid may have smoothed
the peaks in Kpp that are often seen in supercells. Thus, a lower threshold was used
to help distinguish between the Kpp foot and the rest of the storm. Finally, the
Kpp foot-Zpr arc separation angle and distance calculation was computed based on

Loeffler and Kumjian (2018) with the same bin threshold (N, = 10).

2.3 Results

To compare tornadic and nontornadic supercells, the evolution of the Zpr column,
Zpr arc, Kpp foot, and Zpg -Kpp separation angle and distance were analyzed during

storm development up to the time of tornadogenesis for the tornadic supercells or
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mesocyclone intensification for the nontornadic supercells. The time of the first radar
echo, which we define as Zy > 20 dBZ at an elevation angle of 0.5°, for each supercell is
given in Table 2.2. Since the time of VROT,,,, was obtained from KTLX, the KTLX
radar was used to analyze the first echo of each supercell for a more accurate time
comparison. Additionally, the time of VROT),,,, or the time of the genesis of the first
tornado within a given supercell is also provided in Table 2.2. Subtracting the time of
tornadogenesis from the first echo time provides the longevity of the supercell before
reaching VROT,,,, (or genesis of the first tornado).

Supercell B and F initiated within 30 min of each other, with supercell F residing
approximately 40 km north of supercell B (not shown). Despite their proximity, su-
percell B persisted for almost twice as long as supercell F before producing its first
tornado (Table 2.2). Meanwhile, supercell F produced no reported tornado. At 2031
UTC (approximately 30 min after VROT,,,, was achieved by supercell F), supercell F
was situated between supercell B and A (Fig. 2.2). At 2106 UTC, supercell F split into
two distinct cells (not shown). The left split interacted with the remains of supercell A,
while the right split dissipated into the northern edge of supercell B. It is quite possible
that the position of supercell F between two already established, tornadic supercells
dampened its tornadic potential. Finally, the remaining supercells (C, D, G, and H)

had similar longevities before tornadogenesis or VROT, ., (Table 2.2).
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Table 2.2: Time of first radar echo (defined as Zy > 20 dBZ) as seen by KTLX at an
elevation angle of 0.5°, time of the genesis of the first tornado in the supercell or time
of VROT,,.., and the difference between the tornadogenesis and first echo times.

Supercell Tdentifier Time of Time of Analysis
P First Echo (UTC) Tornadogenesis (UTC) Window (hr)
Supercell B 1824 2031 2.1
Supercell C 2027 2206 1.7
Supercell D 2044 2226 1.7
Supercell F 1857 2005 1.1
Supercell G 2019 2208 1.8
Supercell H 2205 2327 1.4
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Figure 2.2: Horizontal cross-section of ungridded Zy from KTLX at 2031 UTC and an
elevation angle of 0.5°.
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We did not explicitly quantify environmental spread, as in Healey and Van Den
Broeke (2023), because this study focused on analyzing the time evolution of polari-
metric signatures across supercells during the same event. However, polarimetric radar
signatures are influenced by their environment. As such, we analyzed ECMWEF Re-
analysis vb (ERA5S) data and the Storm Prediction Center (SPC) mesoanalysis archive
to quantify the environment near each identified supercell.

Using the ERAS data, values of dewpoint temperature at the surface, 0 — 6 km
shear, and 0 — 1 km shear were compared across supercells from 2000 UTC 24 May
2011 to 0000 UTC 25 May 2011 (Table 2.3). Values were taken in the near-storm
environment, which was defined to be 40 km from the storm’s updraft (approximated
to be near the mesocyclone), within the inflow region as in Parker (2014), and at the
closest timestep before a reported tornado or maximum rotational velocity (VROT)
for the nontornadic supercells (Table 2.3). Since there was no way to obtain a specific
point value through the mesoanalysis archive data, a range of values is provided in
Table 2.3. The range of environmental values was obtained by finding the minimum
and maximum contours in central Oklahoma.

While there is good agreement between the environmental parameters from ERA5
and SPC mesoanalysis, the ranges of values differ across the two data sources. These
differences are because the ERA5 values come from the near-storm environment, while
the SPC mesoanalysis represents the broad, synoptic-scale environment supercells
moved into during the outbreak. Furthermore, the ERA5 data are on a 0.25°-by -
0.25° grid, while the SPC mesoanalysis data are on a 13-km horizontal grid, further
explaining the differences in the values in Table 2.3.

Comparing the ERA5 and SPC mesoanalysis values to the values from the proximity
Rapid Update Cycle (RUC) soundings in Thompson et al. (2003), the environment

was well primed for the production of significant tornadoes (Table 2.3). The minimum
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Table 2.3: Environmental parameters from the near-storm environment taken from
ERA5 and SPC Mesoanalysis. Values from the NWS for supercells and values for
significant tornadoes from Thompson et al. (2003) are provided for comparison. Values
for each supercell were taken from the closest time step before the first tornado or
maximum VROT.

. Thompson et al. (2003) SPC
Environment ~ NWS Supercell SIG TOR ERA5 ERA5 Mesonalysis
Parameters Threshold Range Mean
Range Range
SBCAPE > 1000 1458 — 3737 2357 2000 — 4000
(J/kg)
MLCAPE
1 _ 2 -4
e 059 — 3683 000 — 4000
SFCCIN
_ 25 -1
k) 8 —96 33 ) 00
0~ Llkm Shear 7 5.8 — 16.2 617 11 10 - 30
(ms™)
0-6km Shear 4= o 18.3 — 31.8 28 — 36 33 40 - 50

(m s~)

values from the ERAS and the SPC mesoanalysis ranges also do not always correspond
to the nontornadic supercells. The lowest SBCAPE (1458 J kg™!) lies within the
inflow of supercell C, which produced a long-track EF4. Conversely, one of the largest
values of SBCAPE occurred near the nontornadic supercell F. Furthermore, 0 — 1 km
and 0 — 6 km vertical wind shear generally increased from north to south, meaning
higher values of wind shear did not strictly correlate with the supercells that produced
strong (EF3+) tornadoes. The most southern supercells (supercells G, H, and E) had
the highest 0 — 1 km shear and were either nontornadic or produced weak tornadoes

(EF0-1).

2.3.1 Zpr Column

To allow for a more accurate comparison of the temporal evolution of the Zpr column

area of each supercell, each time series ends at the time of tornadogenesis (VROT,,,42)-
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The time of tornadogenesis, rather than storm initiation, was used, as KOUN was
unable to observe the initiation of all supercells. The time of tornadogenesis (or
VROT,,.qz) provides a point of comparison that was observable by KOUN and defined
by the NWS storm reports (or VROT,,,, values).

It should be noted that, for both supercells B and F, the genesis of the Zpg column
was not observed by KOUN. Thus, it is likely that the Zpg column in both supercell B
and F began earlier than what is shown in Fig. 2.3a,b. Meanwhile, the earlier stages of
the Zpr column for supercells C, D, and G were better captured by KOUN. Supercells
C, D, and G — which all initiated within 30 min of each other — each had Zpg columns
which appeared approximately 80 min before tornadogenesis (VROT,,,,) and 98 — 105
min after storm initiation. Between supercells C, D, and G, the Zpgr column area of
supercell G remained relatively consistent from T-80 to T-0 (minus a drop in column
area at T-24) while the tornadic supercells C and D had column areas that steadily
increased from 20 — 40 km? to 70 — 110 km? from T-80 to T-0.

The means of the column area from T-30 to T-0 are provided in Fig. 2.4. The
average Zppr column area differed by only 12 km? between tornadic (60 km?) and
nontornadic (52 km?) supercells (Fig.2.4a), with supercell C reaching the largest value
(104 km?) at the genesis of its EF4 tornado (Fig.2.3a). This result follows that of
French and Kingfield (2021) and Healey and Van Den Broeke (2023), which found
that tornadic supercells had larger column areas than their nontornadic counterparts.
Also, even though the dataset in Healey and Van Den Broeke (2023) did not include
prolific events as what is assessed in this study, the difference of the means between the
tornadic and nontornadic supercells in Healey and Van Den Broeke (2023) (6.9 km?)
is similar to the difference (12 km?) seen in the 24 May 2011 supercells.

The evolution of the Zpr column was also assessed using a higher Zpg threshold

(> 3 dB). Larger values of Zpg within the column could suggest the updraft has lofted
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larger drops, potentially indicating stronger vertical motions within the storm and
the location of the updraft core. Most of the supercells had column areas between
0 — 20 km? between T-80 and T-0 (Fig. 2.3b). The exceptions were supercell B and
supercell D, both of which had column areas exceeding 20 km? at 1 time step. Using the
higher ZDR threshold, the average column areas across the tornadic and nontornadic
supercells differed by 5 km? (Fig. 2.4b). Once again, the tornadic storms had slightly
larger column areas (10 km?) than the nontornadic storms (5 km?). Given the lack
of a clear distinction between the tornadic and nontornadic column areas, and that
Zpr columns have been used as a proxy for updraft width and location (Kumjian and
Ryzhkov, 2008; Kumjian et al., 2014; Snyder et al., 2015; French and Kingfield, 2021),
it is possible that the development and size of the mid-to-upper level updraft were

similar across the supercells on 24 — 25 May 2011.

23



a) KOUN Zpr Column Area (> 1.0 dB) b) KOUN Zpr Column Area (> 3.0 dB)

~
E
X
@
5]
—_
<
c
E
=
Q
[&]
ac
Q
N 0
T-88 T-80 T-72 T-84 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T-0 T-88 T-80 T-72 T-64 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T-0
¢) KOUN Zpg Arc Area (> 3 dB) d) KOUN Zp Arc Area (> 4 dB)
;g 200
60
X
o 150
E 40
100
e /\ \ i
< 20 \ \ .
& w0 \ _//\I\rf ka” .
N . \L_/ P K_%
T-88 T-80 T-72 T-64 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T0 T-88 T-80 T-72 T-64 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T-0
e) KOUN Kpp Foot Area (> 1.5 deg/km) f) KOUN Kpp Foot Area (> 3 deg/km)
10
L 150
E
S 8
@
O 100 6
< 3
Is) 4 i
L s Al
2 .' Y 7
0 / : ol NINAVATA!
T-88 T-80 T-72 T-64 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T-0 T-88 T-80 T-72 T-64 T-56 T-48 T-40 T-32 T-24 T-16 T-8 T-0
Time Prior to Tornadogenesis, VROT pax (Min) Time Prior to Tornadogenesis, VROT pax (Min)

Figure 2.3: Temporal evolution of the Zpg column (a,b), Zpg arc (c,d), and Kpp foot
(e,f) prior to tornadogenesis (VROT,,,,). Solid lines represent the tornadic supercells,
while dashed lines represent the nontornadic supercells.
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Figure 2.4: Histograms of the area values for the Zpr column (a,b), Zpg arc (c,d),
and Kpp foot (e,f) from T-30 to T-0 for the nontornadic (blue) and tornadic (red)
supercells.

The structural evolution of the Zpg column is given in Figs. 2.6 and 2.7. Approxi-
mately 50 to 60 min before tornadogenesis, the Zpg column in the tornadic supercells
was situated in the western portion of the supercell (Fig. 2.6a,d,g). Supercell B had

multiple Zpg columns throughout the supercell lifecycle (Fig. 2.6a). Given the multiple

25



updraft objects shown in Tanamachi et al. (2015) for supercell B later in its lifecycle,
it is likely that these Zpg columns represent the early onset of multiple updraft pulses.

At T-0, the Zpr columns in supercells C and D formed a partial ring (Fig. 2.6e,h).
In these two supercells, the first tornado to form was an EF4 tornado. For supercell
B, a partial Zpg ring was not present at T-0, but a full Zpg ring later formed at T+8
(Fig. 2.6b,c). In supercells C and D, 8 min after tornadogenesis, the Zpg column area
and magnitude decreased (Fig. 2.5). This was not the case for supercell B, which had
a column area at T+8 that was similar (if not larger) than the area at T-0 (Fig. 2.6b).
It should be noted that the first tornado in supercell B was not the strongest. At 2031
UTC, supercell B formed an EF3 tornado. The stronger EF5 tornado did not form
until 2050 UTC (as seen by KOUN). After 2050 UTC, the column area and magnitude
in supercell B decreased (Fig. 2.5). Thus, each of the long-lived, EF4+ tornadoes was

characterized by a decrease in Zpgr column area and magnitude after tornadogenesis.
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Figure 2.5: Time series of Zpr column area starting at the time of the genesis of the
last reported tornado or VROT,,... Solid lines represent the tornadic supercells while
the dashed lines represent the nontornadic supercells.

Similar to the tornadic supercells, the nontornadic supercells had Zpr columns at
T-45 to T-52 in the western portion of the storm (Fig. 2.7a,d,g). The location of the
column in the western corner of the storm from 45 to 60 min before tornadogenesis (or
VROT,,..) was consistent across all supercells on 24 May 2011. Also, like supercell B,
supercell F also exhibited multiple Zpg columns at T-45 (Fig. 2.7a). Given supercell
B and F initiated within the same 30 min window (Table 2.2) and within 40 km of one
another, the presence of multiple Zpg columns — and potential updraft pulses — could

have been a by-product of the environment between 1800 — 1900 UTC.
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At T-0, the nontornadic supercells did not exhibit partial Zpg rings (Fig. 2.7b,e,h).
For supercells G, the Zpgr column remained in the western portion of the supercell
at T-0 (Fig. 2.7e). Supercell F had a region of lowered Zpg west of the column at
T-0, while supercell H had a column with Zpg > 3 dB (Fig. 2.7b,h). The nontornadic
supercells did have partial — and in some cases complete — Zpg rings, but they occurred
after T+8. Finally, the area of the column did not drastically decrease after T-0 in
the nontornadic supercells (Fig. 2.5). In fact, the column area either remained quasi-

constant until T+32 (Fig. 2.5).
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Figure 2.6: Horizontal cross-sections of gridded Zpg at 5.5 km AGL as seen by KOUN
for supercell B (a—c), supercell C (d-f), and supercell D (g-i).
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Figure 2.7: Same as in Fig. 2.6 but for supercell F (a—c), supercell G (d-f), and

supercell H (g—i).

2.3.2 ZDR Arc

When looking at the Zpgi arc, only the tornadic supercells had arcs that persisted
longer than 40 min before tornadogenesis (Fig. 2.4c). The nontornadic supercells had
arcs that appeared within the 40 min window before VROT,,,.. For the supercells

where the early development of the Zpg arc is captured by KOUN (supercells C and
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D), the arc appeared between 60-min prior to tornadogenesis (Fig. 2.4c).
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Both supercells C and D had arc areas that gradually increased throughout the
early development phase (Fig. 2.4¢). Given that supercells C and D went on to produce
tornadoes of similar intensity and longevity, and that the Zpg arc intensity and size can
be thought of as a proxy for changes in the storm-relative wind magnitude (Kumjian
and Ryzhkov, 2009), it follows that the development of the Zpg arc in both supercells
is similar. Meanwhile, supercell G had a decreasing arc area leading to VROT,,,,,, while
supercells F and H remained quasi-constant (Fig. 2.4c).

At T-0, the nontornadic supercells had arc areas that were less than 100 km? while
the tornadic supercells had arc areas that were larger than 100 km?. This difference
is also evident in Fig. 2.6¢, which shows that the tornadic supercells have average arc
areas (125 km?) than the nontornadic supercells (64 km?). The average areas of the
Zpr arcs were generally much larger than those found in Healey and Van Den Broeke
(2023), highlighting how volatile the environment was on 24 May 2011.

The trends in arc area were also assessed with a higher Zpp threshold (> 4 dB). A
Zpr arc with larger values of positive Zpg indicates larger drop sizes in the forward
flank downdraft. Supercells B and D had the largest arc areas, while the remaining
supercells had areas mostly between 0 — 20 km? (Fig. 2.4d). At tornadogenesis (or
VROT,,4z), the tornadic supercells once again had larger arc areas (>10 ka) com-
pared to nontornadic supercells (0 — 13 km?), with mean areas of 21 km? and 10 km?,
respectively (Fig. 2.4d and 2.6d).

The Zppg arc’s early evolution was visible at 2.0 km AGL in supercells B, C, and D,
but not in supercells F, G, and H. The genesis of the arc presented itself in supercells C
and D as a region of enhanced Zpg in the southwest quadrant of the storm (Fig. 2.8f,k).
This enhanced Zpgr region was characterized by a single, continuous 3-dB contour.
The exception to this was supercell B, which had multiple Zpr enhancement regions

throughout the center and western half of the supercell (Fig. 2.8a). Other nontornadic
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cells were observed outside supercells F', G, and H, most of which had Zpr enhancement
regions similar to supercells C and D at the genesis of the storms (Fig. 2.8fk). It is
possible that, at the early onset of supercells F, G, and H, the nontornadic supercells
also had such Zpp enhancement regions in the western half of the storm. However, it
is hard to draw concrete conclusions given the limited low-level data during the early
development of these nontornadic supercells.

As each supercell matured, the Zpr enhancement region could be seen at for all
supercells (Fig. 2.8 and 2.9). Before T-30, the tornadic arc of the tornadic supercells
evolved into a curved arch of higher (> 2 dB) Zpg values that enveloped a distinct
region of lower Zpgr (Fig. 2.8b,g,1). This lower Zpg "hole” (also called a low Zpg hail
signature in Dawson II et al. (2014)) is often characterized by Zpgr between -1 and 0
dB. The Zpr “hole” is accompanied by a local maximum in Zy, indicating a region of
hail.

Most of the nontornadic supercells also exhibited a Zpr "hole” to varying degrees
of prominence of the signature between T-25 and T-40 (Fig. 2.9a.e,g). The Zpg "hole”
was most pronounced in supercell H (Fig. 2.9¢g). During the T-30 window, supercells
F and H had unorganized arcs (Fig. 2.9b-d and 2.9h-j). It is clear from Fig. 2.9
that supercells F and H were impacted by nearby storms, which likely influence the
appearance of development of the Zpg arc.

In the tornadic supercells, the Zpg arcs exhibited smaller (or non-existent) Zpg ”holes”
compared to supercell G between T-30 and T-0. Supercells F and H also had small
(or non-existent) Zpg "holes” between T-30 and T-0, but this the appearance of this
feature could have been masked by nearby cells interacting with the main supercell
(Fig. 2.9b-d and 2.9j-1). For supercells B, C, and D, the arc organized along the for-
ward flank of the storm between T-30 and T-0 (Fig. 2.8c-e, 2.8h-j, and 2.8m-0). At T-0,

the arc was characterized by a continuous region of 2 dB, with localized dB maxima
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throughout. Generally, the region of Zpr > 3 dB increased during this T-30 window
in the tornadic supercells (Fig. 2.8c-e, 2.8h-j, and 2.8m-o0).

For the nontornadic supercells, the Zpr arc was either generally more disorganized
(as in supercells F and H) or had a more prominent arc within the T-30 window
(Fig. 2.9). Between T-5 and T-0, the areal extent of Zpr > 3 dB also decreased in
supercells F, G, and H (Fig. 2.9b-d, 2.9f-h, and 2.9j-1). However, at T-0, each arc still
became attached to the forward flank, despite being more disorganized compared to
the arcs in the tornadic supercells (Fig. 2.9d,h,1).

Most supercells on 24 May 2011 exhibited a localized Zpr enhancement region in
the southwest quadrant of the storm and a Zpgr "hole” preceding the attachment of
the mature arc to the forward flank. Since each of the tornadic supercells exhibited
a similar arc development, a conceptual model of the arc’s early evolution is shown
in Fig. 2.10. This model outlines the arc evolution outside of disruptions from cell
mergers and summarizes the arc evolution up to T-0 for the tornadic supercells on 24
May 2011. Nontornadic supercells also generally followed this conceptual model, but
it was challenging to verify the early genesis of the Zpr enhancement region for the

nontornadic supercells.
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Figure 2.8: Horizontal cross-sections of gridded Zpg at 1.5 km AGL as seen by KOUN
for supercell B (a—e), supercell C (f-i), supercell D (k-o0). Plots to the left of the black
line are prior to the 30-min pre-tornadic window while plots to the right of the black
line showcase the Zpg arc during the 30-min window prior to tornadogenesis.

