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ABSTRACT

School of Graduate Studies
The University of Alabama in Huntsville

Degree Doctor of Philosophy College/Dept.  Science/Atmospheric and

Earth Science

Name of Candidate  Sarah M. Stough

Title Characterization of Supercell Thunderstorms Exhibiting

Anomalous Charge Structures in the Southeastern United States

This research is concerned with two supercell thunderstorms observed in the South-
eastern United States that exhibited anomalous charge structures (ACSs). ACSs are char-
acterized by an apparent reversal of dominant charge region polarity from normal charge
structures (NCSs). Historically, ACSs have been rarely indicated within the Southeast
and are not documented within the literature. Conceptual models of ACSs more typically
observed in the Great Plains hypothesize that ACSs arise as a result of high liquid water con-
tent (LWC) in the mixed-phase region of an updraft, facilitated by conditions that increase
the efficacy of the updraft in supplying LWC and reduce the efficiency of warm precipitation
processes, including via increased aerosols. The lack of ACS observations in the Southeast
has been attributed to regional climatic incongruence with these conditions. Total light-
ning observations, dual-polarization Doppler weather radar data, and environmental model
analyses were used to assess the applicability of hypotheses concerning the electrical, micro-
physical, and kinematic structures of the supercells within which ACSs were observed (i.e.,
anomalous supercells) in the Southeast. Consistent with ACS conceptual models, dominant
positive (negative) charge regions were observed at lower (upper) levels in precipitation
ice (ice crystals). However, with the exception of decreased relative humidity, many ob-

served environmental conditions were inconsistent with documented anomalous storms. In

v



a subsequent study in which the Southeastern anomalous supercells were contrasted with
two comparable Southeastern supercells exhibiting NCSs, anomalous supercells had faster,
deeper mixed-phase updrafts and contained more precipitation ice. Many environmental
conditions associated with LWC did not substantially contrast and all storms exhibited
similar metrics of warm precipitation efficiency. Observed lower relative humidity in ACS
environments suggested that dry air may have been important to anomalous charging. The
evolution and spatial characteristics of lightning properties were contrasted between an
anomalous and normal supercell. In the anomalous supercell, both charge polarities were
more closely associated with precipitation ice and lightning flashes were more frequently
observed in fast updrafts. Lightning flashes were increasingly observed in the updraft of the
anomalous supercell as its negative charge region became increasingly collocated with pre-
cipitation ice, suggesting a correspondence between charge region microphysics and spatial
flash characteristics.
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Time-height cross-sections of lightning, kinematic, and microphysical proper-
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data is shown where net positive (negative) frequency is plotted as positive
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red. (h) Distribution of total PIM is shown in grayscale fill. (i) Distribution
of total NPIM calculated according to the flux divergence method is shown in
grayscale fill. Percentages of PIM associated with (j) hail, (k) HD graupel,
and (1) LD graupel are shown in grayscale fill. In each panel, yellow and
black marks along the right vertical axis represent the approximate psuedo-
adiabatic parcel temperature heights of 0° C through -40°C marked in -10°C
increments. . . . ... Lo Lo

(continued) . . . . . ..o
As in Figure 2.3 for the anomalous 22 April 2017 supercell. . . . .. .. ..

ARMOR data at 1739 UTC on 10 April 2009 along with NALMA data
between 1741 UTC and 1743 UTC. Horizontal cross sections of reflectivity
(a, c, e; grayscale fill) and HID (b, d, f; color fill) are shown at 5 km AGL,
11 km AGL, and 12 km AGL altitudes. Vertical cross-sections of reflectivity
(g, grayscale fill) and HID (h, color fill) are shown at y = 81 km north
of ARMOR, the location of which is marked as a black dashed line in the
horizontal cross section panels. On each figure, vertical velocity contours
in the plane are plotted at positive 5 m s~', 0 m s~!, and negative 5 m s~
intervals (solid blue, solid white, and dashed blue contours) as well as positive
sources (red dots or gray dots), negative sources (blue or black dots), and
lightning flash initiation locations (white circles if polarity was classified,
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green or purple circles if polarity was unclassified) within +0.5 km of the plane. 41
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As in Figure 2.5 on 22 April 2017 with radar data at 2135 UTC and lightning
data between 2137 UTC and 2139 UTC. (a-f) Horizontal cross sections are
shown at 6 km AGL, 7 km AGL, and 10 km AGL altitudes. (g-h) Vertical
cross-sections are shown at y = 42 km north of ARMOR. . . .. ... ...
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shown at 3 km AGL and 9 km AGL altitudes. (e-f) Vertical cross-sections
are shown at y = 79 km north of ARMOR. . .. ... ... ... ......

As in Figure 2.5 on 22 April 2017 with radar data at 2114 UTC and lightning
data between 2116 UTC and 2118 UTC. (a-d) Horizontal cross sections are
shown at 8 km AGL and 10 km AGL altitudes. (e-f) Vertical cross-sections
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Domain over which supercells were analyzed. ARMOR and KHTX radar sites
(dark blue and dark red diamonds), permanent and supplemental NALMA
sensors (green circles and orange crosses) with notes on special operating
conditions pertaining to 2008 and 2017 cases (black and gold dots), the 30°C
beam-crossing area of the dual-Doppler domain established between ARMOR
and KHTX (purple rings), and storm centroid tracks (red and blue dashed
lines) are shown. Adapted from Figure 2.1. . . . .. ... ... ... ...

The relative difference between the vertical frequency of positive and negative
sources located within updrafts of >5 m s~! of the (a) anomalous 10 April
2009, (b) anomalous 22 April 2017, (c) normal 11 April 2008, and (d) normal
6 February 2008 supercells. Red (blue) colors indicate that a greater vertical
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the anomalous 10 April 2009 (light red line), anomalous 22 April 2017 (dark
red line), normal 6 February 2008 (dark blue line), and normal 11 April 2008
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Notched boxplots showing (a) the top 25% of maximum positive vertical ve-
locity values observed in each layer and (b) the distribution of the altitudes
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each storm. (b) Violin plots showing the distributions of WCTs in each
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4.1

4.1

4.2

Vertical cross-sections showing supercell precipitation, kinematic, and elec-
trical structure observed in the anomalous 10 April 2009 supercell. (a-b)
Radar observations correspond to the 1716 UTC ARMOR sampling volume
and lightning observations correspond to the 1718 UTC to 1720 UTC sam-
pling period. An inset panel in (a) of a horizontal cross-section in reflectivity
at z = 2 km AGL and between x = 48 and 18 km west and between y = 50
and 80 km north of ARMOR shows the location of vertical cross-sections in
(a-b) at y = 65 km north of ARMOR as a dashed black line. The vertical
cross-sections show (a) reflectivity and (b) HID (color fill according to the
color bars along the bottom of the plot) as well as vertical motion in positive
5m s !, 0m sl and negative 5 m s~! intervals (solid navy, solid white,
and dashed navy contours) in the cross-section plane. Storm relative motion
along the plane is also shown with gray wind barbs. Positive (red or gray
dots) and negative (blue or black dots) VHF sources associated with light-
ning flash propagation are shown within +0.5 km of the plane. Lightning
flash initiation locations within £0.5 km of the plane (white circles if light-
ning flash polarity was classified and purple circles if lightning flash polarity
was not classified) are shown on the HID vertical cross-section in panel (b).
Lightning flash initiation marker sizes are scaled by flash area. Panels (c-d)
are plotted as panels (a-b), showing a vertical cross-section 31 km west of
ARMOR at the time of the 1720 UTC radar sample volume along with light-
ning activity observed between 1722 UTC and 1724 UTC. The horizontal
reflectivity cross-section is shown at z = 2 km AGL between x = 45 and
15 km west and between y = 53 and 80 km north of ARMOR. ... .. ..

(continued) . . . . . ...

As in Figure 4.1 for the normal 11 April 2008 supercell. Panels (a-b) show
observations associated with the 1849 UTC radar sample volume and light-
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CHAPTER 1

INTRODUCTION

Thunderstorm charge structures are often interpreted as storm-scale generalizations
of particle-scale charging processes and macro-scale charge organization within the mixed-
phase updraft, the characteristics of which are dictated by environmental controls on cloud
microphysical and updraft properties. This dissertation addresses the detail in the con-
ceptual models that describe the physical relationships between storm-scale observations,
particularly with regard to the composition of and contributions to observed charge struc-
tures and spatial relationships between charge structure, the updraft, and lightning flash
characteristics.

Charge structures are often described in a basic sense as “normal” or “anomalous,”
terms which indicate the polarity and organization of inferred storm-scale charge regions
within the mixed-phase updraft (i.e., 0°C to -40°C). Normal charge structures (NCSs) are
minimally characterized by a dominant negative charge layer within the middle mixed-phase
updraft beneath a positive charge layer (Williams, 1989). Anomalous charge structures
(ACSs) instead minimally consist of a dominant positive charge layer in the low to middle
mixed-phase updraft beneath a negative charge region (Bruning et al., 2014; Williams et al.,

2005).



The dominant charge region observed in either charge structure is primarily asso-
ciated with the polarity of charge carried on riming precipitation ice (i.e., mainly graupel)
following particle-scale charging. In particular, ACSs are thought to occur when the dom-
inant mode of particle-scale charging shifts throughout an extensive depth of the updraft
such that riming precipitation ice hydrometeors become positively charged in the net rather
than negatively charged as observed under typical conditions (Bruning et al., 2014; Saunders
et al., 2006). It is thought that this reversal in particle-scale charging behavior results from
an increase in mixed-phase LWC (Saunders et al., 2006; Williams et al., 2005), supported by
environmental characteristics that promote a robust updraft capable of transporting more
substantial quantities of cloud LWC as well as those that limit warm precipitation pro-
cesses which deplete LWC before it can reach the mixed-phase region (Carey and Buffalo,
2007; Fuchs and Rutledge, 2018; Williams et al., 2005). Specifically, warm precipitation
processes deplete LWC through coalescence. As drops grow, they more effectively sweep
out smaller cloud droplets that could have otherwise been advected into the mixed-phase
region. Drop sizes and related warm precipitation efficiency may be reduced through higher
concentrations of smaller droplets, decreased moisture availability that reduces condensa-
tional growth, increased updraft speeds and reduced warm cloud depths which respectively
reduce the time and depth over which drops are allowed to grow, as well as increased aerosol
concentrations that increase competition for water vapor among drops (Carey and Buffalo,
2007; Rogers and Yau, 1989; Williams et al., 2002, 2005).

The development and organization of charge regions within the updraft impact spa-
tial characteristics of lightning flashes, including where they initiate with respect to the
updraft and their areal extent (Dye et al., 1986; Lhermitte and Williams, 1985). Differ-

ences in lightning flash location properties between storms exhibiting NCSs and ACSs (i.e.,



normal and anomalous storms) indicate that the polarity of charge structure may impact
spatial lightning flash characteristics as well. In storms within which ACSs were observed,
lightning flashes more frequently initiated at lower altitudes, in higher reflectivity regions,
and nearer to the updraft (Fuchs et al., 2016; Fuchs and Rutledge, 2018). However, the spe-
cific roles of charge structure polarity and organization in influencing the location at which
lightning flashes occur within the storm and with respect to the updraft are not completely
understood.

Observations of ACSs are infrequent, though historically have been most commonly
reported in the Great Plains region of the United States (US) (Carey et al., 2003b; Fuchs
et al., 2015; Knapp, 1994; Medici et al., 2017). As such, many of the conceptual models
associated with ACSs, including their particle-scale origins, the storm-scale organization of
their charge regions, and the environmental characteristics that contribute to them, have
been developed using observations from the Great Plains. It is thought that their relative
rarity in the Eastern US and especially the Southeast is associated with environmental
conditions that are more conducive to warm precipitation efficiency and therefore unsup-
portive of the positive charging of riming precipitation ice hydrometeors necessary for ACS
development (Carey et al., 2003b; Fuchs et al., 2018, 2015; Williams et al., 2005).

The research presented herein is concerned with the atypical observations of ACSs
in two supercell thunderstorms that occurred in the Southeastern US, particularly as they
seemingly pose challenges to the conceptual models by which ACSs are most readily ex-
plained. Diagnosis of these charge structures and the conditions under which they developed
may add detail to the existing conceptual models of ACS origins. They may also be used

to advance understanding of particle-scale charging processes, storm-scale charge structure



characterization, and contributions of charge structure characteristics to the spatial devel-

opment of lightning flashes with respect to the updraft.

1.1 Hypotheses and Research Questions

Chapters of the dissertation expound upon the aforementioned physical processes

and connections while addressing the following hypotheses and related research questions:

1. The unusual observation of ACSs in Southeastern thunderstorms suggest that either
(a) the environmental conditions in which the two observed storms formed were atyp-
ical for the Southeast but consistent with those observed in regions where anomalous
storms are more common, (b) the range of environmental characteristics supportive of
ACSs is broader than previously thought based on observations in the Great Plains,
and/or (c) Southeastern ACSs are generally inconsistent with conceptual models of

ACSs. Related research questions include:

(a) What are the thermodynamic and microphysical characteristics of storm-scale
charge regions observed in the updrafts of the observed anomalous supercells?
That is, is the positive charge region observed in the lower mixed-phase region
collocated with riming precipitation ice hydrometeors (including graupel and
dry hail), and the negative charge region observed above the dominant positive
charge region collocated with non-riming ice hydrometeors (including ice crystals

and aggregates)?

(b) Are kinematic and microphysical characteristics similar between Southeastern

anomalous thunderstorm structures and those documented in the literature?



(¢c) How do the pre-convective environmental characteristics associated with the ob-
served Southeastern ACSs compare with those observed in other regions that
are documented in the literature? Specifically, how comparable are the condi-
tions that are expected to limit the efficiency of warm precipitation processes

and promote enhanced mixed-phase LWC?

2. It is expected that environmental conditions and some aspects of storm structure
would contrast between anomalous and normal supercells in the Southeast. If envi-
ronmental conditions associated with ACSs in other regions were similarly influential
in Southeastern anomalous storms, it is expected that the environmental conditions
observed in Southeastern anomalous supercells would have favored relatively reduced
warm precipitation efficiency compared with Southeastern normal supercell environ-
ments. Additionally, Southeastern anomalous storm updrafts may have been larger
and stronger and their precipitation ice contents may have reflected comparative in-
creases in riming efficiency and/or total riming consistent with increased LWC. Re-

lated research questions include:

(a) Are environmental conditions different between normal and anomalous supercells
in the Southeast? Are contrasts comparable with those typically observed to

differentiate anomalous from normal storms in other regions?

(b) How do the sizes and speeds of updrafts compare between anomalous and normal
supercells?
(¢c) How do riming precipitation ice properties, including quantity and composition,

vary between anomalous and normal supercells?



3. If charge region polarity in anomalous storms were simply reversed from normal charge
structures, it is expected that lightning flash initiations and charge regions would be
observed in similar locations with respect to precipitation and updraft structure. Vari-
ations in lightning flash initiation location relationships with the updraft are expected
to arise as a result of changes in the characteristics of dominant charge regions that
may be associated with variability in particle-scale charging. Related research ques-

tions include:

(a) How do the spatial relationships between lightning flash initiations and the up-

draft compare between the anomalous and normal supercells?

(b) How do the microphysical characteristics of charge regions evolve during the

development of an ACS?

(c) How do spatial relationships between lightning flash initiations and the updraft
evolve? How do changes in lightning flash initiation location relationships relate

to changes in anomalous charge region characteristics?

1.2 Dissertation Organization

These hypotheses and related research questions are each addressed in individual
chapters, where Chapter 2 is considered foundational and each subsequent chapter (Chap-
ters 3 and 4) follows from the prior chapter. Each of the chapters was prepared as a
stand-alone manuscript intended for submission to a peer-reviewed journal. As such, each
is self-contained and includes its own abstract, introduction and motivation statement,
background, presentation and discussion of relevant data analyses, concluding remarks,
suggestions for future work, data availability statement, and funding source acknowledg-

ment. When converting the prepared manuscripts into dissertation chapters, minor changes



Table 1.1: Documentation of the correspondence between chapter number, hypothesis
number, and detailed journal manuscript reference.

Chapter Hypothesis Journal Manuscript Reference

2 1 Stough, S. M., and L. D. Carey, 2020: Observations of
anomalous charge structures in supercell thunderstorms in
the Southeastern United States. Journal of Geophysical
Research:  Atmospheres, 125 (17), €2020JD033012, doi:
10.1029/2020JD033012.

3 2 Stough, S. M., L. D. Carey, C. J. Schultz, and D. J. Cecil,
2020a: Examining conditions supporting the development of
anomalous charge structures in supercell thunderstorms in
the Southeastern United States. Journal of Geophysical Re-
search: Atmospheres, In preparation.

4 3 Stough, S. M., L. D. Carey, C. J. Schultz, and D. J. Ce-
cil, 2020b: Microphysical characteristics of supercell thun-
derstorm charge structure and influences on spatial lightning

flash relationships with the updraft. Monthly Weather Re-
view, In preparation.

were made to reduce redundancies. As similar instrumentation, data, processing techniques,
and analysis methods were utilized in each chapter, full descriptions are provided only once
in Chapter 2. Chapters 3 and 4 each include brief documentation of any changes in or addi-
tions to the data and methods that were first presented in Chapter 2. In addition, Appendix
A, following Chapter 4, details the implementation of a novel automated lightning flash-by-
lightning flash polarity classification technique developed for the purposes of this study that
is introduced in Chapter 2 and utilized in Chapters 2, 3 and 4. Appendix B next includes
a synopsis of the background meso-a environment as well as the progression of each of the
storm cases discussed. Finally, a single reference section combining references used in all
chapters is provided at the end of the dissertation. Each chapter is listed in Table 1.1 along

with indications of the hypotheses it addresses and detailed journal manuscript reference.



CHAPTER 2

OBSERVATIONS OF ANOMALOUS CHARGE STRUCTURES IN
SUPERCELL THUNDERSTORMS IN THE SOUTHEASTERN UNITED

STATES

2.1 Abstract

Anomalous thunderstorm charge structures, characterized by a dominant layer of
positive charge in the lower mixed-phase region, are uncommon and rarely reported outside
of the Great Plains region of the US. The kinematics, precipitation microphysics, and charge
structures of two supercell thunderstorms exhibiting ACSs that were observed in the South-
eastern US are documented. Ground-based three-dimensional total lightning observations,
polarimetric Doppler radar observations, and environmental model analysis of these super-
cells presented the opportunity to evaluate conceptual models of ACS development and
characteristics in an atypical parameter space. In both anomalous storms, prominent layers
of positive charge were located in lower to middle mixed-phase regions (-10°C to -30°C,
corresponding to the range between approximately 5.5 km to 6.0 km and approximately 8.5
km to 9.0 km) of updrafts and were spatially associated with riming hydrometeor types.
Simultaneously, negative charge regions were inferred above the primary positive charge
layers in the upper mixed-phase and glaciated region of updrafts, collocated with graupel

and small ice hydrometeors. While coarse inferred charge structures were consistent with



non-inductive charging-based models of anomalous storms, charge structure complexities
were also observed that suggested variability in cloud microphysical conditions. Analysis of
the environments in which these storms formed indicated that several parameters thought
to increase mixed-phase liquid water content in favor of anomalous charging were inconsis-
tent with those documented in the Great Plains region. However, environmental humidity
metrics were most comparable. Comparisons between these and other documented anoma-
lous storms identified similarities in kinematic structure and microphysical conditions while

motivating ongoing study of the environmental parameter space supportive of ACSs.

2.2 Introduction

Though observed thunderstorm charge structures are often varied and complex,
most are characterized by a dominant layer of negative charge located in the -10°C to
-30°C region within the thunderstorm updraft (e.g., Stolzenburg et al., 1998). By contrast
with these NCSs (Williams, 1989), ACSs are characterized by a dominant layer of posi-
tive charge thought to occur as a result of atypical particle-scale charging conditions (e.g.,
Bruning et al., 2014; Fierro et al., 2006; Kuhlman et al., 2006; MacGorman et al., 2005;
Mansell et al., 2002; Rust et al., 2005; Williams et al., 2005). As discussed herein, ACSs
are also referred to as “inverted” in the literature, terminology addressed and clarified by
Bruning et al. (2014). Within the continental US, ACSs have been documented most often
in the Great Plains region and are consequently attributed to a specific range of environ-
mental conditions thought to be favored by the regional climate, including elevated cloud
base heights (CBHs), increased instability, and reduced mid-level relative humidity (RH)
(e.g., Carey and Buffalo, 2007; Carey et al., 2003b; Fuchs et al., 2015; Williams et al., 2005).

While conditions supporting ACSs may theoretically manifest in any locale allowing deep



convection, large sample studies have repeatedly identified their relative scarcity in con-
trasting regions such as the Southeastern US (e.g., Carey and Buffalo, 2007; Carey et al.,
2003b; Fuchs et al., 2015; Medici et al., 2017). Observations of two Southeastern supercells
possessing ACSs (hereafter referred to as “anomalous supercells” or “anomalous storms”)
present the opportunity to characterize the nature of these electrically exceptional storms
in an atypical setting. Comparisons between these supercells and those documented in the
Great Plains region allow for a more robust evaluation of the conditions presumed favorable
to the development of ACSs.

Beyond advancing understanding of the physical origins of charge structure, the
development of ACS characterization carries implications for remote sensing and nowcasting
of thunderstorms. Lightning data are increasingly utilized for severe storm nowcasting
because of intrinsic relationships between lightning, thunderstorm intensity, and production
of high-impact convective phenomena (e.g., Carey et al., 2019; Deierling and Petersen, 2008;
Lang and Rutledge, 2002; MacGorman et al., 1989; Reap and MacGorman, 1989; Schultz
et al., 2017, 2015, 2011; Stough et al., 2017; Williams et al., 1999). Anomalous storms are
often associated with increased severe weather production, including increased quantities of
and/or larger severe hail (e.g., Branick and Doswell III, 1992; Carey and Rutledge, 1998;
Curran and Rust, 1992; Gilmore and Wicker, 2002; Lang and Rutledge, 2002; MacGorman
and Burgess, 1994; MacGorman and Nielsen, 1991; Reap and MacGorman, 1989; Seimon,
1993; Stolzenburg, 1994). However, it has been shown that lightning initiates at lower
altitudes in anomalous storms, potentially impacting detectability from spaceborne optical
detection platforms (Fuchs and Rutledge, 2018; Murphy and Said, 2020). Awareness of the

characteristics of these storms and their detectability is vital to their correct interpretation

10



in the context of severe weather nowcasting, as is understanding the range of circumstances

under which they may develop.

2.2.1 Thunderstorm Charge Structures

Thunderstorm charge structures arise from storm-scale separation of positive and
negative charge regions following particle-scale charge separation (e.g., Williams, 1985).
Ice-ice collisional non-inductive charging (NIC) is thought to be the primary mechanism of
particle-scale charge separation (Jayaratne et al., 1983; Reynolds et al., 1957; Saunders et al.,
2006; Takahashi, 1978), during which, rebounding collisions between riming, precipitation-
sized ice and non-riming (small) ice result in the transfer of charge. The magnitude and
polarity of particle-scale charge transfer have been found to be affected in part by the size
and velocity of participating particles, the rate of riming and associated effective liquid water
content (LWC), as well as cloud and particle temperatures (Avila and Pereyra, 2000; Emersic
and Saunders, 2010; Jayaratne et al., 1983; Saunders et al., 2006; Saunders and Peck,
1998). Results from laboratory studies indicate that graupel (ice crystals) typically charge
negatively (positively) during ice-ice collisional NIC (Berdeklis and List, 2001; Jayaratne
et al., 1983; Saunders et al., 2006; Takahashi, 1978). However, graupel (ice crystals) instead
charge positively (negatively) when LWC is increased as well as at temperatures warmer
than -10 °C as a result of increased riming efficiency (Berdeklis and List, 2001; Jayaratne
et al., 1983; Saunders et al., 2006; Saunders and Peck, 1998; Takahashi, 1978). Analytical
models and limited results from laboratory studies have suggested that supersaturation
may play an additional role in the polarity of particles charging by ice-ice collisional NIC
(Emersic and Saunders, 2020; Mitzeva et al., 2005; Saunders et al., 2006; Tsenova et al.,

2010). Once particle-scale charging has taken place, differential gravitational sedimentation

11



and advection of charged particles by kinematic processes at the storm to turbulent scales
result in accumulated charged hydrometeors and net charge regions (e.g., Bruning and
MacGorman, 2013; Lhermitte and Williams, 1985; Williams, 1985).

Thunderstorm charge structure classification is typically based on the primary charge
layers identified near the updraft where most particle-scale charge transfer occurs and ini-
tial cloud-scale charge separation takes place (e.g., Bruning et al., 2010). In the simplified
model of a normal storm, negatively charged riming ice (i.e., graupel or dry hail) separates
from positively charged cloud ice particles by differential sedimentation, establishing the
main negative and upper positive charge regions in the mixed-phase updraft. The lower
positive charge region in the updraft in a normal tripole results from similar differential sed-
imentation of positively charged graupel at warm temperatures, while negatively charged
cloud ice arising from these collisions is advected upward into the main negative charge
region. It should be noted as well that while inductive charging, or charging in the pres-
ence of established electric fields, is not an initial primary electrification mechanism, it may
also contribute to negatively charged droplets within the main negative charge region (e.g.,
Helsdon et al., 2002; Mansell et al., 2005).

