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Abstract

Tornadoes associated with nonsupercell storms present unique challenges for
forecasters. These tornadic storms, although often not as violent or deadly as
supercells, occur disproportionately during the overnight hours and the cool sea-
son, times when the public is more vulnerable. Additionally, there is significantly
lower warning skill for these nonsupercell tornadoes compared to supercell tor-
nadoes. Thus, these storms warrant further attention. This study utilizes dual-
polarization WSR-88D radar data to analyze nonsupercell tornadic storms over a
three-and-a-half-year period focused on the mid-Atlantic and southeastern United
States. The analysis reveals three repeatable signatures: the separation of specific
differential phase (Kpp) and differential reflectivity (Zpr) enhancement regions
owing to size sorting, the descent of high Kpp values preceding intensification of
the low-level circulation, and rearward movement of the Kpp enhancement region
prior to tornadogenesis. This study employs a new method to define the “sepa-
ration vector,” comprising the distance separating the enhancement regions and
the direction from the Kpp enhancement region to the Zpr enhancement region,
measured relative to storm motion. The median separation distance between the
enhancement regions is found to be around 4 km and tends to maximize around
the time of tornadogenesis. A preferred quadrant for separation direction is found
to be between parallel to and 90° to the right of storm motion. Furthermore, it is
shown that, for a given separation distance, the storm-relative helicity increases as
the separation direction increases from 0° toward 90°. Discussions on the implica-
tions of the other two signatures (i.e., descending high Kpp values and rearward
movement of Kpp enhancement regions) are presented, although higher temporal
resolution data are crucial for further analysis of these signatures.
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Chapter 1

Introduction

1.1 Storm mode and warning issues

Severe convective storms, capable of producing damaging winds, hail, and tor-
nadoes, can manifest in several different regimes or “convective modes.” These
convective modes include supercells, mesoscale convective systems (MCSs), quasi-
linear convective systems (QLCSs), and isolated cells that do not meet supercell cri-
teria. The most prolific producer of severe weather is the supercell. Over the past
several decades a large emphasis has been placed on furthering the understanding
of supercells using theoretical (e.g., Rotunno 1981; Davies-Jones 1984), modeling
(e.g., Weisman and Klemp 1982; Rotunno and Klemp 1982, 1985), and obser-
vational (e.g., Lemon and Doswell 1979; Markowski et al. 2012a,b) approaches.
Supercells are the most prolific producers of large hail and tornadoes, accounting
for 72% of tornado reports and 96% of significant hail reports (Smith et al. 2012).
Perhaps a more telling statistic from the climatology of Smith et al. (2012) is that
nearly all (97%) “severe” tornadoes, defined as having a rating of 3 or above on
the enhanced Fujita (EF) scale, are produced by supercells. The two-year clima-
tology by Brotzge et al. (2013) showed that tornadoes produced from supercells
accounted for 97% of fatalities, 96% of injuries, and 92% of damage during their
somewhat limited study period.

Brotzge et al. (2013) showed that, as convective available potential energy
(CAPE), wind shear, mesocyclone strength, and the significant tornado param-

eter (STP; Thompson et al. 2003) increased, warning performance improved via



increased lead times and probability of detection (POD, percent of tornado reports
with a warning). This confirmed what had been considered fairly intuitive: warn-
ing performance is better for storm environments that are more “textbook” for
severe weather.

Contrary to supercell tornadoes in textbook severe environments, tornadoes
from nonsupercells and comparatively marginal environments have significantly
decreased warning performance. Brotzge et al. (2013) showed that, although the
POD for supercell tornadoes was about 85% with an average lead time about 17
minutes, the POD for nonsupercell tornadoes was only 45% with an average lead
time of only about 12 minutes. The results from a more comprehensive 13-year
climatology by Anderson-Frey et al. (2016) support these findings. Anderson-Frey
et al. (2016) calculated a POD for tornadoes from right-moving supercells of 79%,
but a POD for QLCS tornadoes of only 49%.