34



@) 1-40192208 UTC

Y-Distance (km)

o
S

-30, ™
=160 -150 ~140-130 ~120 110

) T-28: 213801 UTC

-110

Y-Distance (km)
3
f‘

-

- SN
140 -70 -60 -50 -40

-90 -80

_19) T-40: 224242 UTC

Y-Distance (km)
1 1 1 1
Q2 B O® N
o o o o

716070 60 -50 40 -30

X-Distance (km)

-20

Supercell F

B) T-10: 195647 UTC

50
40
30
20'

-140-130-120-110-100

T-5: 200106 UTC

10

-140-130-120-110 -100 -90

Supercell G

< T20: 21508 UTC g T-10: 215935 UTC
r

-100
-110
-120

-130

(S

140 -50 -40 -30

-80 -70 -60

-110

-120 »

713070 60 -50 40 -30

Supercell H

)

/4

- 4
| 2

). T-10: 231708 UTC
v KR

-100 ©
-110 :
-120
-130

14040 250 20 —10 0

X-Distance (km)

10

Figure 2.9: Same as in Fig. 2.8 but for
H (g-j).

_goi)‘T:S‘: 232326 UTC

“007 " o

4

-110

-120

-130

-14(130

AN
-20 <10 0 10 20
X-Distance (km)

supercell F (a—d), supercell G (e—f), supercell

35

-20

d) T-0: 200525 UTC

-140-130 120 -110 ~100 -90

oof) T-0: 215935 UTC

-90
-100

-110

-120 *

13070 60 -50 -40 -30

-20
_90])‘T-'0: 2(?2_744 uTC
100 ¢

z
-110
-120
-130
-140

230 20 -10 0 10 20
X-Distance (km)




Z_, Minimum
Z,, Maximum

{1de )

3d8
38

Figure 2.10: Conceptual model of the Zpg arc development for the supercells on 24 May
2011. Black dashed lines represent the 2 dB contour while red dashed lines represent
the 3 dB contour.

2.3.3 KDP Foot

While supercell C and D had a similar range of values for the Zpg arc area, they had
different evolutions of the Kpp foot (Fig. 2.3e). Supercell C had a Kpp foot area
that gradually increased from approximately 5 to 145 km? while supercell D had a
Kpp foot that varied between 0 — 60 km? and did not have a consistent, temporal
trend. Meanwhile, at T-0, supercell B had one of the largest Kpp foots of all the
supercells with an area greater than 100 km?.

The nontornadic supercells had a smaller average area of 52 km? compared to the
average area of 79 km? for the tornadic supercells (Fig. 2.4e). When defining the
Kpp foot using a higher threshold (> 3° km™!), only the nontornadic supercells had
a Kpp foot that exceed 3° km™' within the T-30 window (Fig. 2.3f). The timing of

the enhanced Kpp values in the nontornadic supercell F and H occurred within 13
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min of VROT,,.. (Fig. 2.3f). Since the magnitude of Kpp scales with liquid water
content, and thus negative buoyancy (Carlin and Ryzhkov, 2019), the enhanced values
of Kpp seen in supercell F and H could be the result of excessive negative buoyancy that
would adversely impact the intensification of the updraft and subsequent mesocyclone.

Despite not having a reported tornado, supercell G did not have a Kpp foot with
values greater than 3° km™! during the 30 min window prior to VROT,,q,. It is
possible that supercell G produced a weak (EF0-EF1) tornado that went unreported
due to the supercell passing through the scarcely populated Arbuckle Mountains in
central Oklahoma. Supercell G also had a slightly stronger mesocyclone out of the

! compared to 30 m s~! for

three nontornadic supercells with a VROT,,,, of 33 m s~
supercell H and 26 m s~ for supercell F. However, whether or not supercell G produced
a weak tornado is difficult to determine from KTLX velocity data. It is also possible
that supercell G remained nontornadic due to other factors, while the presence of higher
Kpp was what impacted tornado development in supercell F and H.

Finally, the structure of the Kpp foot across supercells had no distinct trend that
separated one storm from another (not shown). The similarity in Kpp is reflected in
the temporal evolution of the Kpp foot, with either the signature not existing during

the early development phase or gradually increasing in size as seen with supercells B

and C (Fig. 2.4e).

2.3.4 Zpr-Kpp Separation Vector

In addition to the individual polarimetric radar signatures, the separation angle and
distance between the Zpgr arc and Kpp foot centroids have been shown to distinguish
between tornadic and nontornadic supercells (Loeffler et al., 2020; Homeyer et al.,
2020). When evaluating the separation angles and distances of the tornadic and non-

tornadic supercells, there is a clear distinction between the median angles in the non-
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tornadic (70°) and tornadic (127°) supercells (Fig. 2.11). The nontornadic storms also

had smaller range in the separation angles (8° — 202°) compared to the tornadic storms

(52° — 260°).
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¥ Pre-Tomadic Median
x Montornadic Median
180 ° 0 g° SM

20

90"

Figure 2.11: Kernel density estimate contours (> 50%) of the separation angle and
distance for the tornadic (red) and nontornadic (blue) supercells during the T-30 to
T-0 window. Storm motion is aligned with the 0°axis such that 90° is to the right of
storm motion and -90° is to the left of storm motion. Red and blue markers represent
the median separation angle and distance for the tornadic and nontornadic supercells.
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Figure 2.12: Kernel density estimate contours of the separation angle and distance for
the tornadic (left) and nontornadic (right) supercells. The T-30 window is broken down
into the early intensification phase (T-30 to T-15), the late intensification phase (T-15
to T), and after the intensification phase. Storm motion is aligned with the 0°axis such
that 90° is to the right of storm motion and -90° is to the left of storm motion.
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Figure 2.13: Evolution of the Zpr -Kpp separation angle and distance for supercell
C during and after the T-30 to T-0 window. The mesocyclone as seen by KTLX at

5°(black circle), Kpp foot (blue contour), Kpp foot centroid (blue point), Zpr arc
(black contour), Zpg arc centroid (black point), and reflectivity (colorfill) at 1.5 km
AGL are shown.

We further explored the evolution of the Zpgr -Kpp separation angle and distance
during the 30-min window before tornadogenesis (or VROT,,,,) for the tornadic and
nontornadic supercells (Fig. 2.12). During the early intensification phase (defined to
be between T-30 and T-15), the separation angles for tornadic supercells indicated a

perpendicular alignment between the Zpg arc and Kpp foot relative to storm motion
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(Fig. 2.12a). The median separation angle from T-30 to T-15 was 105°. During the
late intensification period (T-15 to T), the separation angles shifted so the Zpg arc was
pushed to the west of the Kpp foot. This westward shift of the Zpr arc occurred at
slightly different times in different supercells, but the median angle in the late intensifi-
cation phase (140°) is higher than in the early intensification phase (Fig. 2.12a). After
the intensification period (during the tornado for the tornadic storms), the Zpg arc
and Kpp foot became more perpendicular relative to storm motion, with the Zpg arc
slightly shifted east of the Kpp foot (Fig. 2.12a). Meanwhile, the separation distance
between the Zpg arc and Kpp foot gradually increased from the early genesis to the
post-genesis phase (Fig. 2.12a).

The same type of analysis was performed for the nontornadic supercells, but relative
to VROT, 4, rather than the time of tornadogenesis (Fig. 2.12b). For nontornadic
supercells, the separation angles between T-30 and T-15 had more variability compared
to the tornadic supercells, with values ranging from 42°- 203°. The median angle
during this period was 82°, which is 23°lower than the tornadic supercells. The storm-
relative westward shift of the arc during the late intensification phase is not observed
in nontornadic supercells. The arc and Kpp foot remain orthogonal to storm motion
between T-15 and T, with a median separation angle of 78°. After the intensification
phase, the median separation angle (76°) remains similar to what it was between T-15
and T. Thus, the greatest difference between the tornadic and nontornadic supercells
during the intensification phase is seen in the median separation angles (140°for the
tornadic supercells compared to 78°for the nontornadic) between T-15 and T.

An example of the evolution of the Zpr arc and Kpp foot for the tornadic super-
cells is given in Fig. 2.13, which depicts the evolution of the Zpgr arc and Kpp foot
for supercell C during each of the phases described in Fig. 2.12. In Fig. 2.13a — c,

the Zpr arc and Kpp foot at T-26 and T-22 are vertically aligned. As described in
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Loeffler et al. (2020), a more orthogonal orientation between the Zpg-Kppseparation
and storm motion places the Kpp foot farther into the forward flank of the storm and
away from the primary updraft. Removing the enhanced region of Kpp, and thus a
region of negative buoyancy (Carlin and Ryzhkov, 2019), is likely beneficial for the
enhancement of the low-level (0 — 2 km AGL) mesocyclone since excessively cold air
inhibits buoyancy and tornadogenesis potential (Markowski et al., 2002; Markowski
and Richardson, 2009).

During the late intensification period (T-15 to T), the supercell developed a well-
defined hook echo (Fig. 2.13d — f). It was between T-15 to T that the low-level (0.5°as
seen by KTLX) mesocyclone shifted into the hook echo of supercell C (Fig. 2.13d — f).
Furthermore, during this period, the large drops within the Zpg arc (black contours
in Fig. 2.13) wrapped into the hook echo while the Kpp foot remained in the more
northern portions of the supercell. This development in the arc and Kpp foot caused
the separation angle to increase from T-9 to T (Fig. 2.13d — f).

At the time of tornadogenesis, the enhanced Kpp within the supercell began to
shift southwestward in a storm-relative sense (Fig. 2.13f). This displacement continued
until the Kpp foot was nearly on top of the Zpg arc at T+17 (Fig. 2.13f — i). The
southwestward movement (in a storm-relative sense) of the Kpp foot was what caused
the separation angles to decrease from T to T+417. Furthermore, the hook echo began
to deteriorate at 2242 UTC (T+34), only 17 min after the Kpp foot shifted towards
the mesocyclone. Once the hook echo deteriorated, the tornado soon followed and
dissipated at 2201 UTC (approximately T+48). In this case, it is unlikely that the
initial displacement of the Kpp foot towards the mesocyclone weakened the supercell
by introducing a higher liquid water content into the updraft. This is because the hook
echo of supercell C was elongated to the southwest (Fig. 2.13h and 2.13i). Thus, as

the Kpp foot moved to the southwest in a storm-relative sense from T+9 to T+13,
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the hook and subsequent mesocyclone stretched to the southwest as well, effectively

maintaining a separation between the mesocyclone and Kpp foot.

2.3.5 Storm Interactions

In addition to the temporal evolution of polarimetric radar signatures within each su-
percell, there were also interactions of the Zpg arc across multiple supercells (Fig. 2.14).
The first type of arc interaction is showcased in Fig. 2.14a — ¢, from the genesis of the
EF5 tornado (recorded as 2050 UTC by the NWS and approximated to be 2048 UTC
as seen by KOUN) to 2105 UTC. A supercell to the south began to merge into the
forward flank of supercell B at 2048 UTC (Fig. 2.14a). This merger event is well doc-
umented by Tanamachi et al. (2015), and the two storms are considered to be one
reflectivity object at 2055 UTC based on the work done in Tanamachi et al. (2015).
Tanamachi et al. (2015) looked at the mid-level (5 km AGL) updrafts of both supercell
B and the merging cell and noted that the updrafts of both storms merged at 2105
UTC. However, the two mesocyclones at 0.5° as seen by KTLX do not merge until
2118 UTC.

During this merger, the Zpr arc from the southern supercell pushed the mesocy-
clone in supercell B northward from 2048 — 2105 UTC (Fig. 2.14a — ¢). During this
period, the original arc follows the original mesocyclone and moves northward while a
new arc forms between the new and original arcs (we will refer to this as the bridge
arc). At 2056 UTC Tanamachi et al. (2015) noted a new updraft pulse that bridged
the updrafts of supercell B and the merging storm. When looking at the Zpr column
between 2048 UTC, there are three distinct regions of enhanced Zpgtrailing from south
to north, likely indicating the early location of the three updraft pulses seen in Tana-
machi et al. (2015) (Fig. 2.14a). At 2048 UTC, these regions of enhanced Zpg align

with the location of the original, bridging, and new arc (Fig. 2.14a). This remains
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true at 2057 UTC, though the three Zpr columns are beginning to consolidate at this
time (Fig. 2.14b). The bridging arc may have formed as a result of the updraft pulse
seen in Tanamachi et al. (2015), meaning the development of the arc at 1.5 km AGL
is indicative of the updraft development aloft in supercell B. Finally, he new arc asso-
ciated with the mesocyclone of the merging storm attaches to the forward flank of the
reorganizing supercell at 2105 (Fig. 2.14a — ¢).

Supercell C experienced a storm merger before the genesis of its EF4 tornado at 2206
UTC (as determined by the NWS). The merger is shown in Fig. 2.14d — f. Similar to
supercell B, the new storm merged from the south of the primary supercell (Fig. 2.14d).
The merger mesocyclone dissipated near 2155 UTC, and the mesocyclone of supercell C
persisted (Fig. 2.14e). It is when the mesocyclones merger that the Zpg arc developed
into a more uniform region of Zpr > 3 dB. Aloft, the Zpr column forms a partial
Zpr ring at 2155 UTC (Fig. 2.14e). Within this ring, there are two distinct regions of
Zpr > 3 dB (not shown), which could indicate the presence of smaller updraft pulses
within the broader updraft. These two regions of Zpr > 3 dB consolidate at 2203
UTC (not shown) when the arc attaches to the forward flank (Fig. 2.14f). The process
of the reorganization of the Zpr arc during mesocyclone and updraft merger events in
supercells B and C lead to the hypothesis that structure of the Zpg arc could be an
indicator of multiple updrafts or mesocyclones prior to tornadogenesis.

Finally, supercell G also experienced a cell merger; however, the merging cell was
east of supercell G’s mesocyclone (Fig. 2.14g — i). Since the merging storm was dis-
placed eastward, Zpr columns and mesocyclones never interacted. At 2203 UTC,
when the merging cell partially combined with the eastern portion of supercell G, the
Zpr arc of the supercell is disorganized (Fig. 2.14h). However, as the merging storm
passed through the eastern portion of the forward flank of supercell G, the Zpg arc of

supercell G reformed (Fig. 2.14i). Since the mesocyclones never interacted, the merg-
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ing storm passed through the forward flank of the primary supercell and continue to

move northward.

50 a) 204836 UTC b) 205714 UTC ¢) 210553 UTC
I/
* Orig. Mesocyclone
—~ 40
§, . New Mesocyclone
o 30
o
5 4
® 20
S
> 10 5
0 = 0 N
-100 -90 -80 -70 -60 -50 -90 -80 -70 -60 -50 -90 -80 -70 -60 -50 -40 5
~10 d) 214640 UTC e) 215518 UTC 0 wor f) 220353 UTC
€. -1
—~-20 -10
E
=
8 =30 =20 A0 0
g
@ -40 5 -30 : '
= 3 g
> 50 -40
d |
60 -70 -60 -50 -40 -30 -20 50 -70 -60 -50 -40 -30 -20 50 -70 -60 -50 -40 -30 -20
g) 2156518 UTC h) 220353 UTC i) 221231 UTC
-80 - ~- -70
— =90 -80
£
=
o -100 -90
]
&
o —110 -100
5
> -120 -110 ©

-130 - T f
-70 -60 -50 -40 -30 -20 -60 -50 -40 -30 -20 -10 -60 -50 -40 -30 -20 -10

X-Distance (km) X-Distance (km) X-Distance (km)

Figure 2.14: Evolution of supercell interactions for supercell B (a — ¢), supercell C (d —
e), and supercell G (f — h) at 1.5 km AGL. The mesocyclones at 0.5%as seen by KTLX
are shown (black circle and star). White dashed lines represent the 1 dB contour at
5.5 km AGL. The x- and y-axes are adjusted to remain centered on each supercell.

2.4 Summary and Discussion

Both nontornadic and tornadic supercells exist in the same environment (e.g., Klees
et al., 2016), creating a challenge for forecasting tornado formation. While past work
has found multiple environmental and dynamical differences between tornadic and

nontornadic supercells (e.g., Markowski et al., 2002; Hirth et al., 2008; Markowski and
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Richardson, 2014; Coffer et al., 2017b), such features cannot be easily resolved by
the current operational network. Dual-polarization radar signatures have shown some
promise in distinguishing between supercells that produce tornadoes and those that
do not (e.g., Van Den Broeke, 2017; Loeffler et al., 2020; Homeyer et al., 2020; French
and Kingfield, 2021); however, only one study (Healey and Van Den Broeke, 2023) has
focused on evaluating dual-polarization signatures in the same environment.

Through a case study approach, this study assessed polarimetric signatures over
time in tornadic and nontornadic supercells during the 24 May 2011 tornado outbreak.
To perform the required analysis, KOUN data were gridded, and each polarimetric sig-
nature was detected using a simple algorithm throughout the lifecycle of each supercell.
The temporal evolution and structure of polarimetric signatures in six supercells (three
tornadic, three nontornadic) were then analyzed.

The primary results from this work are summarized herein:

e Similar development of the Zpr arc in most supercells
e Tornadic supercells exhibited Zpg rings within 8 min of tornadogenesis

e Each of the long-lived, EF4+ tornadoes were characterized by a decrease in

Zpr column area and magnitude 4 to 8 min after T-0

e Tornadic supercells consistently had larger mean areas for all polarimetric signa-

tures
e Kpp > 3 deg/km only existed in nontornadic supercells between T-30 and T-0

e Tornadic supercells had larger separation angles than the nontornadic supercells,

and this distinction was maximized within 15 min of tornadogenesis (VROT,,,42)

e The structure of the Zpg arc could be indicative of updraft pulses or mesocyclone

merger events prior to tornadogenesis
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The development of the Zpg arc started in the western portion of most supercells
and grew into an arc with a Zpg-"hole” (or hail fallout region) before attaching to
the forward flank of the mature supercell. This development represents the evolution
of the Zpgr arc without interactions from other storms. For the temporal trends in
the Zpgr arc and Kpp foot, these low-level signatures appeared 30 min earlier in the
tornadic supercells compared to the nontornadic supercells. However, it should be
noted that the available data from KOUN limit the comparison of the timing of the
Zpgr arc and Kpp foot.

Only the nontornadic supercells had Kpp > 3 dB during the 30 min before VROT,, 4.,
potentially indicating the presence of a higher liquid water content and subsequent neg-
ative buoyancy (Carlin and Ryzhkov, 2019). Furthermore, nontornadic supercells gen-
erally had smaller Kpp foot areas (52 km? on average) with higher average maximum
magnitudes (3.1 deg/km) compared to tornadic supercells (79 km? and 2.8 deg/km on
average). This means nontornadic supercells had a smaller, yet more intense Kpp foot
while tornadic supercells had a larger, yet weaker Kpp foot. For the Zpg arc, tornadic
supercells had larger arc areas than the nontornadic storms. Since size sorting can
be maintained by the updraft or storm-relative mean winds (Kumjian and Ryzhkov,
2009; Dawson et al., 2015a), it is possible that tornadic storms had stronger low-level
updrafts or larger storm-relative mean winds compared to nontornadic storms.

The Zpgr -Kpp separation angle was larger in tornadic supercells compared to non-
tornadic ones. Median separation angles in the tornadic and nontornadic supercells
were slightly larger than the average angles in Loeffler et al. (2020), where tornadic
supercells had separation angles near 90°and nontornadic ones near 0°. The difference
may be due to the volatile environment on 24-25 May 2011, which allowed Zpg arcs
to be closer to the updraft. Given the highly favorable conditions for strong tornadoes,

even the nontornadic supercells on 24 May 2011 may have had stronger mesocyclones
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compared to mesocyclones from storms in less volatile environments. A stronger meso-
cyclone could pull larger drops closer to the updraft and shift the arc’s core westward
(in a storm-relative sense). Despite this, the 45-90°angle difference between tornadic
and nontornadic supercells remained similar to Loeffler et al. (2020).

The Zppg column areas in the tornadic supercells were, on average, larger than what
was seen in the nontornadic supercells. Previous studies have linked wider updrafts to
greater tornado intensity (Van Den Broeke, 2017; Marion et al., 2019; Sessa and Trapp,
2020). However, it is difficult to conclude that the updrafts in the tornadic supercells
on 24 May 2011 were wider than the nontornadic supercells with only a 8 km? difference
in the mean column area. A broader, climatological sample would likely reveal greater
variability in column area and subsequent updraft size due to environmental differences
and a larger sample size.