Enhanced LWC in the mixed-phase updraft is thought to facilitate a deeper layer of
more efficient riming growth. By the ice-ice collisional NIC theory, enhanced positive charg-
ing of riming ice hydrometeors extends the depth over which positive charge is observed,
resulting in either a lower positive charge region that is larger than normal or a dominant
mid-level positive charge layer in anomalous storms (e.g., Bruning et al., 2014; Carey and
Buffalo, 2007; Fierro et al., 2006; Kuhlman et al., 2006; MacGorman and Burgess, 1994;
MacGorman et al., 2005; Qie et al., 2005; Saunders et al., 2006; Tessendorf et al., 2007a,b;

Wiens et al., 2005; Williams, 2001). The negative charge layer located above the dominant
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positive charge region then includes small ice that charged negatively during ice-ice colli-
sional NIC. While a lower negative charge layer is also occasionally observed in an anoma-
lous tripole, it cannot be explained by ice-ice collisional NIC in a simple one-dimensional
framework because the temperatures in this region do not support negative NIC of riming
hydrometeors (Bruning et al., 2014; Saunders et al., 2006). It has been suggested that the
lower negative charge region results instead from advection and sedimentation of negatively
charged graupel from a region of the updraft with lower LWC, inductive charging, and/or
charge deposited by lightning channels (Brothers et al., 2018; Bruning et al., 2014; Kuhlman

et al., 2006; Mansell et al., 2005; Wiens et al., 2005).

2.2.2 Climatology of Anomalous Charge Structures in the US

The historical context of thunderstorm polarity and its climatology was derived from
early studies utilizing cloud-to-ground (CG) lightning data in the absence of widespread
availability of total lightning data including both CG and in-cloud (IC) lightning flashes.
Thunderstorms with a large fraction of positive CG lightning flashes can be considered as
proxies for anomalous storms. A deep positive charge layer in the lower mixed-phase region
consistent with ACSs is suggested as one of the principal conditions that supports a high
fraction of positive CG lightning flashes (e.g., Carey and Buffalo, 2007; MacGorman and
Burgess, 1994; Rust and MacGorman, 2002; Williams et al., 2005; Williams and Stanfill,
2002), along with a minor region of lower negative charge (e.g., Mansell et al., 2002; Wiens
et al., 2005).

Climatology studies have offered repeated evidence of a relative scarcity of ACSs in
the Southeastern US. Early studies examining CG polarity over a large portion of the US

found that tornadic storms with primarily positive CG lightning flashes were identified only
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in the Midwest and Great Plains (Knapp, 1994) as well as that only 2% of severe storms
with primarily positive CG lightning flashes were identified in the Eastern US compared
with 48% in the Northern Plains (Carey et al., 2003b). Broader CG climatologies identified
greater positive CG percentage in the Great Plains and upper Midwest compared with the
Eastern US as well (e.g., Medici et al., 2017; Rudlosky and Fuelberg, 2010), with an 8.5%
higher positive CG percent in the Great Plains overall compared with the South Central
and Southeastern US (Medici et al., 2017). A subsequent large-scale total lightning-based
study examining the climatology of ACSs identified similar results, where no anomalous
storms were identified in either the North Alabama (AL) or Washington DC areas in the

period of study (Fuchs et al., 2015).

2.2.3 Hypothesized Factors Contributing to the Development of Anomalous

Charge Structures

Studies have examined the characteristics of and environmental settings for storms
exhibiting primarily positive CG lightning flashes or explicit ACSs. These storms were of-
ten characterized in early observations as having robust updrafts (e.g., Branick and Doswell
ITI, 1992; Curran and Rust, 1992; MacGorman and Burgess, 1994; Seimon, 1993) and/or
low precipitation (LP) supercell structure (e.g., Carey et al., 2003a; Carey and Rutledge,
1998; Gilmore and Wicker, 2002; Lang and Rutledge, 2002; Smith et al., 2000). Studies
of near-storm environmental conditions have been consistent with and added specificity to
these structural observations, frequently identifying greater metrics of instability (Carey
and Buffalo, 2007; Chmielewski et al., 2018; Fuchs et al., 2015; Gilmore and Wicker, 2002;
Lang and Rutledge, 2006; Seimon, 1993), drier low- to mid-level air (Bluestein and Mac-

Gorman, 1998; Carey and Buffalo, 2007; Chmielewski et al., 2018; Seimon, 1993), decreased
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melting level heights and/or increased lifted condensation levels (LCLs) resulting in more
shallow warm cloud depths (WCDs) (Carey and Buffalo, 2007; Fuchs et al., 2018, 2015; Lang
and Rutledge, 2006), and in some instances, increased aerosol concentrations or proximity
to smoke (Fuchs et al., 2015; Lang and Rutledge, 2006; Logan, 2018; Lyons et al., 1998).
Though exceptions to the aforementioned environmental relationships have been identified,
including anomalous storms sometimes characterized by deeper WCDs (Chmielewski et al.,
2018; Lang and Rutledge, 2011), less instability (Fuchs et al., 2018), and greater mid-level
RH (Fuchs et al., 2018) compared with their normal counterparts, it has been suggested
that the extent to which a complex mixture of environmental components impacts charge
structure can vary such that some mechanisms may be more dominant in different circum-
stances (Carey and Buffalo, 2007; Carey et al., 2003b; Chmielewski et al., 2018; Fuchs et al.,
2015; Williams et al., 2005).

The aforementioned environmental conditions are related to processes that promote
increased mixed-phase LWC. Modeling studies and indirect observations suggest that in-
creased mixed-phase LWC enhances riming processes and supports increased positive charg-
ing of riming hydrometeors required for the development of ACSs (e.g., Kuhlman et al., 2006;
Mansell et al., 2005), though direct observations of LWC in deep convection with mature
updrafts are difficult to obtain for validation. Reduction in the growth of warm rain is
suggested to preserve the amount of cloud LWC available to the mixed-phase region for ice
growth processes (e.g., Carey and Buffalo, 2007; Fuchs et al., 2015; Lang and Rutledge, 2011;
MacGorman et al., 2008; Williams et al., 2005), as well as reduce the effects of drag of water
loading on the updraft. Shallow WCDs and higher CBHs are suggested to reduce the depth
over which mixing and entrainment inhibit buoyancy and limit the updraft (Carey and Buf-

falo, 2007; Williams et al., 2005) and warm rain processes deplete LWC (Carey and Buffalo,
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2007; Fuchs et al., 2016, 2018). Large, fast updrafts are suggested to transport larger LWC
quantities, limit entrainment, and shorten the time over which rain growth processes reduce
cloud water (Carey and Buffalo, 2007; Fuchs et al., 2016, 2018). To similar effect, reduction
in drop size through increased aerosol concentration and cloud condensation nuclei (CCN)
decreases the efficiency of warm rain growth processes (Chmielewski et al., 2018; Mansell
and Ziegler, 2013; Tao et al., 2012; Williams et al., 2002). Smaller cloud drops may also

promote positive charging of riming hydrometeors (Avila and Pereyra, 2000).

2.2.4 Goals of the Present Analyses

At present, existing case studies of anomalous charge structures utilizing detailed
observations and total lightning data have only considered storms in the Great Plains or
Midwest regions (e.g., Bruning et al., 2010; Chmielewski et al., 2018; DiGangi et al., 2016;
Fuchs et al., 2018; Lang et al., 2004; MacGorman et al., 2011, 2008; Rust and MacGorman,
2002; Rust et al., 2005; Tessendorf et al., 2007a,b; Wiens et al., 2005). Existing exemplary
case studies have contrasted microphysical and kinematic structures and environmental
characteristics in Colorado (CO) anomalous and AL normal storms (Bruning et al., 2014;
Fuchs et al., 2018). However, anomalous storms in the Southeastern US have not been
identified or described.

Since their existence is unexpected based on prior results and their storm and en-
vironmental properties are largely unknown, the first detailed lightning and radar obser-
vations of two anomalous supercell thunderstorms documented in the Southeastern US are
introduced herein. Active charge regions, precipitation microphysics, and the kinematic
structure of these storms are first analyzed, building upon and diversifying detailed diag-

noses of ACSs in the literature. An automated technique used to classify charge structure
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is also introduced as an alternative method to traditional manual charge structure analy-
sis, providing the potential for more widespread future detailed charge structure diagnoses.
Southeastern anomalous storms challenge existing hypotheses concerning ACS development,
particularly with regard to LWC requirements. Structural and environmental characteris-
tics of the two Southeastern anomalous supercells are compared with others documented in
the literature to assess their consistency with current NIC-based conceptual models of ACS
characteristics. Observations of these outlier thunderstorms in the Southeastern US and
their comparisons with other anomalous storms prompt discussion of additional potential

pathways to anomalous charging.

2.3 Data and Methods

The two anomalous supercells discussed herein were sampled during local research
operations on 10 April 2009 and as part of the Verification of the Origins of Rotation in Su-
percells EXperiment - SouthEast (VORTEX-SE; Rasmussen, 2015) and the Geostationary
Operational Experiment Satellite - Series R Post Launch Test (GOES-R PLT; Padula et al.,
2017) Intensive Observations Periods (IOPs) on 22 April 2017 in Northern AL and South-
ern Tennessee (TN). In each case, total lightning data from the North Alabama Lightning
Mapping Array (NALMA; Blakeslee, 2019; Carey and Blakeslee, 2020a; Koshak et al., 2004;
Rison et al., 1999), the polarimetric C-band Advanced Radar for Meteorological and Opera-
tional Research (ARMOR;; Carey and Blakeslee, 2020a; Carey and Knupp, 2017; Mecikalski
et al., 2015), and the S-band operational Weather Surveillance Radar - 1988 Doppler (WSR-
88D; Crum and Alberty, 1993; Doviak et al., 2000; NOAA National Weather Service (NWS)
Radar Operations Center, 1991) KHTX were utilized. The sampling domain and instrument

network configurations are mapped in Figure 2.1.
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Figure 2.1: Sampling domain. ARMOR and KHTX (dark blue and dark red diamonds),
permanent and supplemental NALMA sensors (green circles and orange crosses) with an-
notations concerning special operating conditions (black dots and gold dots), the 30° beam-
crossing area of the dual-Doppler domain between ARMOR and KHTX (purple rings), and
storm tracks (red dashed lines) are shown.

Supplemental environmental data were also assessed for each storm. The storms
of interest were often located at considerable distances from the nearest National Weather
Service Radiosonde sites and occurred over periods that did not overlap with the opera-
tional launch times. Additionally, sounding launches that occurred as part of VORTEX-SE
IOPs did not overlap spatially with the 2017 storm. Hourly 13-km model analysis data from
the Rapid Update Cycle (Benjamin et al., 2004) and the Rapid Refresh (Benjamin et al.,
2006) were used for the 2009 case and 2017 case, respectively, to assess the pre-convective
environment. The concentration of CCN constitutes an additional component of the envi-

ronment that may influence the charge structure of a storm. Hourly total aerosol PM2.5

18



data were used as a loose proxy for CCN quantities on each of the case days (Centers for
Disease Control and Prevention, 2019). Concentrations of PM2.5 were detected using a
federal reference method monitor in Morgan County, AL on 10 April 2009 and in Jefferson

County, AL and Hamilton County, TN on 22 April 2017.

2.3.1 Lightning Data

Total lightning data were obtained from the NALMA. Under normal operating con-
ditions as on 10 April 2009, the network consists of between 10 and 12 sensors distributed
throughout Northern AL and Southern TN at fixed sites. During the spring of 2017, the
standard array was temporarily supplemented with four additional sensors, shown in Fig-
ure 2.1. LMA sensors detect and record the time and magnitude of peak emission of very
high frequency (VHF) radiation from lightning propagation in 80 us intervals. These VHF
point detections are referred to as sources, the three-dimensional locations of which are
identified using a time of arrival technique (Thomas et al., 2004). A minimum of six sen-
sors is traditionally utilized to determine the location of sources to increase the accuracy
of detection and reduce the probability that noise will be classified as lightning emission
(Rison et al., 1999). To mitigate inclusion of noise associated with an increase in network
sensitivity as a result of additional sensors, a seven-station minimum was instead employed
with 22 April 2017 data while the typical six-station minimum was used with 10 April 2009
data.

Source location accuracy is greatest within the perimeter of the LMA sensor network
with errors of 50 m or less (Koshak et al., 2004; Thomas et al., 2004). Beyond the network
perimeter, location errors increase with the square of the range from the center of the

network (Thomas et al., 2004). Simulations using the standard NALMA configuration have
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shown that with 10-receiver source identification and no noise, horizontal (vertical) source
location errors are typically less than 500 m (1000 m) within a range of 100 km of the
network center (Koshak et al., 2004).

Source detection efficiency also decreases with range from the center of the LMA
network and low-altitude sources at distant ranges are also not well detected because of
line of sight limitations (e.g., Boccippio et al., 2001; Carey et al., 2005; Chmielewski and
Bruning, 2016; Fuchs et al., 2016; Thomas et al., 2001). Source location accuracy and
detection efficiency impact lightning flash detection as well, though effects are more gradual
with range. For instance, while source density relaxes to half the maximum value at a
range of 50 km from the network center, lightning flash density does so at a range of
125 km from the network center (Fuchs et al., 2016). Simulations with a 12-sensor LMA
network configuration showed that lightning flash detection efficiency decreased from 100%
at the LMA network center to 96% at a 100 km range of the network center and to 89%
at a range of 150 km from the network center (Chmielewski and Bruning, 2016). If fewer
stations are utilized, these reported decreases could occur at closer ranges.

Storms remained within 125 km of the network center for the duration of their analy-
ses, wherein the reported source location accuracies and detection efficiencies are considered

reasonable.

2.3.1.1 Lightning Flash Clustering

Thunderstorm charge structure analysis proceeds from aggregated sources whose
polarities were classified in individual lightning flashes. Lightning flash identification there-
fore serves as the initial component of identifying active charge regions. The temporal

and spatial information of source data were used to identify clusters considered as individ-

20



ual lightning flashes via the Density-Based Spatial Clustering of Applications with Noise
(DBSCAN; Ester, M. et al., 1996) algorithm implemented in the lmatools Python pack-
age (Fuchs et al., 2016, 2015). Briefly, the three-dimensional locations and time of each
source detection were standardized by 3.0 km and 0.3 s, scaling factors found to correspond
with the spatial and temporal nature of lightning flash propagation characteristics upon
examination of individual lightning flashes (Fuchs et al., 2016, 2015). These standardized
spatiotemporal locations were grouped using a machine-learning approach that assessed
their density (Ester, M. et al., 1996; Fuchs et al., 2016). To be considered for lightning flash
clustering, each source must have had a maximum reduced chi-square value of 1.0 and have

been detected by a minimum of six or seven sensors, depending on the storm case

2.3.1.2 Lightning Flash Polarity Classification

As illustrated in Figure 2.2a, positive and negative lightning flash leaders propagate
bidirectionally away from the initiation location of a lightning flash, each spreading into
horizontally-oriented regions of large electric potential in net charge regions of the opposite
polarity (Bruning and MacGorman, 2013; Coleman et al., 2003; MacGorman et al., 1981;
Mazur and Ruhnke, 1993; Thomas et al., 2001; Williams, 1985). Total lightning data from
LMAs are useful for thunderstorm polarity assessment because of the nature of lightning
propagation in the VHF. Negative breakdown associated with propagation of the negative
leader in positive charge regions occurs more noisily and produces more power than positive
breakdown associated with propagation of the positive leader in negative charger regions
(Maggio et al., 2005; Rison et al., 1999; Rust et al., 2005; Shao and Krehbiel, 1996; Thomas

et al.,, 2001). As a result, positive charge regions are more readily detected using LMA
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Figure 2.2: Diagrams of bidirectional lightning flash propagation and detection in the
VHF. (a) Bidirectional lightning flash propagation describes the development of a lightning
flash which begins at the point of lightning flash initiation (yellow circle) in the strong
electric field created by opposite positive and negative charge regions (red and blue ovals).
Positive and negative leaders (light red and light blue arrows) first propagate vertically
away from the initiation point and then horizontally throughout regions of charge which
are opposite the polarity of each leader. (b) VHF source locations plotted in altitude and
time as a lightning flash develops (dots colored by time, where earlier colors are cooler and
later colors are warmer) show the two-layer structure of a lightning flash, identifying the
altitude of each charge region. The denser sources indicate more noisy detection of negative
leader propagation through positive charge (red shaded rectangle) apart from sparse sources
associated with weaker detection of positive leader propagation through negative charge
(blue shaded rectangle) as detected in the VHF.

data. An example of a lightning flash detected by the NALMA and variations in detection
of positive and negative breakdown are shown in Figure 2.2b.

Traditionally, thunderstorm polarity inferences have been made using vertical source
distributions (e.g., Fuchs et al., 2016; Fuchs and Rutledge, 2018; Fuchs et al., 2018, 2015;
Lang and Rutledge, 2011) or aggregated lightning flash-by-lightning flash source polarity
analysis (e.g., Bruning et al., 2007; Chmielewski et al., 2018; Lang et al., 2004; Rust et al.,
2005; Tessendorf et al., 2007a,b; Wiens et al., 2005), each method utilizing the noisier prop-
erties of lightning propagation in positive charge regions. While vertical source distributions
can be used to infer gross charge structure, lightning flash-by-lightning flash methods allow

more detailed examination in complex structure, including features such as shallow charge
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layers and horizontal heterogeneity. It should be noted that all LMA-based methods of
polarity classification only include charge regions that participate in lightning flashes and
do not capture smaller or weaker regions of charge accumulation such as screening layers
(Coleman et al., 2003).

Manual subjective lightning flash-by-lightning flash analysis can be time intensive,
particularly over long durations and in storms with high lightning flash rates. Automated
lightning flash-by-lightning flash techniques that leverage the properties of VHF lightning
detection alongside the model of bidirectional lightning flash development and propagation
allow for analysis of larger quantities of data (e.g., Tessendorf et al., 2007a). The clustering
capabilities of the DBSCAN algorithm can be used to classify the polarity of source data
in individual lightning flashes, leveraging the greater density of higher power emission of
negative breakdown for identification of positive charge regions apart from weaker, more
temporally sparse emissions of positive breakdown in a spatially distinct negative charge
region. Density-based identification of negative breakdown is resistant to errors that may
arise when the conditions of lightning flash propagation present challenges to the assump-
tions of lightning flash development such as in vertically slanted charge regions or when the
lightning flashes themselves are erroneously identified. A new method developed to classify

breakdown polarity using DBSCAN is discussed in further detail in Appendix A.

2.3.1.3 Charge Structure Determination

Classified source data were aggregated to map active net charge regions. Sources
identified as associated with negative breakdown in positive charge regions are referred
to as positive sources while sources identified as consistent with positive breakdown in

negative charge regions are referred to as negative sources for simplicity. During each
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sampling period, classified source data were gridded to match radar analysis grids. As
radar volume scans occurred over an approximate four- to five-minute period, the mixed-
phase region of a storm was not sampled until approximately two to three minutes after the
radar volume start time. To best match lightning information with radar measurements
of the mixed-phase region, lightning data from a 2-minute period beginning two minutes
after the earliest volume start time of a matched radar pair used for vertical wind retrieval
were used. Thunderstorm charge structure classification was determined using positive and

negative sources within regions of vertical motion of >5 m s 1.

Gridded source data in
these regions were recast in terms of relative vertical distribution with respect to the total
positive or negative sources detected at each sampling period instead of considering raw
source quantities in order to mitigate the effects of relative source detection associated with

positive and negative breakdown in the VHF. Vertical distributions of positive and negative

source grids were subsequently compared to assess distinct net charge layer polarity.

2.3.2 Radar Data

Data from ARMOR in RAW format were post-processed as outlined in Mecikalski
et al. (2015) to correct for attenuation and differential attenuation as well as to compute
specific differential phase according to the methods described by Bringi et al. (2001). All
ARMOR data were manually quality controlled using the National Center for Atmospheric
Research solo3 software (Oye et al., 1995) to remove artifacts such as second trip echo, three-
body scatter, and ground clutter and to correct for sector shift. Additionally, ARMOR and
KHTX Doppler velocity (V) data were dealiased using the University of Washington 4DD
algorithm (James and Houze, 2001) implemented in the Python Atmospheric Radiation

Measurement Radar Toolkit (Py-ART; Helmus and Collis, 2016) with subsequent manual
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correction as needed using solo3 software. Additional information on radar operation, data,
and data quality issues can be obtained in Rauber and Nesbitt (2018).

Prior to analysis, radar data were gridded using Py-ART to a common Cartesian
coordinate system centered on the ARMOR location with three-dimensional 1-km grid
spacing according to a Cressman weighting scheme. The radius of influence (ROI) used
expanded by 0.025 m in the horizontal and 0.04 m in the vertical for every meter increase
in horizontal and vertical distance, respectively, from the nearest radar, with a minimum

ROI of 870 m.

2.3.2.1 Hydrometeor Identification

Analysis of precipitation microphysics is augmented by information from dual-
polarization radar data. Dual-polarization data were only available from ARMOR in 2009.
For consistency, all derived quantities dependent upon dual-polarization variables in each
case were computed only using ARMOR data. For the 2017 case, comparisons of derived
polarimetric products such as hydrometeor identification (HID) from KHTX and the AR-
MOR found no significant differences that would impact the interpretations of analyses or
core results. A similar conclusion was reached by Mecikalski et al. (2015).

Regions of riming and small ice hydrometeors are of particular interest in assessing
the microphysical characteristics of charge structure. The most likely hydrometeor type
within each grid volume was determined from a fuzzy-logic based HID algorithm (Dolan
and Rutledge, 2009; Dolan et al., 2013) implemented in the CSU RadarTools Python pack-
age (Lang et al., 2016; Mroz et al., 2017). The HID algorithm identified grid volumes
dominated by one of ten hydrometeor classes based on weighted inputs of temperature,

horizontal reflectivity, differential reflectivity, specific differential phase, and copolar corre-
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lation coefficient. After sensitivity testing to assess relative impacts of varying emphasis
of dual-polarization variables on categorized radar volumes, the selected weights applied to
each data type in the fuzzy-logic expression (Dolan and Rutledge, 2009) were 1.0, 1.0, 0.45,
0.3, and 0.25, respectively. The ten hydrometeor classes diagnosed by the HID algorithm
include hail, large raindrops or melting hail, high-density (HD) graupel, low-density (LD)
graupel, melting snow, aggregates, ice crystals, vertically oriented ice, rain, and drizzle.
To approximate quantities of hydrometeors that were most closely associated with
riming in the updraft, precipitation ice mass (PIM) in each storm was calculated from
ARMOR data using reflectivity and mass relationships (Deierling et al., 2008; Heymsfield
and Miller, 1988) in the regions of updraft >5 m s~ where large drops/melting hail, hail,
HD graupel, or LD graupel categories were identified. Non-precipitation ice mass (NPIM)
was calculated using reflectivity in aggregate, ice crystal, and vertically oriented ice regions
according to the flux divergence method (Deierling et al., 2008). By this method, only
non-precipitation-sized ice most likely participating in charging processes near the updraft

was considered.

2.3.2.2 Vertical Wind Retrieval

Three-dimensional flow was obtained from dual-Doppler analysis using dealiased V;
data from KHTX and the ARMOR. Dual-Doppler analysis was accomplished using the
three-dimensional variation (3DVAR) technique (Potvin et al., 2012b; Shapiro et al., 2009)
implemented in the Pythonic Direct Data Assimilation (PyDDA) package (Jackson et al.,
2019). The 3DVAR technique minimizes a cost function with penalty terms that compare
the analysis winds with the observed V, data from two or more radars, mass conservation

of the analysis, and smoothness constraints (Potvin et al., 2012b; Shapiro et al., 2009).
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The weights applied to each of the penalty terms in the cost function were determined
through sensitivity testing procedures similar to those discussed in Shapiro et al. (2009).
An observations weight of 1, a mass conservation weight of 1500, and a three-dimensional
smoothness weight of 1e-5 were used for each storm.

Unlike traditional techniques, the 3DVAR method does not use integration of the
mass continuity equation between boundaries where vertical motion, w, is assumed to be
0 m s~!'. This aspect offers the important benefit of omitting the requirement that the
storm top be sampled in order to retrieve vertical motion with better accuracy from the
remaining parts of the storm (Potvin et al., 2012a). That is, vertical wind retrievals can be
considered reliable in regions beneath levels at which upper level data were not available
(Potvin et al., 2012¢). It is worth noting, however, that retrievals are more susceptible to
errors at upper levels, including as a result of gridding artifacts (Collis et al., 2010; Potvin
et al., 2012c). Therefore, while most observed structures are physically consistent, some

details could be the result of artifacts at the highest altitudes of retrievals.

The primary vertical velocity quantities analyzed consisted of the area or volume

1 1

of updraft with speeds of 5 m s™" or greater and 10 m s~ or greater, referred to as
5m s~ ! or 10 m s~! updraft area or volume, and maximum updraft speed, calculated as
the 99th percentile of vertical velocity. A 10 dBZ reflectivity threshold was applied prior
to calculation of these quantities in order to omit areas of noise associated with gridding

artifacts aloft in regions of increasing vertical beam spread or lack of radar coverage (Collis

et al., 2010; North et al., 2017; Potvin et al., 2012c).
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2.3.3 Environmental Data

Reconstructed soundings from model analysis were examined in the nearest hour
prior to each storm analysis period in its initial analyzed location to avoid convective con-
tamination. Model sounding analysis times are listed in Table 2.1 while key environmental
parameters are provided in Table 2.2. Environmental temperatures from these soundings
were provided as required inputs to the HID and PyDDA algorithms. Temperature lev-
els obtained from a virtual temperature-based psuedoadiabatic parcel were used instead
of environmental temperatures as references in spatial storm analyses. Though neither
a pseudoadiabatic parcel-based profile nor environmental profile accurately represents in-
cloud conditions, the pseudoadiabatic profile is considered as an upper limit that may better
approximate conditions within a moist updraft wherein most lightning processes are ana-
lyzed. Unless otherwise noted as environmental, temperatures in remaining discussion are
based on the pseudoadiabatic parcel.