There is clearly a significant gap in tornado warning performance when com-
paring supercell and nonsupercell tornadoes, warranting further attention to these
nonsupercell tornadoes and environments. There is a lot of overlap between the
environments in which supercells and nonsupercells form. However, the QLCS en-
vironments are shifted toward lower CAPE and higher vertical wind shear values.
This region of the shear-CAPE parameter space is associated with higher false
alarm rates (FAR, percent of tornado warnings without a verified tornado report)
and lower POD (Anderson-Frey et al. 2016). These high-shear, low-CAPE envi-
ronments have garnered attention in recent literature (e.g., Sherburn and Parker
2014; Davis and Parker 2014). Sherburn and Parker (2014) discuss how these
environments occur all over the United States but are frequently observed in the
southeast and Mid-Atlantic regions. Their results indicate the use of parameters
such as CAPE and STP, popular choices in the more textbook environments, un-
derestimates the risk associated with these high-shear, low-CAPE environments.
These findings point to the need for different techniques when forecasting non-
supercells in their less favorable environments.

Other difficulties with nonsupercell tornadoes include their seasonal and diur-
nal distributions. Compared to supercells, QLCS tornadoes occur more frequently
in the cool season and in the overnight hours (Trapp et al. 2005; Anderson-Frey
et al. 2016). Ashley et al. (2008) demonstrated the increased risk associated with



these cool-season, nocturnal tornadoes by showing that nocturnal tornadoes are
almost twice as likely to cause fatalities as those during the day. This stems from
decreased visibility for spotters as well as the general public being asleep and un-
likely to receive and acknowledge warnings. During the cool season, the general
public is also less aware of the risk of tornadoes than in the warm season when
tornado awareness typically is at a higher level. Anderson-Frey et al. (2016) de-
termined that the southern region of the United States in particular experiences
disproportionately higher percentages of QLCS, nocturnal, and cool-season torna-
does.

Although supercell tornadoes account for a majority of violent tornado events,
the significant decrease in warning skill with nonsupercell tornadoes is troubling.
These nonsupercell tornadoes present unique and difficult forecasting challenges
and societal impacts. These reasons warrant a further examination of nonsupercell
tornadoes and their properties to further understand their evolution and compo-

sition to improve warning performance.

1.2 Polarimetric radar

This study utilizes dual-polarization (or polarimetric) radar data to analyze
nonsupercell tornadic storms. The terms “dual polarization” and “polarimetric”
are used interchangeably. Most of the content in this section reviewing dual-
polarization radar and the associated variables is based on the reviews by Kumjian
(2013) and Doviak and Zrni¢ (1993) unless otherwise noted. Traditional weather
radars are considered “single-polarization” radars because they transmit and re-
ceive electromagnetic (EM) waves with only horizontal polarization, which means
the electric field vector only oscillates in the horizontal plane. When these pulses
of EM energy encounter a particle, the dipoles within the particle align with the
incident electric field vector. Each of these dipoles radiates some EM energy, and
the “scattered” electric field at some point (i.e., a radar) is the sum of all wavelets
produced by each dipole. For particles small compared to the incident wavelength
(), the phase differences between dipoles are relatively small so the effects of
constructive/destructive interference are negligible. The sum of these dipoles cre-

ates a net dipole moment for the particle. This net dipole scatters energy back



to the radar with the same polarization as the incident wave. The amplitude of
this scattered energy is related to the shape, size, orientation, and composition of
the particle. The physical composition plays a role in how “reflective” a particle is
through the dielectric constant. For example, water has a larger dielectric constant
than that of ice and “reflects” more energy for two particles with the same shape,
size, and orientation.