This study is limited by the spatiotemporal resolution of the KOUN and KTLX
radar data. After gridding the radar data, scans at each height were separated by 4-6
min. However, it is known that processes related to tornadogenesis can occur on short
time scales that cannot be resolved by the current operational radar network (Wurman
and Randall, 2001; Heinselman et al., 2012; Pazmany et al., 2013; Kurdzo et al., 2017).
It would be interesting to observe trends in polarimetric radar signatures at higher
temporal resolutions to examine shorter time-scale variability among supercells or to
see if entirely new trends appear. With these limitations in mind, it is important to
prioritize detailed observations of supercells within the same environment to increase
the sample size and temporal resolution of this type of analysis. Other future work
includes modeling of polarimetric radar signatures to get the 3D development of these

features on short time scales.
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Chapter 3

A Comparative Analysis of
Polarimetric Radar Signatures in
Pre-Tornadic Supercells Across
CM1 Microphysics Schemes and

Observations

3.1 Introduction

From 2011 — 2013, dual-polarization was implemented into the Weather Surveillance
Radar 1988 Doppler (WSR-88D) network, allowing for the identification of hydrome-
teor type, orientation, and size from radar data. With dual-polarization radar data,
several features have since been identified as relevant to supercell intensification and
development. Such features include, but are not limited to, the differential reflectiv-
ity (Zpgr) column (Snyder et al., 2015; Van Den Broeke, 2016; French and Kingfield,
2021), Zpgr arc (Kumjian and Ryzhkov, 2008, 2009; Dawson II et al., 2014, 2015),
spectral differential phase column (Kpp; Hubbert et al., 1998; Loney et al., 2002),

Kpp foot (Romine et al., 2008), correlation coefficient (pn,) and Zpg rings (Kumjian
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and Ryzhkov, 2008), and tornadic debris signatures (Ryzhkov et al., 2005; Van Den
Broeke and Jauernic, 2014; Bodine et al., 2014; Cross et al., 2023). However, despite
the improvements to the WSR-88D network, the spatial and temporal resolution of the
WSR-88Ds during operational scanning strategies is often too coarse to resolve pro-
cesses such as tornadogenesis and hail fallout. Higher resolution dual-polarization and
velocity data have been obtained using mobile radars (e.g., Snyder et al., 2013; Houser
et al., 2015; Bluestein et al., 2019; Wakimoto et al., 2020), but such observations are
challenging to obtain.

Numerical models provide an additional method for evaluating supercells at higher
spatiotemporal scales and provide information about storm microphysics. Simula-
tions allow for the unique comparison of supercell dynamics and microphysics to dual-
polarization radar signatures. However, multiple factors introduce uncertainty in such
a comparison, including, but not limited to, the selected microphysics scheme, the im-
plemented melting model, and the limitations of the forward operator used to obtain
the polarimetric radar variables.

How model microphysics are represented depends on various inputs, including, but
not limited to, how particle electromagnetic scattering is represented in the model,
the selected microphysics scheme, and the representation of mixed-phase particles.
Various microphysics schemes can represent the hydrometeor distribution within a
supercell. Spectral bin schemes (Khain et al., 2015) allow for better representation
of the hydrometeor distribution by discretizing the particle spectral density (PSD)
into bins. These bins are sorted by particle mass or diameter and are not predicted
by a specific functional form of the PSD. However, the flexibility of the spectral bin
schemes comes at the cost of computational efficiency, making it challenging to apply
the spectral bin scheme to ensembles of high-resolution numerical simulations.

A bulk microphysics parameterization (BMP) scheme is more computationally ef-
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ficient than the spectral bin scheme, but assumes one functional form of the PSD for
the predicted output. BMPs predict bulk parameters for each hydrometeor species,
where the number of predicted variables corresponds to the moment of the BMP (e.g.,
1-moment BMPs predict one variable, 2-moment BMPs predict two variables, and so
on). Other methods of parameterizing model ice species have been presented, such as
the predicted particle properties (P3) scheme, where properties of the ice particles are
predicted rather than split into different categories (Morrison and Milbrandt, 2015).
Another example is the Lagrangian cloud model (LCM; Shima et al. 2009), which
calculates parameters of “super droplets” that then represent other particles with the
same properties.

Previous studies have assessed the performance of different microphysics schemes
through case studies in which model output is compared to observations (e.g., Mor-
rison and Pinto 2006; Gallus Jr. and Pfeifer 2008; Rajeevan et al. 2010). However,
to compare observations to dual-polarization radar signatures emulated from model
output, the model output must be converted to polarimetric data through either a
radar simulator or a polarimetric forward operator. The T-matrix scattering method
numerically solves Maxwell’s equations to calculate electromagnetic scattering by non-
spherical particles. The T-matrix method was initially developed by Waterman (1965)
and has since been implemented in emulations of polarimetric weather radar. In 2010,
Jung et al. developed a forward operator that integrates the T-matrix scattering cal-
culations over the PSD for all hydrometeor types. This emulator assumes a fixed axis
ratio of 0.75 for snow and hailstones.

Since BMPs do not predict the particle size distributions of mixed-phase hydrom-
eteors, melting models are needed in addition to a forward operator to properly sim-
ulate dual-polarization radar signatures. Melting models use the predicted hydrome-

teor classes (often including rain, dry ice, and cloud water) to calculate the drop size
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distribution (DSD) parameters for mixed-phase particles. These calculations are ap-
proximate and thus inherently introduce uncertainty in the accuracy of the PSD for
mixed-phase particles. The Jung et al. (2010) forward operator implements the melt-
ing model described in Jung et al. (2008) (hereafter JO8). Dawson II et al. (2014) and
Johnson et al. (2016) also implemented the Jung et al. (2010) forward operator with
an updated melting model that allows the fraction of liquid water for all hydrometeor
species to vary across the size distribution.

Other forward operators include the Hebrew University Cloud Model (HUCM) de-
veloped by Ryzhkov et al. (2011), which employs a spectral bin microphysics scheme
to compute polarimetric radar observables. Additionally, the Cloud Resolving Model
Radar Simulator (CR-SIM; Oue et al. 2020) is another polarimetric forward operator
that implements the T-matrix scattering approximation across multiple radar and li-
dar frequencies. However, CR-SIM only calculates radar variables for dry hydrometeors
and thus cannot replicate the "bright band” at the melting layer or other mixed-phase
regions. The POLArimetric Radar Retrieval and Instrument Simulator (POLARRIS)
is a forward operator that relates output from cloud resolving models to polarimetric
radar variables and other radar-consistent geophysical parameters, such as vertical ve-
locity and rainfall rate (Matsui et al., 2019). One distinguishing feature of POLARRIS
from other forward operators is that POLARRIS assigns particle axis ratios and orien-
tation angles, which is information not inherently provided by the model microphysics
schemes (Matsui et al., 2019).

While the T-matrix method provides scattering information of hydrometeors, it is
computationally expensive to implement at high spatiotemporal resolutions and for
data assimilation. With this in mind, Zhang et al. (2021) parameterized the T-matrix
method by developing a set of fitted equations that approximate the polarimetric radar

variables obtained from the T-matrix calculations. The resulting parameterized for-
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ward operator (PFO) is more computationally efficient than the original T-matrix
method (10.55 s versus 0.098 s at 1-km horizontal grid spacing) and still produces real-
istic polarimetric radar signatures (Zhang et al., 2021). The PFO implements the JO8
melting model, although an update to the previously established model was presented
in Liu et al. (2024b).

The PFO has been compared against WSR-88D data for severe convection (Zhang
et al., 2021; Liu et al., 2024b; Healey and Broeke, 2025), implemented for data as-
similation (Du et al., 2021; Liu et al., 2024a; Eure et al., 2025), and could serve as
a potential improvement to the Warn-on-Forecast System at the NOAA National Se-
vere Storms Laboratory (Heinselman et al., 2024). However, the PFO and Liu et al.
(2024b) melting models have not been tested at high spatial resolutions (< 100 m). As
such, it is unknown whether the PFO and associated melting models can accurately re-
solve small-scale features in simulated polarimetric radar signatures. Implementing the
PFO at higher spatial resolutions can extend its applicability to the study of supercells,
which are known to involve processes that occur at small scales (e.g., tornadogenesis).
Furthermore, while multiple microphysics schemes have been implemented with the
PFO (e.g., Liu et al. 2024b), it is unknown what the ideal combination of melting
model and microphysics scheme is for high-resolution simulations of severe convection.

Thus, this study aims to answer the following:

e How can melting models be improved to better represent mixed-phase precipita-

tion in supercells?

e What melting model best represents polarimetric radar signatures common to

supercells at high spatial resolutions?

e Which microphysics scheme produces polarimetric radar signatures comparable

to supercell observations?
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To answer these questions, idealized simulations of supercells at high spatial resolution
(75 m) will be compared to observations of the 24 May 2011 supercell that produced
the prolific El Reno tornado. The PFO from Zhang et al. (2021) will be used to
derive polarimetric variables and to test the JO8 and L24 melting models, as well
as a new melting model, to determine which best represents melting precipitation in
tornadic supercells. Three microphysics schemes will also be tested with the Zhang
et al. (2021) PFO — the Morrison 2-moment, NSSL 2-moment, and NSSL 3-moment
schemes — to assess the impact microphysics schemes have on dual-polarization radar
signatures. The combined analysis of various melting models, microphysics schemes,
and high-resolution polarimetric radar data from the PFO makes this study unique, as
the impact of each component can be evaluated in a single study.

Section 3.2 details the selected event chosen for this study, the PFO and melting
models tested, and the chosen microphysics schemes. Section 3.3 provides a comparison
of the melting models, while section 3.4 compares the different microphysics schemes

to observations. Finally, section 3.5 summarizes the goals and findings from this study.

3.2 Data and Methodology

For the evaluation of different melting models and microphysics schemes, the 24 May
2011 tornado outbreak in central Oklahoma was selected. This case was selected be-
cause the sounding used yields a simulation that produces simulated tornadic supercells
with violent tornadoes (see Orf et al. 2017). In Orf et al. (2017), it is described that the
sounding was taken from a Rapid Update Cycle (Benjamin et al., 2004) model forecast
from the inflow of the El Reno supercell. Additionally, continuous polarimetric radar
observations of the El Reno supercell were collected by the KOUN research WSR-88D

radar in Norman, OK. The dataset from KOUN allows for the analysis of the broad
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supercell structure and comparison to simulations. For a more detailed description
of the kinematics and evolution of the El Reno supercell during tornadogenesis, the
reader is referred to Tanamachi et al. (2015), Houser et al. (2015), and French et al.

(2015), as well as Chapter 2.

3.2.1 Description of Observations

Radar observations from KOUN and KTLX were used to compare with the simulated
radar data. Before the data could be compared, the observed radar data were first
quality-controlled.

For the KOUN radar, Kpp was calculated using the default configuration of the
Python ARM Radar Toolkit (Py-ART) (Helmus and Collis, 2016) Vulpani algorithm
(Vulpiani et al., 2012). Additionally, the Zpg field was corrected by 0.1 dB by compar-
ing the Zpg field above the freezing level (approximately 4.5 km AGL from Orf et al.
(2017) environmental sounding) to the expected value of Zpg for dry snow (0.2 dB).
Only the Zppg field in regions of relatively low Zy (< 30 dBZ) were considered to help
remove bins contaminated by hail. To better compare KOUN data with the simulated
radar data, the KOUN dataset was gridded using Py-ART’s Barnes interpolation with
a constant radius of influence of 1 km. KOUN data were gridded to a 1 km x 1 km x
0.5 km grid.

For the comparison of supercell size across the simulated and observed supercells,
the observed supercell that produced the EF5 El Reno tornado was manually outlined
using the Python lasso selector tool. Finally, each strongly tornadic supercell on 24
May 2011 in central Oklahoma was manually outlined using the Python lasso selector
tool. The 20-dBZ contour was used as a guideline for the lasso. The outline of the
lasso was manually interpolated across regions without a closed 20-dBZ contour in

cases of interactions with nearby convection. The number of bins within the lasso was
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saved and then multiplied by the bin size to obtain the area of the supercell. This
analysis was performed at the time of tornadogenesis for the observed supercell, which
was defined by NWS storm reports (NOAA, 2011). The lasso method was not used for
the simulated supercells, as there was no influence of nearby convection to impact the
supercell size calculations. A 20-dBZ threshold was applied to the simulated data, and
the number of bins that met the threshold criteria was saved. Like with the observed
data, the number of bins was multiplied by the area of each bin, producing the area of
the supercell. Again, this analysis was performed at the time of tornadogenesis for the
simulated dataset, which was defined to be the first time the Okubo—Weiss parameter
(Eq. 3.1 Okubo, 1970; Weiss, 1991) was greater than 0.1 s™'.

OW = (2 — (S2 + S2) (3.1)

3.2.2 Melting Models

In the following subsection, three melting models are described in detail: the JO8 model,
the Liu et al. (2024b) (hereafter L24) model, and a new model proposed to better
represent supercell convection. In each melting model, a fixed density is assumed for
all dry hydrometeors and rain, while the density of the mixed phase particles is given
by pm = pe(1 = f2) + pwf2, where p, is the density of the ice species, p,, is the density
of liquid water, and f,, is the liquid water fraction f, = ¢./(¢- + ¢;). Given the density
equation for mixed-phase particles, the density of each ice species ranges from p, for
fw = 0 to p, for f, = 1. Table 3.1 gives the values of p for each hydrometeor type

used in this study.
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Table 3.1: List of densities for each hydrometeor category.

Hydrometeor Density (kg/m?)

Type
Rainwater 1000
Hail 913
Melting Hail 913 - 1000
Graupel 400
Melting Graupel 400 — 1000
Snow 100
Melting Snow 100 - 1000

3.2.2.1 JO8 Melting Ice Model

The three ice hydrometeors considered are hail, graupel, and snow. In Jung et al.
(2008), the rain-ice mixture is only allowed to exist where the model predicted ¢, and

q; coexist. The fraction of the rain-ice mixture is assumed to be

F = Faa[min(qz/ g, 40/ ¢2))"* (3.2)

where F),., represents the maximum fraction of ice or rainwater mixing ratio that can
exist in the rain-ice mixture and x € [s, g, h]. In Jung et al. (2008), Fy,q = 0.5. With

F' defined, the mixing ratio of rainwater within the mixture can be obtained using:

Qr.a = FCZT (33)

and the mixing ratio of dry ice within the mixture can be obtained using:

Gr,a = FQI (34)
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The water fraction of the mixture can be calculated using f, = ¢,/(¢- + ¢;), and the

total mixing ratio of the mixture is

Ama = Qz,a + Qr.a = F(QT + ch) (35)

To retain mass conservation, the rainwater within the rain-ice mixture is subtracted
from the predicted total ¢ of rainwater. Thus, the ¢ of pure rainwater becomes ¢, =
qr — qrq. For multiple ice species, this equation is expanded to include the rainwater
used by each ice species. For instance, for simulations with both hail and graupel,
the equation becomes: Gpr = ¢ — Graney = Gragrauper- Likewise, the dry ice within the
rain-ice mixture must be subtracted from the predicted total ¢ of the ice species (e.g.,
Qpz = ¢z —qza)- 1t should be noted that the number concentration (/V;) and reflectivity

factor (Z) are not conserved, such that N, ,. = Ny, and Z,, = Z,.

3.2.2.2 L24 Geometric Mean

An update to the Jung et al. (2008) melting model was introduced in Liu et al. (2024b).
In this updated melting method, the mixing ratio, number concentration, and reflec-
tivity moment are obtained for a melting ice species using a geometric mean of the rain

and dry ice species. The total ¢, N;, and Z are given as:

Gmz = \/4rqz (36)

Nt,mx Y/ Nt,rNt,x ) (37)
Tne = /7 s . (3.8)

As in J08, the ¢ of the liquid water (g, ,) and dry ice (g, o) within the rain-ice mixture

are subtracted from the original model-predicted mass of rainwater. This ensures the
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mass of rainwater is not double-counted for the ice and rain hydrometeor species. The
q of the dry ice in the rain-ice mixture is also subtracted from the ¢ of the model-

predicted ice species. Finally, the densities are treated the same as they are in JOS.

3.2.2.3 Combined Melting Model (CMM)

A new melting model is proposed herein, which will be tested on high-resolution super-
cell simulations. This new melting model, which we define as the Combined Melting
Model (CMM), takes the method for calculating ¢, from JO8 (Eq. 3.5) and the ge-
ometric mean (Eq. 3.7 and 3.8) from L24 for N,,, and Z,,,. The CMM essentially
removes the assumption that the dry and mixed-phased hydrometeors have equivalent
number concentrations. Finally, the calculation of f,, ps, ¢, and gy, are the same as

in JOS8.

3.2.3 Polarimetric Forward Operator

The PFO used in this study is described in detail in Zhang et al. (2021) and is
applicable for S-band wavelengths (2-4 GHz). When using the PFO, it is assumed that
all hydrometeors are spherical. Also, the PFO sets an upper limit to the maximum
mass weighted mean diameter hydrometeor (D,,) sizes for the ice categories — 35 mm
for hail and 18 mm for snow and graupel — as beyond these sizes the results are not
reliable. The PFO uses a set of parameterized equations to represent the relationship
between radar variables and D,,,, water fraction (W = p,q,), and the reflectivity factor
(Z;). The derivation of these fitted polynomials is described in Mahale et al. (2019),
but the relationships for rain are provided in Eq. 3.9 — 3.12 and the relationships for

ice hydrometeors are given in Eq. 3.13 — 3.16.

7y, = W(—0.3078 4 20.87D,,, + 46.04D?2, — 6.403D? + 0.2248 D} )? (3.9)
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Zgr =~ 1.019 — 0.1430D,,, + 0.3165D2, — 0.06498D? + 0.004163D2, (3.10)

Kpp ~ W (0.00926 — 0.0870D,, + 0.1994D? — 0.02824D2 + 0.001772D%)  (3.11)

pro & 0.9987 + 0.008289D,, — 0.01160D2, + 0.0035138D3, — 0.0003187D%,  (3.12)

Zn(x) = Zylazo(e) + az1(V2) Din + aza(72) Dy, + az3(7.) Dy, ) (3.13)
Zar(x) 2 ago(V2) + aar (Vo) D + @a2(72) Dy, (3.14)

Kpp = patalaro(vz) + ax1(Va) Dm + ax2(v2) D2/ pa (3.15)

Pro = Apo(V2) + Ap1 (Vo) Din + ap2(2) Dy, (3.16)

In Eq. 3.13 — 3.16, p, is the density of air, ¢, is the mixing ratio of the ice hydrom-
eteor, and p, is the density of the ice hydrometeor. The coefficients (a,,,) are given
in Eq. 3.17 and are dependent on the percentage of melting (v, = ¢./(¢- + ¢;)) and

fitting coefficients (¢, mn) Which are provided in Tables 1 - 3 in Zhang et al. (2021).

60



N
A = Z Comn Yo s (3.17)
n=1

The DSD parameters used in Zhang et al. (2021) are derived for 2-moment micro-
physics schemes, which assume a shape parameter of 4 = 0. However, for a 3-moment
scheme a gamma distribution is assumed (3.18), meaning  is variable and therefore
must be taken into account in the derivation of A and D,,,. The resulting equations for

the relevant DSD parameters become:

N(D) = NoD"exp(—AD), (3.18)
M, = / NoDFFe*Pap, (3.19)
TP
A=lg (e + 3) (i + 2) (e + D], (3.20)
Pal
D,, = “TH‘. (3.21)

The parameter p is obtained by first calculating My, Ms, and Mg using Eq. 3.19.
Mg is equal to the reflectivity factor (Z,), My is equal to N;, and Mj is estimated to

be equal to W—iqu. Using Eq. 3.19, p can be arranged into the following third order

polynomial:

1+ e pi® + copp+ 3 = 0;
15-6G  74—11G 12066, _ MM (3.22)
T1—@ T 1=-G 7T 1-a6 M2
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Eq. 3.22 can also be found in Morrison et al. (2025). In solving for the third-
order root, it is ensured that G remains greater than 1.3, else too many roots will be
produced. A threshold of 1072 is also applied to Mj; such that masses near zero are

removed. Egs. 3.9 — 3.16 remain unchanged for a 3-moment scheme.

3.2.4 CM1 Model Configuration

Simulations of the EF5 El Reno tornado were run using Cloud Model 1 (CM1; Bryan
and Fritsch, 2002). Apart from the selected microphysics scheme, each simulation was
run with the same configuration, spatial resolution (75 m horizontal and vertical reso-
lution), and input sounding (see Table 3.2 for details). Storm motion was subtracted
from the wind field to keep the domain centered on the supercell. Each simulation
produced a tornadic supercell, though the genesis of the tornado varied across each
microphysics scheme. Specifically, the MORR tornado began at t = 4260 s, the NSSL2
tornado at t = 5460 s, and the NSSL3 tornado at t = 8580s. Data were saved at 1-min
intervals, though this study focuses on the 15-min window before tornadogenesis.