Concentrations of PM2.5 are reported as a single average value from the proximal
sensor(s) from the period two hours prior to one hour after the beginning of each storm
analysis period (Table 2.2). Averages were used to mitigate the effects of variability in
detected concentrations, including those associated with precipitation. Though these are
surface data and quantities at and above cloud base are reasonably expected to have been
lower, the relative differences provide a general indication of the CCN that might have been

available to each storm.

2.4 Anomalous Storm Structure

Figure 2.1 shows the path of each supercell in Southern TN through the sampling

domain centered in Northern AL. As part of the process to associate lightning with its parent
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Table 2.1: Anomalous supercell case analysis parameters.

Case Date Analysis Model Min. Tracking  W., E.;S.,N.
Period [UTC] Analysis Reflectivity Expansion
Sounding [dBZ] [km)]
Time [UTC]
10 Apr 2009 1712-1825 1600 30 10, 25, 12, 10
22 Apr 2017 2056-2206 2000 20 5,25, 10, 15

Table 2.2: Pre-convective environmental parameters derived from a model analysis sound-
ing in the location of each anomalous supercell an hour prior to its initial observation

period. Average proximal PM2.5 data are provided as a regional proxy of estimated CCN
concentration on each date.

Parameter 10 April 2009 22 April 2017
CAPE [J kg™ 1] 2123 1453
NCAPE [m s~ 0.19 0.14
0-6 km shear [m s™!] 32.4 24.5
LCL height [m] 643 900
Environmental melting level (ML) [m] 3105 3617
Warm cloud depth = ML-LCL [m] 2460 2720
Surface temperature [°C| 20.6 22.2
Surface dew point temperature [°C] 16.6 18.2
Mean mixing ratio in the lowest 100 hPa [g kg™!] 11.4 11.9
Precipitable water in the surface to 400 hPa layer [cm] 2.3 3.2
Mean RH below ML [%] 71 84
Mean RH in the 500 hPa to 700 hPa layer [%] 21 36
Average hourly PM2.5 concentrations [pug m ™3] 22 6

supercell, each storm was tracked using the Warning Decision Support System - Integrated
Information (Lakshmanan et al., 2007) software as described in Stough et al. (2017). In
summary, storm feature footprints were identified using regions of gridded reflectivity at
the height of -10°C and tracked through time. These footprints were characterized by a
centroid location and latitudinal and longitudinal radii that were used to construct a box
within which storm data were assessed, including lightning flash initiations and associated
propagation, vertical velocity metrics, and ice mass. Tracking box radii were subjectively

broadened to fully capture the spatial extent of each storm while maintaining its separation

29



from surrounding deep convection. The tracking parameters and expansion distances used
in each case are documented in Table 2.1 along with the period of time over which each
storm was analyzed. The criterion determining the analysis period for each supercell was the
duration over which it was sampled within the 30° beam-crossing area of the dual-Doppler

domain established between the ARMOR and KHTX.

2.4.1 10 April 2009 Anomalous Supercell

The 10 April 2009 supercell was analyzed in the northern lobe of the dual-Doppler
domain between 1712 UTC and 1829 UTC as it propagated from southwest to northeast
through southern TN. It was first analyzed shortly after initiating, allowing observation
of its maturation. Over the analysis period, it produced an average lightning flash rate
of 41 min~! with a maximum lightning flash rate of 79 min~' at 1810 UTC. Several hail

reports were associated with this storm with a maximum diameter of 4.44 cm.

2.4.1.1 Characterization of All Sources

As the storm intensified through the first 30 minutes of analysis, the updraft size
and intensity and total PIM within the updraft increased (Figures 2.3g and 2.3h). The
mode altitude of all sources detected during the analysis period similarly increased over
time from between 4 km above ground level (AGL) and 5 km AGL near -10°C through
1748 UTC to between 7 km AGL and 8 km AGL near -20°C by the end of the analysis
period (Figure 2.3a). The mode altitude of all classified positive sources (Figure 2.3b)
was strongly correlated with that of all sources as expected given the nature of lightning

propagation in the VHF'. By contrast, the quantity of all classified negative sources detected
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was lower and most concentrated at higher altitudes in the storm between 7 km AGL and

10 km AGL near -30°C (Figure 2.3c).

2.4.1.2 Characterization of Positive Sources within the Updraft

The distribution of positive sources located in the updraft (Figure 2.3d) was similar
to that of all positive sources through 1728 UTC, most concentrated between 4 km AGL and
6 km AGL. As the updraft intensified between 1733 UTC and 1739 UTC, PIM resulting from
hail (Figure 2.3j) and HD graupel (Figure 2.3k) increased in the 4 km AGL to 5 km AGL
layer of the mixed-phase region. Though LD graupel continued to dominate the mixed-
phase region, the largest hail fractions within the updraft were also observed during this
time, consistent with reports of large hail. The height of most positive sources in the
updraft increased to between 7 km AGL and 9 km AGL by 1733 UTC as the updraft
developed. The mode height of all positive sources, however, lingered between 4 km AGL
and 5 km AGL through 1748 UTC (Figure 2.3d). The location of most positive sources in
the updraft was spatially consistent with that of the greatest increase in PIM hail fraction
at that time (Figure 2.3j), indicating potential association with riming hydrometeors. The
altitudinal differences observed between all positive source locations throughout the storm
and those within the intensifying updraft were consistent with physical processes of lofting of
charged hydrometeors by the updraft (e.g., Stolzenburg et al., 1998) as well as gravitational
sedimentation of riming ice hydrometeors carrying positive charge outside of the updraft.

The increase in mode height of all positive sources at approximately 1754 UTC
occurred 8 minutes after reports of large hail, concurrent with a period of intensification
as the 10 m s~! updraft area increased to >80 km? in the upper mixed-phased region

(Figure 2.3g). The mode height of all positive sources and the altitude of the greatest
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Figure 2.3: Time-height cross-sections of lightning, kinematic, and microphysical proper-
ties of the anomalous 10 April 2009 supercell. (a) Distribution of all NALMA VHF sources
detected during the full analysis period, binned in 1-km vertical and 2-min temporal incre-
ments, is shown in color fill along with the mode height at which all sources were observed
(black line). Distribution of all (b) positive (c, negative) sources are shown in red (blue)
color fill with mode heights of all positive (negative) sources plotted as a black line. Verti-
cal frequency of gridded (d) positive and (e, negative) sources within updrafts >5 m s~! or
greater are shown in red (blue) color fill along with the mode height of all positive (negative)
sources as a black line. (f) The difference between the vertical relative frequency of positive
and negative gridded source data is shown where net positive (negative) frequency is plotted
as positive (negative) values in red (blue) color fill. (g) The 99th percentile updraft speed
is plotted in grayscale with contoured 10 m s~! updraft volumes in red. (h) Distribution of
total PIM is shown in grayscale fill. (i) Distribution of total NPIM calculated according to
the flux divergence method is shown in grayscale fill. Percentages of PIM associated with (j)
hail, (k) HD graupel, and (1) LD graupel are shown in grayscale fill. In each panel, yellow
and black marks along the right vertical axis represent the approximate psuedo-adiabatic
parcel temperature heights of 0° C through -40°C marked in -10°C increments.
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Figure 2.3: (continued)

relative frequency of those within the updraft after 1753 UTC coincided with observations
of low but increasing hail fraction between 8 km AGL and 10 km AGL, suggesting that

positive charge was associated with growth of riming ice in a robust, elevated updraft.

2.4.1.3 Characterization of Negative Sources within the Updraft

The relative vertical frequency of negative sources in the updraft was greatest in
the 6 km AGL to 10 km AGL layer (Figure 2.3¢). Relative vertical maxima in NPIM and
LD graupel were observed in this region as well (Figures 2.3i and 2.31). Between 1747 UTC
and 1758 UTC as large hail was reported and total PIM gradually increased, there was a
relative lull in lightning activity where a 10-minute lightning flash rate average of 57 min~!

decreased to an average of 35 min~! (not shown). Given the relative decrease in sources

associated with decreased lightning activity during this period, there was not a pronounced
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negative source mode altitude and the sharp decrease observed at 1753 UTC was not a
robust signal of a physical change in the location of negative sources. A subsequent rapid
lightning flash rate increase to 75 min~! at 1808 UTC coincided with observations of the
most substantial increases in PIM and updraft size and intensity, possibly indicative of an
increase in mixed-phase LWC transported by the updraft and associated invigoration of
ice growth processes. As a greater number of negative sources were detected and classified
with the overall increase in lightning activity, the mode height of negative sources was
between 7 km AGL and 10 km AGL, overlapping with and extending above the positive
layer. Increases in the altitude of the relative maximum NPIM and LD graupel fractions
were observed through this layer as well as the mixed-phase updraft reached its largest

observed size between 1808 UTC and 1817 UTC.

2.4.1.4 Inferred Net Charge Structure

Comparing the relative vertical positions of the positive and negative source frequen-
cies in the updraft, a distinct negative charge region remained apparent above a dominant
positive charge layer below (Figure 2.3f). As the altitudes of these distinct layers increased
with intensification of the supercell, the positive charge region remained more closely associ-
ated with the larger PIM regions comprised of graupel and hail while the spatial distribution
of the negative charge region was more closely associated with the location of greatest NPIM
aloft. Where vertical positive and negative source frequency maxima in the updraft (Fig-
ures 2.3d and 2.3e) coincided with hail fraction maxima above 8 km AGL after 1757 UTC
(Figure 2.3j), the net positive charge layer (Figure 2.3f) emerged as more consistent with
vertical variations in hail, indicating a stronger association between net positive charge and

lofted riming hydrometeors. Given overlap between net negative charge and LD graupel,
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it is also possible that negative charge in the upper mixed-phase and glaciated regions
was carried by more recently charged graupel as well as negatively charged small ice that
had separated from collisions with positively charged riming hydrometeors below. That
is, LD graupel could have charged negatively in the colder upper mixed-phase region if its
growth had been supported by sufficient LWC in the updraft. Despite evident microphysical
overlap, spatial relationships suggested that net positive charge was associated with larger
rimed ice hydrometeors in the lower to middle mixed-phase region while net negative charge
was primarily associated with smaller non-precipitation-sized ice advected to the top of the

updraft into the glaciated region, consistent with the model of an ACS.

2.4.2 22 April 2017 Anomalous Supercell

The 22 April 2017 supercell was sampled in the northern lobe of the dual-Doppler
domain in southern TN between 2056 UTC and 2206 UTC as it propagated to the east-
southeast into north AL. The supercell had reached maturity before entering the domain
and was already producing prolific lightning flash rates, with a minimum of 90 min—! over
the duration of the analysis period, an average lightning flash rate of 182 min~!, and a
maximum lightning flash rate of 266 min~! at 2122 UTC. Numerous severe weather reports

were associated with this storm during the analysis period, including damaging winds and

hail with a maximum diameter of 4.44 cm.

2.4.2.1 Characterization of All Sources

The mode altitudes of all sources and positive sources were again most similar in
the 22 April 2017 storm (Figures 2.4a and 2.4b), though there were smaller differences

between the positive and negative source mode altitudes than observed in the 10 April 2009
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storm (Figures 2.4b and 2.4c) and the relative maxima in source distributions were less
concentrated than observed in the 10 April 2009 storm (Figures 2.4b to 2.4e). In general,
the positive source mode altitude was located between 7 km AGL and 9 km AGL, near
-20°C to -30°C (Figure 2.4b), while the negative source mode altitude remained mostly at

higher altitudes between 7 km AGL and 10 km AGL near -30°C and -40°C (Figure 2.4c).

2.4.2.2 Characterization of Positive Sources within the Updraft

As in the 10 April 2009 storm, the greatest frequency of positive sources in the
updraft was observed 1 km to 2 km higher than the mode height of all positive sources
(Figure 2.4d), suggesting sedimentation of positively charged hydrometeors outside of the
updraft. The heights at which positive sources in the updraft were most prominent were
consistent with the height of the fastest updraft speeds (Figure 2.4g). Additionally, the
lower boundary of the relative vertical maximum in positive sources within the updraft
(Figure 2.4d) descended similarly as the updraft PIM associated with the high fractions of
hail and HD graupel from 9 km AGL to 7 km AGL between 2104 UTC and 2202 UTC
(Figures 2.4j and 2.4k), further indicating an association between riming hydrometeors and

net positive charge.

2.4.2.3 Characterization of Negative Sources within the Updraft

A broad region of greater relative frequency of negative sources in the updraft ob-
served between 8 km AGL and 11 km AGL (Figure 2.4e) exhibited overlap with the primary
layer of positive sources in the updraft (Figure 2.4d). The depth and location of negative
sources within the updraft also overlapped with the relative maximum in NPIM between

10 km AGL and 11 km AGL (Figure 2.4i).
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As in Figure 2.3 for the anomalous 22 April 2017 supercell.

Figure 2.4
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The persistent large relative frequency of negative sources observed at 10 km AGL
between 2114 UTC and 2146 UTC (Figure 2.4c) was also coincident with the lower bound-
ary of the vertical LD graupel maximum (Figure 2.41) and the vertical NPIM maximum
(Figure 2.4i). As in the anomalous 10 April 2009 supercell, it is possible that LD graupel
growing more slowly in low LWC in the upper mixed-phase region charged negatively and
was lofted into the glaciated region, meaning that observed net negative charge may have
been associated with both large and small ice. However, overlapping precipitation category
observations in net negative charge regions could also be explained by masking of nega-
tively charged small ice by some quantity of large ice in radar observations. For instance,
overlap exhibited between the local minimum in NPIM and the region of descending hail
mass between 2108 UTC and 2135 UTC (Figures 2.4i and 2.4j) suggested that small ice
was present through the depth but masked by hail.

The relative vertical maximum in net negative charge observed near 10 km AGL in
the updraft dissipated by 2146 UTC (Figure 2.4e) as increases in maximum updraft speeds
and depth of the broadest 10 m s~! updraft were observed (Figure 2.4g). After 2146 UTC,
the relative vertical frequency of negative sources in the updraft between 8 km AGL and
11 km AGL also became less distinct (Figure 2.4e) and the mode height of all negative

sources decreased in altitude and overlapped with that of all positive sources.

2.4.2.4 Inferred Net Charge Structure

Comparing the relative frequencies of the vertical source distributions (Figure 2.4f),
a region of relatively higher positive source frequency was observed between 7 km AGL
and 9 km AGL while a region of relatively higher negative source frequency was observed

between 10 km AGL and 12 km AGL. The dynamic range of these regions was not as
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large as observed in the 10 April 2009 supercell, even after the 10 April 2009 supercell had
reached maturity for closer comparison (Figure 2.3f). It is expected that many more small
lightning flashes would occur in a storm exhibiting high lightning flash rates (e.g., Bruning
and MacGorman, 2013). These may result from increasing charge region complexity near
a turbulent updraft (Brothers et al., 2018; Bruning and MacGorman, 2013; Calhoun et al.,
2013), variability in cloud microphysical conditions adding complexity to NIC charging
regimes (e.g., Bruning et al., 2010; Wiens et al., 2005), and /or contributions associated with
additional charging mechanisms or charge deposition (e.g., Bruning et al., 2010; Stolzenburg
et al., 1998). Any such complexity could obscure otherwise distinct net charge as observed.
Further, the corresponding spatial patterns of PIM associated with hail and NPIM indicated
vertical overlap between the two potentially oppositely-charged hydrometeor populations
(Figures 2.4i and 2.4j), increasing the opportunity for horizontal heterogeneity in observed
charge structure. Despite evidence of some degree of charge structure complexity, diffuse
maxima ultimately suggested coincidence between sedimenting PIM (elevated NPIM) and

positive (negative) charge patterns, consistent with ACS models.

2.5 Discussion

2.5.1 Background Environment

Instability and shear parameters in each of the supercell cases were representative
of an environment supporting supercell development with convective available potential
energy (CAPE) values of 2123 J kg~! and 1453 J kg~ !, normalized CAPE (NCAPE) values
of 0.19 m s72 and 0.14 m s~2, and 0-6 km shear of 32.4 m s~! and 24.5 m s~! on 10 April
2009 and 22 April 2017, respectively. General instability metrics, including CAPE, are

variable among documented anomalous storm environments and do not reliably discriminate
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between normal and anomalous environments (e.g., Carey and Buffalo, 2007; Chmielewski
et al., 2018; Fuchs and Rutledge, 2018; Lang and Rutledge, 2011). However, NCAPE in
many layers has been identified as a better discriminator, and CAPE within the mixed-
phase region in particular has been documented to be statistically significantly higher in
anomalous storms compared with normal storms (Carey and Buffalo, 2007). Although
NCAPE values were lower than reported in some anomalous supercell storm environments
(e.g., 0.22 m s~2, Carey and Buffalo, 2007), each of the Southeastern anomalous supercells
exhibited a robust updraft, including hallmarks of bounded weak echo regions and lightning
holes (Figures 2.5a, 2.5g, 2.6a, and 2.6g), consistent with kinematic support for anomalous
charging (e.g., DiGangi et al., 2016; Emersic et al., 2011; Krehbiel et al., 2000; Steiger et al.,
2007; Wiens et al., 2005).

The LCL heights in the 10 April 2009 and 22 April 2017 supercells were 643 m
and 900 m, while the environmental melting levels were 3105 m and 3617 m. The resul-
tant WCDs were 2460 m and 2720 m, respectively. The values between these two storms
were similar to each other, though on the order of 1000 m deeper than WCDs associated
with Great Plains anomalous storm environments reported in the literature. Studies have
noted that WCD inconsistently discriminates between anomalous and normal storm envi-
ronments (e.g., Chmielewski et al., 2018; Lang and Rutledge, 2011), indicating that other
environmental characteristics may compensate for potentially suboptimal WCDs.

Surface dew point depressions of 4°C in the Southeastern anomalous environments
were lower than minimum depressions of 11°C inferred from surface data or directly reported
in other anomalous storm environments (Carey and Buffalo, 2007; Chmielewski et al., 2018;
Fuchs and Rutledge, 2018; Lang and Rutledge, 2011; Tessendorf et al., 2005, 2007a,b), in-

dicating greater low-level moisture. However, precipitable water used as a metric of deeper
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ARMOR: 10 April 2009 - 1739 UTC
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Figure 2.5: ARMOR data at 1739 UTC on 10 April 2009 along with NALMA data between
1741 UTC and 1743 UTC. Horizontal cross sections of reflectivity (a, c, e; grayscale fill)
and HID (b, d, f; color fill) are shown at 5 km AGL, 11 km AGL, and 12 km AGL altitudes.
Vertical cross-sections of reflectivity (g, grayscale fill) and HID (h, color fill) are shown at
y = 81 km north of ARMOR, the location of which is marked as a black dashed line in
the horizontal cross section panels. On each figure, vertical velocity contours in the plane
are plotted at positive 5 m s7!, 0 m s7!, and negative 5 m s~! intervals (solid blue, solid
white, and dashed blue contours) as well as positive sources (red dots or gray dots), negative
sources (blue or black dots), and lightning flash initiation locations (white circles if polarity
was classified, green or purple circles if polarity was unclassified) within +0.5 km of the
plane.
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Figure 2.5: (continued)

environmental moisture was more consistent with other anomalous storm environments doc-
umented in the literature, where values in the surface to 400 hPa layer in the 10 April 2009
and 22 April 2017 storms were 2.3 cm and 3.2 cm, respectively. In other large sample
studies, though not always a discriminatory parameter, measures of precipitable water as-
sociated with characteristically anomalous (normal) storm environments were reported as
2.6 cm (3.5 cm), 2.1 cm (3.1 cm), and 2.6 cm (2.5 cm) (Carey and Buffalo, 2007; Fuchs
and Rutledge, 2018; Lang and Rutledge, 2011, respectively). Mean RH in the 500 hPa to
700 hPa layer, however, was 21% and 36% in the 10 April 2009 and 22 April 2017 storm
environments, respectively, indicating relative dry layers near cloud base that extended into
the lower mixed-phase regions. Carey and Buffalo (2007) similarly reported median RH in
the 700 hPa to 500 hPa of 28% in anomalous storm environments compared with a higher
median value of 45% in normal storm environments. Fuchs et al. (2018) documented con-

flicting results, finding that RH in the 600 hPa to 500 hPa was higher in CO anomalous
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ARMOR: 22 April 2017 - 2135 UTC
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Figure 2.6: As in Figure 2.5 on 22 April 2017 with radar data at 2135 UTC and light-
ning data between 2137 UTC and 2139 UTC. (a-f) Horizontal cross sections are shown at
6 km AGL, 7 km AGL, and 10 km AGL altitudes. (g-h) Vertical cross-sections are shown
at y = 42 km north of ARMOR.
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storms than in AL normal storms with median values of 40.1% and 31.4%. They suggested
that updrafts in normal storms were likely more susceptible to entrainment of and dilution
by the observed drier air, reducing kinematic support of anomalous charging. Chmielewski
et al. (2018) identified dry layers in the 700 hPa to 600 hPa layer closer to cloud base as an
outstanding factor differentiating anomalous from normal storms, hypothesizing that dry
air entrainment specifically near cloud base could decrease the size of cloud droplets, and
reducing warm precipitation efficiency in favor of anomalous charging. However, effects of
dry air may compete with other elements that promote anomalous charging such as updraft
strength. Additionally, pathways preserving sufficient LWC from evaporation associated
with dry air entrainment for extensive positive charging of riming hydrometeors are as of
yet unclear.

Concentrations of PM2.5 used as a proxy for relative CCN concentrations were
disparate between the 10 April 2009 and 22 April 2017 environments at 22 pug m—> and
6 ug m—3, respectively. It is difficult to directly apply this range of values to CCN concentra-
tions, though the higher values observed on 10 April 2009 suggest that CCN concentration

may have been elevated in favor of anomalous charging.

2.5.2 Charge Structure Relationships with the Updraft

Various relationships were observed between charge structure and kinematic and
microphysical properties of the updraft during the development (10 April 2009) and ma-
ture stages (10 April 2009 and 22 April 2017) of the supercells. The following discussion
synthesizes these relationships and discusses any consistencies exhibited with anomalous

supercells documented in the literature in the Great Plains.
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2.5.2.1 Initial Development

Storm development and intensification was observed only in the 10 April 2009 super-
cell. During the first 15 minutes of analysis, maximum vertical velocities in the mixed-phase
region were less than 15 m s~! within a relatively narrow 10 m s~ updraft of <20 km?
(Figure 2.3g). Less than 1.5e8 kg of precipitation ice (Figure 2.3h), primarily composed
of LD graupel (Figure 2.31), was observed at any altitude. Most of the positive sources
within the updraft were identified between 4 km AGL and 5 km AGL in the warmer mixed-
phase region of >-20°C (Figure 2.3d) with a dominant negative charge layer aloft between
6 km AGL and 8 km AGL in the mid- to upper mixed-phase region between approximately
-20°C and -30°C (Figure 2.3e). These observations indicate that ACS characteristics did
not evolve from an NCS with an initial dominant negative (upper positive) charge layer
associated with graupel (small ice). Similar early charge structure characteristics were ob-
served in the development of an anomalous supercell in Kansas documented by Wiens et al.
(2005) where initial lightning flashes were located between a low positive charge region and
mid-level negative charge.

As the updraft intensified, an increase in lightning flashes was observed near 9 km AGL
at 1733 UTC (Figures 2.7c and 2.7d). A vertical cross section along the northern edge of the
updraft shows that negative sources associated with these lightning flashes were located at
the edge of 30 dBZ reflectivity and the upper extent of a region of LD graupel (Figures 2.7e
and 2.7f), consistent with those of Rust et al. (2005) who discussed observations of negative

charge near the top of an anomalous storm’s precipitation core.
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ARMOR: 10 April 2009 - 1733 UTC
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Figure 2.7: As in Figure 2.5 on 10 April 2009 with radar data at 1733 UTC and light-
ning data between 1735 UTC and 1737 UTC. (a-d) Horizontal cross sections are shown at
3 km AGL and 9 km AGL altitudes. (e-f) Vertical cross-sections are shown at y = 79 km
north of ARMOR.
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2.5.2.2 Supercell Maturity

Updraft intensification was observed in the 10 April 2009 storm beginning at 1728 UTC,
attendant with an increase in the altitude of the primary charge layers and an increase in
PIM attributed to an increase in hail in the upper mixed-phase region. Increasing updraft
sizes and speeds may have invigorated efficient riming through an increased LWC supply
while also further elevating graupel and small hail along with primary charge layers asso-
ciated with these microphysical fields. Wiens et al. (2005) similarly documented a graupel
volume response to updraft pulses along with spatial correlations between vertical shifts in
graupel volume and VHF source maxima associated with predominantly positive charge.
Although the primary positive charge region exhibited somewhat more bimodal behavior
in the 22 April 2017 supercell after 2114 UTC, characteristics of both main charge regions
in the updraft also varied in vertical space alongside ice fields. The lower maximum in
positive source frequency was spatially associated with vertical variations in the location
of PIM maximum and its relative hail fraction maximum while the relative negative source
maximum trended similarly in the vertical with the lower boundary of the NPIM maximum.
In both storms, the primary positive charge locations within the updraft were most closely
associated with PIM maxima, and particularly with vertical hail distributions, indicating
that positive charge in the updraft existed in regions of efficient riming in accordance with

ACS conceptual models.