Single-polarization radars can detect the energy scattered back from particles
in the atmosphere, but only at horizontal polarization. The traditional radar
products from single-polarization radars are the reflectivity factor at horizontal
polarization (Zy), Doppler velocity (Vy), and Doppler spectrum width (W). Zy
is proportional to the power of the signal received by the radar, V, is a measure
of the Zy-weighted mean radial velocity within the sampling volume, and W is a
measure of the variability of Doppler velocities within the sampling volume. The
reflectivity factor is the sixth moment of the drop size distribution (DSD),

Z 4

Zy N (D)D®dD (1.1)
0

where D is the particle diameter and N (D) is the particle number concentration
per unit volume for a given diameter (i.e., the DSD). Zy is sensitive to both
particle number concentration and particle size, meaning Zy values will be heavily
weighted by regions characterized by a high density of particles (e.g., heavy rain)

5m 3 and can span

and/or large particles (e.g., hail). The units of Zy are mm
many orders of magnitude in meteorological phenomena. It is common practice to

express the reflectivity factor in a logarithmic scale,

Zn

Zn 10logo e

(1.2)

where Z now has units of dBZ.

Prior to 2013, the National Weather Service (NWS) Weather Surveillance
Radar 1988 Doppler (WSR-88D) radar network operated with single-polarization
capabilities. However, the WSR-88D network completed an upgrade to dual-
polarization capabilities in June 2013 (having started in 2011), giving operational
forecasters a wealth of new information. Dual-polarization radars transmit pulses

of both horizontally and vertically polarized energy simultaneously (Fig. 1.1). By



comparing the horizontal and vertical received energies, a more detailed picture of
the size, shape, and orientation of the scatterers in the sampling volume can be

obtained.

A

direction of propagation

Figure 1.1. Schematic showing both the horizontally and vertically polarized waves
from a dual-polarization pulse. From Kumjian (2013)

In addition to the traditional radar variables, dual-polarization capabilities
provide several additional useful variables. These include differential reflectivity
(Zpr), differential propagation phase shift (Ppp) and half its range derivative,
specific differential phase (Kpp), and the co-polar correlation coefficient ( p, or
CC). These polarimetric radar variables are discussed in the following section,
although for an extensive review the reader is referred to Kumjian (2013) and
Doviak and Zrni¢ (1993)

1.2.1 Radar variables

The co-polar correlation coefficient is designated by py in the research com-
munity and by CC in the operational community. These two symbols are used
interchangeably. CC is a measure of the diversity of scatterers in the sampling
volume and ranges from 0 to 1. Therefore, any variability in returned horizontal

and vertical energy among the scatterers will add to the diversity. The physi-



cal components of scatterers that affect the diversity in a sampling volume are the
composition, shape, and orientation. Note that scatterers with the same shape but
varying sizes will not affect the value of CC. A sampling volume with scatterers
all with the same composition, orientation, and shape has a CC = 1.

For example, the CC value for pure rain is usually quite high (>0.98 at S
band, 10 cm). It is slightly below 1 because, as rain drops grow, their shapes
become more oblate, adding some diversity. However, if hail is introduced into
the sampling volume (different shape, composition, and orientation) the CC is
reduced. As the diversity within a sampling volume increases, CC decreases. This
relationship is exploited in the tornado debris signature (TDS; Ryzhkov et al.
2005): as a tornado lofts debris into the air, the diversity within the sampling
volume increases dramatically. This leads to a localized substantial reduction in
CC that allows forecasters to verify the presence of a tornado using radar alone.
Another cause for a large reduction in CC is the presence of nonhydrometeors (i.e.,
bugs, nontornadic debris, dust, etc.).