Table 3.2: Configuration of CM1 used for each simulation.

CM1 Model Configuration

Isotropic grid spacing, no stretch (75 m)
Domain: 120x120x20 km
TKE turbulence closure
5th order WENO advection
Zero surface strain surface boundary conditions (free slip)
El Reno 24 May 2011 sounding (Orf et al., 2017)
Updraft nudging (Naylor and Gilmore, 2012)

Microphysics schemes:
Morrison 2-moment (300e=% db),
NSSL 2-moment (0.60e” CCN),
NSSL 3-moment (0.60e? CCN)

To assess the impact model microphysics schemes have on simulated polarimetric
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radar variables, simulations with three different microphysics schemes were performed.
These three schemes are the Morrison 2-moment (MORR; Morrison et al. 2005), NSSL
2-moment (NSSL2; Mansell et al. 2010), and NSSL 3-moment (NSSL3; Mansell et al.
2020) schemes. The base state of each microphysics scheme was used, where the base
state is defined as the starting configuration each microphysics scheme has in CM1
v.21.1. The MORR scheme predicts 4 hydrometeor classes: cloud droplets, cloud ice,
rain, and snow. Updates to the MORR scheme in 2009 further implemented a 5™
category for graupel, which can be run either as a single hail category or as a combined
graupel and hail category (Morrison et al., 2009). The MORR scheme simulates both
homogeneous and heterogeneous ice nucleation and droplet activation. Additionally,
the MORR scheme allows the index of the droplet size distribution to vary throughout
the storm, though the impact of entrainment and longwave radiative cooling is not
accounted for in the calculations of the droplet size distribution index (Morrison et al.,
2005).

In the NSSL2 scheme, N; and g, are predicted for 6 hydrometeor classes (droplets,
rain, ice crystals, snow, graupel, and hail). This scheme was originally introduced in
Ziegler (1985) for use in simulations of electrification in thunderstorms. In Mansell et al.
(2010), updates to the NSSL2 scheme include the prediction of the bulk concentration
of cloud condensation nuclei and the average bulk densities of graupel and hail. Frozen
rain is assigned to the graupel category, which can then serve as nuclei for hail. Both
wet and dry growth for ice particles are accounted for in the NSSL2 scheme, and
graupel is converted to hail when the wet growth condition is met. The effects of
supercooled droplets are accounted for in the wet growth of ice particles, though there
is no predicted supercooled droplet category.

The NSSL3 scheme is an update to the NSSL2 scheme and implements the hail melt-

ing and shedding results from Rasmussen et al. (1984). The updated NSSL scheme
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correctly reduces the mean hail diameters for large hail and produces a narrower size
distribution by allowing small ice particles to melt into drops of the same mass. The
NSSL3 scheme was also created to emulate how a spectral bin scheme handles melt-
ing ice hydrometeors in a size-dependent manner (Mansell et al., 2020). The updated
melting of hail and graupel in the NSSL3 scheme also impacts the size of rain. These
impacts are largest when the melting hail is large enough to shed small drops. The
supercells produced by each microphysics scheme are shown in Fig. 3.1 at the time of
tornadogenesis. The MORR scheme produces a supercell with the largest region of
Zy > 40 dBZ (1287 km?) while the NSSL2 and NSSL3 schemes produce supercells
with higher maximum Zy (74 dBZ and 71 dBZ) compared to the MORR scheme (60
dBZ). Generally, the NSSL schemes produce supercells with hook echoes that stretch
to the south, while the hook of the MORR supercell wraps back into the core of the
storm (Fig. 3.1a—c). All three schemes produce similarly shaped horizontal velocity
fields (Fig. 3.1d—e), with the MORR scheme producing the strongest maximum hori-
zontal wind speeds (71 m s™!) and the NSSL3 scheme producing the weakest maximum

horizontal wind speeds (45 m s™1).
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Figure 3.1: Horizontal cross-section of Zy (a—c) and horizontal velocity (d—e) at 0.04
km AGL for the MORR, NSSL2, and NSSL3 microphysics schemes. All plots shown
are taken from the time of tornadogenesis.
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3.3 Results

The following results detail the output of CM1 simulations using three different melting
models and microphysics schemes. The suite of simulations enables analysis of the
differences in simulated polarimetric signatures and microphysics output for different

PFO and melting models and intercomparisons with polarimetric radar observations.

3.3.1 Melting Model Comparison

The NSSL3 CM1 simulation was used to compare the melting models. Three different
realizations of the PFO were completed at this time step, each using a different melting
model. Thus, all other parameters, aside from the melting model, are the same across
realizations of the PFO. The PFO was applied to one time step (the time of tornado-
genesis, t = 8580 s). The time of tornadogenesis was selected to provide a comparable
point of reference across the three simulations. At the time of tornadogenesis, each
simulated storm is a mature supercell undergoing dynamical processes associated with
tornado formation. While the internal microphysics may differ due to the different
melting models tested, a similar dynamical comparison point ensures that the differ-
ences observed in each simulation are attributable to the melting models rather than
to differences in supercell development.

When looking at 2D histograms of D,,, and Ny, it is readily apparent that the JO8
melting model has a high frequency of the maximum possible D,, allowed by the PFO
for both melting hail and graupel (35 mm and 18 mm, respectively) (Fig. 3.2a,d).
Meanwhile, the .24 model produces a maximum D,, of 14.7 mm for melting hail and
9.9 mm for melting graupel. The CMM model produces melting hail with a maximum
D,, of 25.1 mm and 17.9 mm for graupel. The D,, of hail is often not provided in

observed studies of ice hydrometeor sizes in observed supercells. However, Heymsfield
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et al. (2023) obtained maximum hailstone sizes in convective updrafts, some of which
were associated with supercells. Heymsfield et al. (2023) observed a maximum hail
diameter of 45 mm, with the majority of hailstones having maximum diameters less
than 40 mm. Given the results of Heymsfield et al. (2023), a maximum D,, of 35 mm
for melting hail in the JO8 simulation could imply an unrealistically large maximum hail
size. However, it is challenging to definitively state the relationship between D,, and
the maximum hail size without more information about the particle size distribution
for hail.

According to NWS storm reports (cite), hail of 1.75” (44.5 mm) was reported in
Caddo County at 1610 CST. This was approximately an hour before the genesis of
the first tornado in the El Reno supercell. Storm reports during the prolific EF5 El
Reno tornado were limited, but the NWS states hail sizes during the outbreak reached
at least 3”7 (76.2 mm) in diameter. With this in mind, the JO8 produces melting hail
and graupel that are too large, while the .24 and CMM models better constrain the
graupel and hail sizes. Between the L.24 and CMM models, the CMM model primarily
produces melting hail with D,, < 10 mm while allowing for a few occurrences of large
D,,. This would generate a distribution of melting hail sizes that is mostly small, with
few instances of very large hail. The .24 model generates a similar distribution, but
with more limitations on the maximum hail size. For melting graupel, the CMM model
likely generates values of D,, that are too large, despite these occurrences happening
rarely. The L24 model is the only model that constrains the melting graupel sizes

below the allowed limit for melting graupel.
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Figure 3.2: 2D histogram of the D,, ,, (top row) and the D, ,,, (bottom row) and N,
for the JO8, L24, and CMM melting models. Values are taken from the entire depth

of the supercell. Colorfill represents the frequency of the relationship between D,, and
N;.

Examining the distribution of N; for melting graupel, the JO8 model produces
mixed-phase hydrometeors above the freezing level and outside the updraft core (Fig. 3.3a).
The L24 and CMM models, on the other hand, limit melting graupel to below the freez-

ing level and near the updraft core (Fig. 3.3b,c). The N; field for melting graupel is
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identical between the .24 and CMM models as they both calculate N; using the ge-
ometric mean. A similar distribution of N; occurs for melting hail (not shown), with
JO8 creating mixed-phase hydrometeors above the freezing level and the L.24 and CMM

models limiting the mixed-phase hydrometeors to below the freezing line.
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Figure 3.3: Vertical cross-section of N,,, on a log scale for the JO8 (a), L24 (b), and
CMM (c) melting models. The dashed grey line represents the freezing level. The
black contour denotes the 20 ms—! updraft.

Vertical cross-sections of @), and @) show the JO8 and CMM models omitting dry
graupel and limiting the presence of dry hail at the surface (Fig. 3.4 and 3.5). The JO8
and CMM models also produce an updraft core with lower mixing ratios of dry hail and

graupel compared to the L.24 model (Fig. 3.4 and 3.5). The magnitude of the mixing
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ratio across the three melting models is similar (Fig. 3.4 and 3.5), meaning the primary
distinction is how dry ice is treated below the freezing level and within the updraft
core. The distribution of @),,, and @, across each melting model is strikingly similar
despite the different methods of calculating mixed-phase mixing ratios across the three
models. The primary difference in the mixed-phase mixing ratios is the amount of dry
ice used in the mixed ice species (¢, ,). The JO8 and CMM allocate more dry ice to be
used in the mixed-phase ice species in the updraft core compared to the L24 scheme.
This is the reason for the reduced mass of dry ice in the updraft core, as represented
in Fig. 3.5a and 3.5¢c.

Combining the results of Fig. 3.3 — 3.5, the CMM creates the most realistic dis-
tribution of ice hydrometeors above and below the freezing level. The CMM model
restricts the melting ice species to the vicinity of the updraft core above the freezing
level and reduces the mass of dry ice species below the freezing level in response to
melting. The JO8 and L24 models only accurately represent the distribution of the

melting or dry ice species, but not both.
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Figure 3.5: Same as Fig. 3.4 but for dry hail.

The number and size of liquid drops within the mixed-phase updraft are similar
across each melting model, as the differences in the liquid water field are determined by
Qpr = Gr — Gro (Fig. 3.6). At 6-km AGL, there is a high concentration (approximately
10° m™3) of small drops (< 0.4 mm) within the updraft core, with slightly larger drops
(> 0.4 mm) in the updraft "tail” which extends from the northeastern portion of the
updraft and wraps around the southwest (Fig. 3.6). In each melting model, the drop
sizes decrease as they enter from the "tail” into the center of the updraft (Fig. 3.6b,d,f).

In contrast to liquid water distributions, there are notable differences in the size

and number of melting hail within the updraft. The JO8 scheme produces the largest
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melting hail (D,, > 6 mm) within the updraft core, but at very low concentrations
(Fig. 3.7a,b). The L24 and CMM models mostly produce melting hail with D,, less
than 4 mm but at higher number concentrations (Fig. 3.7d,f). The location of wet
hail curving into the updraft center reflects results from Fischer et al. (2025), which
also used the MORR microphysics scheme. Dry hail entered the updraft core from the
northwest corner of the updraft in each of their updraft simulations (Fischer et al.,
2025). Furthermore, hail sizes grew from the northwest corner of the updraft to the
updraft core, similar to what is seen in Fig. 3.7d f.

The motion of hail into the updraft core is hard to determine from the 2D wind field;
however, trajectory analyses of hail from the 24 May 2011 supercell were performed
by Kumjian et al. (2021). Their trajectories showed some hail completing full circuits
around the primary updraft, while other hailstones curved around the north of the
updraft before falling to the surface on the western side of the updraft core (Kumjian
et al., 2021). While trajectories were not calculated in this study, the path of hailstones
can be inferred by the horizontal wind field, the analyses of the updraft core over time
(not shown), and comparisons with the trajectories from Kumjian et al. (2021). It is
evident from the horizontal wind field and the Kumjian trajectories that hail is being
fed from aloft within the "tail” into the updraft center (Fig. 3.7d,f). Since the melting
hail grows as it enters the updraft center in the L24 and CMM melting models, the
water torus around the ice cores is likely growing as hail enters into the updraft core

and melting occurs.
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umn) and D,,, (right column) for the JO8 (a,b), L24 (c¢,d), and CMM (e,f) melting
models. Black contours represent the updraft core (w > 20 ms™!) and the black arrows
represent the horizontal wind field. Data from 6.0 AGL is presented.
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Figure 3.7: Same as Fig. 3.6 but for melting hail.

How each melting model handles the relationship between hydrometeor size and

polarimetric variables can also be assessed. In reality, graupel and other rimed par-
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ticles have a quasi-spherical shape (Kumjian, 2013). In the PFO, the parameterized
relationships between the model output and polarimetric variables assume each rimed
hydrometeor to be a sphere. For spherically shaped dry graupel, the Zpgr should be
near 0 dB. The CMM and JO8 models have Zpgr values that decrease with increas-
ing graupel size (Fig. 3.8a,e). The L24 model also has this relationship, but also has
higher Zpg for graupel with D,,, between 5 — 10 mm (Fig. 3.8¢c). These larger values of
Zpr could be occurring in bins where other hydrometeors are impacting the Zpg size
relationship.

In melting graupel, the presence of liquid water increases the particle’s refractive
index, leading to increased Zpgr. The Zpgr in small melting ice hydrometeors can
exceed that of large raindrops. Increasing Zppr for larger melting graupel is seen in
each melting model for D,, between 0 — 5 mm (Fig. 3.8b,d,f). Larger melting ice can
shed its water torus, making the liquid rim around the ice core quite thin, causing
lower Zpgr. The thinning torus is seen in the L24 melting model, as f, decreases as
Zpr decreases for melting graupel with D,, > 5 mm (Fig. 3.8d). The CMM model has
instances of lower f;, but primarily has f, near 1, indicating melting graupel with a
thicker liquid water torus (Fig. 3.8f). The large range of Zpg for larger melting graupel
in the JO8 model could be due to other hydrometeors impacting the Zpg relationship
(Fig. 3.8b). Overall, the L.24 and JO8 models have a more expected relationship between
D, and Zpgr, with the L24 model having a more realistic relationship for dry graupel
and the .24 model having a more realistic relationship for melting graupel. Similar
relationships were found for dry and melting hail, with the .24 and CMM producing
a more expected relationship and JO8 having a larger spread of melting hail sizes (not

shown).
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Figure 3.8: Scatter plots relating D,, , and D,, ,, to Zpg for the JO8 (a,b), L24 (c,d),
and the CMM (e,f) melting models. Colorfill represents the liquid water fraction asso-
ciated with the scatter point.

The final comparison across the CMM, 124, and JO8 melting models is performed
across dual-polarization radar signatures each model produces (Fig. 3.9 and 3.10).
Starting with the Zpg arc, the 124 melting model produces an arc with 0-1 dB from
-20 km to 10 km in the x-direction (Fig. 3.9b). In the JO8 model, this same region
exhibits higher (1-3 dB) Zpg values and a sharp transition from 0-1.5 dB to 1.5-3 dB
(Fig. 3.9a). The CMM produces Zpgr between 0-2.5 dB and a smoother transition
from the lower to higher Zpg values within the arc compared to the JO8 model (Fig.
3.9¢). Finally, each model produces a region of high (> 3 dB) Zpg between 10 km and
20 km in the x-direction.

For the Zpg column, the JO8 model produces a column with the highest Zpg values
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(approximately 3 dB) compared to the other melting models (Fig. 3.10a). Also, in
the "tail” of the column, the JO8 model produces artifacts with negative Zpgr. While
negative Zpg is not wholly unrealistic for large hail above the freezing level, the place-
ment of the negative Zpg in the column does not line up with the location of larger
hail seen in Fig. 3.7b. Meanwhile, the L24 model produces higher Zpg in the "tail”
of the column, with low (< 1 dB) in the core of the column (Fig. 3.10b). The CMM
provides a good balance of enhanced Zpgr without the negative Zpg artifact seen in
the JO8 model (Fig. 3.10c). Between the Zpg arc and column, the CMM produces
reasonable signatures with smoother transitions between values compared to the other
melting models. The structure of the Kpp foot was also assessed across the three
melting models, however few differences were observed in the simulated Kpp field (not

shown).
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Figure 3.9: Horizontal cross-sections of Zpg at 1.5 km AGL for the a) JO8, b) 124,
and ¢) CMM. Data shown are taken from the time of tornadogenesis for each melting
model.
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3.3.2 Microphysics Comparison to KOUN Observations

A variety of microphysics schemes are used to analyze severe convection for idealized
and numerical weather prediction models. Of these microphysics schemes, the following
are assessed in this study: the Morrison 2-moment, the NSSL 2-moment, and the
NSSL 3-moment schemes. Polarimetric radar data from KOUN were used as a point
of comparison for the output from the PFO for each microphysics scheme. In this
subsection, all plots and data shown are composited over the 15-min window preceding
tornadogenesis (T-15 to T-0).

In Fig. 3.11, a comparison of the 15-min composite for each microphysics scheme and
three observed tornadic supercells from KOUN. Supercell B represents the supercell
that produced the EF5 El Reno tornado and is the supercell from which the Orf
et al. (2017) RUC sounding is taken. At the time of the genesis of the first tornado in
Supercell B (2031 UTC according to NWS storm reports), the storm was approximately
80 km west of KOUN. Supercells C and D each produced an EF4 tornado up to 2 hours
after the genesis of the first tornado in Supercell B. Within the 15 min window before
tornadogenesis, supercells C and D were closer to KOUN and thus provided higher
spatial resolution radar data of a strongly tornadic supercell during the same event as
supercell B.

The MORR, NSSL2, and NSSL3 microphysics schemes produce a Zj field with
maximum Zy > 70 dBZ, while only supercell B from the observed supercells has
a maximum Zy > 60 dBZ (Fig. 3.11). From Fig. 3.11, it is clear that the areal
extent of Zy > 60 dBZ in the simulated supercells is larger than what is seen in
the observed supercells. Furthermore, the shape of each of the simulated supercells
varies, with the MORR supercell having Z of 20 dBZ extending further south in the

domain compared to the NSSL supercells (Fig. 3.11d-f). It is clear from Fig. 3.11 that
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different simulations of the same supercell produce quite different outcomes in terms of
the Zy field, and a singular simulated supercell does not fully represent the storms seen
in observations. Given the Orf et al. (2017) sounding was used to initiate each model
run and the similarities in the Zy field between supercell B and each microphysics
scheme, only supercell B will be used as the observed comparison point for the rest of
this section.
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Figure 3.11: Horizontal cross sections of Zy from KOUN (a,b,c) and from the CM1
simulations (d,e,f) at 1.5 km AGL. Both the observed and simulated supercells are
shown at the time of tornadogenesis.

Each microphysics scheme handles the melting of dry graupel differently. To com-
pare melting behavior and changes in particle size, vertical cross-sections through the
center of the Zpgr column show the vertical profile of D,,, for melting and dry grau-
pel for each microphysics scheme (Fig. 3.12). At the freezing level and above the

forward flank, there is a sharp transition from larger, dry graupel (10 — 12 mm) to
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larger, mixed-phase graupel (10 — 12 mm) of the same size just below the freezing
level (Fig. 3.12a). The mixed-phase graupel is ”created” by combining the dry graupel
and liquid water fields with the assumption that the dry graupel serves as the dry
ice core of the mixed-phased particle, while the liquid water forms a uniform coating
around the ice core. Since the melting graupel along the freezing level matches the
size of the dry graupel, it follows that the resulting mixed-phase particles have a low
fy (Fig. 3.13a). As the melting graupel falls to the surface in the MORR scheme, it
reduces in size and increases its f, (Fig. 3.12a and 3.13a). A smaller size but higher f,
indicates mixed-phase particles with smaller ice cores and more liquid water coating
their surface. Thus, as the mixed-phase graupel falls to the surface, its ice core melts,
effectively reducing its size and adding to the liquid water torus around its core.

In the NSSL2 and NSSL3 schemes, the mixed-phase graupel is larger at the surface
compared to at the freezing level (Fig. 3.12b,c), and a growth in hail size below the
freezing level is not physical. However, to the northwest of the center of the Zpg column
at the freezing level, a pocket of D,,, near 10 mm for melting graupel is present in
the NSSL schemes (not shown). Given the circular trajectories of hail in Kumjian
and Lombardo (2020), it is likely that the larger graupel in the NSSL simulations also
followed a quasi-circular trajectory, effectively circling the north side of the updraft as
it fell to the surface. This implies a minimal change in the maximum size of mixed-
phase graupel between the freezing level (near 10 mm) and the surface (10 mm). Just
below the freezing level, f, is near 0, indicating the mixed-phase graupel is mostly
comprised of its ice core and minimal liquid water (Fig. 3.13b,c). Unlike the MORR
schemes, the f, values transition quickly from near 0 to near 1 over a 1-km layer below
the freezing level, rather than a gradual transition from the freezing level to the surface
in MORR.