2.5.3 Charge Structure Complexities near the Updraft

A particularly active period of lightning propagation was observed near 10 km AGL
between 2114 UTC and 2146 UTC in the 22 April 2017 supercell (Figures 2.4a and 2.4e).

These lightning flashes were typically smaller and primarily occurred between positive
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charge proximal to the updraft core near -20°C (Figures 2.8c and 2.8¢) and negative
sources near the top of the reflectivity maximum in decreasing updraft speeds (Figures 2.8¢c
and 2.8e). Similar charge structure complexity including a large number of small, un-
classified lightning flashes was observed near the top of the updraft in the 20 April 2009
supercell as well (Figure 2.5¢). Small lightning flashes near 10 km AGL in each super-
cell were located in a compact region over which the dominant precipitation type between
approximately 10 km AGL and 13 km AGL transitioned between hail, LD graupel, and
aggregates or ice crystals (Figures 2.5h, 2.6h, and 2.8f).

Unclassified lightning flashes, representative of smaller discharges that are not un-
common in supercell updrafts (e.g., Bruning et al., 2010; Calhoun et al., 2013; Wiens et al.,
2005), were consistent with inherent kinematic texture in the gradient region of vertical ve-
locity and horizontal flows at the top of a supercell updraft (Brothers et al., 2018; Bruning
and MacGorman, 2013). Given the variability in the microphysical landscape near the top
of the anomalous storm, it is possible that changes in charging regimes in and around the
updraft may have contributed to observed complexity alongside kinematic texture. It is
worth noting that the smaller resolved charge regions and majority of unclassified lightning
flashes in each storm were identified above the level of homogeneous freezing near approxi-
mately 9 km to 10 km where ice-ice collisional NIC is inactive in the absence of LWC (though
it is possible that other non-inductive methods could be active, e.g., Mitzeva et al., 2006).
However, vertical updraft gradients may have supported lofting and continued differential
sedimentation of previously charged hydrometeors to and within the glaciated region. The
hydrometeor populations could have included some mixture of positive rimed hydrometeors
lofted by the strongest updraft core from mid-levels, negatively-charging rimed hydromete-

ors that grew more slowly in reduced LWC at cooler temperatures in the upper mixed-phase
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ARMOR: 22 April 2017 - 2114 UTC
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Figure 2.8: As in Figure 2.5 on 22 April 2017 with radar data at 2114 UTC and light-
ning data between 2116 UTC and 2118 UTC. (a-d) Horizontal cross sections are shown at
8 km AGL and 10 km AGL altitudes. (e-f) Vertical cross-sections are shown at x = 15 km
west of ARMOR.
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region, and small ice hydrometeors of both polarities separating from rebounding collisions
and lofted furthest by the broadest range of updraft velocities. Similarly, variations in
charge polarity over horizontal gradients of hydrometeor type and vertical motion were ob-
served, where three-dimensional variations in charging across the mixed-phase updraft may
have contributed to observed horizontal complexities in charge structure (Figures 2.6a, 2.6c¢,
and 2.8a). Differentiation of microphysical and kinematic contributions to observed charge
structure complexity is relevant to understanding the origins of charge structure as well
as implications for lightning flash relationships with the updraft. However, further related

analyses and discussion are necessarily left to future, more thorough treatment.

2.5.4 Evidence of Anomalous Tripole

Gross charge structures inferred in each storm periodically indicated the presence
of a lower negative charge region (Figures 2.3f and 2.4f). Shallow regions of negative charge
were observed below the level of 0°C, beneath the updraft core and in weak vertical motions
outside of the primary updraft region in the 10 April 2009 supercell (Figures 2.5¢ and 2.7e)
and beneath the updraft core near -10°C in the 22 April 2017 supercell (Figure 2.8e).
These negative charge regions were associated with mixtures of hail, HD graupel, and
melting hail hydrometeor categories (Figures 2.5f, 2.7f, and 2.8f), consistent with indications
that lower negative charge resulted from rearrangement of charged particles outside of
the updraft core, though specific origins are not clear. Interestingly, a band of negative
charge was also inferred in the eastern gradient of the updraft in the 10 April 2009 storm
(Figure 2.5g), consistent with hypothesized roles of three-dimensional variations in charging,
kinematics, and differential sedimentation in establishing additional charge regions observed

in an anomalous tripole (e.g., Bruning et al., 2014; Wiens et al., 2005).

50



2.6 Summary and Conclusions

Observations of two anomalous supercells in the Southeastern US that occurred on
10 April 2009 and 22 April 2017 were documented in this Chapter. The first study to
address anomalous charge structure and its relationships with kinematic and microphysical
properties in supercells in the US outside of the High Plains and Midwest, it facilitated
an evaluation of fundamental aspects of traditional NIC-based conceptual models of ACS
characteristics. These observations also provided a novel opportunity to test hypotheses
concerning the conditions thought to be favorable for ACS development based on results

from studies of ACSs in the Great Plains. Key observations and main results include:

1. The supercell charge structures were characterized by distinct regions of high positive
source density in and near the -20°C to -30°C isotherm within the updraft where a
negative charge region would usually be identified in normal charge structures. Net
negative charge layers were instead identified above the primary positive charge layer

in the upper mixed-phase and glaciated regions of these storms.

2. Gross positive charge regions in the updraft of storms were primarily associated with
regions of riming precipitation-sized ice. Vertical variations in positive charge region
locations with time were closely associated with vertical variations in precipitation ice

fields in response to updraft trends.

3. The greatest density of negative sources near the top of the updraft was spatially
collocated with non-precipitation sized ice mass maxima as well as LD graupel in the
colder mixed-phase and glaciated regions. Though the net negative charge region may
have primarily been composed of negatively charged small ice masked in radar obser-

vations by some amount of positively charged or neutral large ice, these observations
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are consistent with charging theory indicating that riming ice in an anomalous storm
may also charge negatively in the colder mixed-phase region and contribute to net

negative charge aloft.

. Charge structure complexity was embedded within coarse storm-scale charge struc-
ture characterization. Common regions exhibiting charge structure complexity in-
cluded the top of updrafts as well as within horizontal gradients of vertical velocity
and dominant hydrometeor type across the updraft. Alongside mechanisms such as
secondary inductive charging or charge deposition, these gradients may have also con-
tributed to periodic lower minor negative charge layers consistent with anomalous
tripole structures. These observations suggest that local variations in microphysi-
cal conditions influenced local normal charging, though dominant charging conditions

were conducive to more widespread net charge regions consistent with ACSs.

. Numerous lightning flashes were observed within regions of complex charge structure
at the top and within horizontal gradients of the updraft, many of which were small
and remained unclassified. Zhang and Cummins (2020) found that detection efficiency
of lightning flashes by the Geostationary Lightning Mapper (GLM), a spaceborne
optical lightning detection instrument, was reduced to 20% to 40% for small or short-
duration lightning flashes compared with 95% detection efficiency of large or long-
duration lightning flashes. The presence of numerous small lightning flashes may
contribute to reduced detection of lightning flashes by optical detection platforms in
anomalous storms alongside conditions such as preferred lightning flash initiation at

lower altitudes (e.g., Fuchs and Rutledge, 2018; Murphy and Said, 2020).
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6. Compared with anomalous storm structure documented in the Great Plains in the
literature, Southeastern anomalous supercells include in common the presence of large
hail; negative charge regions associated with precipitation-sized ice lofted to the top
of the updraft (e.g., Rust et al., 2005); elevated positive charge regions associated
with a robust mid-level updraft (as in high-instability anomalous storm environments
in Oklahoma, e.g., Fuchs et al., 2015); and, specific to the anomalous 22 April 2017

case, high total lightning flash rates (e.g., Tessendorf et al., 2005).

7. Of environmental parameters indicative of reduced warm precipitation efficiency, a
reduction in moisture was most evident in Southeastern anomalous supercells and
most consistent with observations in other regions. Midlevel RH values of 21% and
36% in 10 April 2009 and 22 April 2017 anomalous environments were similar to
observations of 28% (Carey and Buffalo, 2007) and 41% (Fuchs and Rutledge, 2018)
in mid-levels in anomalous storm environments in the Great Plains. Observed dry
layers were also consistent with generally dry mid-levels and LP supercell structures
observed in anomalous storm environments (e.g., Branick and Doswell III, 1992; Cur-
ran and Rust, 1992; Lang et al., 2004; MacGorman and Burgess, 1994; Seimon, 1993;
Tessendorf et al., 2007b) and indications that dry layers near cloud base differentiate
anomalous environments (Chmielewski et al., 2018). Other environmental parameters
thought to be influential to precipitation efficiency and mixed-phase LWC were not
consistent with observations in Great Plains and Midwest anomalous storm environ-
ments, including lower surface dew point depressions, lower NCAPE than observed in

other anomalous supercells, and lower LCLs and deeper WCDs.

The Southeastern ACS storm structures and characteristics demonstrated consisten-

cies with ACS models derived from observations in the Great Plains. However, inconsisten-
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cies in several key environmental parameters thought to favor anomalous charging challenge
the suggested role of warm precipitation inefficiency in promoting the development of ACSs
in these storms. It is not clear that the dry layers in Southeastern anomalous supercells
were alone sufficient to counter the deleterious effects of deep WCDs and other seemingly
modest environmental parameters associated with warm precipitation efficiency. As such,
determinations of the roles of environmental contributions and their relationship with LWC
implications for collisional NIC in Southeastern anomalous supercells were inconclusive.

While leading hypotheses favor the modification of LWC in ACS development, envi-
ronmental conditions may support anomalous NIC in other ways. In particular, the effects of
dry air on supersaturation with respect to ice and its theorized impact on the relative growth
and associated charging of riming and non-riming hydrometeors should be considered (e.g.,
Lang and Rutledge, 2002). Results from limited laboratory studies and theoretical analyses
have found that the degree of environmental supersaturation may play a role in the polar-
ity of graupel charging in addition to cloud LWC (Berdeklis and List, 2001; Emersic and
Saunders, 2020; Mitzeva et al., 2005; Saunders et al., 2006; Tsenova et al., 2010). If cloud
supersaturation is an additional factor in the observed polarity of charging hydrometeors
and resultant net charge regions, it may explain some variation observed in environmental
parameters between interregional ACSs in addition to ACS development despite competing
environmental influences on mixed-phase LWC. It may also contribute to variability in small
charge structures observed in and near the three-dimensional updraft.

A more rigorous test of conditions favorable for anomalous charge structures would
result from direct comparisons of anomalous and normal storm structures and environments
outside of the Great Plains, particularly where updraft observations are available. A detailed

comparison between anomalous and normal supercell storms in the Southeastern US is
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the subject of ongoing work to better highlight their structural differences and assess the
relative roles of the environment that are hypothesized to impact NIC and charge structure,

including those parameters affecting LWC and supersaturation.
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CHAPTER 3

EXAMINING CONDITIONS SUPPORTING THE DEVELOPMENT OF
ANOMALOUS CHARGE STRUCTURES IN SUPERCELL

THUNDERSTORMS IN THE SOUTHEASTERN UNITED STATES

3.1 Abstract

Conditions hypothesized to favor anomalous charging have primarily resulted from
studies within the Great Plains region of the United States, where conditions that decrease
the efficiency of warm precipitation processes are thought to be of fundamental importance
in anomalous charging. Rare observations of anomalous charge structures in the Southeast-
ern region challenge existing conceptual models used to explain anomalous charging. As a
more rigorous test of conditions that support anomalous charge structures, two normal and
two anomalous supercell thunderstorms observed in the Southeast were compared. Within
the anomalous storms, greater quantities of precipitation ice were identified at higher al-
titudes, indicative of a greater depth of riming growth and increased vertical transport of
rimed hydrometeors. Deeper anomalous supercell updrafts were also larger and stronger
in the upper mixed-phase and glaciated regions of the anomalous supercells. Trends in
environmental parameters traditionally thought to promote enhanced mixed-phase liquid
water content in favor of anomalous charging were observed, including shallower warm

cloud depth in anomalous storms. However, contrasts were not as large as observed in
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other studies comparing normal and anomalous thunderstorm environments. Further, nor-
mal supercells were characterized by more robust low-level updrafts, resulting in comparable
warm cloud residence time that suggested warm precipitation efficiency was not necessarily
lower in anomalous storms. However, anomalous storm environments were characterized by
lower RH in the 700 mb to 500 mb layer between approximately 3.1 km AGL and 5.7 km
AGL. Evidence of impacts from dry air in anomalous storm structures suggested that wa-
ter vapor content may have affected particle-scale charge transfer in support of anomalous

charge structure development.

3.2 Introduction

Understanding of the catalysts leading to the development of ACSs over NCSs in
thunderstorms remains incomplete. A dominant layer of positive (negative) charge in the
lower to middle mixed-phase region characterizes ACSs (NCSs), where the mixed-phase
region is considered as the layer between 0°C to -40°C (e.g., Bruning et al., 2014; Fuchs
et al., 2015; Kuhlman et al., 2006; MacGorman et al., 2005; Rust et al., 2005; Stolzenburg
et al., 1998; Wiens et al., 2005; Williams, 1989; Williams et al., 2005). Results of studies
addressing the structural and environmental relationships between dominant charge struc-
ture polarities are often varied. The consensus is that a combination of competing factors
likely plays a role, where emergent factors are those thought to favor increased LWC in the
mixed-phase updraft of anomalous storms (Carey and Buffalo, 2007; Carey et al., 2003b;
Chmielewski et al., 2018; Fuchs et al., 2018, 2015; Lang and Rutledge, 2011; Williams et al.,
2005). The prominent role of LWC in anomalous charging is related to its importance to
thunderstorm electrification, where increased LWC supports the enhanced positive charging

of precipitation ice hydrometeors that comprise the dominant charge layer in the lower to
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middle mixed-phase region (Jayaratne et al., 1983; Reynolds et al., 1957; Saunders et al.,
2006; Takahashi, 1978). The conditions thought to primarily support enhanced mixed-phase
LWC include a robust updraft and/or environmental factors that limit warm precipitation
process efficiency (e.g., Bruning et al., 2014; Carey and Buffalo, 2007; Chmielewski et al.,
2018; Fuchs et al., 2018, 2015; MacGorman et al., 2005; Tessendorf et al., 2007a,b; Wiens
et al., 2005; Williams, 2001; Williams et al., 2005).

However, questions remain concerning the causative roles of environmental condi-
tions and thunderstorm structures in supporting ACS development, including the sensitivity
of ACSs to and the relative importance of specific conditions. Understanding of these rela-
tionships carries implications in a number of different applications. For instance, it has been
observed that in some ACSs, lightning flashes occur at lower altitudes than in their normal
counterparts (Fuchs et al., 2016; Fuchs and Rutledge, 2018), influencing how and where
nitrogen oxide (NOx) is produced and may affect ozone concentration (e.g., Chmielewski
et al., 2018; Davis et al., 2019) as well as the optical detection of lightning in deep convection
from space (e.g., Fuchs et al., 2016; Fuchs and Rutledge, 2018; Murphy and Said, 2020).
Further, anomalous storms have been shown to exhibit later development and more limited
quantities of CG compared with IC lightning flashes (e.g., Carey and Rutledge, 1998; Lang
and Rutledge, 2002; MacGorman et al., 2011; Tessendorf et al., 2007a; Wiens et al., 2005),
implying variations in risk relationships associated with CG lightning flashes in normal ver-
sus anomalous storms (Chmielewski et al., 2018). Proposed relationships between ACSs
and thunderstorm microphysics also carry implications for other storm processes driven by
specific microphysical relationships, including hail production (Fuchs et al., 2018). There-
fore, ACS relationships need to be well understood in order to draw appropriate inferences

about detection of lightning and other storm characteristics.
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Most anomalous thunderstorms have been documented in the Great Plains and
Midwest regions of the US (e.g., Bluestein and MacGorman, 1998; Branick and Doswell 111,
1992; Carey and Buffalo, 2007; Carey et al., 2003b; Chmielewski et al., 2018; Curran and
Rust, 1992; Fuchs et al., 2018, 2015; Gilmore and Wicker, 2002; Lang and Rutledge, 2002,
2006, 2011; Logan, 2018; Lyons et al., 1998; MacGorman and Burgess, 1994; MacGorman
and Nielsen, 1991; Reap and MacGorman, 1989; Seimon, 1993; Smith et al., 2000; Williams
et al., 2005), and therefore, most relationships between ACSs, thunderstorm structures, and
environmental conditions have been derived from observations from those regions. Several
studies examining contrasts between anomalous and normal thunderstorm structures and
environments have compared anomalous thunderstorm data in the Great Plains with the
normal thunderstorms in Eastern Atlantic and Southeastern US (Fuchs et al., 2016; Fuchs
and Rutledge, 2018) and tropics (Lang and Rutledge, 2002). However, contrasts arising
from differences between interregional climates are difficult to separate from controls on
anomalous versus normal charge structures. Similar issues in interpretation could arise in
the convolution of storm morphology in comparisons. Addressing aspects of these problems,
Chmielewski et al. (2018) compared normal and anomalous charge structures observed in
ordinary convection in West Texas over a 3-hour period, identifying likely complex relation-
ships in controlling environmental parameters as well as consistent differences associated
with environmental moisture parameters. However, the variability between charge struc-
tures inferred from total lightning data and related conditions in intense deep convection
in a limited region have not been similarly addressed.

The first documented cases of ACSs and associated supercell thunderstorm struc-
tures in the Southeastern US were discussed in Chapter 2, wherein departures in environ-

mental parameters typically associated with ACSs were noted. Comparisons between rare
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anomalous and more typical normal supercells within the Southeast allow the opportunity
to evaluate hypotheses concerning the kinematic and microphysical characteristics of and
environmental support for ACSs in an atypical parameter space. Additionally, restrictions of
the comparison to supercells within the same region reduces complex effects of interregional
climate differences and differences in intensity between storm modes that may have affected
interpretation of comparisons between storm structures and environmental characteristics

in previous studies.

3.2.1 Thunderstorm Electrification

Thunderstorm electrification requires first the transfer of charge between hydrom-
eters and then the organization of these particles into net charge regions. The greatest
magnitudes of particle-scale charge transfer are thought to result from rebounding collisions
between non-precipitation-sized (small) and riming (large) ice in the presence of supercooled
cloud water droplets, referred to as the ice-ice collisional NIC mechanism (Jayaratne et al.,
1983; Reynolds et al., 1957; Saunders et al., 2006; Takahashi, 1978). Current understanding
of charge transfer suggests that the particle undergoing more rapid depositional growth is
characterized by a greater thickness of what is referred to as a semi-liquid layer, result-
ing in a greater number of hydroxide (OH ™) ions over its surface (Baker and Dash, 1994).
More negative ions are thought to transfer from the particle experiencing faster depositional
growth during rebounding collisions, leaving the faster-growing particle with positive charge
and imparting the slower-growing particle with negative charge (Baker et al., 1987; Baker
and Dash, 1989, 1994). Under normal conditions at cooler temperatures and lower LWC,
non-riming small ice particles (i.e., ice crystals or aggregates) become positively charged

during rebounding collisions as a result of their faster depositional growth over smaller sur-
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face areas while riming ice (i.e., graupel or dry hail) particles become negatively charged as
a result of slower or less efficient growth (Baker et al., 1987; Baker and Dash, 1994).

Laboratory studies have shown that the magnitude and polarity of charge transfer
are controlled by the velocity of the particle collisions, riming rate associated with effective
LWC, ice crystal and cloud water size spectra, and cloud and particle temperatures (Avila
and Pereyra, 2000; Emersic and Saunders, 2010; Jayaratne et al., 1983; Saunders et al., 2006;
Saunders and Peck, 1998), pointing to the importance of riming efficiency in enhancing the
depositional growth rate and positive charging of graupel (e.g., Baker et al., 1987; Mitzeva
et al., 2005; Saunders et al., 2006). Limited laboratory studies have also suggested that some
of the discrepancies in LWC and the reversal temperature at which positive charging rather
than negative charging was observed may have resulted from variations in supersaturation
that were unaccounted for (e.g., Berdeklis and List, 2001; Emersic and Saunders, 2020, 2010;
Saunders et al., 2006). Theoretical models also indicate that the saturation ratio influences
the growth of small ice relative to graupel such that graupel charges positively at lower
values of effective LWC in the presence of reduced supersaturation (Mitzeva et al., 2005;
Saunders et al., 2001; Tsenova et al., 2010).

The simplified tripole model of a normal charge structure only accounts for grav-
itational sedimentation of recently charged hydrometeors into collective regions of like
charge. Neglecting effects of three-dimensional flows and factors such as charge deposi-
tion by lighting channels, such simplified charge structure explanations are most applicable
near a storm’s updraft (e.g., Bruning et al., 2010; Stolzenburg et al., 1998). At tempera-
tures warmer than the charge reversal temperature in the lower mixed-phase region of a
storm’s updraft, sedimenting positively charged graupel comprises the smaller lower positive

charge region of the tripole. At temperatures cooler than the charge reversal temperature,
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negatively charged graupel combines with advected negatively charged small ice resulting
from rebounding collisions with positively charged graupel below. Positively-charged non-
precipitation-sized ice resulting from rebounding collisions with the negatively charged grau-
pel is advected in the updraft and forms the larger upper positive charge region. Whereas
NCSs are thought to arise under standard conditions in which LWC is limited below tem-
peratures of approximately -10°C to -15°C (e.g., Saunders et al., 2006; Takahashi, 1978),
ACSs are suggested to develop when the LWC in the mixed-phase region of the storm
increases to sufficiently lower the charge reversal temperature, deepening the layer over
which a dominant positive charge region is observed and seemingly replacing the dominant
negative charge region (e.g., Bruning et al., 2014). In this way, charge structures can be
more appropriately considered as a continuum of NIC-based structural relationships more
than as an inversion from one another (Bruning et al., 2014). While anomalous tripole
structures are occasionally observed as a result of emergent lower negative charge regions,
these charge regions cannot be explained simply by one-dimensional NIC-based conceptual
models since they are observed where all sedimenting, riming ice would charge positively.
However, variations in LWC in the updraft and advection have been suggested to contribute
to the appearance of a lower negative charge region in the updraft of anomalous storms in
addition to negatively charged cloud water resulting from inductive charging following the
establishment of sufficient electric fields (Bruning et al., 2014; Kuhlman et al., 2006; Mansell

et al., 2005; Wiens et al., 2005).

3.2.2 Suggested Controls on Charge Structure Polarity

Pathways providing for a deeper region of high LWC in the mixed-phase updraft

in support of increased high-LWC riming and positive charging have been suggested as
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those which limit depletion of cloud water through warm rain processes, including shallow
WCDs, robust updrafts, and high concentrations of CCN (e.g., Carey and Buffalo, 2007;
Fuchs et al., 2018, 2015; Kuhlman et al., 2006; Lang and Rutledge, 2011; Lang et al., 2016;
MacGorman et al., 2005; Mansell and Ziegler, 2013; Tessendorf et al., 2007b; Wiens et al.,
2005; Williams et al., 2002; Williams, 2001; Williams et al., 2005; Williams and Stanfill,
2002). Shallow WCDs are thought to reduce the depth over which warm rain can grow
and deplete cloud water (e.g., Carey and Buffalo, 2007; Fuchs and Rutledge, 2018; Williams
et al., 2005). Similarly, fast updrafts not only transport LWC deeper into the mixed-
phase region, they also reduce the time over which cloud LWC can be depleted by warm
precipitation growth (e.g., Carey and Buffalo, 2007; Fuchs et al., 2018). Large updrafts
supported by high cloud base heights also limit entrainment, maintaining a more robust
updraft capable of transporting increased LWC, and may limit precipitation recirculation
in the mixed-phase region that would increase competition for LWC (e.g., Fuchs et al.,
2018; MacGorman et al., 2011, 2005). High instability metrics, particularly near cloud base
and in the lower mixed-phase region, are thought to support these updraft characteristics
conducive to ACS development. Other environmental characteristics thought to support
ACS development by reducing warm rain efficiency include increased CCN and dry layers
near cloud base and in the warm cloud region, each suggested to create competition among
growing drops for water vapor in a way that reduces the efficiency of warm rain growth
and promotes the availability of LWC in the mixed-phase region (e.g., Chmielewski et al.,
2018; Fuchs et al., 2018; Lang and Rutledge, 2002). The size of cloud droplet populations
have also been suggested to affect the sign of graupel charging, where it has been observed
that smaller droplets favor positive charging of graupel (Avila and Pereyra, 2000). Not

all of these environmental conditions were observed in documented anomalous storms or
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consistently differentiate anomalous and normal storm environments and it is thought that
only some combination and degree of these conditions may be required to result in ACS
development (e.g., Carey and Buffalo, 2007; Chmielewski et al., 2018; Fuchs et al., 2018;
Lang and Rutledge, 2011).

These microphysical and kinematic effects thought to promote high LWC riming in
the mixed-phase region have an assortment of environmental roots that have been explored
in detail (e.g., Carey and Buffalo, 2007; Fuchs et al., 2018, 2015; Lang and Rutledge, 2011).
Some large-sample studies have identified that anomalous storms often occur in environ-
ments with greater CAPE in the mixed-phase region than their normal counterparts, or
given greater CAPE observed within specific layers (normalized CAPE, or NCAPE) (Carey
and Buffalo, 2007). Environmental measures such as the LCL are used to derive the CBH
and the WCD through which warm precipitation growth occurs. Environments in which
anomalous storms form have been characterized by higher LCLs and CBHs associated with
shallower WCDs and broader updrafts (Carey and Buffalo, 2007; Williams et al., 2005).