Another polarimetric variable is the differential reflectivity, Zpr. Differential
reflectivity was introduced for precipitation measurements by Seliga and Bringi
(1976) and extended work by Seliga and Bringi (1978). Zpr is the logarithmic
difference between the radar reflectivity factors at horizontal and vertical polar-

izations (Zy ),

Z
Zpr = 10log;y =-

Zn Zy (1.3)
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where Zpr has units of dB. For hydrometeors that are small compared to and
with their major axis in the horizontal (e.g., oblate raindrops), more energy will be
scattered back to the radar with horizontal polarization than vertical polarization.
Therefore, Zy will be larger than Zy and Zpgr will be positive. Zpr serves as
a measure of the shape of hydrometeors, where oblate hydrometeors will have

positive Zpr values and quasi-spherical hydrometeors will have Zpr values close



to 0 dB. Because drops become more oblate as they grow to larger sizes, Zpr can
also be used to assess the median drop size. Large Zpr values indicate large, oblate
hydrometeors. For example, this happens when the DSD is altered by processes
that preferentially deplete smaller drops such that there is a larger median drop
size.

Unlike ZpR, a polarimetric variable that is sensitive to number concentration
is the differential propagation phase shift, ®pp, and half of its range derivative,
Kpp. When EM pulses travel through precipitation, they gain an additional phase
shift compared to those that travel through clear air. If the pulse travels through
oblate precipitation, the phase shift acquired in the horizontal is greater than the
phase shift in the vertical. This difference leads to the differential phase shift. In
rain, then, ®pp is an accumulating quantity along the radar beam.

Perhaps a more useful variable is half the range derivative of ®pp, specific
differential phase (Kpp). Specific differential phase (deg km !) was first used by
Seliga and Bringi (1978) and Sachidananda and Zrni¢ (1986, 1987) for rainfall
rate estimates. Kpp has been shown to be nearly linearly related to the rainfall
rate (Sachidananda and Zrni¢ 1986); therefore, large values of Kpp are usually
located in regions of heavy precipitation and large liquid water content. Another
advantage of utilizing Kpp is that it is insensitive to quasi-spherical hydrometeors
(i.e., tumbling or dry hail). The lower dielectric constant of dry hail is an additional
reason large, dry hail does not drastically affect the Kpp fields. These properties
of Kpp have been exploited by Balakrishnan and Zrni¢ (1990) and Aydin et al.
(1995) for radar measurements of mixed-phase precipitation. Note that Kpp is
very sensitive to small melting hail, where meltwater accumulates on the hailstone,
both stabilizing the hailstone and increasing the dielectric constant.

This section has detailed the polarimetric variables available to be utilized in
the forthcoming analyses. The next section will describe previous works related to

dual-polarization analyses of severe convective storms.

1.2.2 Previous polarimetric studies

Although the WSR-88D national dual-polarization upgrade was not completed

until June 2013, research radars have had dual-polarization capabilities for several



decades. This has allowed for numerous studies that analyzed the polarimetric
radar characteristics of severe convective storms. Many of these primarily focused
on supercells (e.g., Loney et al. 2002; Ryzhkov et al. 2005; Bluestein et al. 2007;
Romine et al. 2008; Van Den Broeke et al. 2008; Frame et al. 2009; Kumjian et al.
2010; Palmer et al. 2011; Tanamachi et al. 2012; Snyder et al. 2013; Houser et al.
2015). The polarimetric analysis of supercells by Kumjian and Ryzhkov (2008)
found several characteristic signatures, including the hail signature in the forward
flank (Zpr near 0 dB collocated with high Zy), the polarimetric TDS, and Kpp
and Zpr columns.