The largest mixed-phase graupel in the NSSL schemes occurs near the surface
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and just west of the updraft core (located between -12 and 0 km in the x-direction;
Fig. 3.12b,c). Meanwhile, the largest melting graupel in the MORR scheme occurs at 0
km in the x-direction and at the freezing level (Fig. 3.12a). The location of the largest
mixed-phase hydrometeors is in part governed by @, (Fig. 3.14). The MORR, scheme
has a deeper layer of relatively high @), collocated with the region of largest melting
graupel (Fig. 3.14a). In the NSSL schemes, the @), field is distributed more evenly along
the x-axis, with higher values of @, extending closer to the surface in the NSSL3 scheme
(Fig. 3.14b,c). The higher @, values in the NSSL schemes are somewhat collocated
with larger dry graupel that is just west of the updraft (Fig. 3.12b,c). Therefore, the
distribution of the @, field and the location of larger dry graupel (which serve as the
ice cores for mixed-phase graupel) determine the location of the larger melting graupel

in each of the three microphysics schemes.
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3.3.2.1 Polarimetric Signature Intercomparison

To compare the model output from each microphysics scheme to the KOUN obser-
vations, areal calculations were made for the storm size and the size of the Zpr arc,
Zpr column, and Kpp foot (Table 3.3). The calculations in Table 3.3 are performed
on the 15-min composite averages of observations and model output, and the area of
each supercell is based on reflectivity of Zy > 20 dBZ unless noted otherwise. The

20 dBZ threshold is only used for the area calculations and not for the plots of the
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composited Zg from simulations and observations.

The MORR scheme produces the largest supercell, with a 20-dBZ area that is al-
most 1000 km? larger than the observed supercell (Table 3.3). The NSSL2 scheme
matched the size of the observed storm remarkably well, with only a 5.3 km? difference
between the simulated and observed supercell (Table 3.3). Examining the spatial ex-
tent of Zy = 30 dBZ, the NSSL2 scheme extends the supercell farther to the northeast
compared to the observed supercell (Fig. 3.15a). Meanwhile, the NSSL3 scheme also
extends the supercell farther to the northeast, but also underestimates the width of
the forward flank downdraft precipitation (Fig. 3.15a). Based on a 50-dBZ threshold
of Zy, the MORR scheme creates a forward flank with enhanced Zy compared to
observations (Fig. 3.15b). The NSSL3 scheme extends the higher Zy values to the
northeast, matching the general orientation of the 50-dBZ contour of the observed
storm (Fig. 3.15b). While the NSSL2 scheme matches the east-northeast orientation of
the lower Zy values to observations, the NSSL2 scheme exhibits an east-southeast ori-
entation of the 50-dBZ contour in the forward-flank downdraft (Fig. 3.15b). Finally, all
schemes produced narrower hook echoes compared to the observed supercell, although

this is possibly due to the higher spatial resolution of the model data (Fig. 3.15b).

Table 3.3: List of values of supercell and polarimetric areas. All areas were calculated
using the 15-min composites of the simulated and observed data. The supercell area
provided is valid for 1.5 km AGL. Each of the polarimetric signature areas are normal-
ized by storm size at 1.5 km AGL (or 5.5 km AGL for the Zpg column).

Supercell Ratio of Zpr > 3 Ratio of Kpp > 3 Ratio of Zpr > 1
Area (km?)  dB to Storm Size deg/km to Storm Size dB to Storm Size

MORR  2780.0 0.78 0.027 0.085
NSSL2 1865.3 0.83 0.080 0.175
NSSL3 2490.0 0.13 0.0027 0.181

OBS 1860.0 0.25 0.0 0.090
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Figure 3.15: Contours of Zy = 30 dBZ (a) and Zy =50 dBZ (b) at 1.5 km AGL from
the MORR (blue), NSSL2 (red), NSSL3 (gold), and observed (grey) datasets.

The individual polarimetric signatures from the model data can also be compared
to the KOUN observations. The Zpg column is a region of enhanced Zpg (> 1 dB)

above the freezing level that represents supercooled drops that have been lofted above
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the freezing level by the updraft. Vertical cross-sections through the Zpg column are
provided in Fig. 3.16 for each microphysics scheme and radar observations.

The observed Zpr column extends to 8.0 km AGL and the region of Zpr > 3 dB
becomes narrower with height (Fig. 3.16g). Meanwhile, the MORR column reaches
a height of 8.3 km AGL, the NSSL2 column reaches 9.6 km AGL, and the NSSL3
column reaches 10.7 km AGL (Fig. 3.16a,c,e). Each of these heights was calculated
as the highest height where Zprp > 1 dB and was vertically continuous. While the
MORR scheme best captures the observed Zpgr column height, it does not reproduce
the narrowing of the Zpr > 3 dB region with height (Fig. 3.16a,g). The NSSL3
column does not produce Zpgr > 3 dB above the freezing level, which is seen in the
observed column, and the NSSL2 column produces a near uniform field of Zpr > 4 dB
throughout the primary column between x = -10 km and x = 0 km (Fig. 3.16¢,e,g).

At 1 km above the freezing level, the area of the Zpg columns is compared (Ta-
ble 3.3). The MORR scheme best represents the area of the observed Zpg column,
while the NSSL schemes create larger Zpgr columns than the observations. As shown
in Fig. 3.16, each simulated supercell produces a secondary column to the west of the
primary column. Evidence of a smaller region of enhanced Zpp is present in the obser-
vations at -100 km, but this feature is overrepresented in the simulations (Fig. 3.16).
Thus, none of the simulated columns fully represent the observed column, though the
MORR scheme best reproduces the height and area of the observed column.

The distribution of ¢, and g4y, is examined to assess the hydrometeor distributions
in the Zpg column (Fig. 3.17). The distribution of ¢, and g,4 is given in Fig. 3.17.
A combined mixing ratio for graupel and hail (gg44) is used since the MORR scheme
combines graupel and hail into one ice category. Based on previous simulation research,
the Zpr column is expected to consist partition these hydrometeor types separately.

From previous simulation research, it is expected that the Zpg column is composed of
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rain, supercooled drops, graupel, and hail (Kumjian et al., 2014). In Kumjian et al.
(2014), the simulated column had rain primarily throughout its core with supercooled
drops at the top of the column. In each of the simulated columns in this study, there
is no supercooled drop field. Thus, it is primarily a combination of hail, graupel, and
rain at the top of each of the columns (Fig. 3.17).

In Kumjian et al. (2014), the gy, field descends 1 — 2 km into the top of the Zpg col-
umn. The majority of the g, field in Kumjian et al. (2014) is located to the west of
the column. In our study, the g1 field in the MORR simulation descends 3 — 4 km
into the top of the simulated column (Fig. 3.17a). The g4y, field in the NSSL2 simu-
lation only descends approximately 1 km into the top of the column, though descends
deeper into the eastern and western portions of the column and creates an arc-like
shape at the top of the column (Fig. 3.17b). This arc feature is more pronounced in
the NSSL3 simulation, with the g, field penetrating near 6 km into the core of the
column (Fig. 3.17c). It is possible that the updraft in the NSSL schemes pushes the
hail and graupel to the sides of the column, as it is thought that the largest hailstones
have a small residency time in the updraft core (Heymsfield et al., 2023).

To examine the vertical distribution of Zy, vertical cross-sections are provided in
Fig. 3.16b,d,f,h. The x-axis in these cross-sections differs from those in Fig. 3.16a,c.e,g
as the view is expanded for the Z field to observe the entire supercell. When examining
vertical cross-sections of the Zy field, the MORR scheme produces a larger region of
Zy > 55 dBZ compared to observations (Fig. 3.16b,h). The NSSL schemes capture the
vertical column of Zy > 55 dBZ that then spreads eastward and into the supercell anvil
(Fig. 3.16d,f,h). The arch-like structure of Zy > 60 dBZ enveloping a local minimum of
Zy is referred to as a bounded weak echo region (BWER; Pal et al., 2006). A BWER is
a radar signature often associated with a strong updraft and results from hydrometeors

being ”"pushed” out of the updraft core by strong vertical winds, effectively reducing
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Zy and creating the local Zy minimum. The NSSL schemes best reproduce the BWER
observed in the supercell, with the MORR scheme producing high values (> 60 dBZ)
that are likely within the updraft core (Fig. 3.16b,d,fh). Finally, the NSSL2 scheme
produces Zy > 30 dBZ that stretches into the anvil of the supercell, similar to what

is seen in the observed storm (Fig. 3.16d.h).
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When comparing the areal extent of Kpp foot and Zpg arc, the NSSL3 scheme pro-
duces polarimetric signatures with comparable sizes to the observed signatures (Table
3.3). The NSSL2 and MORR schemes create Zpg arcs and Kpp foots that are too
large, while the observed Kpp foot does not exceed values of 3 deg/km. The lower
Kpp values in observations are likely due to two factors: 1) the smoothing of the peak
magnitudes from a combination of Kpp estimation and Cartesian gridding, and 2) the
lower spatial resolution of the observed data.

Visually, the large Zpg arcs can be seen in Fig. 3.18. The MORR scheme produces
both excessively high values of Zpg (>5 dB) and an arc that stretches into the north-
eastern corners of the supercell (Fig. 3.18a), which is not observed here or in other
ZDR arc cases (Kumjian and Ryzhkov, 2008; Palmer et al., 2011). This distribution of
Zpr is largely due to the excessive size sorting that occurs within the MORR scheme,
essentially producing a region of lower Zpg primarily comprised of graupel (z=0-20
km, y=0-10 km) and a large region of higher Zpr comprised mostly of larger drops
(x=0-43 km, y=-30-40 km).

The NSSL3 scheme produces an arc with the lowest Zpgr values across the three
simulated arcs (Fig. 3.18a,c,e). The NSSL3 arc has a consistent Zpg "hole,” which is a

region of low Zpg (near 1 dB) that consists primarily of relatively low concentrations
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of large melting hail (D,,=5.0 — 10.0 mm) and graupel (D,,=5.0-9.0 mm) (Fig. 3.18e).
While a Zpgr "hole” is seen in the observed supercell, it appears earlier than the 15-min
window before tornadogenesis (not shown). Due to the large presence of hail within the
Zprarc, the enhanced Zpp is primarily constrained to the eastern side of the forward
flank (Fig. 3.18e). Thus, the observed arc is best represented by the NSSL2 and NSSL3
schemes, though each NSSL scheme contains elements of the arc that are either not
captured by observations or are unrealistic.

The NSSL2 scheme implements more constraints on size sorting compared to the
MORR scheme, producing a more realistic Zpg arc shape (Fig. 3.18b). However, the
arc in the NSSL2 scheme extends too far to the east of the supercell compared to the
observed storm (Fig. 3.18¢,g). Examining the Zpg arc at each time step (not shown),
the NSSL2 Zpgr arc begins near the mesocyclone and moves eastward in a storm-
relative sense. When looking at the composite in Fig. 3.18c, the eastward propagation
of the arc appears as a large region of enhanced Zpg along the entire forward flank.
This eastward propagation of the Zpgarc is not captured in the observed supercell
(Fig. 3.18g). However, this could be attributed to the coarser temporal resolution of
the KOUN compared to the simulated data.

The Kpp foot represents the region within the lower levels of a supercell with high
liquid water content and subsequent negative buoyancy (Carlin and Ryzhkov, 2019).
Each of the simulated K pp fields produces a K pp foot that stretches from the hook echo
of the supercell up to the northeast corner of the supercell (Fig. 3.18b,d,f). Although at
lower spatial resolution, this southwest-to-northeast orientation is also seen in KOUN
observations Kpp foot (Fig. 3.18h). As previously mentioned, the magnitude of Kpp is
lower in the observed supercell compared to the simulated storms due to differences
in the spatial resolution of the data and the interpolation of the observed data to a

Cartesian grid. That being said, the NSSL3 scheme produces a Kpp foot with generally
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lower Kpp than in the MORR and NSSL2 Kpp foots (Fig. 3.18b,d.f).
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Contoured Frequency by Altitude Diagrams (CFADs; Yuter and Houze, 1995) are
a way to view the statistical distribution of radar-derived parameters as a function of
height. In Figs. 3.19, 3.20, and 3.21, CFADs of Zy, Zpgr, and Kpp in each of the
simulated and observed supercells are provided. Each CFAD is from the composited
supercell over the 15-min window prior to tornadogenesis.

Below the freezing level, the observed supercell has a relatively even distribution
of Zy while the MORR and NSSL2 schemes produce values of Zy >50 dBZ more fre-
quently (Fig. 3.19a,b,c). The NSSL3 scheme produces a supercell with fewer instances
of Zy > 50 dBZ than are observed (Fig. 3.19a,d). However, the NSSL3 scheme better
captures the distribution of Zy at lower reflectivities (10-40 dBZ).

In the observed supercell, a large vertical gradient in radar reflectivity factor is not
seen across the environmental freezing level, representing the non-instantaneous nature
of freezing and melting of hydrometeors (Fig. 3.19a). Conversely, the transition from
lower to higher values of Zy across the freezing level in the simulated supercells acts
more like a step function (Fig. 3.19b,c,d). The sharp offset from higher to lower Zy is
most prominent in the MORR, and NSSL3 schemes (Fig. 3.19b,d). The NSSL2 scheme
best reflects the observed supercell, as it produces a supercell with a more gradual
transition from large regions of 50 dBZ below freezing to large areas with near 30 dBZ
at 10 km AGL (Fig. 3.19a,c). All simulated supercells capture the high frequency of
Zy <10 dBZ above 15 km AGL, though only the MORR and NSSL2 schemes have the
secondary peak in frequency at and below 15 km AGL (Fig. 3.19).

Investigating the vertical distribution of Zpg, the NSSL3 scheme best represents
observations at and below the freezing level (Fig. 3.20). While the NSSL2 and NSSL3
schemes have similar distributions of Zpg, the NSSL3 scheme has a confined region
of enhanced Zpgr (0-2 dB) below the freezing layer (Fig. 3.20d). The NSSL2 scheme

also presents a region of enhanced Zpg, but occurs at higher Zpgr values (2-4 dB)
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compared to the NSSL3 scheme (Fig. 3.20c). Furthermore, both the NSSL schemes
show a maximum frequency of Zpg that increases beneath the melting layer, consistent
with melting of hail and graupel. However, the transition from near 0 dB Zpgr above
the freezing level to higher values near the surface in the NSSL schemes is still not as
gradual as the observed storm (Fig. 3.20). This discrepancy is due to limitations in
the melting processes in bulk microphysics schemes and the PFO.

Above the freezing level, each of the simulated supercells is nearly identical (Fig. 3.19b,c,d).
The observed supercell has a broader distribution of Zpr compared to the simulated
supercells (Fig. 3.19). The more narrow distribution of Zpg in the simulations is due to
a number of factors, including but not limited to the assumption of spherical hydrom-
eteors. In observations, it is possible for ice hydrometeors to have slightly negative
or positive Zpr when ice crystals are vertically aligned. Additionally, positive Zpp is
possible when large ice crystals are the dominant scatterer. Ice crystals are not in-
cluded in the simulated supercells, resulting in a peak closer to 0 dB in Zpg above the
freezing level.

Of all the polarimetric variables, the simulated supercells do not represent the
observed Kpp field well (Fig. 3.21). Below the freezing level, the MORR and NSSL2
schemes better represent the range of Kpp seen in observations, as the NSSL3 scheme
has too narrow a range of Kpp (Fig. 3.21a,b,c). Above the freezing level, none of
the simulated supercells capture the full range of Kpp seen in the observed storm
(Fig. 3.21). Since Kpp is also 0 deg/km for spherical or tumbling hydrometeors, the
assumption of spherical particles in the simulated supercells limits the possible range
of Kpp. Additionally, none of the simulated supercells capture the immediate increase

in Kpp beneath the freezing level (Fig. 3.21).
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3.4 Conclusions

Polarimetric forward operators serve as a bridge between cloud resolving model out-
put and polarimetric radar variables. The majority of recent PFOs implement the
T-matrix scattering approximation (Waterman, 1965) and an approximated melting
model to calculate polarimetric radar observables (e.g., Jung et al., 2010; Ryzhkov
et al., 2011; Dawson II et al., 2014; Matsui et al., 2019; Oue et al., 2020). The T-matrix
approach can be computationally expensive at higher spatiotemporal resolutions and
for operational applications such as the NOAA National Severe Storms Laboratory’s
Warn-On-Forecast System. To address this, Zhang et al. (2021) implemented parame-
terized equations that provide a more efficient method of using the T-matrix method.
The resulting PFO in Zhang et al. (2021) has yet to be implemented in high-resolution
(< 100 m) supercell simulations, so it remains unknown how the PFO handles polari-
metric signatures at smaller spatial scales. Furthermore, when using the PFO, it is
unknown what the ideal combination of melting model and microphysics scheme is for
high-resolution simulations of supercell thunderstorms.

With these research gaps in mind, the goal of this study was to evaluate the perfor-
mance of different melting models and microphysics schemes in producing polarimetric
radar signatures comparable to observations. To achieve this, idealized CM1 simula-
tions at 75 m horizontal and vertical resolutions were run using three microphysics
schemes: Morrison 2-moment, NSSL 2-moment, and NSSL 3-moment. Furthermore,
the Jung et al. (2008) (J08) and Liu et al. (2024b) (L.24), and a novel Combined Melting
Model (CMM) developed in this study, were compared. Simulations were run using the
Orf et al. (2017) 24 May 2011 sounding, so that the model output could be compared
with KOUN observations of a nearby tornadic supercell.

Results of the melting model comparison show that the new CMM creates the
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most realistic distribution of ice hydrometeors throughout the supercell. The CMM
limits the mass of dry ice below the freezing level and confines the mass of melting
ice above the freezing level to the vicinity of the updraft. The L24 and JO8 either
accurately represent the distribution of melting or dry ice hydrometeors, not both. The
JO08 model produced the largest dry and melting ice sizes, whereas the CMM and .24
models limit the maximum size of ice hydrometeors. The CMM produced a distribution
of D,, that primarily yielded D,, < 10 mm, while still allowing a few instances of
larger ice hydrometeors. The 1.24 model behaves similarly to the CMM, and was the
only model to constrain the D,, of melting graupel to smaller sizes. Finally, the L.24
produced D,,, which decreases with decreasing Zpg for melting graupel hydrometeors,
while JO8 produced D,,, which increases with decreasing Zpg for dry graupel. The
CMM combines the D,, and Zpg relationships from L24 and JO8, yielding a melting
model that captures realistic relationships between D,, and Zpgr for both dry and
melting ice hydrometeors. However, the .24 still produced better results for melting
ice hydrometeors with a thin water torus. Finally, the CMM produced reasonable
polarimetric signatures and removed the negative Zpg artifact above the freezing level
observed in the JO8 model.

Supercell simulations with different microphysics schemes were compared using the
CMM as the melting model. In the NSSL schemes, it was found that larger mixed-
phase graupel falls from the north side of the updraft to the surface with little change
in size. Conversely, the melting graupel in the MORR scheme decreases in size as it
descends to the surface as the ice core melts and a liquid water torus envelops the
core. It thus follows that, in the NSSL schemes, the melting of mixed-phase graupel
below the freezing level occurs more slowly than in the MORR scheme. The largest
mixed-phase ice also occurs in different locations across the NSSL and MORR schemes,

with the largest melting ice occurring near the freezing level in the MORR scheme and
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near the periphery of the bottom of the updraft in the NSSL schemes.

No single microphysics scheme best captured the polarimetric signatures in the
observed supercell on 24 May 2011. Table 3.4 provides a summary of some of the
metrics used to assess the performance of each microphysics scheme in reproducing
polarimetric radar signatures. The MORR scheme best represented the height of the
Zpr column and Zpgr gradient at the top of the column, captured the size of the
Zpr column at 5.5 km AGL well, and best represented the range and distribution of
Kpp values below the freezing level despite not capturing the size of the Kpp foot
well. The NSSL2 scheme best represented the size of the supercell, had a distribution
of rain and ice through the Zpg column similar to that of Kumjian et al. (2014), and
best reproduced the range and distribution of Zy throughout the supercell compared
to observations. Finally, the NSSL3 scheme best captured the size of the Kpp foot
and Zpgr arc compared to observations, produced the most realistic-looking Zpg arc,
and produced the best distribution of Zpr below the freezing level. In summary, the
NSSL3 scheme best captures polarimetric signatures below the freezing level while the
MORR scheme best recreates signatures above the freezing level. Which scheme should
be selected for a given study depends heavily on the study’s focus. From the results
of this work, studies evaluating the low-level signatures in supercells should use the
NSSL3 scheme, studies focusing on signatures above the freezing level should use the
MORR scheme, while studies assessing the full supercell structure should likely use the
NSSL2 or NSSL3 schemes.
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Table 3.4: Comparison of microphysics scheme performance in representing the ob-
served supercell and polarimetric signature area and depth.