Additionally, the combination of environmental contributions to ACSs may be varied
and complex, potentially competing with other environmental factors. For instance, it has
also been suggested that dry air near cloud base may contribute to entrainment which
limits condensational growth of cloud droplets, inhibits growth of warm rain, and effectively
increases the availability of small cloud droplets for enhanced ice growth processes, despite
also reducing instability and suppressing the updraft (Chmielewski et al., 2018). Owing
to these overlaps and complexities, no single parameter may be used as a discriminatory
factor in all situations supporting anomalous storms. However, combinations of parameters
may be more informative, as Fuchs et al. (2018) have shown that a calculation of warm

cloud residence time (WCT) which combines WCD with warm-cloud updraft velocities and
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representative particle fall speeds may more effectively identify conditions conducive to

enhanced mixed-phase LWC leading to increased positive charging of riming hydrometeors.

3.2.3 Motivation of the Present Study

Kinematic and microphysical relationships with charge structures are compared be-
tween a sample of two normal and two anomalous supercells observed in the Southeastern
US. The environmental characteristics associated with each are also contrasted in the con-
text of the observations to examine the conditions that supported the unusual development
of the ACSs. It is hypothesized that conditions favoring the requisite mixed-phase micro-
physical state in an anomalous storm may manifest as discernible differences from normal
storms in kinematic and microphysical structure. If consistent with conceptual models of
anomalous charging based on LWC aspects of NIC theory, elements differentiating South-
eastern ACSs in environmental data are expected to include those that promote robust
updrafts, limit warm rain efficiency, and support the microphysical parameter space in
favor of positive charging of riming hydrometeors. However, environmental distinctions
between normal and anomalous charge structures may be more subtle and may not be ob-
served at similar magnitudes as Great Plains anomalous environments. Additionally, the
relative infrequency of observed Southeastern ACSs suggests that influential environmental
factors are likely uncommon to the Southeast. Departures from relationships gleaned from
Great Plains observations may also raise questions concerning additional factors that may
promote anomalous charging, including water vapor considerations in particle-scale charg-
ing (e.g., Berdeklis and List, 2001; Mitzeva et al., 2005; Tsenova et al., 2010). Observations
of Southeastern anomalous supercells and comparisons against their normal counterparts

are expected to contribute to understanding of the relative emphases of environmental
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contributions to and requirements of NIC-based ACS development as well as fundamental
understanding of cloud electrification. Results specific to regional variability may also ben-
efit applications in which lightning flash characteristics related to ACSs may impact optical
detection of lightning, accuracy in NOx modeling, and risk relationships associated with

the timing of the onset of CG lightning flashes.

3.3 Data and Methods Statement

Two normal supercell thunderstorms were observed on 6 February 2008 and 11 April
2008 in North AL and two anomalous thunderstorms were observed on 10 April 2009 and 22
April 2017 in South Central TN. The anomalous supercells were documented in Chapter 2.
Similar instrumentation, datasets, processing methods, and analysis techniques as described
in Section 2.3 were utilized for analysis of the normal supercells introduced herein. These
normal supercells in particular were selected for comparison because they were well-observed
over periods of similar duration within the sampling domain as the documented anomalous
supercells. As supercells, their storm modes were sufficiently matched to the documented
anomalous supercells and they also exhibited similar metrics of intensity, including robust
updrafts, and in one case, the production of large hail.

Adapted from Figure 2.1, Figure 3.1 documents the path of each of the four su-
percells through the radar and lightning sampling domain. Tracking information used for
each supercell case and the LMA sensor thresholds applied for lightning flash clustering are
documented in Table 3.1. The progression of these storms over their respective analysis

periods is provided in Appendix B.
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While total lightning and radar data remained similar between the two sets of
storms, two datasets were added by which the storms were compared and additional light-
ning metrics were utilized.

First, CG data from the US National Lightning Detection Network (NLDN, Cum-
mins and Murphy, 2009) were incorporated to compare lightning properties between the
storms in more detail. Although the NLDN was upgraded to include detection of IC light-
ning flashes in 2006, it has historically provided information on the detection of CG lightning
flashes over the continental US. Data include information about the timing, location, num-
ber of strokes, polarity, and peak current of detected lightning flashes, with reported CG
lightning flash detection efficiency of >90% within the continental US within the period
of data considered in this study (Biagi et al., 2007; Cummins and Murphy, 2009). While
NLDN data discriminate between IC and CG lightning flashes, studies have shown that IC
lightning flashes are occasionally misclassified as CGs, where errors are most often found
in lightning flashes labeled as CGs with positive peak current magnitudes of <15 kA and
negative peak current magnitudes of >10 kA (Biagi et al., 2007; Fleenor et al., 2009; Zhu
et al., 2016). As a result, NLDN CG data used in this study were filtered to remove light-
ning flashes with peak currents of between >-10 kA and <15 kA. In addition to the use
of total lightning data detected by the NALMA as described in Section 2.3, total lightning
flash rate data were calculated over the analysis period of each supercell by taking the
one-minute average lightning flash count in two-minute periods (e.g., Schultz et al., 2009).
The storm total IC:CG lightning flash ratio was calculated as well as the total percentage
of CGs that were positive. With the exception of these two quantities and where otherwise
noted, all other lightning properties, including total lightning flash rate, were determined

exclusively using NALMA observations. Additionally, “lightning” or “lightning flash rate”

67



will be used to refer to further discussion of “total lightning” or “total lightning flash rate”
for simplicity.

The second dataset introduced in this study includes aerosol data obtained from the
Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2,
Gelaro et al., 2017). This reanalysis dataset was used in place of PM2.5 concentrations
similar to what was reported in Chapter 2 to more specifically assess the concentration of
aerosols that may have contributed as CCN. MERRA data are available every three hours
over a domain with 5/8° longitude and 1/2° latitude spacing. Vertical profiles of aerosol
mixing ratio data corresponding to dust with particle radii of between 0.1 ym and 1.8 pum,
hydrophilic black carbon with particle radius of 0.35 pm, hydrophilic organic carbon with
particle radius of 0.35 pum, sulphate with particle radius of 0.35 pum, and sea salt with
particle radii of between 0.1 pm and 1.5 pm were selected from the analysis period prior to
the time each storm was first sampled. These data were converted to mass concentration,
summed in the vertical, and averaged over 12 data points associated with the northern extent
of the sampling domain for the anomalous storms or the southern extent of the sampling
domain for the normal storms. The final profiles used are representative of analysis locations
bounded within the longitudinal range of -87.5° west and -85.625° west and the latitudinal
range between 35.0° north and 36.0° north for the anomalous cases to the north or the
latitudinal range of 33.5° north to 35.4° north for the normal cases to the south.

Finally, environmental data differed somewhat for the normal supercell cases com-
pared with the dataset reported in Section 2.3. As in the anomalous 10 April 2009 case,
model analysis from the RUC was utilized for each of the 2008 cases, though the analysis

grid spacing was 20 km instead of 13 km. Summary descriptions of the synoptic to meso-«
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Figure 3.1: Domain over which supercells were analyzed. ARMOR and KHTX radar sites
(dark blue and dark red diamonds), permanent and supplemental NALMA sensors (green
circles and orange crosses) with notes on special operating conditions pertaining to 2008
and 2017 cases (black and gold dots), the 30°C beam-crossing area of the dual-Doppler
domain established between ARMOR and KHTX (purple rings), and storm centroid tracks
(red and blue dashed lines) are shown. Adapted from Figure 2.1.

background in which each storm developed and model sounding profiles are provided in

Appendix B. Environmental data pertaining to each case are provided in Table 3.2.

3.4 Thunderstorm Properties

Charge structure and updraft kinematics and microphysics are intrinsically related
through the development of thunderstorm electrification. The following section discusses
how these properties related in the four supercells before comparing the differences observed

between normal and anomalous supercells.
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Table 3.1: Normal and anomalous supercell analysis information. Adapted from Table 2.1.

Case Date Analysis Min. Stations  Min. Tracking W., E.,S.,N.
Period [UTC] Required for Reflectivity Expansion
lightning flash [dBZ] [km]
Clustering
6 Feb 2008 1002-1123 6 20 10, 35, 20, 25
11 Apr 2008 1844-1956 6 30 10, 20, 5, 15
10 Apr 2009 1712-1825 6 30 10, 25, 12, 10
92 Apr 2017  2056-2206 7 20 5,25, 10, 15

Table 3.2: Environmental parameters obtained from a model sounding at the location
of each normal and anomalous supercell an hour prior to its analysis period. Note that
the height of the LCL and instability metrics of CAPE and NCAPE were derived from
surface-based parcels. Adapted from Table 2.2.

6 Feb 2008 11 Apr 2008 10 Apr 2009 22 Apr 2017
Model analysis sounding time 0900 UTC 1800 UTC 1600 UTC 2000 UTC

Surface temperature [°C] 19.5 24.9 20.6 22.2
Surface dew point tempera- 17.8 18.9 16.6 18.2
ture [°C]

Height of env. 0°C (ML) [m] 3860 4365 3105 3617
Height of env. -40°C [m] 9640 9810 8177 9449
Wet bulb zero height [m] 3403 3619 2336 3192
PW in sfc. to 400 hPa layer 3.5 3.8 2.3 3.2

fom)

Mean mixing ratio in lowest 11 13 11 12

100 hPa [gkg 1]

Midlevel RH (700 hPa - 500 55 41 21 36

hPa layer) [%)]

Mean RH through full depth 68 54 41 54

(7]

LCL height [m] 585 1022 643 900
WCD = ML - LCL [m] 3280 3340 2460 2720
CAPE [Jkg™!] 447 1214 2123 1453
NCAPE [ms™? 0.06 0.11 0.19 0.14
0-6 km AGL shear [ms™!] 29 25 32 24
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3.4.1 Charge Structure and Lightning Flashes

The difference between the relative vertical frequencies of positive and negative
sources observed in each storm highlights two primary charge layers near the updraft in
each case. In the anomalous supercells (Figures 3.2a and 3.2b), the lower dominant charge
region in the lower to middle mixed-phase region was inferred as positive with a primary
negative charge layer inferred aloft in the colder mixed-phase and glaciated regions. This
trend was reversed as expected in the normal storms (Figures 3.2c and 3.2d) in which the
lower dominant charge layer in the lower to middle mixed-phase region was negative with
a positive charge layer aloft, in the upper mixed-phase and glaciated regions.

In general, charge layers within the updraft were better defined in the anomalous
10 April 2009 (Figure 3.2a) and normal supercells (Figures 3.2c and 3.2d), while relative
differences in positive and negative charge layers were more diffuse in the anomalous 22 April
2017 supercell (Figure 3.2b). As discussed in Section 2.5.3, the anomalous 22 April 2017
supercell exhibited charge structure complexity throughout the three-dimensional updraft,
potentially associated with microphysical variability in horizontally-adjacent regions. The
maximum lightning flash rates in the 22 April 2017 supercell were two to three times as large
as observed in the other storms, further indication that many small lightning flashes were
occurring. As Zhang and Cummins (2020) discussed, small lightning flashes may reduce
the GLM detection efficiency, potentially contributing to reduced detection efficiency in
anomalous storms by spaceborne optical lightning detection instrumentation (Fuchs and
Rutledge, 2018; Murphy and Said, 2020). Numerous small lightning flashes in the anomalous
22 April 2017 supercell were associated with complex arrangement of small charge pockets.
This complexity contributed to overlap in charge regions in each layer, though in the net,

positive charge was more dominant in the lower mixed-phase region while negative charge
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Figure 3.2: The relative difference between the vertical frequency of positive and negative
sources located within updrafts of >5 m s~! of the (a) anomalous 10 April 2009, (b) anoma-
lous 22 April 2017, (c¢) normal 11 April 2008, and (d) normal 6 February 2008 supercells.
Red (blue) colors indicate that a greater vertical frequency of positive (negative) sources was
located in a given layer, where altitude is plotted along the left vertical axis of each panel.
Approximate mixed-phase region boundaries of 0°C and -40°C are marked (solid gray lines)
with -10°C increments plotted between (dashed gray lines). The lightning flash rate time
series associated with each cell (outlined yellow line) is shown as well, corresponding to
lightning flash rate values along the right vertical axis of each panel.
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was more dominant in the upper mixed-phase and glaciated regions, consistent with an
ACS.

The charge layers in the anomalous 10 April 2009 supercell exhibited more vertical
variation than those in the other storms. Development was captured during the analysis
period of the 10 April 2009 storm whereas all other storms were analyzed after they had
already reached maturity (Chapter 2). As the updraft developed in the 10 April 2009
supercell, lightning flash rates both steadily increased and the net charge layers associated
with charged hydrometeor populations were lofted to higher altitudes within the storm
(Figure 3.2a). Charge layers remained relatively distinct in the anomalous supercells as they
retained robust updrafts through the end of their analysis periods, evidenced by increasing
or high lightning flash rates. However, initial decaying phases were captured in the analysis
periods of each of the normal supercells as reflected by steadily declining lightning flash
rates. As these storms weakened, fewer lightning flashes were observed from which to
derive charge structure. As a result, the charge polarity in a given layer became more
poorly defined after 1941 UTC in the 11 April 2008 supercell and after 1037 UTC in the 6
February 2008 supercell (Figures 3.2c and 3.2d). After 1107 UTC in the 6 February 2008
case, very few lightning flashes occurred and were mostly located outside of the updraft
(not shown), resulting in sparse, strong polarity signals (Figure 3.2d).

In addition to charge structure differences, the four storms exhibited differences
in lightning flash properties (Table 3.3). It has been documented that the onset of CG
lightning flashes in anomalous storms may be delayed owing to the later development of the
lower negative charge region needed to facilitate ground lightning flashes compared with the
development of the lower positive charge region in a normal storm (e.g., Carey and Rutledge,

1998; MacGorman et al., 2011; Tessendorf et al., 2007b; Wiens et al., 2005), as well as that
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relatively fewer CGs may occur at all given either a weak or absent lower negative charge
region (Lang and Rutledge, 2002; Tessendorf et al., 2007b). These conditions are thought to
contribute to the higher ratios of IC to CG lightning flashes (IC:CG ratio) typically observed
in Great Plains anomalous storms (e.g., Boccippio et al., 2001; Carey and Rutledge, 1998;
MacGorman et al., 1989). In addition, it has been observed that compared with normal
storms, anomalous storms tend to exhibit higher fractions of positive CG versus negative
CG lightning flashes (e.g., Carey and Buffalo, 2007; Carey et al., 2003b; Lang and Rutledge,
2002; Williams et al., 1999). In the two anomalous supercells documented herein, not only
were the maximum total lightning flash rates higher, the IC:CG ratios were considerably
greater at 60.5 and 139.6 compared with 7.0 and 15.2 observed in the normal supercells.
These values are consistent with IC:CG ratios observed in Great Plains storms documented
in the literature in which lightning flash rates and IC:CG rates were high (e.g., Boccippio
et al., 2001). Further, the percentage of positive CGs observed in the anomalous storms
were 20% and 60% compared with 5% and 6% positive CG lightning flashes observed in the
normal storms. While the percentage of positive CGs observed in the anomalous 10 April
2009 supercell was lower than observed in the anomalous 22 April 2017 supercell, it was
still greater than the typical maximum value of 10% positive CGs within a normal storm
(e.g., Carey et al., 2003b) and generally consistent with Great Plains anomalous storm

characteristics.

3.4.2 Kinematics

The sizes of the updrafts in each of the four storms represented as updraft volume
(Figures 3.3a and 3.3b) reflected changes in intensity that could be inferred from the time

series of vertical charge structures (Figure 3.2). Of the four storms, the anomalous 10 April
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Table 3.3: Total lightning and CG lightning flash properties associated with each supercell.
Total lightning properties, including IC lightning, are reported as observed by the NALMA,
whereas CG properties are reported as observed by the NLDN.

Normal Normal Anomalous  Anomalous
6 Feb 2008 11 Apr 2008 10 Apr 2009 22 Apr 2017
Peak total lightning 62 48 79 266
lightning flash rate [min—!]
IC:CG ratio 7.0 15.2 60.5 139.6
Percent positive CG [%] 6 5 20 60

2009 supercell updraft volume, and particularly its 10 m s~! updraft volume, exhibited the
most change over the course of the storm analysis period (Figures 3.3a and 3.3b) as its
development and maturation were observed. At 1757 UTC, approximately 45 minutes into
the analysis period, its charge structure became more steady (Figure 3.2a). Up to this time,
both measures of updraft volume in the anomalous 10 April 2009 supercell were comparable
to the anomalous 22 April 2017 and normal 6 February 2008 supercells. However, as it
continued to intensify, its 5 m s~! (10 m s~!) updraft volume reached a relative maximum
that was at least 497 km? (522 km3) greater than that of the other storms (Figures 3.3a
and 3.3b). The updraft volumes of the normal 11 April 2008 supercell were noticeably
lower than the other storms over most of the course of its analysis period. The updraft was
largest in the normal 11 April 2008 supercell at 1905 UTC, approximately 20 minutes after
its analysis period began, after which time it began to decrease steadily. Its lightning flash
rate decreased after 1915 UTC (Figure 3.2¢), approximately 45 minutes into the analysis
period as the 10 m s~' fell below 50 km?3. The overall charge structure then began to
exhibit more variability after 1941 UTC (Figure 3.2c), approximately 55 minutes into the
analysis period as the 10 m s~! updraft volume decreased to 3 km?® (Figure 3.3b). Whereas

decreasing kinematic support was evident in the normal 11 April 2008 supercell, the low
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lightning flash rates and obscured gross charge structure observed in the normal 6 February
2008 supercell (Figure 3.2d) coincided with 5 m s~! updraft volumes comparable to those
observed in the anomalous 22 April 2017 supercell (Figure 3.3a) and decreasing 10 m s~1
updraft volume that reached a minimum of 249 km?, approximately 153 km? smaller that
observed in the anomalous 22 April 2017 supercell (Figure 3.3b). Although it exhibited
similar gross kinematic properties as observed in the normal 6 February 2008 supercell, the

anomalous 22 April 2017 supercell exhibited a minimum lightning flash rate of 90 min—!

I minimum observed in the normal 6 February 2008 supercell.

compared with the 10 min™

The altitudinal frequency of vertical velocity in each storm in Figures 3.3c to 3.3f
was related to a range of velocity structures observed between the four supercells. The
greatest updraft velocities were observed in the anomalous 10 April 2009 supercell near
50 m s~! (Figure 3.3c), while the weakest maximum updraft velocities were observed in the
normal 11 April 2008 supercell with maxima near 25 m s~! (Figure 3.3e). These extrema
are consistent with the trends in total updraft size observed in each storm. Just as updraft
sizes were generally most similar in the anomalous 22 April 2017 and normal 6 February

2008 supercells (Figures 3.3a and 3.3b), velocities in each exhibited similar extrema with

maximum values near 30 m s~! (Figures 3.3d and 3.3f).

3.4.3 Precipitation Ice Microphysics

The total PIM associated with the updraft (Figure 3.4a) trended similarly with
changes in updraft intensity as observed through updraft properties and inferred from charge
structure observations (Figures 3.2 and 3.3). The anomalous 22 April 2017 supercell had
a consistently greater PIM with a value exceeding 4.5e8 kg throughout the duration of

its analysis period. The total PIM observed in the anomalous 10 April 2009 supercell
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Figure 3.3: Time series of (a) 5 m s~! and (b) 10 m s~! updraft volumes corresponding to
the anomalous 10 April 2009 (light red line), anomalous 22 April 2017 (dark red line), normal
6 February 2008 (dark blue line), and normal 11 April 2008 (light blue line) supercells are
shown. Composite altitudinal frequency diagrams of vertical velocity in the (c) anomalous
10 April 2009 supercell, (d) anomalous 22 April 2017 supercell, (e) normal 11 April 2008
supercell, and (f) normal 6 February 2008 supercell are shown in colorfill. Approximate
mixed-phase region boundaries of 0°C and -40°C are marked (solid black lines) with -10°C
increments plotted between (dashed black lines) are shown in (c-f).
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increased with the intensity of the updraft, with total PIM comparable to that observed
in the anomalous 22 April 2017 supercell by approximately 35 minutes into the analysis
period at 1748 UTC, and exceeding the anomalous 22 April 2017 total PIM 20 minutes
later at 1808 UTC. Despite similar kinematic trends over time, more PIM was observed in
the anomalous 22 April 2017 supercell updraft than in the normal 6 February 2008 updraft
(Figures 3.3a, 3.3b, and 3.4a). This is attributed to the greater average hail contributions
to total PIM observed in the anomalous 22 April 2017 supercell of 29% compared with
the 2% observed in the normal 6 February 2008 supercell (Figure 3.4b). Consistent with
the observed hydrometeor type means, the normal 6 February 2008 supercell was the only
one of the four from which large hail was not reported, while reports of up to 4.44 cm in
diameter were associated with each of the other three storms. Although the normal 11 April
2008 supercell was composed of a relatively large fraction of hail, particularly in the lower
mixed-phase region (Figure 3.4b), it was characterized by the lowest total updraft PIM of
the four supercells for most of its analysis period (Figure 3.4a).

The altitudinal frequency of PIM per storm grid volume reflects observed hydrome-
teor fractions (Figures 3.4c to 3.4f). The anomalous 22 April 2017 storm exhibited greater
frequencies of higher PIM throughout the mixed-phase region and particularly above -10°C
(Figure 3.4d), consistent with a high total updraft PIM (Figure 3.4a) and relatively higher
average hail fraction (Figure 3.4b). Between the two normal storms which had compara-
tively lower total PIM values than the anomalous storms (Figure 3.4a), the normal 11 April
2008 supercell had greater frequencies of higher PIM values above the level of -10°C as well
(Figure 3.4e), associated with a comparatively higher hail fraction than observed in the
normal 6 February 2008 supercell (Figure 3.4b). Although the average hail fraction in the

anomalous 10 April 2009 supercell was relatively low at 7% (Figure 3.4b), it exhibited high
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Figure 3.4: Time series of (a) total PIM within updraft of >5 m s~! corresponding to the
anomalous 10 April 2009 (light red line), anomalous 22 April 2017 (dark red line), normal
6 February 2008 (dark blue line), and normal 11 April 2008 (light blue line) supercells are
shown. (b) The fractions of PIM within updraft of >5 m s~! at each altitude in each
storm attributed to LD graupel (yellow), HD graupel (green), and hail or large drops and
hail (pink) categories are shown as a stacked bar charts. Composite altitudinal frequency
diagrams of PIM within updraft of >5 m s~! in the (c) anomalous 10 April 2009 supercell,
(d) anomalous 17 April 2017 supercell, (e) normal 11 April 2008 supercell, and (f) normal 6
February 2008 supercell are shown in colorfill. Approximate mixed-phase region boundaries
of 0°C and -40°C are marked (solid blue lines) with -10°C increments plotted between

(dashed blue lines) are shown in (c-f).

79



total updraft PIM after approximately 35 minutes, comparable to and eventually exceed-
ing total PIM observed in the anomalous 22 April 2017 supercell (Figure 3.4a). Given the
relative lack of hail, the total PIM was attributed to increased graupel quantities within
the storm, especially LD graupel. Generally, PIM within the glaciated region extending
above the height of -40°C was associated with LD graupel or some small fraction of hail
as a result of the microphysical properties of each hydrometeor type represented in the
HID algorithm. The two anomalous supercells were observed to have greater PIM quanti-
ties above the mixed-phase region (Figures 3.4c and 3.4d, consistent with higher mean LD
graupel fractions observed in each (Figure 3.4b). However, the anomalous 10 April 2009
supercell was observed to have the greatest frequencies of higher PIM in the glaciated region
(Figure 3.4c), even compared with the other anomalous supercell (Figure 3.4d), indicating
that it contained more LD graupel per storm volume than the other supercells, particularly

in the mixed-phase and glaciated regions.

3.5 Storm Comparisons

The following section discusses comparisons of the supercells’ kinematic and mi-
crophysical structures. These comparisons are first used to identify common features in
Southeastern anomalous storms that differentiate them from normal storms. Combined
with information from environmental analyses, structural observations are used to explore

support for the microphysical processes thought to be required for the development of ACSs.

3.5.1 Updraft Structure

The following discussion considers details of and comparisons between the updraft

characteristics indicated from observations in Figure 3.3.
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3.5.1.1 Updraft Speed

Vertical velocity distributions (Figures 3.3c to 3.3f) indicated discrepancies in up-
draft speeds and vertical structure of the updrafts between storms. Despite the range in
extrema exhibited between the four cases, including differences between the anomalous
storms, the velocity distributions of the anomalous supercells each exhibited higher fre-
quencies of greater updraft speeds above 9 km than those of the normal storms. Part of
these structural differences can be attributed to storm depth, where the normal storms were
observed to be relatively less deep than the anomalous supercells with differences in 18 dBZ
echo top heights ranging from 1.2 km to 2.7 km (Figure 3.5b). However, analysis of the
peak vertical winds indicates that the depths over which relative maxima were experienced
were not deeper in anomalous storms, though their locations within the storms was offset
from that of the normal storms (Figure 3.5b).