Another signature they found was a region of enhanced Zpg along the inflow
side of the forward flank (the “Zpgr arc”). The authors attributed this signature to
hydrometeor size sorting, where smaller drops are preferentially “sorted out” of this
region, leaving behind a sparse population of large drops. The terminal velocity
of a falling raindrop increases as the raindrop grows to larger sizes (e.g., Brandes
et al. 2002). A consequence of this is that as hydrometeors descend from a cloud,
smaller drops will take longer to reach the surface than larger drops. Initially, this
will lead to a sorting of drops based on size, with larger drops below the smaller
drops (assuming steady state conditions aloft). Eventually, the smaller drops will
reach the surface and the drops will no longer be sorted by size. However, there
are mechanisms that can maintain this process. These mechanisms are discussed
in detail in Kumjian and Ryzhkov (2012). One such mechanism is the presence
of an updraft. The updraft will act to suspend smaller drops aloft and only allow
large drops with sufficiently large terminal velocities to fall through the updraft.
Another mechanism that is perhaps more relevant to this study is the presence
of storm-relative winds in the sorting layer. Because of their smaller fall speeds,
smaller drops will spend more time in the sorting layer. This increased time in
the sorting layer allows the smaller drops to be advected farther from the updraft
by the storm-relative winds, leading to a horizontal separation of the smaller and
larger drops, the latter of which fall rapidly through the layer and are, therefore,
advected a shorter distance downwind.

The region of larger drops would then be depleted of relatively smaller drops
due to this size sorting, which would decrease Zy owing to the a partial removal

of the drop spectrum. However, the median drop size of this region would increase



and therefore cause an increase in Zpr. The region with an increase in smaller
drops would have smaller Zpg due to a smaller median drop size. The large number
concentration would also result in large Kpp values. Although Kpp is strongly
affected by drop size, it is still somewhat sensitive to smaller drops compared to
reflectivity (Kpp / D* ®°, Zy; / D®). Drops still need to be large enough to have
some measure of “oblateness” in order for there to be a differential phase shift;
Kpp will be unaffected by the presence of small spherical drops.

Note that evaporation also leads to an increase in Zpr as smaller drops are
preferentially evaporated. Evaporation leaves behind a DSD relatively depleted of
smaller drops, increasing the median drop size and Zpr while decreasing Zy, a
fingerprint similar to size sorting. However, Kumjian and Ryzhkov (2010) showed
that even in the most extreme evaporation cases the enhancements in Zpgr did not
exceed 0.3 dB. These magnitudes are much lower than the enhancements due to
size sorting shown in Kumjian and Ryzhkov (2012).

The size sorting mechanism is well described in the literature, with work going
back to the 1950s. Marshall (1953) and Gunn and Marshall (1955) analyzed precip-
itation trajectories and found that the fastest falling (larger) particles should reach
the ground closest to the generating source with smaller particles further from it.
In a case analyzed in Sachidananda and Zrni¢ (1987), the authors mentioned that
severe drop sorting could lead to the increased Zpgr values they observed. While
discussing ground observations from the storm in their analysis, Aydin et al. (1995)
stated that the storm started with a few big drops and was then followed by heav-
ier precipitation. This could be thought of as a region of high Zpr and low Zy
followed by high Kpp and higher Zy indicated by the high precipitation rate.

Ryzhkov et al. (2005) mention that regions of high Zpr were observed in the
forward flank of the supercells analyzed in their study. Kumjian and Ryzhkov
(2009) related the strength of the Zpgr arc to the storm-relative helicity (SRH;
Davies-Jones 1984). Their study found that increased SRH was associated with
increased size sorting and wind shear, which increased the strength of the Zpgr
arc. However, Dawson et al. (2015) demonstrated that shear and SRH are not
fundamental to size sorting, only the storm-relative winds are fundamental to size
sorting. Dawson et al. (2015) showed that the mean storm-relative wind in the

sorting layer was responsible for size sorting, and the direction of this mean storm-



relative wind pointed from the region of large drops toward the region of small
drops. The general relationship between storm-relative winds and SRH still allows
for a broad correlation between size sorting and SRH, though. Additionally, the
idealized simulations in Kumjian and Ryzhkov (2009) only represented rain under
a generating source. Kumjian and Ryzhkov (2012) discussed how the melting of
small hail and graupel can contribute very large drops to the DSD. Because drops
larger than about 6 mm in diameter have similar fall speeds (Brandes et al. 2002),
very large drops in this size range do not undergo significant size sorting. This
addition of melting graupel and hail can alter the appearance of the Zpr arc.
The melting of graupel and hail can replenish big drops that are lost owing to
breakup (Ryzhkov et al. 2013). Dawson et al. (2014) showed that allowing graupel
and hail to sort over a deeper layer extending above the melting layer in their
simulations better matched observations, compared to only allowing rain to sort
over a shallower layer below the melting layer.