Least Representative Most Representative
of Observations of Observations
Storm Area MORR NSSL3 NSSL2
Zpr Column Area NSSL2 NSSL3 MORR
Zpgr Column Height NSSL3 NSSL2 MORR
Zpr Arc Area NSSL2 MORR NSSL3
Kpp Foot Area NSSL2 MORR NSSL3

Overall, due to the added predicted field (Z,), the NSSL3 scheme better constrains
the size sorting of hydrometeors. This is evident by the more realistic-looking shape
of the Zpr arc. However, each microphysics scheme produced high magnitudes of
Zy at low-levels compared to the observed supercells (Fig. 3.11). These regions of high
Zy are often dominated by melting hail and graupel (not shown). It has been shown
that the size of hail in BMPs is largely governed by the number concentration (Wu
et al., 2022). However, since the number concentration is the most difficult variable to
observe, it contains large amounts of uncertainty. Future work should focus on finding
improved ways to parameterize the number concentration in BMPs to mitigate the
overestimation of maximum hail sizes.

Despite these current limitations of BMPs, the structure and location of polarimet-
ric signatures can still be well captured by BMPs and the PFO. Thus, there is potential
to use the PFO to study the evolution of polarimetric signatures in supercells. In such
studies, the limitations of the selected melting model and microphysics scheme on the
PFO output should be clearly outlined.

The results of this work help establish a framework for comparing a realistic (albeit
idealized) supercell simulation to the observed storm using more quantitative methods

(CFADs, comparison of signature areas, etc). Furthermore, this study highlights the
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impact that microphysics schemes have on supercell structure. Given the numerous
studies that have evaluated supercell dynamics in CM1 (e.g., Orf et al., 2017; Flournoy
et al., 2020; Markowski, 2020; Coffer et al., 2023), future work should examine how
these microphysics schemes affect both storm dynamics and the relationship between
supercell dynamics and polarimetric radar signatures. Furthermore, given the compu-
tational expense of bin microphysics schemes, BMPs are still used in high-resolution
ensemble studies of supercells and tornadoes (e.g., Orf et al., 2017; Markowski, 2020;
Flournoy et al., 2020; Coffer et al., 2023). Thus, it is important to continually im-
prove BMPs to better represent the microphysical processes that subsequently affect

the dynamics and structure of observed convection.
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Chapter 4

The Impact of Microphysics
Schemes on the Dynamics,
Thermodynamics, and Polarimetric
Radar Signatures in Simulated

Tornadic Supercells

4.1 Introduction

Numerous studies have used idealized numerical models to evaluate tornadic supercell
dynamics and thermodynamics in different environments (e.g., Dahl, 2015; Coffer et al.,
2017a; Orf et al., 2017; Yao et al., 2018; Flournoy et al., 2020; Vich and Romero, 2023;
Fischer and Dahl, 2023), many of which have had a large impact on the trajectory of
research within the severe weather community. For example, the results of numerical
models have helped drive large field campaign efforts, such as the simulated streamwise
vorticity current work in Orf et al. (2017) supporting one of the key research questions
in the Targeted Observation by Radars and UAS of Supercells field campaign (Hous-

ton et al., 2026). Using numerical models to investigate tornadic supercells enables
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detailed analysis of the relationships between storm dynamics, microphysics, and ther-
modynamics, which is challenging to comprehensively measure with observations alone.
One aspect of modeling that must be accurately parameterized is the microphysics, as
changes in the microphysics impact the modeled supercell through changes in enthalpy
due to phase transitions. Studies have shown that these updraft and downdraft char-
acteristics are important for tornadic supercells: the negative buoyancy of the storm
outflow (Markowski et al., 2002; Grzych et al., 2007; Hirth et al., 2008; Snook and
Xue, 2008; Markowski and Richardson, 2014), the strength of the updraft (Markowski
and Richardson, 2014; Yokota et al., 2018), and the proximity of low-level rotation to
the updraft (Markowski and Richardson, 2014). Since supercell thermodynamics and
dynamics are interconnected, it follows that the changes in enthalpy from the simu-
lated microphysics can alter the simulated cold pool, updraft, and vorticity field of the
supercell.

The impact of model microphysics schemes on supercell cold pools has been doc-
umented in previous studies. In Dawson et al. (2010), it was shown that, due to the
better representation of size sorting in multi-moment schemes, the triple- and double-
moment schemes produced weaker and smaller cold pools that were consistent with
observations from Markowski (2002). Furthermore, Morrison and Milbrandt (2011)
showed that the strength of the cold pool was highly sensitive to the raindrop breakup
parameterizations in the Morrison et al. (2009) 2-moment bulk scheme. However, this
same sensitivity of the cold pool to the raindrop breakup parameterizations was not
seen in the 2-moment bulk scheme from Milbrandt and Yau (2005a,b). In fact, the
stronger cold pool seen in the Milbrandt and Yau (2005a,b) simulations for weaker
drop breakup parameterizations was attributed to smaller mean hail sizes near the
freezing level and more autoconversion from cloud water to rain water (Morrison and

Milbrandt, 2011). Finally, it has been shown that cold pools are stronger in simula-
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tions with higher fall speeds for rimed ice species due to the greater flux of rimed ice
hydrometeors into the melting layer (Morrison and Milbrandt, 2011; Van Weverberg
et al., 2012; Van Weverberg, 2013).

As described in Snook and Xue (2008), the impacts of the microphysics schemes
on the cold pool influence tornadogenesis by altering the vertical alignment between
low- and mid-level vorticity. It has also been shown that increasing the moment of
bulk schemes affects the simulated tornado. In Dawson et al. (2015b), variations of a
single-, double-, and triple-moment microphysics scheme were used for the numerical
prediction of the 3 May 1999 Oklahoma tornado. The numerical data were compared
with surface observations to verify the model output. It was found that the triple-
moment scheme best predicted the tornado track, had less evaporation of rain and
subsequent weaker downdrafts compared to the single-moment schemes, and produced
longer-lived and stronger tornado-like vortices (Dawson et al., 2015b). In addition, the
inclusion of ice in the microphysics parameterization increases updraft speeds due to the
positive buoyancy created by the release of latent heat from fusion (Johnson and Straka,
1993; Gilmore and Rasmussen, 2004a). Aside from Dawson et al. (2015b), few studies
have directly evaluated the impact of BMPs on tornado and updraft characteristics in
simulated supercells.

It is clear from previous work that bulk microphysics schemes (BMPs) have a
large impact on supercell thermodynamics and dynamics. According to Ryzhkov et al.
(2020), polarimetric radar data can serve as a source of needed information for improv-
ing cloud models, as polarimetric data can distinguish between different hydrometeor
types and thus identify “polarimetric fingerprints” caused by microphysical processes.
Some studies have examined how BMPs affect these “polarimetric fingerprints” at se-
lect time steps (e.g., Johnson et al., 2016; Liu et al., 2024b); however, these studies

have not evaluated the impact of BMPs on both polarimetric radar signatures and
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supercell dynamics relative to observations. From observational studies, an important
relationship between polarimetric signatures and supercell updrafts is the documented
correlation between the Zpg column height and width with updraft size and strength
(often evaluated in observations by tornado intensity or mesocyclone width) (Van Den
Broeke, 2017; Snyder et al., 2017; French and Kingfield, 2021). Previous work has ex-
amined the relationships between polarimetric radar signatures and storm dynamics in
a simulated quasi-linear convective system for a single BMP (e.g., Healey and Broeke,
2025), but the impact of BMPs on these relationships remains relatively unknown for
tornadic supercells.

This study seeks to evaluate how different BMPs impact the following in tornadic

supercells:

1. tornado intensity and longevity,
2. updraft and cold pool structure and intensity, and

3. the relationships between polarimetric signatures and supercell dynamics.

The polarimetric signatures that will be evaluated are the Zpg column, the Kpp foot,
the Zpg arc, and the Zpg arc-Kpp foot separation vector. Each of these signatures
has been shown through radar observations to exhibit distinct patterns before tornado-
genesis. The Zpr column width should increase for more intense updrafts (French and
Kingfield, 2021), and the Zpg arc-Kpp foot separation vector should be 90°to the
right of storm motion in a pre-tornadic supercell. Given Kpp scales with liquid water
content and subsequent negative buoyancy (Carlin and Ryzhkov, 2019), it is expected
that the magnitude and location of the Kpp foot should scale with the intensity and
location of the cold pool.

This study uses Cloud Model 1 (Bryan and Fritsch 2002; CM1) to simulate high-

resolution ensembles of tornadic supercells. To obtain the polarimetric radar data, a
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modified version of the polarimetric forward operator (PFO) from Zhang et al. (2021)
is used. By combining the dynamic and thermodynamic outputs from CM1 with the
polarimetric variables from the PFO, this study can uniquely assess the performance of
each BMP in simulating the observed relationships among supercell dynamics, thermo-
dynamics, and polarimetric radar signatures. Furthermore, this study uses ensembles
of simulated supercells, which better represent supercell outcomes than a single sim-
ulation. Each ensemble is run with a different BMP, and each ensemble member is
created by varying microphysical parameters to capture variability within each BMP.
The configuration of CM1, the forward operator used to retrieve the polarimetric sig-
natures, and other methodologies are described in Section 4.2. Section 4.3 presents the

simulation results, while Section 4.4 summarizes the work herein.

4.2 Methodology

The impacts of model microphysics schemes on tornadic supercell dynamics, thermody-
namics, and polarimetric signatures are assessed through simulations performed using
three microphysics schemes in CM1: the Morrison 2-moment (MORR; Morrison et al.
2005), NSSL 2-moment (NSSL2; Mansell et al. 2010), and NSSL 3-moment (NSSL3;
Mansell et al. 2020) schemes. To create an ensemble for each microphysics scheme,
the drop breakup parameter for the MORR scheme and the cloud condensation nuclei
(CCN) concentration for the NSSL schemes were varied (see Table 4.1 for the range of
values). While the changes in the drop breakup and CCN parameters do not provide
a one-to-one comparison between the MORR and NSSL schemes, the two parameters
are related: a larger drop breakup parameter leads to a higher number of smaller
drops, and a higher CCN concentration in the NSSL schemes yields a similar outcome.

Changing the drop breakup and CCN parameters resulted in 43 simulations: 17 for the
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MORR scheme, 13 for the NSSL2 scheme, and 13 for the NSSL3 scheme. Aside from
changes to the drop breakup and CCN parameters, each simulation was run with the
same configuration (Table 4.1). Each ensemble member has a spatial resolution of 75
m x 75 m x 75 m, and the output was saved every 1 min. The environmental sounding
from the inflow of the El Reno EF5 tornado on 24 May 2011 was used to initialize the
simulation’s base state (Orf et al., 2017).

Table 4.1: Configuration of CM1 used for each simulation.

CM1 Model Configuration

Isotropic grid spacing, no stretch (75 m)
Domain: 120x120x20 km
TKE turbulence closure
5th order WENO advection
Zero surface strain surface boundary conditions (free slip)
El Reno 24 May 2011 sounding (Orf et al., 2017)

Microphysics schemes:
Morrison 2-moment (300e=5 — 8006 db),
NSSL 2-moment (0.40e”-1.00e® CCN),
NSSL 3-moment (0.40e°-1.00e°CCN)

The Okubo-Weiss (OW) parameter (Okubo, 1970; Weiss, 1991) was used to identify
the presence of a coherent vortex. The equation for the OW parameter is given in
Equation 4.1, where 52 is the stretching deformation, S? is the shearing deformation,
and ( is the vertical vorticity. Positive values of the OW parameter indicate that
rotation dominates over the deformation of the flow. It was discussed in Zovko-Rajak
et al. (2023) that averaging the OW parameter over a vertical layer was a good way to
identify a coherent vortex. With this in mind, the OW parameter was calculated and
then averaged over the 0-4 km layer. If the layer-averaged OW parameter was greater
than 0.1 s7%, a coherent vortex was considered present. The first time a coherent vortex
was present was documented as the time of tornadogenesis.

An adaptation of the tornadogenesis criteria from Flournoy et al. (2020) was also
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tested. In Flournoy et al. (2020), tornadogenesis was defined as the first time the 10-m
AGL vertical vorticity is > 0.3 s71, the 0-1 km AGL pressure perturbations < -10 hPa,
and the 10-m AGL wind speeds > 35 m s~!. Since the pressure field was unavailable at
the time of this analysis, the 10-hPa criteria were replaced with the co-location of the
99" percentile horizontal and vertical wind magnitude. Assuming an incompressible,
hydrostatic flow, a region with surface convergence and an updraft will have mass
evacuation and a local minimum in pressure. Using the adapted Flournoy et al. (2020)
tornadogenesis criteria, the time of tornadogenesis was often 1-2 min later than the OW
parameter method (not shown). In some ensemble members, the time of tornadogenesis
varied beyond the 1-2 min difference. For example, the difference in time for the MORR
ensemble ranged from 1 — 18-min, the NSSL2 ensemble ranged from 0 — 51-min, and
the NSSL3 ensemble ranged from 1 — 47-min. The OW parameter method was chosen
because, without the pressure field, the Flournoy et al. (2020) method was unable to
be accurately replicated. However, for future iterations of this work, the sensitivity of
the results to different thresholds of the OW parameter should be tested. Furthermore,
given the 75 m horizontal resolution of these simulations, we are unable to fully resolve
the tornado vortex. However, we can still capture increases in rotation and obtain a

general time window of tornado formation.

OW = (¢* - (S2+5?) (4.1)

To simulate polarimetric radar data, the forward operator from Zhang et al. (2021)
was coupled with a melting model adapted from Jung et al. (2008) and Liu et al.
(2024b). Details of the melting model — hereafter referred to as the Combined Melt-
ing Model (CMM) — are described in Section 4.2.2.3. The adaptation of the forward

operator to a 3-moment BMP is described in Section 4.2.3.
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4.2.1 Polarimetric Signature Identification

An automated algorithm was employed to identify the polarimetric signatures evaluated
in this study. Due to the splitting nature of the simulated supercell, a spatial threshold
of y < 20 km was applied to the algorithm to remove data from the left split of the
supercell. The Zpgr column was defined to be any bin with Zpg > 1 dB at 5.5 km
AGL (1 km AFL) (French and Kingfield, 2021); the Zpg arc was defined to be any bin
with Zpr > 3 dB at 1 km AGL, which is between the 2 dB and 3.5 dB thresholds used
in Van Den Broeke (2017); and the Kpp foot was defined to be any bin with Kpp > 3
deg/km at 1 km AGL. The area of these signatures was calculated by summing the
areas of each bin flagged by the algorithm as part of the signature. A py, threshold of
0.93 was used in the identification of each signature to help remove non-meteorological
scatterers as done in Loeffler and Kumjian (2018).

For the calculation of the Zpg arc- Kpp separation vector, the adaptive threshold
methodology from Loeffler and Kumjian (2018) was followed. A pp, threshold of 0.93
was also used in this portion of the analysis to identify the Zpgr arc and Kpp foot in
addition to the Zpr and Kpp thresholds previously mentioned to keep consistent with
the Loeffler and Kumjian (2018) methodology. The storm motion vector used in the
calculation of the Zpgr arc- Kpp separation vector was obtained from the Orf et al.

(2017) sounding.

4.3 Results

4.3.1 Tornado Characteristics

The time of tornadogenesis was defined as the first time that the vertically averaged

1

OW parameter (Equation 4.1) is greater than 0.1 s™'. The tornadogenesis times for
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each ensemble are shown in Fig. 4.1. On average, the MORR ensemble produced
tornadoes 5.9 min earlier than the NSSL2 ensemble and 10.5 min earlier than the NSSL3
ensemble. However, aside from the outlier at approximately 6000 s in the MORR
ensemble, the range of genesis times is smaller for the MORR ensemble compared to
the NSSL ensembles. Across all ensembles, the majority of the tornado-like vortices

formed between 4000 — 6000 s.

OW-Parameter Tornadogenesis Times

7000 4

1 5000 :
° H
E '
= i

3000

2000 T T T
MORR NS5L2 NS5L3

Figure 4.1: Time of tornadogenesis as defined by the OW parameter for each ensemble.

The longevity of the peak intensity of the tornado also varied across the three
ensembles (Fig. 4.2a). To evaluate this, the fraction of time the horizontal surface winds
exceeded 90 m s~ (EF5 intensity) during the tornado was calculated. The surface
winds were taken from the lowest vertical level output from the model, which is 0.04

km AGL. Again, on average, the NSSL ensembles produced vortices that persisted at
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EF5 intensity for longer than the vortices produced by the MORR ensemble (Fig. 4.2a).
However, when looking at the maximum horizontal surface winds (Vi maz), the MORR
ensemble tended to produce higher peak winds both at tornadogenesis and during the
tornado compared to the NSSL schemes (Fig. 4.2b, ¢). This means that, while the
time of peak intensity was shorter for the MORR tornadoes, the tornadoes produced
by the MORR ensemble were, on average, stronger than those produced by the NSSL
ensembles.

It should be noted that the range of V}, ;4. at tornadogenesis for the NSSL3 ensem-
ble was relatively small, especially compared to the large range of V}, q, in the NSSL2
ensemble (Fig. 4.2b). Also, a small number (3) of the tornadoes produced by the NSSL
ensembles never reached EF5 intensity while all of the MORR tornadoes reached EF5

intensity at some point in the tornado’s lifecycle (Fig. 4.2a).

c) Max Vp, max at 0.04

b) Vi, max at 0.04 km (T-0) km During Tornado
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Figure 4.2: Box plots of a) the fraction of time a supercell had an EF5 tornado, b)
Vimaz at 0.04 km, and ¢) maximum Vj, 4, during the tornado for the MORR (blue),
NSSI2 (red), and NSSL3 (green) microphysics schemes. Black lines represent the range
of the data; red horizontal lines show the location of the median; and the color-filled
boxes range from the 25" to 75'® percentile.
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The impact of changing the drop breakup parameter in the MORR ensemble and
the CCN concentration in the NSSL ensembles on the tornadogenesis time and V}, ;4
was assessed. In the MORR and NSSI2 ensembles, the fluctuations in tornadogenesis
time and V}, ;4. across an increasing drop breakup parameter were seemingly random
with no discernible correlation (Fig. 4.3a,b,d,e). In the NSSL3 ensemble, the time of
tornadogenesis generally increased and Vj, ,q, decreased with increasing CCN concen-
tration (Fig. 4.3c,f). It is unclear why the 3-moment scheme had a quasi-linear trend
across these parameters, but it is possible that the wind speeds in the NSSL3 scheme

are more sensitive to the selected CCN concentration.
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Figure 4.3: Plots of the time of tornadogenesis (a—c) and Vj, ;a, at 0.04 km AGL (d-f)
for the MORR (a,e), NSSL2 (b,e), and NSSL3 (c,f) microphysics schemes.

In addition to V}, e, the ensemble average maximum vertical vorticity (C_max) was
evaluated over the 30 min period leading up to tornadogenesis (Fig. 4.4). Despite

the 75 m horizontal resolution of these simulations, (ne. still provides information
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about increases (decreases) in rotation that can then be used to make inferences about
tornado intensification (weakening).

From Fig. 4.4a showing the MORR ensemble, it is clear that increases in ,q, begin
between T-15 and T-20 near the surface. The intensifying rotation between T-15 and
T-10 spans the lowest 0.5 km before deepening to the lowest 1 km layer between T-10
and T-5. It is within the last 5 min prior to tornadogenesis in the MORR ensemble

that Cnee at the surface intensifies to 0.5 s7*

and extends the full lowest 3 km layer
(Fig. 4.4a).

The evolution of (e, in the NSSL2 ensemble begins with a ”pulse” of higher (s
values at T-15 (Fig. 4.4b). This "pulse” spans approximately 3 min with (nee > 0.25
s7! in the lowest 1.5 km. Values of (e, then weaken, followed by another ”pulse”
at T-10 (Fig. 4.4b). The second ”pulse” of (e extends deeper through the lowest 3
km compared to the first "pulse.” These "pulses” are seen in 8 out of the 12 ensemble
members in the NSSL2 ensemble. After the second intensification of (4, at T-10,
values of (pae > 0.25 57! gradually begin to extend through the 3 km layer (Fig. 4.4b).
Within the final 1-3 min prior to tornadogenesis, values of (4, increase to near 0.5
s~! at the surface before forming a cohesive column of intense (qp up to 2 km AGL
(Fig. 4.4b).