Notched box plots shown in Figure 3.5 were used to examine the top 25% of the
maximum vertical motion observed in each layer (layer-maximum updraft speeds) and the
altitudes at which the top 25% of layer-maximum updraft speeds occurred. Notched box
plots illustrate the confidence around the median of a distribution and can be used to identify
whether distributions are similar based on the comparative notch location and shape within
each box. Considering first the relative distributions of peak updraft speeds in Figure 3.5a,
trends were consistent with updraft speed distributions observed in Figure 3.3. The peak
updraft speeds in the anomalous 10 April 2009 supercell were comparatively higher than

L' in the median.

observed in the other storms with a minimum difference of 15.4 m s~
Although the notches in the normal 6 February 2008 supercell and the anomalous 22 April

2017 supercell were least offset, none of the notches overlapped, indicating the medians of

peak layer-maximum updraft speeds were each significantly different from each other even
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Figure 3.5: Notched boxplots showing (a) the top 25% of maximum positive vertical
velocity values observed in each layer and (b) the distribution of the altitudes of the layers
in which they were observed relative to the melting level are shown for each of the four
cases according to the abscissa labels. The edges of each box depict the 25th and 75th
percentiles of the distribution while the center line shows the median. The whiskers are
drawn to 1.5 times the interquartile range, while open circles show outliers in the data. The
notches, or narrowing, around the median are used to depict its significance. Overlapping
notches between boxes indicate that the medians of two distributions are not statistically
significantly different. Approximate mixed-phase region boundaries of -40°C relative to the
melting level are marked (dashed lines color-coded by storm case). The average 18 dBZ
echo top height (closed circles) and cloud base height (open circles) associated with each
storm are plotted in (b) as well.

as some distributions overlapped. The anomalous 10 April 2009 distribution in particular
exhibited no overlap with that of the other storms, consistent with inferences drawn from the
vertical velocity distributions shown in Figure 3.3 that it represented the relative maximum
in updraft speeds in the dataset.

Higher updraft speeds were observed above the mixed-phase region in the anoma-
lous supercells (Figures 3.3c¢ and 3.3d) compared with the normal supercells (Figures 3.3e

and 3.3f), likely associated in part with differences in storm depth. Figure 3.5b shows the
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distributions of the altitudes of the peak layer-maximum updraft speeds relative to the
melting level observed in each case, facilitating a more direct comparison of the spatial
distribution of updraft speeds within the mixed-phase region. Vertical distributions of the
peak layer-maximum updraft speeds exhibited more overlap than was observed in the dis-
tributions of the speeds themselves, with most notable differences observed in the location
of peak layer-maximum updraft speeds relative to the mixed-phase region between the two
subsets. The majority of each of the normal storm’s peak layer-maximum updraft speeds
were confined to the mixed-phase region with less than 10% located at heights above -40°C,
while over 25% of peak layer-maximum updraft speeds in the anomalous supercells were
observed at heights above -40°C. Further, less than 5% of each of the anomalous storm’s
peak layer-maximum updraft speeds were observed within the warm cloud region. By con-
trast, at least 15% of the normal storms’ peak layer-maximum updraft speeds were located
within the warm cloud region.

It is evident that the anomalous 10 April 2009 supercell was characterized by a
comparatively stronger updraft in a deeper storm. However, bulk updraft characteristics
were most comparable between the normal 6 February 2008 supercell and the anomalous 22
April 2017 supercell with regard to the range and depth of observed velocities (Figure 3.3),
though the anomalous supercell exhibited faster peak velocities (Figure 3.5a). The distinct
separation in the notches between anomalous and normal box plots in Figure 3.5b informs
that the medians of the vertical distributions of their peak updraft speeds were significantly
different at the 95th% confidence level, indicating the contrast in structure of these two
individual updrafts and two sets of storms. While this could be attributed to differences
in storm size, the difference between the 75th percentile value of altitudes and the 18 dBZ

ET height was 1.1 km lower in the anomalous 22 April 2017 supercell than that of the
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normal 6 February 2008 supercell. A difference in 18 dBZ ET of 1.6 km indicated that peak
level-maximum updraft speeds were shifted higher in the 22 April 2017 supercell relative to

storm top and were not only higher because of a higher storm top.

3.5.1.2 Updraft Size

With the exception of the normal 11 April 2008 supercell, it is evident from Fig-
ures 3.3a and 3.3b that total updraft sizes were comparable between three of the supercells
for a substantial portion of their analysis periods, particularly considering their 5 m s—!
updrafts. However, differences in updraft area with height were observed in addition to
differences in distributions of updraft speed when average vertical profiles of updraft areas
were compared (Figure 3.6).

Each anomalous supercell was characterized by both a larger average 5 m s~! area
and average 10 m s~! area through the full depth of each storm compared with the normal 11
April 2008 supercell (Figures 3.6a and 3.6¢). However, the relationships were more variable
when the anomalous storms were compared with the normal 6 February 2008 supercell, in
which the 5 m s~! updraft area was larger throughout most of the middle mixed-phase
region, approximately between -5°C and -25°C, than observed in the anomalous supercells.
However, the 10 m s~! updraft area, considered as a demarcation of the updraft core,
was greater in the anomalous storms in the mixed-phase region than in the normal storm,
particularly in the upper mixed phase and glaciated regions, above the height of -20°C.

Comparing the differences in the vertical distributions of anomalous and normal
storm updraft areas in Figures 3.6a to 3.6d, it is evident that the area of the updraft core

was larger at higher altitudes in the anomalous storms than in the normal storms. Combined

with information from Figure 3.3, these comparisons indicate that the updraft core was not
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Figure 3.6: Difference plots of the mean 5 m s~! (narrow line) and 10 m s~ (bold line)

updraft areas relative to the melting level between the (a) anomalous 10 April 2009 and
normal 11 April 2008 storms, (b) anomalous 10 April 2009 and normal 6 February 2008
storms, (¢) anomalous 22 April 2017 and normal 11 April 2008 storms, and (d) anomalous
22 April 2017 and normal 6 February 2008 storms. Approximate mixed-phase temperatures
of -10°C t0 -40°C in -10°C increments are marked (dashed lines, where red color corresponds
with the anomalous case and blue color corresponds with the normal case).
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only stronger in the upper mixed-phase region of anomalous storms but was also larger than

in normal storms.

3.5.2 Mixed-Phase Microphysics

The quantity and vertical distribution of PIM in Figure 3.4 was used for comparison
between cases particularly because of its relationship with the dominant layer of the overall
charge structure and implications related to ice-ice collisional NIC. Specifically, dominant
regions of positive (negative) charge are expected to be associated with regions of riming
hydrometeors, or greater precipitation ice mass in anomalous (normal) storms. In anoma-
lous storms in particular, it is expected that more efficient riming of graupel particles takes
place in higher liquid water content to promote positive charging of the riming hydromete-
ors. Therefore, understanding differences in large ice quantities and distributions between
normal and anomalous storms may provide insight as to how anomalous storm development

differed.

3.5.2.1 PIM in the Updraft

The anomalous 22 April 2017 supercell contained the most PIM within the updraft
through the majority of the elapsed analysis period compared with the normal storms, where
only the maximum values of updraft PIM in the normal 6 February 2008 briefly approached
the anomalous 22 April 2017 updraft PIM minima (Figure 3.4). During the first 20 minutes
of its development, the anomalous 10 April 2009 updraft PIM was similar to that of both
normal storms, with magnitudes remaining comparable to those of the normal 6 February
normal supercell over the first 40 minutes in total. As the anomalous 10 April 2009 supercell

continued to strengthen, its updraft PIM magnitudes surpassed the relatively high updraft
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PIM magnitudes maintained by the anomalous 22 April 2017 supercell. As expected, these
trends generally correspond with trends and variations in updraft size exhibited in each of

the four supercells (Figures 3.3a and 3.3b).

3.5.2.2 Hydrometeor Contributions

While hail, HD graupel, and LD graupel are all rimed ice categories, hail and HD
graupel in particular represent the larger, denser, and more efficient riming hydrometeors.
Appreciable hail fractions were observed in all but the normal 6 February 2008 supercell
(Figure 3.4b), consistent with generally lower frequencies of higher PIM values at all levels
in the normal 6 February 2008 supercell when comparing vertical PIM distributions in
all storms (Figures 3.4c to 3.4f). These HID analyses were consistent with a lack of hail
reports associated with the normal 6 February 2008 supercell, indicative of less efficient
riming processes therein resulting from some possible combination of reduced mixed-phase
LWC or a kinematic environment that did not favor sufficient residence time of riming
particles for hail growth.

Hail contributed the most to PIM within the updraft in the anomalous 22 April
2017 supercell with fractions of approximately 50% or greater in the upper mixed-phase
region (Figure 3.4b), consistent with its generally higher updraft PIM quantity over the
analysis period (Figure 3.4a) and reflected by high values of PIM observed throughout the
mixed-phase region (Figure 3.4d). Coupled with multiple reports of large hail of up to 4.44
cm in diameter, these metrics indicated that efficient riming processes within the supercell
may have been supported by sufficient mixed-phase LWC or conducive kinematic structure

and likely extended throughout a substantial depth of the mixed-phase region.

87



The smaller normal 11 April 2008 supercell was characterized by a relatively smaller,
weaker updraft as well as the least PIM compared with the other storms (Figure 3.4a).
However, its precipitation ice composition was similar to that of the anomalous 22 April
2017 supercell in the lower mixed-phase region with between 25% to 50% hail composition
in multiple layers. Comparing the normal supercells, higher frequencies of greater PIM
values at any depth in the mixed phase region in the normal 11 April 2008 supercell was
consistent with comparatively higher riming efficiency than indicated in observations of the
normal 6 February 2008 supercell. PIM frequencies within the lower mixed-phase region
(below the level of -20°C) of the normal 6 February 2008 and anomalous 22 April 2017
supercells (Figures 3.4d and 3.4e) exhibited the strongest similarities, indicating similar ice
precipitation efficiency at warmer mixed-phase temperatures.

Despite observations of large hail associated with the anomalous 10 April 2009 su-
percell, LD graupel was the primary contributor to PIM. This difference resulted in the
generally higher frequencies of lower PIM values observed throughout the mixed-phase re-
gion (Figure 3.4c) compared with lower frequencies of higher PIM values observed in the
anomalous 22 April 2017 supercell (Figure 3.4d). Compared with all other supercells, the
anomalous 10 April 2009 supercell was characterized by lower fractions of the larger, denser,
more efficient riming hydrometeors in the lower mixed-phase region and by comparison with
the anomalous 22 April 2017 supercell, exhibited lower fractions of larger riming hydrom-
eteors in the upper mixed-phase region as well (Figure 3.4b). Even so, on average, the
anomalous 10 April 2009 supercell had >1.9e7 kg more PIM associated with hail and HD
graupel in the lowest 3 km of the mixed-phase region of the updraft compared with the
same region in the normal supercells (not shown). However, it also had 2.9e7 kg (5.9¢7 kg)

less PIM associated with hail and HD graupel on average in the lowest 3 km of the mixed-
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phase region of the updraft (combined upper 2 km of the mixed-phase region and glaciated
region of the updraft) compared with the anomalous 22 April 2017 supercell (not shown).
These values indicate that although its relative distribution of larger precipitation ice was
lower than in the normal storms, the anomalous 10 April 2009 supercell still contained more
large precipitation ice in the form of hail and HD graupel. However, it did not contain as
much large precipitation ice as observed in the anomalous 22 April 2017 supercell. The
temporal increase in updraft PIM observed in the 10 April 2009 supercell that represented
the eventual maximum of the dataset could be attributed to the greater capability of its
large updraft (Figures 3.3a and 3.3b) in supporting a larger quantity of smaller, less dense
graupel. In addition, its lightning flash rates were generally comparable to the normal su-
percells prior to their weakening phases and significantly lower than the other anomalous
supercell, indicating from multiple metrics that large riming ice growth processes in the

anomalous 10 April 2009 supercell may have been relatively inefficient by comparison.

3.5.2.3 Updraft PIM Structure

Vertical profiles of hydrometeor fractions alluded to structural differences in PIM
observed between the four supercells. For instance, despite relatively lower hail fractions
observed in the anomalous 10 April 2009 supercell, both anomalous storms exhibited minor
hail fractions in the upper mixed-phase region that extended into the glaciated region,
whereas the normal storms did not. The greater depth to which LD graupel was observed
and the presence of hail contributed to PIM at higher altitudes, as well as higher frequencies
of larger PIM within the glaciated region in the anomalous storms (Figures 3.4c and 3.4d).
While differences in the depths of PIM observed can partially be attributed to differences in

the storm depths, the anomalous storms were characterized by higher frequencies of larger
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PIM values closer to their respective storm tops than were the normal storms, indicating
riming hydrometeors were more vertically extensive therein. This may have been the result
of greater depths over which riming growth was supported in anomalous storms or the
ability of anomalous storms to loft rimed hydrometeors to higher altitudes given stronger

updraft profiles aloft (Figures 3.3c and 3.3d).

3.5.3 Environmental Conditions

Coarse environmental data can be considered within the context of the observed
kinematic and microphysical structure of each supercell to further understand the differ-
ences in gross charge structure. Each of the four storms shared some commonalities in the
environmental parameter spaces in which they formed (Table 3.2). There were no obvious
trends differentiating anomalous and normal storm environments in the surface tempera-
ture and dew point temperature, mean mixing ratio in the lowest 100 hPa, depth of the
free convective layer, or 0-6 km shear. However, parameters exhibiting differences included
metrics of environmental moisture, warm cloud depth, and instability. It should be noted
that while some studies have identified some of these parameters as discriminators between
anomalous and normal supercell storm environments (e.g., Carey and Buffalo, 2007; Fuchs
et al., 2018), differences in parameters identified in the comparisons discussed herein are
not always observed between normal and anomalous storm environments (e.g, Chmielewski

et al., 2018; Fuchs et al., 2018; Lang and Rutledge, 2011).

3.5.3.1 CCN Proxy

Aerosol concentration profiles derived from MERRA reanalysis are shown in Fig-

ure 3.7, from which estimates of CCN concentrations were inferred. Estimated CCN pro-
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vides an indication of the nature of the cloud and precipitation particle size distributions in
each of the storms. The aerosol profiles corresponding to the anomalous storm environments
and the normal 11 April 2008 supercell were most similar, particularly below the height of
approximately -10°C. However, the relatively low aerosol concentration in the normal 6
February 2008 profile is consistent with the idea that fewer CCN may have prevented com-
petition for water vapor and did not comparatively reduce warm precipitation efficiency. By
contrast, the anomalous 10 April 2009 supercell aerosol profile indicates that more aerosols
were present within the warm cloud region with an absolute maximum just above the height
of the LCL, with relatively higher concentrations that persisted into the mixed-phase re-
gion. The normal 11 April 2008 supercell, however, also possessed relatively greater aerosol
concentrations throughout the mixed-phase region, though did not exhibit a similar relative
maximum near the inferred cloud base height. These profiles are consistent with the idea
that more CCN were available to the anomalous supercells, potentially shifting the particle
size distribution toward smaller particles and effectively reducing the efficiency of warm
rain processes. As PIM distributions and lightning flash rates indicated in the anomalous
10 April 2009 supercell in particular, it is possible that increased CCN contributed not
only to a possible reduction in warm precipitation efficiency but to reduced precipitation
efficiency in general throughout the storm. Precipitation inefficiency may have impacted ice
growth processes as indicated by discrepancies between quantities of large precipitation ice
between anomalous supercells (Figure 3.4), particularly given the robust updraft in the 10

April 2009 supercell that seemingly could have supported high-LWC riming (Figure 3.3d).
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Figure 3.7: Total aerosol concentration profiles including dust, hydrophilic carbon species,
sulphate, and sea salt aerosols thought to contribute to CCN corresponding to the (a)
anomalous 22 April 2017, (b) anomalous 10 April 2009, (c) normal 11 April 2008, and
(d) normal 6 February 2008 supercells. In each panel, the heights of 0°C through -40°C
are marked by the blue lines in -10°C increments. The height of the LCL is marked by a
horizontal green line.

3.5.3.2 Instability

Similar to WCD, results concerning the relationship between instability and ACS
development have been varied. Generally, higher NCAPE has consistently discriminated
anomalous from normal storms, while CAPE within the mixed-phase region has been shown
to be higher in anomalous storms compared with normal storm environments (Carey and
Buffalo, 2007). CAPE values associated with the Southeastern supercells of interest ranged
from 447 J kg~! to 2123 J kg~!, with NCAPE varying between 0.06 m s~! and 0.19 m s—2

(Table 3.2). For each metric, the greater (lesser) values corresponded with the anomalous
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normal) supercells, with minimum differences of 239 J kg=! and 0.03 m s2.
( p g

Generally,
trends toward higher NCAPE in anomalous storm environments were consistent with their

more robust updrafts.

3.5.3.3 Warm Cloud Depth

The shallowest environmental WCD of approximately 2460 m was associated with
the anomalous 10 April 2009 supercell environment, given an LCL height of 643 m and an
environmental melting level of 2105 m. The second most shallow WCD of approximately
2720 m was associated with the anomalous 22 April 2017 supercell environment, associated
with a comparatively high 900 m LCL and an environmental melting level height of 3617 m.
By contrast, the lowest environmental LCL of 585 m associated with the normal 6 February
2008 supercell environment combined with a similar environmental melting level of 3860 m
resulted in the second deepest WCD of the sample of approximately 3280 m. Despite having
the highest LCL of 1280 m, the comparatively high environmental melting level height of
4365 m resulted in the deepest WCD of approximately 3340 m associated with the normal
11 April 2008 supercell.

These general trends agree with findings in the literature that anomalous supercells
sometimes have a more shallow WCD than their normal counterparts, where a shallower
WCD likely reduces the depth over which warm precipitation may grow and deplete cloud
LWC. However, the anomalous WCDs in these Southeastern supercells were deeper by
approximately 1000 m than values reported in the literature associated with anomalous
supercells (e.g., Carey and Buffalo, 2007; Chmielewski et al., 2018; Fuchs et al., 2018).
However, the minimum 820 m difference between the shallowest anomalous and the deepest

normal WCDs was similar to that observed by Fuchs et al. (2018), with a difference of
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892 m between storm environments in different regions. While shallower WCD has been
linked as a discriminator separating anomalous from normal storm environments, others
have identified the opposite when examining storms in the same region on the same day
(Chmielewski et al., 2018) and storms in the same region on different days (Lang and
Rutledge, 2011). Observations of these four Southeastern supercell environments support
findings that while a shallower WCD may promote conditions favoring the development of
ACSs, they also suggest that the determination of a sufficiently shallow WCD likely varies
related to other environmental conditions affecting precipitation efficiency, cloud LWC, and

ice growth processes.

3.5.3.4 Environmental Moisture

Relationships between the storms based on metrics of environmental moisture var-
ied according to the layers considered. Mixing ratios in the lowest 100 hPa were not sub-
stantially different between subsets of storms, varying between 11 g kg=! and 13 g kg™'.
However, RH in the 700 hPa to 500 hPa layer trended lower in anomalous storms with
values of 21% and 36% compared with values of 41% and 55% in normal storms.

Metrics that encompassed more of the full storm depths also tended toward lower
moisture in anomalous storm environments. Precipitable water between the surface and 400
hPa was lower in anomalous storms at 2.3 cm and 3.2 cm compared with 3.5 cm and 3.8 cm
in normal storms. RH in the full depth, meanwhile, was 41% and 54% in anomalous storms
and 54% and 68% in normal storms. RH through any depth considered was consistently
lowest in the anomalous 10 April 2009 supercell, which may have also contributed to its

inferred relative precipitation inefficiency. The normal 11 April 2008 and anomalous 22
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April 2017 environmental RH values were most comparable in the middle of the observed

range, while the highest RH was observed in the normal 6 February 2008 environment.

3.6 Discussion on Contributions to Anomalous Charging

The following section discusses contrasts in the structural and environmental aspects
associated with each of the supercells through which conditions favoring the development

of anomalous charge structure may be interpreted.

3.6.1 Evaluation of Updraft Structure Relative to Charging Hypotheses: Low-

Level Updraft

More robust updrafts in lower levels are thought to support ACS development by
reducing warm precipitation efficiency such that cloud LWC remains available to reach the
mixed-phase region for more efficient riming growth in favor of increased positive charging
of riming hydrometeors. In addition to the benefit of fast updrafts to reduce cloud water
residence time in the warm cloud, wide updrafts as well are thought to be less susceptible to
entrainment, ultimately preserving LWC and maintaining fast updraft speeds. Generally,
higher CBHs are thought to favor broader updrafts (e.g., Carey and Buffalo, 2007; Williams
et al., 2005). Therefore, anomalous storms are thought to be associated with elevated cloud
structure as well as broad, fast updrafts in the warm cloud region that contribute to initial
reduction of LWC loss to warm precipitation growth. Although the maximum updrafts
were located at the top of the mixed-phase region in the anomalous storms, the anomalous
10 April 2009 storm was characterized by higher updraft speeds below the melting level
than observed in the other three storms (Figure 3.3c), seemingly supporting the hypothesis

related to low-level updraft support.
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The anomalous 22 April 2017 supercell also exhibited a faster, broader updraft in
the warm cloud region when compared with the normal 11 April 2008 supercell. However,
when compared with the normal 6 February 2008 supercell with which the anomalous 22
April 2017 supercell shared similar bulk updraft properties, the normal supercell exhibited
both faster updraft speeds and a larger updraft core below the melting level (Figures 3.3d,
3.3f, and 3.6d). If a large, fast updraft, particularly in the warm cloud region, were the
primary requirement supporting conditions favorable to anomalous charging, the 6 February
2008 supercell would have been expected to be anomalous rather than the 22 April 2017
supercell. However, a weaker updraft that comparatively facilitates warm precipitation
efficiency may also be compensated by other environmental factors that adequately reduce
warm precipitation efficiency. The idea of WCT (Fuchs et al., 2018) addresses this idea.
However, it was observed that the distribution of WCTs based on updraft speed percentiles
and a representative hydrometeor fall speed of 2 m s~! exhibited substantial overlap in
the Southeastern anomalous and normal supercells (Figure 3.8). Moreover, while the tails
of the two anomalous WCT distributions were generally lower than the normal storms on
the order of 5 mins to 8 mins, the anomalous storms WCTs were not comparable to those
observed in anomalous storms in CO by Fuchs et al. (2018) and all more closely resembled
the distributions observed in normal storms in AL analyzed by Fuchs et al. (2018). These

data indicate that additional environmental factors likely contributed to the observed ACSs.

3.6.2 Evaluation of Updraft Structure Relative to Charging Hypotheses: Mixed-

Phase Updraft

Within the mixed-phase region, similar arguments apply as were discussed with

respect to low-level updrafts. Large, fast updrafts are more resistant to entrainment of dry
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Figure 3.8: (a) Violin plots showing the distributions of warm cloud updraft speeds in

each storm. (b) Violin plots showing the distributions of WCTs in each storm, assuming a

particle fall velocity of 2 m s~

air and may be less favorable for particle recirculation which can increase competition for
LWC and reduce riming efficiency.

The mixed-phase updraft structures in anomalous storms were larger and faster
in the middle to upper mixed-phase region compared with the larger, faster updrafts ob-
served in the lower to middle mixed-phase regions of the normal storms. Fast updrafts
at higher levels in anomalous storms may have been supported in part by the additional
latent heat release associated with their apparent greater depths of riming (e.g., Fuchs and
Rutledge, 2018). However, the relative differences in updraft structure between the ob-
served Southeastern anomalous and normal supercells were collocated with observed dry
layers, indicating that dry air entrainment may have impacted updraft strength in the low-

to mid-levels of anomalous storms, altering their profiles. Specifically, it is possible that
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maximum updrafts were identified at higher altitudes in the anomalous storms because the
mid-level updrafts were comparatively reduced by negative buoyancy associated with dry
air entrainment. The “top-heavy” updraft profiles of anomalous storms were comparable
to updraft profiles in supercell simulations conducted by Grant and van den Heever (2014)
in which dry layers were imposed. Compared with control simulations in their study, those
that included dry layers centered at 3.5 km AGL (near 650 mb) were able to maintain
strong maximum updrafts aloft though low-level velocities were diminished locally where
affected by injection of dry air (Grant and van den Heever, 2014). Additionally, results from
simulations by Nowotarski et al. (2020) suggest that as much as 30% of the air within the
updraft core may originate above the effective inflow layer that is typically observed within
the lowest 3 km, further suggesting the possibility of entrainment within the mid-levels that
could have introduced dry air to the udpraft.

In the anomalous supercells, maximum updraft speeds were either aligned with or
located above the dominant positive charge region and extended into the glaciated region
where collisional NIC involving riming hydrometeors would have been inactive as a result
of homogeneous freezing (although studies have shown that some amount of charging may
occur in the absence of LWC, e.g., Dye and Bansemer, 2019; Emersic and Saunders, 2020;
Mitzeva et al., 2006). Therefore, the most likely region of positive charging of riming
hydrometeors did not strictly coincide with storm maximum updraft speeds. Chmielewski
et al. (2020) similarly observed that maximum updraft speeds and anomalous charging did
not necessarily coincide in their study. However, observations of comparably drier layers in
the Southeastern anomalous storms are also consistent with others reported in the literature
(e.g., Carey and Buffalo, 2007; Carey et al., 2003b; Chmielewski et al., 2018; Knapp, 1994)

and numerous observations of anomalous charge structure in LP supercells (e.g, Branick
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and Doswell III, 1992; Curran and Rust, 1992; Lang et al., 2004; MacGorman and Burgess,

1994; Seimon, 1993; Tessendorf et al., 2007b).