Although the large majority of previous work using dual-polarization radars to
study severe convection has focused on supercells, some of these signatures may
also occur in nonsupercells as they strengthen and take on supercell-like traits.
Weisman and Trapp (2003) observed mesovortices that met mesocyclone criteria
in QLCS storms with strong enough environmental shear. They note that these
stronger circulations can cause notches or hooks in the Zy pattern of the line,
signifying a region of the line that perhaps is gaining more supercell-like traits.
These findings are supported by the observations of Mahale et al. (2012) and their
analysis of vortices within a QLCS storm. The authors note the presence of Zpgr
arcs in the line in close proximity to areas of increased circulation, furthering
the notion that these signatures originally found in supercells may be found in
nonsupercell storms as well.

The rest of this thesis will focus on dual-polarization radar analysis of non-
supercell tornadic storms. Chapter 2 will describe the data and methodology used
in this study. Chapter 3 will detail the results from both qualitative and quantita-
tive analyses of a large population of nonsupercell tornadic storms. Chapter 4 will
provide some concluding remarks as well as some thoughts for the future extension

of this work.
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Chapter 2

Data and methods

2.1 Case selection

In this study, polarimetric radar characteristics of nonsupercell tornadic storms
are analyzed. Cases are selected from a dataset of Storm Prediction Center (SPC)
tornado reports from states comprising the NWS Eastern Region and southeastern
United States (Fig. 2.1). This dataset is quality checked by filtering erroneous
storm reports, which include duplicate reports, report locations far removed from
a radar echo, or report times off by tens of minutes to an hour. This filtering
process is similar to that used in Smith et al. (2012, 2015). With the WSR-88D
national upgrade completed in June 2013, this dataset spans the period from July
2013 to December 2016 so as to only contain storms for which polarimetric radar
data are available.

To ensure sufficient data quality, the storm must be sufficiently close to the
radar. As the range from the radar increases, the radar beam broadens such that
cross-beam gradients in the polarimetric variables may become significant. These
gradients lead to non-uniform beam filling (NBF), where inhomogeneous filling
of the sampling volume and increased diversity or spread of phase shifts leads to
a significant reduction in CC. This reduction in CC reduces the quality of all
polarimetric variables (Ryzhkov 2007). Analyzing storms close to the radar also
provides sufficiently high resolution to resolve small-scale features. Storms from
the dataset are thus filtered by their distance from the nearest radar site. Only

storms that are within 60 km of a radar site are chosen for further analysis, a similar
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Figure 2.1. NWS Eastern Region states (light gray) and southeastern states (dark
gray) that compose the region of interest in this study.

range to that used in Davis and Parker (2014) based on where they retrieved their
best results.

Once storms within 60-km range are identified, these storms are classified us-
ing a simplified version of the classification system used in Smith et al. (2012).
Storms are classified as: supercell, linear, MCS (convective system that does not
display linear characteristics), or weak/marginal discrete cell (a single cell that
does not display supercell characteristics). Because the focus of this study is on
nonsupercell storms, only storms classified into one of the latter three categories
are considered (Fig. 2.2). Level-III WSR-88D radar data are used to analyze these
storms further. Although Level-III data are available for fewer elevation angles
compared to Level-IT data (highest angle of 3.1° compared to 19.5°), the low levels
of interest for tornadogenesis are still well represented. The lower vertical extent of
these nonsupercell storms also means that a larger portion of the important storm
characteristics will likely reside in the domain captured by Level-III data.

A qualitative assessment of 70 storms reveals multiple, repeatable signatures

both prior to and associated with the tornado. These signatures include the sep-
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