In the NSSL3 ensemble, the values of (., throughout the lowest 3 km are generally
lower than what was seen in the MORR and NSSL2 ensembles (Fig. 4.4). Between
T-15 and T-10, there is a slight increase of (e, through the 3 km layer (Fig. 4.4c).
There is a brief decrease in (e, before values begin to continuously increase through
the 3 km layer from T-10 to T (Fig. 4.4c).

While the MORR and NSSL2 ensembles displayed vertical vorticity that gradually

increased from the surface up to 3 km AGL, the NSSL3 ensemble showed an instanta-

neous intensification throughout the layer (Fig. 4.4). In Houser et al. (2015), Doppler
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velocity observations from the rapid scanning, X-band, polarimetric, Doppler radar
(RaXPol) were used to assess the development of rotation in the El Reno EF5 on 24
May 2011. The observed maximum rotational velocity was shown to increase simulta-
neously through a column above the pre-existing low-level rotation (see Houser et al.
(2015), their Fig. 12). When comparing the results of Houser et al. (2015) to our sim-
ulations of the El Reno tornado, the NSSL3 moment ensemble seemingly best captures

the simultaneous intensification of rotation through the low-levels (Fig. 4.4c).

Average Vertical Vorticity

c) NSSL3

0.0

T-20 T-15 T-10 - T
Time Prior to Tornadogenesis [min]

Figure 4.4: Time-height plot of (.. for the a) MORR, b) NSSL2, and c¢) NSSL3
microphysics schemes. Values of (.. are averaged across ensemble members.

4.3.2 Updraft Characteristics

In this study, both the low-level (1 km AGL) and mid-level (5.5 km AGL) updraft
characteristics are assessed. The height of 5.5 km AGL was chosen as it is 1 km

above the freezing level and allows for the comparison of the updraft and Zpr column
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characteristics (Section 4.3.4). Two different velocity thresholds were used to define

1 1

the updraft: 5 m s™, which captures the broad updraft area, and 20 m s~*, which is
used to define the updraft core.

When investigating the updraft area defined by the 5 m s~! threshold at 1 km
AGL, the NSSL ensembles generally have larger updraft areas (between 61 km? and
62 km?) compared to the MORR ensemble (48 km?) (Fig. 4.5a). The same holds true
at the same height but with the 20 m s=* velocity threshold, with the NSSL schemes

2 and the MORR scheme having an average area of

having an average area of 6 km
4 km? (Fig. 4.5b). At 5.5 km AGL, the NSSL ensembles once again produce wider
updrafts at both velocity thresholds compared to the MORR ensemble (Fig. 4.5¢,d).
The range of updraft areas for the NSSL ensembles is larger at 5.5 km AGL than at 1
km AGL, producing more overlap in updraft areas across the three ensembles (Fig. 4.5).
Overall, the NSSL2 ensemble produces the largest updraft areas at 5.5 km with a 5 m
s~! threshold (87 km? for NSSL2 and 94 km? for NSSL3) while the MORR. ensemble
produces the smallest at each height and updraft threshold (Fig. 4.5).

The differences in updraft area are somewhat contrary to what was shown in Sessa
and Trapp (2020), who showed there is a linear relationship between stronger tornadoes
and wider, low-level mesocyclones (which was used as a proxy for updraft width).
Given the MORR ensemble produced, on average, stronger tornadoes (Fig. 4.2¢), it
was expected that the MORR ensemble would produce wider updrafts than what was
produced by the NSSL ensembles. However, Sessa and Trapp (2020) assessed tornado

intensity through the EF scale rather than Vj 4., which could explain the difference

in results.
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a) Updraft Area at 1 km AGL (w > 5 m/s) b) Updraft Area at 1 km AGL (w > 20 m/s)
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Figure 4.5: Box plots of the updraft area at T-0 at 1 km AGL (a-b) and 5.5 km AGL
(c—d) for the MORR (blue), NSSL2 (red), and NSSL3 (green) microphysics schemes.
Black lines represent the range of the data; red horizontal lines show the location of
the median; and the color-filled boxes range from the 25" to 75" percentile.

The time evolution of the maximum vertical velocity (W,a.) at 1 km AGL was
evaluated across the 30-min period prior to tornadogenesis (Fig. 4.6). For all ensembles,
values of the 50" percentile W, between T-30 and T-15 are between 20 m s~! and 40
m s~! (Fig. 4.6). Tt is within the last 15 min period leading up to tornadogenesis where
the ensembles diverge from one another. The MORR ensemble exhibits the largest
increase in W,,,, from T-15 to T, intensifying by approximately 40 m s~! over 15 min
(Fig. 4.6a). The NSSL2 and NSSL3 ensembles exhibit a less drastic increase in W4z,
intensifying by approximately 10 m s~! during this period (Fig. 4.6b,c). The NSSL3

ensemble also shows the smallest spread in W,,,, across the ensemble (Fig. 4.6¢).
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Figure 4.6: Time series of wy,ax at 1 km AGL for the a) MORR, b) NSSL2, and ¢)
NSSL3 ensembles. Black lines represent the 50" percentile while the colorfill ranges
from the 0" to the 100" percentile.
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In addition to the intensity and area of the updraft, the structure of the updraft was
also evaluated. The updraft core (w > 20 m s7!) at 1 km AGL is collocated with the
region of maximum surface convergence for each ensemble, indicating that the low-level
wind field plays a direct role in the location and size of the 1 km updraft (Fig. 4.7). The
structure of the average w = 20 m s~! updraft at 1 km AGL for the MORR ensemble
exhibits a small tail extending from the eastern portion of the updraft toward the
southwest, consistent with a rear-flank gust front (Fig. 4.7a). Meanwhile, the structure
of the 1 km AGL updraft for the NSSL ensembles is quite similar (Fig. 4.7b,c). The
average 5.5 km AGL updraft across each ensemble was quite similar, with the NSSL
ensembles producing a small tail at the southern end of the updraft (Fig. 4.7).

The 5.5 km AGL updraft is much broader than the region of surface convergence,
meaning that processes other than the surface convergence drive the size of the updraft
core above the freezing level (Fig. 4.7). In fact, Fig. 4.8 shows that the 5.5 km AGL
updraft in each ensemble is largely governed by the region of maximum 6. The region
of 0/, > 8 K is almost twice as large in the NSSL2 and NSSL3 ensembles (16.9 km?* and
17.0 km?) than the MORR ensemble (8.9 km?), with the NSSL3 ensemble producing the
warmest maximum average temperatures (12.5 K) and the MORR ensemble producing

the coldest maximum average temperature (10.2 K) (Fig. 4.8).

123
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Figure 4.7: Horizontal cross-section of surface (0.04 km AGL) convergence with the
1 km (white solid) and 5.5 km (black dashed) updraft contours at w = 20 m s™! for
the a) MORR, b) NSSL2, and ¢) NSSL3 ensembles. Values of convergence and W are
averaged across ensemble members at T-0.
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Figure 4.8: Horizontal cross-section of 6, and W at 5.5 km AGL and at T-0 for the
a) MORR, b) NSSL2, and c¢) NSSL3 ensembles. Values of convergence and W are
averaged across ensemble members. Yellow contour represents W = 20 m s~ 1.

The updraft at 5.5 km AGL was examined in more detail in Fig. 4.9. To create
Fig. 4.9, the regions of w > 20 m s~* and Zpg > 1 dB were identified for each ensemble
member. The flagged bins were then summed across the ensemble members, resulting
in a count of the location of w > 20 m s™! across the full ensemble. Note that Fig. 4.9
does not provide information about the magnitude of w, only the spatial distribution
of w>20m s

From T-30 to T-0, the w > 20 m s~! updraft in the MORR ensemble becomes more
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spatially coherent in the center of the updraft (Fig. 4.9a,d,g) and Zpg values increase
within the Zpg column. There is more variability in the structure of the updraft away
from the core region. Across the MORR ensemble in the eastern extent of the updraft
at each time step shown in Fig. 4.9, the eastern region has greater variability. Also, a
tail extending from the western edge of the updraft appears at T-15 in approximately
20% of the MORR ensemble (Fig. 4.9d).

In the NSSL2 ensemble, the updraft is generally more circular compared to the
MORR ensemble at T-30 and T-15 (Fig. 4.9b,e). There is also a larger region of
agreement within the updraft center at T-15 in the NSSL2 ensemble compared to the
MORR ensemble (Fig. 4.9d,e). The updraft tail in the NSSL2 ensemble appears at T-0
and is generally more prominent across the ensemble members at this time compared
to the MORR ensemble (Fig. 4.9¢,h). While it is not shown, the updraft tail in the
NSSL2 ensemble is generally collocated with the rear flank gust front at the surface
and a region of warmer ¢/, at 5.5 km AGL.

The NSSL3 ensemble exhibits the highest level of agreement across the ensemble
at T-30 compared to the other ensembles (Fig. 4.9c). The structure of the updraft
at T-30 was generally circular with some ensembles producing regions of w > 20 m
s7! to the west and northeast of the updraft core (Fig. 4.9c). At T-15, the updraft
in the NSSL3 ensemble resembles that in the NSSL2 ensemble, but with a smaller
area of spatial coherence within the updraft core (Fig. 4.9e,f). Like in the NSSL2
ensemble, the updraft tail appears at T-30 in the NSSL3 ensemble (Fig. 4.9i). In the
NSSL3 ensemble, the updraft tail is collocated with the leading edge of the rear flank
downdraft as seen in the NSSL2 ensemble (not shown). Generally, the updraft in the
NSSL ensembles takes on a comma-like shape at tornadogenesis, while the updraft in

the MORR ensemble remains quasi-circular (Fig. 4.9).
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Figure 4.9: Horizontal cross-section of the frequency w > 20 m s~! (colorfill) and
Zpr > 1 dB (contours) at 5.5 km AGL occurs across all ensemble members. The blue
contours are plotted for the following levels: 0.2, 0.4, 0.6, and 0.8 dB, with darker blues
representing a higher frequency of occurrence of Zpr > 1 dB.

Finally, the impact of the microphysics scheme on the vertical alignment of (e maq

and Wik, > 20m s~

was tested, since the alignment between the near-surface vertical
vorticity and low-level updraft has been shown to be important for tornado formation
(Markowski and Richardson, 2014). To do this, the horizontal displacement of (e max

and the center of the region of wi, > 20 m s~! for each ensemble member were

calculated and then plotted over time in Fig. 4.10.
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Between T-15 and T-0, the 1 km updraft and (s¢cmas converge in the MORR
ensemble (Fig. 4.10a). There are exceptions to this, as seen in the higher percentile
contours (light blue) which do not approach 0 km even near T-0 (Fig. 4.10a). In the
NSSL2 ensemble, the 50" percentile (black line) of horizontal displacement of (s e max
and the updraft remains near 0 km from T-30 to T-0 (Fig. 4.10b). However, there is
variability across the NSSL2 ensemble in the displacement as shown by the red colorfill
in Fig. 4.10b. What is clear is that there is no single time in the NSSL2 ensemble when
the location of (s fcmqez converges with the 1 km updraft as seen in the MORR ensemble
(Fig. 4.10b). Finally, the NSSL3 ensemble shows (sfemaes aligning with the low-level
updraft between T-10 and T (Fig. 4.10c). Thus, the selected microphysics scheme has
a clear impact on the alignment of surface rotation and the low-level updraft prior to

tornadogenesis.
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Figure 4.10: Time series of the horizontal displacement of w,,ax at 1 km AGL from
Csfe,maz for the a) MORR, b) NSSL2, and ¢) NSSL3 ensembles. Black lines represent
the 50" percentile while the colorfill ranges from the 0" to the 100" percentile.
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4.3.3 Cold Pool Characteristics

The areal extent and temperature of the cold pool are another important feature of a
supercell, as the gradients along the edge of the cold pool are thought to be responsible
for the horizontal generation of baroclinic vorticity Wicker and Wilhelmson (1995);
Markowski et al. (2002). Additionally, the strength of the cold pool has been shown
to impact tornado potential (Fischer and Dahl, 2020). In general, it is thought that
a stronger cold pool creates a stronger horizontal temperature gradient that, in turn,
produces baroclinically generated vorticity. However, if the cold pool is too cold,
it generates excessive negative buoyancy, which inhibits vertical motion and tornado
potential.

It is clear that the MORR ensemble produces the largest average cold pool size of
the three ensembles, followed by the NSSL2 ensemble, and then the NSSL3 ensemble
which produced the smallest cold pool on average (Fig. 4.11b). Notably, the NSSL3
cold pool is nearly an order of magnitude smaller than the MORR ensemble. In terms of
the strength of the cold pool, the NSSL2 ensemble produced the strongest cold pools,
while the NSSL3 ensemble produced the weakest (Fig. 4.11d). The differences seen
in minimum cold pool temperatures and sizes between the 3-moment and 2-moment
microphysics schemes match what was found in Dawson et al. (2010), who showed that
higher-moment schemes had smaller, weaker cold pools that were more consistent with
observations. In their study, the warmer temperatures in the cool pools of the triple-
moment scheme are attributed to the extra constraint that the reflectivity moment

places on size sorting.
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Figure 4.11: a) Kpp foot area area, b) cold pool area, ¢) maximum Kpp, and d)
minimum cold pool temperature at T-0 at 1 km AGL the MORR (blue), NSSL2 (red),
and NSSL3 (green) microphysics schemes. Black lines represent the range of the data;
red horizontal lines show the location of the median; and the color-filled boxes range
from the 25' to 75" percentile.

The structure of the cold pool was evaluated in a similar manner as the updraft in
Fig. 4.9, but with a threshold of #/, < -2 K for the cold pool at the surface. In general,
the cold pool across all ensembles became more spatially coherent between T-30 and T-0
(Fig. 4.12). This means that, despite the differences in the drop breakup parameters in
the MORR ensemble and the CCN concentration in the NSSL ensembles, the location
of 0, < -2 K was generally the same at the time of tornadogenesis. The MORR ensemble
at T-30 had signals of the rear flank downdraft in some of the ensemble members and
generally had the largest region of spatial coherence across the ensembles, though this

is likely due to the MORR ensemble having the largest cold pools (Fig. 4.11b).
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Also, the cold pool area decreased over the 30-min window prior to tornadogenesis
(Fig. 4.13). The decrease in cold pool area occurred gradually between T-30 and T-0
in the MORR ensemble (Fig. 4.13a). The NSSL2 ensemble had a decrease in cold
pool area between T-30 and T-25 before slightly increasing between T-25 and T-10
(Fig. 4.13b). From T-10 to T-0, the cold pool area in the NSSL2 ensemble decreased
once more, reaching its minimum value in the 30 min period at T-0 (Fig. 4.13b).
Finally, the cold pool area in the NSSL3 ensemble decreased between T-22 and T-17
(Fig. 4.13¢). Since the cold pool in the NSSL3 ensemble was warmer than the MORR
and NSSL2 ensembles, it is challenging to assess the temporal trend of the cold pool
area past T-15 at a 6;, < -2 K threshold. What is certain, however, is that microphysics

schemes impact the area, strength, structure, and evolution of the cold pool.
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Figure 4.12: Horizontal cross-section of the frequency 0, < - 2 K (colorfill) and Kpp > 1
deg/km (contours) at 0.04 km AGL occurs across all ensemble members. The blue
contours are plotted for the following levels: 0.2, 0.4, 0.6, and 0.8, with darker blues
representing a higher frequency of occurrence of Kpp > 1 deg/km.
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NSSL2, and c¢) NSSL3 ensembles. Black lines represent the 50" percentile while the
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4.3.4 Relationships Between Polarimetric Signatures and Su-

percell Dynamics

In this section, the modeled relationships between polarimetric radar signatures and
supercell dynamics will be explored, starting with the spatial relationship between the
Zpr column and updraft. To assess this relationship, the count of Zpr > 1 dB was
overlaid atop the count of w > 20 m s™! in Fig. 4.9.

In the MORR ensemble, the Zpg column is most often collocated with the region
of w > 20 m s7! between T-30 and T-0 (Fig. 4.9a). At T-30, some MORR ensemble
members produce a Zpr column that extends to the southwest, where the updraft ex-
tends southwestward (Fig. 4.9a). At T-0, the Zpg column extends into the updraft tail
in some of the MORR ensemble members, while the majority of the MORR ensemble
has the Zpg column in a north-to-south line (see dark blue contours in Fig. 4.9g).

The NSSL2 ensemble at T-30 has a Zpr column that is mostly quasi-circular, with
some ensemble members producing a column that extends to the northwest (Fig. 4.9b).
At T-15, the Zpgr column produces a stream of Zpgr to the northwest of the updraft
core (Fig. 4.9b). This stream or "tail” of Zppr persists to T-0 where the "tail” widens
(Fig. 4.9e,h). Most ensemble members, however, produce a column that widens over
time and remains quasi-circular (Fig. 4.9b,eh).

At T-30, the NSSL3 ensemble has the largest region of low agreement across the
ensembles (Fig. 4.9c). This means that few realizations of the NSSL3 ensemble pro-
duced columns that extended to the northwest and east of the updraft core (Fig. 4.9¢).
Like the NSSL2 ensemble, the region of highest agreement across the NSSL3 ensem-

ble is collocated with the w > 20 m s~!

updraft and is quasi-circular (Fig. 4.9¢). At
T-15, the region of low agreement extends to the north and is not collocated with the

updraft tail seen in Fig. 4.9f. These two features become more collocated at T-0 as
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the expanse of the Zpg column extends more to the northeast (Fig. 4.91). Finally, the
region of high agreement across the NSSL3 ensemble is quite variable, with multiple,
smaller regions of high spatial coherence within the w > 20 m s~! updraft (Fig. 4.91).
Overall, each ensemble produces a Zpr column that is generally collocated with the
20 s~! updraft. Also, the high-frequency area of Zpr > 1 dB generally matches the
high-frequency area of w > 20 m s™!, especially in the MORR and NSSL2 ensembles
(Fig. 4.9).

Examining the previously observed relationship between tornado intensity and
Zpr column area in French and Kingfield (2021), a plot of wy., and Zpr column
area is shown in Fig. 4.14. Generally, the microphysics schemes that produce more in-
tense updrafts at tornadogenesis produce, on average, wider Zpg columns (Fig. 4.14).
The NSSL3 scheme had, on average, the largest columns (80 km?) while the MORR
scheme produced the smallest on average (40 km?). Tt is interesting to note that the
MORR scheme creates the largest Vj, ;mq, at T-0 (Fig. 4.2), yet the Zpg columns of the
MORR scheme are smaller than those produced by the NSSL3 scheme, which produces
the lowest Vj, pmar at T-0 (Fig. 4.14b). This implies that the size of the Zpg columns
in the simulated supercells is modulated more by the 5.5 km AGL updraft strength
than the intensity of the tornado at tornadogenesis. However, it should be noted that
each ensemble produced significant (EF3+) tornadoes, and it is probable that the size
of the Zpg column shows more correlation with tornado strength across a wider range

of tornado intensities.
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Figure 4.14: Box plots of &) wye, and b) Zpg column area at T-0 and 5.5 km AGL for
the MORR (blue), NSSL2 (red), and NSSL3 (green) microphysics schemes. Black lines
represent the range of the data; red horizontal lines show the location of the median;
and the color-filled boxes range from the 25" to 75" percentile.

In addition to the Zpg column, the area and structure of the Kpp foot were also
evaluated. Since Kpp is linearly related to rainfall rate (Sachidananda and Zrni¢,
1985), the magnitude of Kpp can be a good measure of the amount of liquid water
present in a given volume. It has also been shown that values of enhanced Kpp can also
indicate regions of negative buoyancy as well, which is pertinent for tornado potential
(Carlin and Ryzhkov, 2019).

The location and structure of the Kpp foot is compared to the cold pool in Fig. 4.12.
At T-30, the MORR ensemble produces a K pp foot that extends south with part of the
cold pool (Fig. 4.12a). The NSSL3 ensemble produces a Kpp foot with a similar south-

ward protrusion of the Kpp foot, but in the NSSL3 ensemble, the Kpp foot extends
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past where the cold pool commonly resides in most ensemble members (Fig. 4.12c).
Meanwhile, at T-30, the NSSL2 ensemble produces a Kpp foot that is collocated near
the center of the cold pool (Fig. 4.12b).