3.6.3 Effects of Entrainment

Environmental indicators of water vapor content suggested that the anomalous
storm environments were drier, particularly just below the melting level and into the lower
mixed-phase region. The structure of their updrafts, wherein peak updraft speeds were lo-
cated at higher altitudes with weaker updrafts in the mid- to low-level mixed-phase region,
indicated that they may have been affected by dry air entrainment associated with lower
metrics of RH.

The role of dry air entrainment is often considered from an LWC perspective in the
context of ice-ice collisional NIC. As it pertains to precipitation efficiency, several effects of
entrainment have been suggested. As discussed in Chmielewski et al. (2018), dry air in lower
levels of storms may decrease droplet sizes, reducing precipitation efficiency. However, the
possible limiting effects of dry air entrainment to LWC include evaporation of cloud liquid
water needed for riming (e.g., Hoffmann, 2020) and erosion of buoyant parcels that would
both increase the residence time of LWC, promoting precipitation efficiency, and reduces
the updraft’s ability to transport larger LWC (e.g., Chmielewski et al., 2018; Fuchs et al.,
2018)

The effects of dry air entrainment on the relative diffusional growth of ice particles
and its impact to particle-scale charging have not been considered as deeply in the litera-
ture on storm-scale electrification. However, it has been shown in theoretical models and
from limited laboratory studies that reduced supersaturation with respect to ice relatively

increases the magnitude of positive charging of riming precipitation ice for a given LWC
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over a range of mixed-phase temperatures (Berdeklis and List, 2001; Mitzeva et al., 2005;
Saunders et al., 2006; Tsenova et al., 2010).

While factors such as a shallow WCD and fast low-level updraft (in the case of the
10 April 2009 supercell) may have promoted mixed-phase LWC, the differences in WCT
in normal storms were not substantial enough to explain the resultant drastic difference
in charge structure. It is suggested that entrainment of dry air may have contributed to
anomalous charging in these storms dually by (a) reducing the warm rain efficiency and
facilitating the availability of LWC in the mixed-phase region as well as (b) reducing super-
saturation with respect to ice in the charging region and thereby altering relative growth
rate relationships and decreasing the LWC required for positive graupel charging. This is
not to say that the impacts of dry air are more significant than or preclude the requirement
of LWC for anomalous charging. Rather, it is suggested that dry air entrainment and its
impact on saturation ratios can augment and increase the effects of requisite available LWC.

It is unclear how often the Southeastern environment includes mid-level dry air,
though it is expected to be somewhat infrequent given the availability of deep moisture
owing to the proximity of the Gulf of Mexico. The contrast offers a physically consistent
explanation for the relatively low frequency of anomalous storm observations in the South-
east compared with the Great Plains where environmental dry layers are more prevalent
as a result of elevated mixed layers and/or the proximal dryline (e.g., Chmielewski et al.,

2018; Grant and van den Heever, 2014).

3.6.4 Summary of Potential Factors Manifesting Apparent Charge Structure

In many ways, the anomalous 10 April 2009 supercell was superlative, demonstrat-

ing a robust updraft and observed within a favorable environment for anomalous charging
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by standards established in the Great Plains. While conditions were seemingly favorable for
the availability of LWC in the mixed-phase updraft, it is possible that dry air entrainment
contributed to anomalous charging as well. Having formed in a dry pre-convective environ-
ment characterized by relatively high warm cloud aerosol concentrations, the anomalous 10
April 2009 storm was apparently not particularly precipitation-efficient in the warm cloud
or mixed-phase regions, given its relatively low lightning flash rate, low hail fraction, and
low total PIM compared with the anomalous 22 April 2017 storm. Its shallow WCD and
particularly broad, fast updraft may have compensated sufficiently to provide mixed-phase
cloud LWC for riming growth despite deleterious effects of environmental dry air. The
effects of dry air entrainment exhibited through low- to mid-level updraft structure may
have also inhibited ice crystal depositional growth relative to riming growth, shifting the
LWC requirement for positive graupel charging and lowered the threshold to achieve an
ACS consisting of deep, positive charging of riming hydrometeors.

The anomalous 22 April 2017 supercell exhibited less definition in charge structure,
indicating relatively increased charge structure complexity. This complexity could have
been attributed to three-dimensional variability in kinematics as well as cloud microphysical
properties. That is, conditions within the updraft may have been variably favorable for
both anomalous and normal charging, with predominantly anomalous charging occurring
in the net. The structural similarities between the anomalous 22 April 2017 storm and the
normal storms support this possibility, as do indications of some environmental overlap. It
is possible that different factors contributed to comparative net anomalous structure in the
22 April 2017 storm than contributed to the 10 April 2009 ACS.

The gross updraft structures were most similar between the normal 6 February 2008

storm and the anomalous 22 April 2017 supercell. The primary differences between the
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storms included a faster low-level updraft in the normal supercell and a shallower WCD,
increased warm cloud aerosol concentrations, and drier environmental conditions in the
anomalous supercell. While WCTs were comparable between the two storms, indicating
similar support for mixed-phase liquid water content from the contrast between WCD and
low-level updraft characteristics, the normal 6 February 2008 supercell was characterized
by substantially less PIM in its structure and produced negligible hail fractions within
the updraft. While prolific hail production is not necessary for an anomalous storm (e.g.,
Tessendorf et al., 2007b), its absence suggests low mixed-phase cloud LWC or limited ice
precipitation efficiency. These are indications of relatively increased warm precipitation
efficiency in the normal 6 February 2008 supercell, possibly due to decreased competition
for droplet growth in the warm cloud region as a result of relatively fewer aerosols and
comparatively increased low-level moisture. The relatively drier air in the lower and mid-
levels of the 22 April 2017 supercell, by contrast, may have contributed both to reduced
warm precipitation efficiency and benefits to relative growth rate of ice crystals and graupel
in the mixed-phase region supportive of greater net anomalous charging.

Metrics of environmental humidity were most similar between the normal 11 April
2008 supercell and the anomalous 22 April 2017 supercell of the four storms, as were the
precipitation ice characteristics. However, the WCD was the deepest, the wet bulb zero
height was the highest, and the precipitable water was greatest in the normal 11 April 2008
supercell environment, indicating moist low levels and efficient warm rain production despite
an aerosol profile depicting relatively large concentrations in the warm cloud region. Even
though conditions suggested that LWC may have been reduced in the mixed-phase region,
relatively high hail fractions in the lower mixed-phase region were observed, indicating that

conditions were favorable in some part of the storm for hail growth via riming. However,

102



the observed charge structure suggests that weak kinematic support and factors favoring
warm precipitation efficiency precluded sufficient LWC for positive charging of riming hy-
drometeors through a substantial depth of the storm despite favorable humidity values and
evident riming efficiency. Had adequate kinematic support provided sufficient LWC to the
mixed-phase region, it is possible that the dry environment similar to or increased warm
cloud aerosol concentrations greater than that observed in the anomalous 22 April 2017

supercell may have favored a similar ACS in the otherwise normal 11 April 2008 supercell.

3.7 Conclusions

The kinematic structure, precipitation microphysics, lightning properties in, and
environmental characteristics surrounding four supercell thunderstorms exhibiting normal
and anomalous charge structures in the Southeastern US were examined and compared. The
kinematic and microphysical conditions associated with and the environmental support for
dominant negative charge regions in normal storms and dominant positive charge regions
in anomalous storms were evaluated. Primary characteristics differentiating the anomalous

supercell thunderstorms were identified as follows:

1. The anomalous supercells were deeper storms with larger, stronger updrafts in the
upper mixed-phase regions that extended into the glaciated region. By contrast, the
most robust portions of updrafts in normal supercells were confined to the warm cloud

and lower to middle mixed-phase regions.

2. The anomalous supercells had larger quantities of precipitation-sized ice in the upper
mixed-phase region and within the glaciated region than normal supercells. These

observations indicated more efficient riming growth through a deeper extent and/or
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greater kinematic support lofting rimed hydrometeors to higher altitudes than oc-

curred in normal supercells.

3. Trends in environmental conditions that favored microphysical processes associated
with anomalous charging included shallower WCDs, greater instability, increased
warm cloud aerosol concentrations, and reduced measures of moisture in the lower
to middle mixed-phase regions. However, the values observed and the differences be-
tween anomalous and normal storms were not necessarily consistent with Great Plains
storm environments. While environmental data were coarse in nature, general magni-
tudes of these environmental parameters and their differences reinforce the idea that
the extent to which each is necessary relies on the combined influence of all factors

that affect the mixed-phase microphysical parameter space.

4. Despite increased instability metrics, anomalous storm updrafts were not necessarily
comparatively stronger than normal storm updrafts in the warm cloud region, lend-
ing to comparable WCTs. Warm cloud conditions were seemingly alone insufficient
to account for anomalous charging. In addition to considering combined and compet-
ing influences of multiple environmental parameters, results suggest that mixed-phase
considerations for anomalous charging may extend beyond LWC considerations to in-
clude effects of variable water vapor content on relative ice growth rates and associated

charging of riming and non-riming ice.

These results further highlight the complexity concerning the requirements and rel-
ative sufficiency of specific environmental conditions for anomalous charging. They also
motivate several areas for future study that may improve upon the clarity of results pre-

sented herein. For instance, the limited number of storms addressed by these analyses was
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the byproduct of a relatively rare phenomenon in Southeastern anomalous supercell devel-
opment as well as limited quality observations of comparable storm mode, intensity, and
duration. Not only would a larger sample of both anomalous and normal supercells be desir-
able, but future analyses of similar thunderstorm observations should also seek to broaden
the pool of high-intensity normal storms for closer comparison with the robust anomalous
storms herein. Similarly, an environmental analysis study may improve understanding of
how often the conditions thought to be associated with Southeastern anomalous storms
are present, providing further insight to understanding of their frequency. To complement
and advance understanding from observational results, future modeling studies should also
continue to assess the sensitivity of ACS development to microphysical parameters. In par-
ticular, various environmental impacts to mixed-phase LWC such as instability, CCN and
ice nuclei concentrations, RH, and the thermal profile should be addressed. Similarly, it
would be of interest to further evaluate the impacts of environmental conditions such as
CCN and RH on updraft structure and intensity as well.

The results also raise questions concerning the multi-phase aspect of ice precipitation
growth processes in the context of particle-scale charging, among which is whether the
effects of dry air and supersaturation on relative ice crystal and graupel growth rates may
sometimes be just as important as LWC to ice-ice collisional NIC processes?

The potential role of supersaturation in gross charge structures in particular re-
quires further consideration, though tools by which to address this topic are limited as of
yet. For instance, laboratory charging studies have not yet tested the effects of water vapor
on relative ice particle growth rates over a sufficient range of supersaturation ratio nor has
the complete three-dimensional parameter space of temperature, LWC, and supersaturation

been addressed in a laboratory setting. These empirical data are necessary to inform de-
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velopment of an appropriate parameterization for numerical simulations that may be used
to test hypotheses for which observations are limited. From the observational perspective,
current studies are limited by the lack of LWC or water vapor observations in deep con-
vection and difficulty of direct measurement. In their absence, data and techniques that
improve current estimates of properties such as CCN are of potential benefit. Surface-based
instruments such as ceilometers, sun photometers, and Light Detection and Ranging (Li-
DAR) may provide observations of aerosol optical depth from which CCN concentrations
could be derived in limited-area studies. Techniques utilizing satellite data to estimate
CCN in convection may be more widely useful as well (e.g., Rosenfeld et al., 2014; Yue
et al., 2019). Storm penetrating aircraft and similar efforts exist among the few avenues by
which necessary direct measurements of CCN, LWC, and water vapor in convection may
be acquired in the future. However, as current techniques are insufficient to explore LWC
and supersaturation in thunderstorms at the required scales, laboratory and subsequent
modeling studies hold the most immediate promise toward further clarity on their roles in

charge structure polarity.
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CHAPTER 4

MICROPHYSICAL CHARACTERISTICS OF SUPERCELL
THUNDERSTORM CHARGE STRUCTURE AND INFLUENCES ON

SPATIAL LIGHTNING FLASH RELATIONSHIPS WITH THE UPDRAFT

4.1 Abstract

Relationships between active charge structure, lightning location, and kinematic and
microphysical updraft characteristics during the development of an anomalous supercell ob-
served in the Southeastern United States are addressed. The initial charge structure was
characterized as an anomalous dipole in which positive (negative) charge was most closely
associated with regions of precipitation (cloud) ice. The dominant anomalous charge struc-
ture evolved to include additional minor layers as well as evidence of horizontal charge struc-
ture complexity. While positive charge was primarily observed in precipitation ice regions,
negative charge was increasingly observed in precipitation ice regions in addition to cloud
ice regions. As charge structure characteristics evolved, spatial lightning flash relationships
with the updraft also changed, where lightning flash initiations were increasingly observed
in regions of faster updrafts and stronger horizontal gradients in updraft speed. These
observations were contrasted with those of a comparable supercell with a normal charge
structure (i.e., normal supercell), within which it was identified that sources were more

typically closely associated with hydrometeor regions characteristic of normal particle-scale
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charging with positive (negative) charge observed in predominantly cloud (precipitation) ice
regions, while lightning flash initiations remained within slower updraft speeds and weaker
updraft gradients. It is suggested that the evolution of spatial relationships between light-
ning and the updraft structure observed in the anomalous storm, as well as deviations from
characteristics observed in the normal supercell, were associated with storm-scale variability

in particle-scale charging behavior.

4.2 Introduction

Anomalous charge structures are thought to result from the response in charging
behavior to extensive atypical cloud microphysical conditions (e.g., Bruning et al., 2014;
MacGorman et al., 2005; Rust et al., 2005). Anomalous charge structure organization is
often discussed in a similar one-dimensional framework as normal charge structures (e.g.,
Bruning et al., 2014). Differences between charge structures are understood through ice-ice
collisional NIC theory, where inferred vertical variations in temperature and cloud LWC
are thought to influence the polarity of charge being carried by precipitation and cloud ice
hydrometeors (Reynolds et al., 1957; Saunders et al., 2006; Takahashi, 1978). In reality,
three-dimensional variations in cloud microphysical conditions within a thunderstorm up-
draft may also contribute to horizontal inhomogeneity and increased complexity in charge
structure (Kuhlman et al., 2006; Wiens et al., 2005). As observed relationships between
lightning flash trends and convective intensity have a physical basis in the microphysical
and kinematic conditions of electrification, it is expected that cloud microphysical variations
affect how lightning relates to the updraft.

Recent studies have identified differences in general relationships between lightning

flash initiation and propagation in storms with inferred normal versus anomalous charge
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structures (Fuchs and Rutledge, 2018; Fuchs et al., 2018). Within a large sample of storms,
it was noted that lightning flashes in normal storms (i.e., storms with a normal charge
structure) tend to occur at higher altitudes and in lower reflectivity regions than observed
in anomalous storms (i.e., storms with an anomalous charge structure), indicating micro-
physical differences in anomalous charge structures (Fuchs and Rutledge, 2018). Within a
smaller subset of storms, a larger fraction of propagation in anomalous storms was observed
in regions of stronger updraft gradient regions and somewhat faster updraft speeds, thought
to indicate that lightning flashes in anomalous storms occurred closer to the updraft (Fuchs
et al., 2018). However, few studies have addressed the influence of inferred variations in
particle-scale charging conditions on the microphysical composition of charge structures
or how the microphysical characteristics of charge structure impact spatial relationships
between lightning flashes and the updraft. Identification of these relationships may add
specificity to current understanding of how lightning properties relate to convective metrics
that are used to interpret intensity (e.g., Carey et al., 2019; Schultz et al., 2017).
Observations of the development and early evolution of charge structure and light-
ning flash properties within an anomalous supercell documented in the Southeastern US are
presented. Special consideration is given to inferred microphysical characteristics of charge
regions, changes in charge structure, and the location of lightning flash initiation with re-
spect to the updraft. Comparisons with a normal supercell observed in the region for which
similar observations are available are used to contrast charge structure characteristics as

well as spatial lightning flash relationships with updraft properties.
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4.2.1 Electrification and Charge Structure

Although there are several probable processes through which thunderstorm electrifi-
cation arises, the primary method is thought to be ice-ice collisional NIC. Ice-ice collisional
NIC theory describes the transfer of charge during rebounding collisions between precip-
itation and cloud ice particles growing in the presence of supercooled liquid cloud water.
Results from laboratory studies indicate that the polarity of charge associated with each
hydrometeor type is thought to result from cloud microphysical conditions including LWC,
temperature, and supersaturation (e.g., Berdeklis and List, 2001; Jayaratne et al., 1983;
Saunders et al., 2006; Takahashi, 1978). Typical conditions within the mixed-phase region
of a thunderstorm provide for the normal charging regime associated with cooler tempera-
tures and lower LWC in which precipitation ice becomes negatively charged. By contrast,
the anomalous charging regime is characterized as positive (negative) charging of precipi-
tation (cloud) ice at warmer temperatures, in the presence of higher cloud LWC, and pos-
sibly at lower environmental supersaturation (e.g., Berdeklis and List, 2001; Mitzeva et al.,
2005; Saunders et al., 2006). Vertical variations in the aforementioned thermodynamic
and cloud microphysical properties along with gravitational sedimentation of oppositely
charged cloud and precipitation ice hydrometeors comprise the simplified dipole and tripole
conceptual models of charge structure (e.g., Williams, 1989, 2001). In reality, charging
behaviors are more complex. Within varying kinematic and cloud microphysical condi-
tions in a three-dimensional updraft, multiple charging regimes may be present even as net
charge regions reflect the dominant behavior (e.g., Chmielewski et al., 2020). Additionally,
other non-inductive and inductive charging mechanisms may affect charging behavior while
three-dimensional flows at storm to turbulent scales, differential sedimentation, and charge

deposition by lightning flashes contribute observed charge structures (e.g., Brothers et al.,
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2018; Bruning and MacGorman, 2013; Bruning et al., 2010; Lhermitte and Williams, 1985;

Stolzenburg et al., 1998).

4.2.2 Kinematic and Microphysical Relationships between Lightning and Con-

vective Structure

Various foundational studies have examined fundamental relationships between mi-
crophysics, kinematics, and lightning behavior, addressing the precipitation characteristics
of electrified regions as well as roles and relationships between lightning initiation and
hydrometeor advection and sedimentation. Early investigations identified consistencies be-
tween observations and NIC theory, including the presence of negative charge in the region
where LWC and riming growth of graupel were assumed to be greatest (e.g., Dye et al.,
1986; Krehbiel et al., 1979; Proctor, 1983) and evidence of the vertical advection of parti-
cles carrying positive charge (e.g., Dye et al., 1986; Lhermitte and Williams, 1985). Dye
et al. (1986) also discussed the relative roles of hydrometeor distributions and their fall
speeds with respect to an updraft greater than 10 m s~! to 15 m s~! in the arrangement of
charge transfer processes and charged particles with respect to an updraft. Together with
a study documenting precipitation development in a nascent updraft (Dye et al., 1974),
these observations constituted the framework for primary conceptual models addressing
the interface between the updraft and downdraft as a favorable location for (a) the de-
velopment of precipitation given the proximal supply of supercooled cloud water via the
updraft, (b) interactions between precipitation and non-precipitation ice between upward
and downward vertical motions, (c) the pooling of charge associated with precipitation ice
in weaker positive vertical motion, and (d) initial lightning flash initiation locations be-

tween advecting cloud ice in the updraft and sedimenting precipitation ice in the negative
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and weaker positive vertical motions (Dye et al., 1986). In a similar study, Lhermitte and
Williams (1985) identified evidence for and suggested the role of particle balance levels in
tying lightning flashes to the updraft, where a particle balance level (PBL) is the height at
which the fall speed of a sedimenting population of hydrometeors is equal to the positive
vertical motion of the updraft. In their analysis, Lhermitte and Williams (1985) observed a
negative charge center less than 1 km above the identified PBL, as well as a positive charge
center located approximately 6 km above the PBL that was thought to be associated with

small ice hydrometeors that advected through the PBL in the updraft.

4.2.3 Supercell Structures

Increasingly challenging charge structure interpretations proceed as dynamic pro-
cesses and convective intensity increase beyond single-cell, ordinary convection used to
establish understanding of fundamental relationships between electrification, precipitation,
and kinematics. Results from various studies of supercell structures have documented the
transience and complexity of charge structures with respect to the microphysical and kine-
matic characterization of the updraft region wherein the effects of NIC are thought to be
most immediate (e.g., Bruning and MacGorman, 2013; Bruning et al., 2010; Calhoun et al.,
2013; Carey and Rutledge, 1998; Chmielewski et al., 2020; DiGangi et al., 2016; Emersic
et al., 2011; MacGorman et al., 2005; Stolzenburg et al., 1998; Tessendorf et al., 2007b;
Wiens et al., 2005). Results from case studies of anomalous storms in particular have
suggested as well that variations in charging regime may occur across an updraft, con-
tributing to aspects such as the lower negative charge layer in an anomalous structure (e.g.,
MacGorman et al., 2005; Wiens et al., 2005). Analysis of sub-regions within the broader

charge structure in an anomalous supercell updraft have also shown that broader net charge
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structures in active lightning regions may result from recent, local hydrometeor charging or
arise following the advection of previously charged hydrometeors. Further, charging within
different regions of the updraft were observed to vary as a result of three-dimensional vari-
ations of LWC (Chmielewski et al., 2020). These studies have resulted in key observations
of microphysical characteristics of charge structures, providing evidence for and advancing
the understanding of the prevalence of NIC in storm-scale charge generation, including in

anomalous supercells.

4.2.4 Goals of the Present Study

While charge structures have been of primary interest for the purposes of under-
standing electrification processes, few studies have approached the development of anoma-
lous charge structure from the perspective of addressing the impacts of microphysical char-
acteristics of charge regions to evolving spatial relationships between lightning and updraft
structure.

Dual-Doppler radar-inferred vertical wind retrievals and dual-polarization radar
analyses of a single anomalous supercell thunderstorm observed on 10 April 2009 in the
Southeastern US are used to provide further insight as to how primary charge structure
develops alongside kinematic and microphysical fields and how spatial lightning flash rela-
tionships with updraft structure evolve. Although the anomalous 22 April 2017 supercell
discussed in Chapters 2 and 3 was also anomalous, it was observed during maturity when its
flash rates were much higher and its charge structure more complex, lending difficulty to in-
terpretation. Because lightning flash rates remained relatively low during the development
of the anomalous 10 April 2009 supercell analyzed herein, spatial characteristics of its charge

structure were more visible and more readily contrasted with kinematic and microphysical
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properties compared with other analyses of more mature, robust anomalous supercells (e.g.,
Bruning et al., 2010; DiGangi et al., 2016; Emersic et al., 2011), including later periods of
the 10 April 2009 supercell after it had reached maturity and the Southeastern anomalous
22 April 2017 supercell. Data from a comparable single, established normal supercell that
was observed in the Southeast on 11 April 2008 were contrasted with observations from
the anomalous 10 April 2009 supercell, providing context to observed variations of charge
structure characteristics and differences in relationships between lightning and the updraft.

Results are presented first in a detailed discussion of the development of charge
structure followed by summary analyses of lightning properties with respect to kinematic
and microphysical characteristics of the updraft. Subsequent discussion addresses charge
structure variability and potential roles of normal and anomalous charging regimes on spatial

lightning flash relationships with the updraft.

4.3 Data and Methods Statement

Summary environmental, electrical, kinematic, and microphysical properties associ-
ated with the anomalous 10 April 2009 and normal 11 April 2008 supercells were discussed
in Chapters 2 and 3. The present analyses are concerned with the three-dimensional spa-
tial and temporal evolution of those corresponding properties, including a new emphasis
on lightning flash relationships. Discussions in the following sections focus upon aspects of
the development of the anomalous 10 April 2009 storm between 1718 UTC and 1743 UTC.
For comparison with properties observed during the development period in the anomalous
supercell, analysis of the mature normal 11 April 2008 supercell over a period of similar

length between 1851 UTC and 1914 UTC is also discussed. Data and processing techniques
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are described fully in Section 2.3 with specific updates pertaining to the 11 April 2008 data
provided in Section 3.3.

While datasets used in the following analyses and discussions remained the same,
storm-relative flow fields were newly added. Incorporation of storm-relative flow allowed
for consideration of the local effects of three-dimensional kinematics, including advection,
on the arrangement of inferred charge regions. The horizontal U and V' components of
storm-relative flow fields were calculated for each of the storms by taking the difference
between the horizontal wind fields retrieved from dual-Doppler analysis and an estimate of
the mean storm motion.

The following discussions focus heavily on spatial relationships between lightning
flash initiation and propagation and supercell structure. As a result, selected lightning
data periods were chosen to capture a narrow temporal region of activity for clarity of
analysis as well as to provide for closest correspondence with the time during which a radar
would have sampled the mixed-phase region where most charging processes occur. Following
these considerations, only two-minute periods of lightning data were analyzed, beginning

two minutes after each ARMOR volume start time used in a dual-Doppler analysis pair.

4.4 Anomalous Charge Structure Development

The charge structure observed during the development of the anomalous storm was
consistently characterized as anomalous. However, it underwent a series of transformations
in which additional charge regions and increasing charge region complexity was observed.
The evolution of anomalous charge structure is described, beginning from the radar analysis
volume when mapped charge structure was first most apparent. Though lightning flashes

were observed as early as 1702 UTC, lightning flash rates had remained <3.5 min~"! prior to

116



1714 UTC, preventing a well-defined perspective of the three-dimensional charge structure

until after this time.