At the time of tornadogenesis, the Kpp foot in the MORR ensemble widens and
develops a separate enhancement of Kpp to the north of the main foot (Fig. 4.12d).
The increase in Kpp foot area is also shown in Fig. 4.11a, with the MORR. scheme
producing the largest Kpp foot on average at T-0. The Kpp foot in the NSSL2
ensemble retains a similar structure between T-30 and T-0, but there is a larger region
of agreement across the ensembles in the Kpp foot location at T-0 (Fig. 4.12¢). Finally,
the Kpp foot in the NSSL3 ensemble does not exist in most of the ensemble members
due to the low frequency of the Kpp foot contour in Fig. 4.12f. This is due to the
magnitude of Kpp decreasing from T-30 to T-0 in the NSSL3 ensemble (not shown).

The area of the Kpp foot is also evaluated over time in comparison with the evolu-
tion of the cold pool (Fig. 4.13 and 4.15). The Pearson correlation coefficient (r) was
also calculated for the 50" percentile values in the cold pool and Kpp foot areas for
each ensemble member. The area of the Kpp foot decreases in the MORR and NSSL2
ensembles between T-10 and T-0, while the Kpp foot area in the NSSL3 ensemble
decreases from T-22 to T-17 (Fig. 4.15). There is a relatively weak correlation (r =
0.62) between the cold pool and Kpp foot area over time in the MORR ensemble, but
in the NSSL ensembles, the cold pool and Kpp foot areas decrease in the same time
period (Fig. 4.13 and 4.15). The correlation between the cold pool and Kpp foot areas
over time is r = 0.75 in the NSSL2 ensemble and r = 0.92 in the NSSL3 ensemble. The
MORR scheme also had the largest range of Kpp foot area values across the ensemble
members (0 km? — 31 km?) compared to the NSSL2 and NSSL3 schemes (0 km? —
19 km? and 0 km? — 10 km?, respectively). While the temporal correlation between

decreases in the cold pool and Kpp foot areas varied across ensemble members, it is
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overall evident that supercells with larger cold pools tended to produce larger regions

of enhanced Kpp.
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Figure 4.15: Time series of the Kpp foot area at 1 km AGL for the a) MORR, b)
NSSL2, and c¢) NSSL3 ensembles. Black lines represent the 50" percentile while the
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Finally, the Zpg-Kpp separation angle and distance were assessed in Fig. 4.16. In
previous work, the Zpr Kpp separation angle has been studied as a way of discriminat-
ing between tornadic and nontornadic supercells (Loeffler et al., 2020; Homeyer et al.,
2020; Wilson and Van Den Broeke, 2022). Such work has found that a distinguishing
feature of tornadic supercells is a more orthogonal orientation of the Zpg-Kpp separa-
tion vector to storm motion. In the simulated supercells in this study, each ensemble
produces a Zpgr-Kpp separation vector that is orthogonal to the storm motion vector,
similar to what was shown in Loeffler et al. (2020). Generally, the NSSL ensembles
produced larger separation distances than the MORR ensemble, but the separation
angle across the three ensembles was quite similar (Fig. 4.16). Thus, while the evolu-
tion of the Kpp foot and Zpgr column areas is sensitive to the selected microphysics
scheme, the orientation of the Zpr-Kpp separation vector represents what is seen in

observed supercells, regardless of the microphysics scheme used.
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Figure 4.16: Plot of the Zpg-Kpp separation angle and distance for the MORR (red),
NSSL2 (green), and NSSL3 (blue) ensembles at 0.04 km AGL. Scatter points represent
the distance and angle for each ensemble member in the 30-min prior to tornadogenesis.
The 0°angle is aligned with storm motion (SM).

4.3.5 Conclusion

Previous work has highlighted the impact of BMPs on supercell dynamics and thermo-
dynamics (e.g., Snook and Xue, 2008; Morrison and Milbrandt, 2011; Dawson et al.,
2015b). However, it remains relatively unknown how different BMPs impact the rela-

tionships between polarimetric radar signatures and storm dynamics in tornadic super-
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cells. Given the insight that polarimetric radar signatures provide into microphysical
processes, evaluating how BMPs resolve (or fail to resolve) polarimetric signatures is
important for evaluating how well they simulate a realistic supercell. Since supercell
simulations have a significant influence on the trajectory of supercell research, it is
crucial to document how different BMPs affect polarimetric signatures and supercell
dynamics (e.g., the Zpg column and updraft).

To evaluate different BMPs and their impact on supercell dynamics, thermodynam-
ics, and the relationship between supercell dynamics and polarimetric signatures, an
ensemble of tornadic supercells was simulated using CM1. Each ensemble was created
by varying the microphysical parameters across three microphysics schemes: the Mor-
rison 2-moment, NSSL 2-moment, and NSSL 3-moment schemes. Polarimetric radar
variables were obtained through a modified forward operator from Zhang et al. (2021)
coupled with a combined melting model adapted from Jung et al. (2008) and Liu et al.
(2024a).

Fig. 4.17 provides a summary of some of the metrics used to evaluate supercell dy-
namics and thermodynamics across each BMP. The MORR scheme typically produced
shorter-lived tornadoes at EF5 intensity compared to the NSSL schemes, but the tor-
nadoes reached a higher peak Vj, ;q,. While the MORR scheme produced the strongest
tornadoes, it also produced the smallest updraft areas at both 1 and 5.5 km when using
aw > 20 m s~! threshold. This result contrasts with Sessa and Trapp (2020), who
showed that stronger tornadoes typically had wider, low-level mesocyclones. The dif-
ferent methods of determining tornado intensity could explain some of the differences
between this study and Sessa and Trapp (2020). Also, the parameterized method
for resolving phase changes in the BMPs may account for some of the discrepancies
between observed studies, such as Sessa and Trapp (2020), and the results from our

simulations. Since the area of the 5.5 km AGL updraft core generally follows the region
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of maximum ¢/, (Fig. 4.8), changes in the temperature field would likely alter the area
of the updraft. How phase changes are resolved in each BMP would directly impact
¢, and thus the area of the updraft core. However, future work should evaluate the
direct correlation between changes in latent heat release and in updraft area to fully

test this hypothesis.
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Figure 4.17: Summary of the conclusions for each microphysics scheme for the updraft
area, cold pool area, V}, ;mqz, and the minimum cold pool temperature.

The evolution of (sfcmqer and the centroids of (s mar and the 1 km updraft were
also assessed. It was shown that the 2-moment schemes produced stronger, average
Cmaz than the NSSL3 scheme; however, the evolution of (4, in the NSSL3 scheme best
represents the evolution of rotation observed by RaXPoL for the 24 May 2011 case in
Houser et al. (2015). Additionally, the two-moment schemes showed an alignment
between (sfemae and the updraft core at 1 km, which has been shown in prior work
to be beneficial for tornadogenesis (Markowski and Richardson, 2014). This alignment
was also seen in the triple-moment scheme, but for a short period of time (< 5 min)
before tornadogenesis.

The MORR scheme produced the largest cold pool, while the NSSL2 and MORR
schemes generally produced colder cold pools compared to the NSSL3 scheme. Results

from Dawson et al. (2015b) show that triple-moment schemes have less evaporation of
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rain, which could explain why the NSSL3 scheme had a warmer cold pool than the
two-moment schemes. Furthermore, differences in microphysics schemes resulted in
order of magnitude differences in cold pool area, with the MORR ensemble producing
the largest cold pools on average and the NSSL3 scheme producing the smallest on
average.

Finally, polarimetric radar signatures were also compared to supercell dynamics
and thermodynamics. It was shown that each ensemble produced a Zpg column that
is generally collocated with the 20 m s=! updraft. Also, the NSSL3 scheme produced,
on average, the largest Zpr column areas and strongest updraft speeds at 5.5 km
AGL, while the MORR scheme produced the smallest Zpg column areas and weakest
updraft speeds. French and Kingfield (2021) showed that stronger tornadoes generally
produced larger Zpgr column areas. However, in the simulated supercells in this study,
the MORR scheme had the strongest average Vj, ;mq, at T-0 and the strongest maximum
Vh.mae during the tornado, yet produced the smallest Zpp column areas. Likewise, the
NSSL3 scheme produced the weakest average Vj, pma, at T-0 and the weakest minimum
Vhmaz during the tornado, yet produced the largest Zpr column areas on average.
This likely implies the upper-level updraft modulates Zpr column areas more than the
low-level Vj, e, in these simulated supercells. Since each of the simulated supercells
produced intense (EF3+) tornadoes, it is unlikely that these results will translate to
an observed set of supercells with a larger range of tornado intensities. Thus, these
results hold only for this specific set of ensembles and for supercells that produce EF3+
tornadoes.

The evolution of the Kpp foot was also analyzed alongside that of the cold pool.
It was shown that, in the NSSL schemes, the Kpp foot area generally decreased in the
same 5 — 10 min window as the cold pool area decreased, with the NSSL3 scheme show-

ing the largest correlation in the temporal trend between the cold pool and Kpp foot
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area. Also, the ensemble that produced the largest cold pool area (MORR) also pro-
duced, on average, the largest Kpp foot area, while the ensemble that produced the
smallest cold pool area (NSSL3) produced the smallest Kpp foot areas on average.
Finally, the MORR scheme exhibited the greatest variability in the Kpp foot area
among ensemble members compared to the NSSL2 and NSSL3 schemes.

Finally, the Zpgr-Kpp separation angle and distance were evaluated for each micro-
physics scheme. In previous work (Loeffler et al., 2020; Homeyer et al., 2020; Wilson
and Van Den Broeke, 2022), it has been shown that tornadic supercells have an orthog-
onal orientation between the Zpr-Kpp separation and storm motion vectors. Despite
triple-moment schemes better resolving size sorting (Dawson et al., 2010), the double-
and triple-moment microphysics schemes used in this study produced the orthogonal
orientation of the Zpr-Kpp separation vector seen in observations.

This study shows that BMPs can recreate the observed relationships between polari-
metric radar signatures and supercell dynamics, especially in the NSSL schemes which
showed both an orthogonal orientation of the Zpr-Kpp separation vector, a relation-
ship between decreases in the Kpp foot area and cold pool area, and produced stronger
updrafts that, in turn, produced larger Zpgr column areas. While it is unknown what
the cold pool and updraft characteristics of the El Reno tornado of 24 May 2011 were,
it is clear from comparisons to the evolution of rotation in Houser et al. (2015) that
the NSSL3 scheme best recreates the vertical evolution of (... However, the NSSL3
scheme seemingly shows a correlation between the time of tornadogenesis and CCN
in addition to a correlation between Vj, ;4. at 0.04 km AGL and CCN, which has yet
to be explained. Future work should delve deeper into the relationships between the
latent heat absorbed or released during phase change and updraft characteristics for
each microphysics scheme, as it is likely the parameterizations of hydrometeor phase

changes that are creating the differences across supercell dynamics and thermodynam-
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ics outlined in this study. Future work should also seek to compare different BMPs to
observations of supercell dynamics and thermodynamics obtained from field projects to

assess which BMP accurately resolves supercell cold pool and updraft characteristics.
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Chapter 5

Summary and Conclusions

Given the challenges of retrieving the three-dimensional wind field in real time, dual-
polarization radar signatures are important for forecasting tornado formation (or fail-
ure), as they provide information about the microphysical and dynamical evolution
of supercells. The majority of studies have focused on climatological observations
of dual-polarization radar signatures or a detailed study of one supercell (e.g., Van
Den Broeke, 2017; LoefHier et al., 2020; Homeyer et al., 2020; Van Den Broeke, 2020;
Tuftedal et al., 2021; French and Kingfield, 2021; Segall et al., 2022; Healey and Van
Den Broeke, 2023; Houser et al., 2015; Bluestein et al., 2019; Wakimoto et al., 2020;
Van Den Broeke et al., 2023), which are important for understanding how these sig-
natures vary across different environments and tornado intensities. Fewer studies have
focused on both the temporal evolution of dual-polarization radar signatures and their
variation across supercells within the same event. Furthermore, studies have also used
numerical models to simulate dual-polarization radar signatures. Numerical models
can provide high spatiotemporal resolution and insights into supercell dynamics, ther-
modynamics, and microphysics. While much of the previous work has focused on the
individual development of a forward operator or applications of a forward operator
across different microphysics schemes (e.g., Shima et al., 2009; Ryzhkov et al., 2011;
Matsui et al., 2019; Oue et al., 2020; Zhang et al., 2021; Jung et al., 2008; Dawson
IT et al., 2014; Johnson et al., 2016; Liu et al., 2024b), few (if any) studies have com-

bined the forward operator output with observations in a detailed study of polarimetric
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signature structure and evolution in tornadic supercells. Furthermore, this study lever-
ages the computational efficiency of the polarimetric forward operator by applying it
to large ensembles of high-resolution simulations from different microphysics schemes,
which is not feasible with higher fidelity radar simulation frameworks incorporating a
fully scanning radar. The work in this dissertation fills this gap in the literature by
providing an observed case study of the evolution of polarimetric signatures during the
24 — 25 May 2011 outbreak and by evaluating polarimetric signatures in more detail
through an ensemble of simulations of the supercell that produced the 24 May 2011 El
Reno tornado.

From the observations, the polarimetric signatures showed distinct differences be-
tween the 3 tornadic and 3 nontornadic supercells. The tornadic supercells exhibited
Zpgr rings within 8 min of tornadogenesis, had larger mean areas for all polarimet-
ric signatures, and had larger separation angles than the nontornadic supercells. The
progression of the separation angle during the 30-min window prior to tornadogene-
sis revealed that the differences between the nontornadic and tornadic supercells were
maximized between T-15 and T. Each of the tornadic supercells also exhibited similar
development of the Zpg arc. This arc development was characterized by an enhanced
region of Zpg (Zpr > 3 dB) in the western portion of the supercell, the appearance
of a Zpgr "hole,” and subsequent attachment of the arc to the forward flank of the
supercell. The nontornadic supercells also generally followed this progression of the
arc, but given the lack of data during the early genesis of the Zpr enhancement region
for the nontornadic supercells, it was challenging to verify the early development of
the arc for these supercells.

The evaluation of the simulated polarimetric signatures began by assessing different
melting models and their impact on the signatures. The three melting models evalu-

ated were the Jung et al. (2008) (J08), Liu et al. (2024b) (L.24), and a novel Combined
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Melting Model (CMM) developed in this study. It was shown that the new CMM cre-
ates the most realistic distribution of ice hydrometeors throughout the supercell, limits
ice above the freezing level to the vicinity of the updraft, and produces a distribution
of D,,, that primarily yielded D,,, < 10 mm, while still allowing a few instances of larger
ice hydrometeors. The CMM also combined the D,, and Zpg relationships from the
24 and JO8 models, resulting in a melting model that produced realistic relationships
between D,, and Zpgr. The L.24 behaved similarly to the CMM and was the only model
to limit D,, to smaller sizes, producing better relationships between D,, and Zpg for
ice hydrometeors with a thin water torus. However, the CMM yielded better-looking
polarimetric signatures than the L24 model and removed the Zpg artifact above the
freezing level in the JO8 model.

After assessing which melting model best represented ice hydrometeors in simulated
tornadic supercells, the CMM and a modified version of the PFO were used to com-
pare polarimetric signatures across three different microphysics schemes: the NSSL
2-moment (NSSL2), NSSL 3-moment (NSSL3), and Morrison 2-moment (MORR)
schemes. It was found that the NSSL3 scheme best represented polarimetric signa-
tures below the freezing level, while the MORR scheme best represented signatures
above the freezing level. However, the NSSL2 scheme best represented the overall size
of the observed supercell and the range of Zg.

Finally, the simulation ensembles were used to assess the relationships between
supercell dynamics and polarimetric radar signatures. It was found that the NSSL3
scheme best represented the evolution of (s¢cmas. through the lowest 3 km when com-
pared with the vertical evolution of rotation observed by RaXPoL for the 24 May 2011
case documented in Houser et al. (2015). Also, the NSSL schemes produced larger up-
drafts on average than the MORR scheme both at 1 km and above the freezing level,

despite each ensemble having the same environmental profile. Though, the NSSL3
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scheme produced smaller and warmer cold pools compared to both of the 2-moment
schemes.

When looking at the polarimetric signature and dynamical relationships, it was
shown that the Zpp column was generally collocated with the 20 m s~ updraft across
each ensemble. Furthermore, it was shown that the MORR scheme produced the
strongest average V}, ;maz, the strongest updraft speeds at 5.5 km AGL, and created the
smallest Zpgr column areas. The NSSL3 scheme produced the weakest average V, maa,
the weakest updraft speeds at 5.5 km AGL, and created the largest Zpr column areas.
This implies the upper-level updraft modulates Zpp column areas more than Vj, ;4.
in these simulated supercells. However, this finding is limited to this specific set of
supercell simulations that produce EF3+ tornadoes.

The relationship between the cold pool and Kpp foot was also assessed in these
simulated ensembles. It was shown that supercells that produced the smallest Kpp foot
also had the smallest cold pools. The MORR scheme produced the largest cold pool
and Kpp foot while the NSSL3 scheme produced the smallest cold pool and Kpp foot.
Finally, despite triple-moment schemes better resolving size sorting, each scheme used
in this study produced the orthogonal orientation of the Zpgr-Kpp separation vector
seen in the observed supercells on 24 May 2011. While microphysics schemes with
greater magnitudes of cooling were shown to be associated with larger Kpp foots, the
centroid of the Kpp foot did not change substantially enough in these schemes to
impact the orientation.

The results of the polarimetric signatures simulations highlight a new CMM for
tornadic supercells and the impact of the selected microphysics scheme on both the
structure and evolution of the polarimetric signatures. However, there are still limita-
tions to the CMM and PFO in producing realistic polarimetric signatures. For instance,

each scheme produced large regions with high Zy magnitudes (Zy > 60 dBZ) com-
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pared with observations. These regions of high Zy are dominated by melting graupel
and hail, which in BMPs the sizes of hail are governed by and derived from the number
concentration (Wu et al., 2022). The number concentration in simulations is highly
uncertain, so future work should focus on improved parameterizations of the number
concentration of melting ice species in BMPs. Furthermore, the melting models tested
in this work apply a single f,, for each hydrometeor species in each model grid cell. A
better (albeit more computationally expensive) approach would be to allow f,, to vary
with hydrometeor size, as done in Dawson II et al. (2014).

The combination of the CMM and PFO provides a powerful tool that can be used
to study simulated polarimetric signatures and perform intercomparisons with observa-
tions. This includes different convective modes and associated hazards, such as quasi-
linear convective systems, downbursts, nontornadic supercells, and single- and multicell
thunderstorms. Future improvements to the polarimetric emulator include adding a
beam pattern and angular weighting to emulate an operational radar (Cheong et al.,
2017; Mahre et al., 2020). These improvements would enable future studies to assess
the impact of radar range and resolution on the evolution of polarimetric signatures.
Additionally, future work could include formulating a new set of fitted equations for
different radar wavelengths, such as Ka- or X-band. Smaller wavelengths would allow
for better comparison of the simulated polarimetric signatures with mobile radar data,
such as the Rapid X-band Polarimetric Radar or the mobile Ka-band radars from the
Texas Tech University National Wind Institute.

In addition to improvements to the polarimetric emulator, the work presented herein

leads to more science questions, such as:

e What physical processes are occurring in tornadic supercells that lead to larger

Zpr arc and Kpp foot separation angles 15 min prior to tornadogenesis?
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e What is the relationship between the latent heat absorbed or released during

phase change and updraft characteristics for each microphysics scheme?

e Why does CCN concentration impact the strength of the surface winds in NSSL3

scheme but not in the NSSL2 scheme?

Such questions can be answered either by a more detailed analysis at the simulations
used in this study or, in the case of the first question, by high-temporal observations
from mobile radars including phased array radars (Palmer et al., 2023; Bodine and
Griffin, 2024). Such observations could include a combination of bistatic radars and
RaXPoL (Emmerson et al., 2025), which would allow for the retrieval of the three-
dimensional wind field in addition to collection of high-temporal resolution polarimetric
data.

Overall, the novelty of this dissertation lies in the better understanding of the
lifecycle of observed polarimetric signatures and the validation of ensembles of high-
resolution idealized supercell simulations with polarimetric radar observations. A
deeper understanding of the temporal evolution of polarimetric radar signatures can
provide insight into the microphysical and dynamical evolution of observed storms.
This knowledge can help inform operational meteorologists about developing hazards,
such as tornadoes, as well as information future research on dual-polarization radar
signatures. The work herein highlights the need for further verification of idealized
simulations of supercells with observations and additional observations of the full life-

cycle of observed supercells.
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