4.4.1 Initial Prominent Negative Dipole: 1718 UTC-1724 UTC

Ten lightning flashes were observed during the 1718 UTC to 1720 UTC lightning
analysis, providing a clear three-dimensional picture of the charge regions associated with
the 1716 UTC radar analysis volume. A positive charge layer was inferred across the top of
the 5 m s~! updraft core from 4 km AGL to 6 km AGL, overlapping regions characterized
as HD graupel and hail in the updraft core and LD graupel to the east of the updraft
(Figures 4.1a and 4.1b). Most negative sources were located to the east of the updraft
between 6 km AGL and 9 km AGL, extending through the upper mixed phase regions
in weak vertical motions with magnitudes <5 m s~! above the height of -10°C. Though
portions of the volume in which negative sources were identified were characterized as LD
graupel, more of the negative sources were associated with aggregate regions (Figure 4.1b).
Together, these charge regions mapped an initial primary negative dipole charge structure
(i.e., lower positive and upper negative charge regions) that was consistently observed over
the full duration of storm analysis. Two lightning flash initiations were observed with
£0.5 km of the cross-section, located between the observed dipole charge pair in regions of
weak vertical motion at the edge of the 5 m s~! updraft and near the interface between the
updraft and downdraft regions (Figure 4.1b).

The next dual-Doppler analysis began at 1720 UTC. Between 1722 UTC and 1724 UTC,
20 lightning flashes were observed within the storm volume and their propagation contin-
ued to map a prominent negative dipole charge structure (Figures 4.1c and 4.1d). Posi-

tive sources were primarily associated with LD graupel and hail regions, though extended
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Figure 4.1: Vertical cross-sections showing supercell precipitation, kinematic, and electri-
cal structure observed in the anomalous 10 April 2009 supercell. (a-b) Radar observations
correspond to the 1716 UTC ARMOR sampling volume and lightning observations corre-
spond to the 1718 UTC to 1720 UTC sampling period. An inset panel in (a) of a horizontal
cross-section in reflectivity at z = 2 km AGL and between x = 48 and 18 km west and
between y = 50 and 80 km north of ARMOR shows the location of vertical cross-sections
in (a-b) at y = 65 km north of ARMOR as a dashed black line. The vertical cross-sections
show (a) reflectivity and (b) HID (color fill according to the color bars along the bottom
of the plot) as well as vertical motion in positive 5 m s™!, 0 m s~!, and negative 5 m s+
intervals (solid navy, solid white, and dashed navy contours) in the cross-section plane.
Storm relative motion along the plane is also shown with gray wind barbs. Positive (red
or gray dots) and negative (blue or black dots) VHF sources associated with lightning flash
propagation are shown within £0.5 km of the plane. Lightning flash initiation locations
within +0.5 km of the plane (white circles if lightning flash polarity was classified and purple
circles if lightning flash polarity was not classified) are shown on the HID vertical cross-
section in panel (b). Lightning flash initiation marker sizes are scaled by flash area. Panels
(c-d) are plotted as panels (a-b), showing a vertical cross-section 31 km west of ARMOR
at the time of the 1720 UTC radar sample volume along with lightning activity observed
between 1722 UTC and 1724 UTC. The horizontal reflectivity cross-section is shown at z
= 2 km AGL between x = 45 and 15 km west and between y = 53 and 80 km north of
ARMOR.
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Figure 4.1: (continued)

through the lower half of the updraft instead of the upper portion as previously observed
(Figure 4.1d). Two lightning flashes were again observed within +0.5 km of the cross-section
and were similarly located within the dipole, though initiated in faster updraft speeds along
the boundary of the 10 m s~! updraft (Figure 4.1d). Negative sources during this period
were collocated with LD graupel regions, distributed over and around the 10 m s~! updraft
contour (Figure 4.1d).

Selected periods in the normal 11 April 2008 supercell were considered for compar-
ison with the early stages of the anomalous storm structure (Figure 4.2). The mid-level
negative charge inferred in the normal tripole structure of the normal 11 April 2008 super-

cell was primarily associated with hail and graupel regions while positive charge was pooled
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over and around the 10 m s~! updraft in LD graupel and aggregate regions (Figures 4.2a
and 4.2b). Although the polarity of the main dipole was reversed, these spatial relationships
between charge regions, updraft structure, and hydrometeor regions were similar to those
observed in the anomalous supercell between 1718 UTC and 1720 UTC. Lightning flash
initiations within the upper positive dipole (i.e., main negative beneath the upper positive
charge region) in the normal supercell were located closer to the upper half and top of the
updraft, most similar to lightning flashes during the earlier period of observations in the
anomalous supercell (Figure 4.1b). The dipole in the anomalous supercell shifted downward
in height relative to the altitude of the updraft maximum and the upper charge layer became
collocated with precipitation ice regions between 1722 UTC and 1724 UTC. As the location
of the dipole changed with respect to the updraft structure, the charge region interface and
focus for lightning flash initiations in the anomalous storm also shifted closer to the level
of the updraft core, exhibiting fewer consistencies with spatial relationships observed in the

normal supercell (Figure 4.1d).

4.4.2 Multi-Layer Charge Structure: 1730 UTC-1737 UTC

Lightning flash rates in the anomalous supercell increased from 32 min~! at 1730 UTC
to a relative maximum of 67 min~! within the following 15-minute period, indicating increas-
ing charging rates during charge structure development. Between 1730 UTC and 1732 UTC,
the original mid-level positive charge layer between 0°C and -20°C and the negative charge
region extending to -40°C associated with the main negative dipole remained prominent
(Figures 4.3a and 4.3b). An additional lower negative charge region observed in the updraft
between 0°C and -5°C and outside of the updraft was also more apparent. Examination of

the lightning flashes associated with these negative sources indicates that the sources were

120



(a) 1849 UTC, y = -38 km (b)

- -
O Ardeb— W W
< — =y
E L O W W
; oy
= =
< p | il
10 15
Distance W-E from ARMOR [km]

s (c) 1855 UTC, x = 5 km (d)
) -
O
< \ v —
§ —
° —
3 N
<

—-40 -35 -30 -25 —-40 -35 —-30 -25

Distance S-N from ARMOR [km]

I I
T T T T T T 1

[
I
0 10 20 30 40 50 60 70

|

O C VW UV 2T U YT T = =

NEEEo2ceER gt

Reflectivity [dBZ] = S o0 TG Ao
O 5 @8 00 vs

v = 000 o9

L < > 4 T ©s

—

Figure 4.2: As in Figure 4.1 for the normal 11 April 2008 supercell. Panels (a-b) show
observations associated with the 1849 UTC radar sample volume and lightning properties
between 1851 UTC and 1853 UTC at a cross-section located 38 km south of ARMOR. The
inset shows a horizontal cross-section of the supercell at a height of z = 2 km AGL, between
x = 18 km west and 15 km east of ARMOR and between y = 48 km and 27 km south
of ARMOR. Panels (c-d) show observations associated with the 1855 UTC radar sample
volume and lightning properties between 1857 UTC and 1859 UTC at a cross-section located
5 km east of ARMOR. The inset shows a horizontal cross-section of the supercell at a height
of z = 2 km AGL, between x = 11 km west and 20 km east of ARMOR and between y =
43 and 18 km south of ARMOR.
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physically consistent with a lower negative charge region and were not an artifact of charge
classification.

A group of lightning flash initiations was first observed during this period near
9 km AGL to 10 km AGL above the negative charge region of the main negative dipole.
The higher of the lightning flashes near 10 km AGL were small and remained unclassified
(Figure 4.3b). However, the lightning flashes identified at 9 km AGL were associated with
a portion of a sloping positive charge region to the east of the updraft that extended
from a height of 8 km AGL south of the updraft to a height of 3 kmm AGL north of the
updraft, indicating the three-dimensional nature of the charge structure (Figure 4.3d). The
positive sources observed near the top of the sloping region in particular were located
in northerly storm-relative flow, downstream of observed negative sources (Figures 4.3c
and 4.3d). Charge structure between 6 km AGL and 8 km AGL was somewhat more
complex than observed earlier, with evidence of negative and positive sources occupying
the same horizontal region adjacent to the updraft (Figures 4.3c and 4.3d).

Between 1735 UTC and 1737 UTC, many more lightning flashes were observed near
10 km AGL (Figure 4.3f). While several lightning flashes were unclassified, the classified
lightning flashes mapped a small positive charge region above -40°C located over the nega-
tive charge region associated with the dominant negative dipole below. The smaller region
of positive sources aloft and most proximal negative sources were typically observed out-
side of the tilted 15 m s~! updraft in regions classified as hail, LD graupel, or aggregates
(Figure 4.3f). Negative sources through the -20°C to -40°C region, however, were identi-
fied throughout the updraft gradient as well as within the hail region and updraft where
speeds exceeded 25 m s~!. Although the positive sources above the updraft constituted a

comparatively small charge region, associated lightning flash initiation locations and charge
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Figure 4.3: As in Figure 4.1 for the anomalous 10 April 2009 supercell at (a-d) 1728 UTC
and (e-f) 1733 UTC. Panels (a-d) show observations associated with the 1728 UTC radar
sample volume and lightning properties between 1730 UTC and 1732 UTC with vertical
cross-sections located (a-b) 73 km north of ARMOR and (c-d) 19 km west of ARMOR. The
inset in panels (a) and (c) show a horizontal cross-section of the supercell at a height of z
= 2 km AGL, between x = 35 and 5 km west of ARMOR, and between y = 66 and 86 km
north of ARMOR. Panels (e-f) show observations associated with the 1733 UTC radar
sample volume and lightning properties between 1735 UTC and 1737 UTC with a vertical
cross-section located 76 km north of ARMOR. The inset shows a horizontal cross-section
of the supercell at a height of z = 2 km AGL, between x = 30 and 0 km west of ARMOR
and between y = 70 and 90 km north of ARMOR.
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Figure 4.3: (continued)

layer characteristics shared more similarities with observations of the upper dipole in the
normal storm (Figures 4.2c and 4.2d) than with the primary anomalous dipole observed
between 1718 UTC and 1724 UTC (Figures 4.1c and 4.1d). Specifically, positive and ad-
jacent negative sources mapped similar sloping patterns over and around the <15 m s~!
updraft volume as observed in the positive dipole in the updraft of the normal supercell
(Figures 4.2¢, 4.2d, 4.3e, and 4.3f).

While the broader dominant negative dipole charge structure remained present, a

mixture of source polarities was observed near 7 km AGL where lightning flashes continued

to initiate (Figures 4.3e and 4.3f). This local charge structure obscurity between -10°C and
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-20°C was simlar to that observed adjacent to the updraft in the previous analysis period

(Figures 4.3c and 4.3d).

4.4.3 Increasing Horizontal Charge Structure Heterogeneity: 1741 UTC-

1743 UTC

Two distinct lightning flash initiation clusters were observed between 1741 UTC and
1743 UTC amid the consistent negative dipole and a third less extensive positive charge
region aloft. As in the previous observation period, the number of small lightning flashes
observed at the top of the updraft continued to increase near 10 km AGL (Figures 4.4b,
4.4d, and 4.4f).

Above the updraft core, a relatively dense region of negative sources was observed
in the glaciated region within the updraft gradient and outside of the updraft to the north
(Figures 4.4a and 4.4b). Meridional flow was weak where most negative sources were lo-
cated but became more northerly over top and to the south of the updraft, downstream
of which most positive sources were located (Figures 4.4a and 4.4b). Multiple lightning
flash initiation locations were identified between these positive and negative regions aloft
(Figure 4.4b), many of which were not classified.

The charge regions associated with the main negative dipole shown in a zonal cross-
section along the tilted updraft core (Figures 4.4c and 4.4d) were generally distinct, though
charge mixtures were also apparent near 7 km AGL as observed in the previous analysis
volume (Figures 4.3c and 4.3e). Additional indications of complexities were observed in
cross-sections through regions around the updraft core. In a meridional cross-section bi-
secting the tilted updraft, positive and negative sources were observed adjacent to each

other in gradients of vertical motion to the north of the updraft core as well as within the
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Figure 4.4: As in Figure 4.1 for the anomalous 10 April 2009 supercell at 1739 UTC.
Panels (a-f) show observations associated with the 1739 UTC radar sample volume and
lightning properties between 1741 UTC and 1743 UTC with vertical cross-sections located
(a-b) 11 km west of ARMOR, (c-d), 80 km north of ARMOR, and (e-f) 82 km north of
ARMOR. The inset in panels (a), (c), and (e) show a horizontal cross-section of the supercell
at a height of z = 2 km AGL, between x = 22 km west and 5 km east of ARMOR and
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Figure 4.4: (continued)

hail cascade extending to the north out of the updraft (Figures 4.4a and 4.4b). An addi-
tional zonal cross-section to the north of the updraft core shows narrow vertical bands of
negative sources within the gradient of the updraft above approximately -10° (Figures 4.4e
and 4.4f), providing another view of the apparent mixture of sources observed in the merid-
ional cross-section (Figures 4.4a and 4.4b). A persistent group of lightning flash initiations
was observed near 7 km AGL and 8 km AGL as before (Figures 4.3a and 4.3f) in the gradient

of the updraft amid these varied charge regions (Figures 4.4b and 4.4f).
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4.5 Lightning Flash Properties Related to Kinematics and Microphysics in the

Updraft

While all lightning flash initiations and associated classified sources, thought of as
lightning flash propagation, were discussed in the previous section, the following analyses
exclusively discuss lightning flashes that initiated within the 5 m s~! updraft. Propagation

associated with these lightning flash initiations may have extended outside of the updraft.

4.5.1 Vertical Distributions of Lightning Flash Initiations

The mode altitude of lightning flash initiation locations in the developing anoma-
lous supercell was also more variable with time than observed in the normal supercell
(Figures 4.5a and 4.5b). Between 1718 UTC and 1720 UTC, one lightning flash initiated
in the updraft near 8 km AGL, though observations of select lightning flashes in the cross-
section at that time showed initiations in weaker vertical velocities and outside the updraft
near 6 km AGL and 7 km AGL as well (Figure 4.1b). Between 1722 UTC and 1724 UTC,
however, more lightning flash initiations were observed in the updraft in the 5 km AGL
to 7 km AGL range (Figure 4.5b). The distributions are consistent with observations of
the apparent downward shift of select lightning flash initiations observed within and near
the updraft in the cross-section at that time (Figure 4.1d). The primary negative dipole in
the developing anomalous supercell resulted in lightning flashes that initiated both at lower
altitudes and adjacent to the updraft (Figure 4.1d). This was the first clear indication that
the charge structure in the anomalous supercell was not merely inverted from the primary
positive dipole of the mature normal supercell in which lightning flashes initiated instead

near the top of the updraft in the vertical reflectivity gradient (Figures 4.2b and 4.2d).
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Figure 4.5: Vertical distributions of the initiation location of lightning flashes identified
in updraft regions (w >5 m s™!) of (a) the normal 11 April 2008 supercell and the (b)
anomalous 10 April 2009 supercell. Distributions are plotted as relative frequencies of
observation in each 1-km vertical bin and segmented, or stacked, according to the proportion
that occurred during each lightning analysis period associated with each ARMOR sample
volume. The segments are colored according to the five lightning analysis time periods
in each storm shown in the lower legends, where cooler (warmer) shades are indicative of
earlier (later) analysis periods.
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While the number of lightning flashes in the anomalous supercell had increased
by 1728 UTC, the mode altitude of lightning flash initiation locations remained in the
6 km AGL to 7 km AGL region, similar to that observed minutes prior. However, lightning
flash initiations were also first observed in the updraft between 9 kmm AGL and 11 km AGL
(Figure 4.5b). As the number of lightning flashes continued to increase between 1735 UTC
and 1743 UTC, the mode altitude of initiations shifted upward. From 1735 UTC to
1737 UTC, the mode was located near 9 km AGL and from 1741 UTC to 1743 UTC,
near 11 km AGL (Figure 4.5b). During these latter periods, the distribution of lightning
flash initiations was generally more broad between 7 km AGL and 10 km AGL than observed

prior to 1735 UTC.

4.5.2 Microphysical Characterization of Lightning Flash Propagation Loca-

tions

As expected from simple conceptual models of normal charge structure based on
the ice-ice collisional NIC method, cloud ice categories were the dominant hydrometeor
types associated with most negative breakdown of lightning flashes that initiated in the
updraft in the normal supercell, representing over 50% of positive sources analyzed, while
precipitation ice categories were primarily associated with most positive breakdown of light-
ning flashes, representing over 75% of negative sources analyzed (Figures 4.6a and 4.6c¢).
These observations are also consistent with spatial coherency between groups of sources and
HID characterization observed in selected cross-sections (Figure 4.2), including a non-trivial
overlap between positive sources at the top of the updraft and the upper region of the lofted
LD graupel volume. Over the full analysis period, 35% of positive sources were ultimately

identified in LD graupel regions (Figure 4.6a).
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Figure 4.6: Distributions of lightning source locations with respect to associated hydrome-
teor type over time and by inferred polarity. Positive source distributions in the (a) normal
11 April 2008 supercell and (b) anomalous 10 April 2009 supercell as well as negative source
distributions (c, d, respectively) are shown. Distributions are plotted as relative frequen-
cies that are segmented, or stacked, according to the proportion that occurred during each
analysis period and colored as in Figure 4.5.

The distributions of positive and negative sources associated with lightning flashes
that initiated in the updraft in the anomalous supercell were not as distinct between precip-
itation and cloud ice categories. A basic description of the conceptual model of an inverted
or anomalous charge structure based on NIC theory would suggest that positive (negative)
charge would be more closely associated with precipitation ice (cloud ice). While 82%
of positive sources were associated with precipitation ice categories, only 21% of negative
sources were associated with cloud ice categories (Figures 4.6b and 4.6d). The relative fre-

quencies of negative sources observed in precipitation ice regions also became larger with
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time, while the relative frequency of positive sources located in precipitation ice regions
generally remained relatively constant (Figures 4.6b and 4.6d). These characteristics are

consistent with a transition in NIC polarity near the top of the mixed-phase updraft.

4.5.2.1 Evolution of the Negative Charge Regions

The following discussions concern sources, or lightning flash propagation, that were
observed within the 5 m s~! updraft, regardless of the location of lightning flash initiation.
This restricts analysis to electrification characteristics associated with most recent NIC
(e.g., Bruning et al., 2010; Stolzenburg et al., 1998). Given the relative steadiness of charge
structure characteristics observed in the normal 11 April 2008 supercell (not shown), a
summary figure of the average distributions of positive and negative source locations by
altitude and hydrometeor type over the 1851 UTC to 1914 UTC period (Figure 4.7a) is
used for comparison with the evolution of distributions observed in the anomalous supercell
(Figures 4.7b to 4.7f). Consistent with expectations based on the conceptual model of a
normal charge structure, positive sources in the updraft were most frequently located at
higher altitudes in cloud ice and graupel regions compared with negative sources that were
mostly observed at lower altitudes in precipitation ice regions (Figure 4.7a). Consistent with
previous observations, the relative maximum in positive sources associated with graupel
regions was located at 8 km AGL to 9 km AGL, slightly offset from the maximum in cloud
ice regions between 9 km AGL and 10 km AGL.

During the first analysis period in the anomalous supercell, positive sources were
associated with both precipitation and cloud ice regions between 4 km AGL and 6 km AGL

(Figure 4.7b). The negative sources, meanwhile, were primarily associated with cloud ice
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Figure 4.7: Distributions of the locations of lightning sources observed in the >5 m s~ up-
draft by hydrometeor type and altitude. Positive and negative source location distributions
in cloud ice, graupel, and hail are shown side by side in red and blue color fill, respectively.
Color fill shades correspond to values of relative frequency of source distribution as indi-
cated in the corresponding color bars on the right. The cloud ice category consists of the
aggregate, ice crystal, and vertically oriented ice HID categories while the graupel category
consists of both LD and HD graupel HID categories. (a) As normal 11 April 2008 source
distributions did not change appreciably over the analysis period, the average distribution
over the full analysis period is shown. (b-f) Distributions of sources in the 10 April 2009
anomalous storm are shown in each of the lightning analysis periods.

between 7 km AGL and 8 km AGL. However, similar to the positive source distributions in
the normal storm, there was a secondary maximum in graupel near 7 km AGL as well.
During the following analysis period between 1722 UTC and 1724 UTC (Figure 4.7c),
negative sources were distributed at higher altitudes near 8 km AGL to 9 km AGL in cloud
ice regions but were observed through a greater depth in graupel with a relative maximum

at 7 km AGL to 8 km AGL. Negative sources were also more frequently observed in hail re-
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gions at 6 km AGL. Positive sources at this time were primarily observed in graupel regions
between 5 km AGL and 6 km AGL.

Between 1730 UTC and 1732 UTC, negative sources were more frequently dis-
tributed within graupel and hail regions between 6 km AGL and 9 km AGL and were
observed less frequently in cloud ice regions aloft (Figure 4.7d). Positive sources were also
more uniformly distributed in graupel and hail regions between 4 km AGL and 7 km AGL,
overlapping with negative source distributions. Elements of these distributions at this time
were consistent with anomalous charging characteristics and the anomalous negative dipole,
with lower positive charge mostly associated with precipitation ice and some fraction of
negative charge aloft associated with cloud ice. However, aspects of the negative charge
distribution between hydrometeor categories shared similarities with the negative charge
distributions in the normal supercell as well, particularly with respect to the relative dis-
tributions of negative sources observed in precipitation ice regions between 6 km AGL and
8 km AGL. If the primary dipoles and charging behaviors in the normal and anomalous
supercells had been purely reversed, the negative charge in the anomalous supercell should
have shared more similarities with the positive charge distributions in the normal supercell.
That is, relatively few negative sources should have been identified within hail regions in
the anomalous storm as relatively few positive sources were located in hail regions in the
normal supercell. The negative source regions in the anomalous supercell shared micro-
physical characteristics expected of both anomalous and normal charging even though the
dominant charge structure was an anomalous negative dipole.

Between 1735 UTC and 1737 UTC, both positive and negative sources were most
frequently distributed in hail regions though their relative maxima were offset at 6 km AGL

to 8 km AGL and 7 km AGL to 8 km AGL, respectively (Figure 4.7¢). Secondary relative
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maxima in positive and negative sources were also observed in graupel regions at similar
altitudes and relatively few sources of either polarity were observed in cloud ice regions in
the updraft (Figure 4.7e). More than earlier, positive and negative source distributions were
occupying more of the same vertical depths as well as relatively similar hydrometeor regions
in similar proportions. This change was observed as lightning flashes were both increasingly
observed near 10 km and vertical lightning flash distributions became more broad between
7 km AGL and 10 km AGL (Figure 4.5b). Between 1741 UTC and 1743 UTC, there was
less general vertical overlap between maxima in positive and negative source distributions
in graupel and hail hydrometeor regions as the negative source region in particular became
more vertically compact (Figure 4.7f). Though relatively few negative sources were observed
aloft in cloud ice regions compared with precipitation ice regions, negative sources were
observed in cloud ice regions with greater frequency than in the previous period, located
between 10 km AGL and 11 km AGL. As negative charge within cloud ice as well as graupel
was observed with greater frequency at higher altitudes, lightning flash initiation locations

also increased to 11 km AGL (Figure 4.5b).

4.5.2.2 Elevated Positive Charge Region

Distributions of negative charge in precipitation ice regions suggested the increasing
presence of negative charging of graupel. By NIC theory, collisions resulting in negatively
charged graupel should also result in positively charged cloud ice. While distributions
indicated prominence of negative charge within graupel regions in the updraft in Figures 4.7¢c
to 4.7f, a relative dearth of positive sources in cloud ice regions within the upper mixed-
1

phase and glaciated regions was notable. By considering only sources within the >5 m s~

updraft, lightning flash propagation above the updraft was not considered. The fraction of
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unclassified lightning flashes such as those observed at and above 10 km also resulted in the
omission of information about associated charge regions (Figures 4.3 and 4.4).

Vertical and HID distributions of sources associated with classified lightning flashes
that initiated at 10 km AGL or higher and were outside of the 5 m s~! updraft as well as
sources associated with unclassified lightning flashes observed at 10 km AGL or higher are
shown in Figure 4.8. Additionally, only sources associated with classified lightning flashes
with lightning flash areas of less than 10 km? are shown because a few larger lightning flashes
were found to propagate through the extensive lower positive charge regions, skewing relative
frequencies away from the area of interest at higher altitudes. Note that all unclassified
lightning flashes that initiated at or above 10 km AGL were characterized by small lightning
flash areas of <7 km?, consistent with known classification challenges presented by compact
lightning flashes. From 1735 UTC to 1737 UTC and from 1741 UTC to 1743 UTC, classified
lightning flashes exhibited breakdown that was primarily observed between 8 km AGL and
12 km AGL (Figures 4.8a and 4.8b). From these analyses, positive charge regions were
identified in cloud ice between 10 km AGL and 12 km AGL. With regard to unclassified
sources, it is expected that a large fraction were associated with positive charge regions
since most breakdown observed in the VHF tends to be negative (e.g., Maggio et al., 2005;
Rison et al., 1999; Rust et al., 2005; Shao and Krehbiel, 1996; Thomas et al., 2001). At
these altitudes, however, it is not likely that sources observed in graupel regions were
associated with recent positive graupel charging. Negative graupel charging is more likely
at temperatures below -30°C absent local availability of very high LWC such as in an updraft
core (Bruning et al., 2014; Saunders et al., 2006). It is more likely that smaller previously
charged positive graupel had been advected to the 10 km AGL to 12 km AGL region

from lower altitudes. Alternatively, positive charge may have been primarily carried on
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small ice hydrometeors that were masked within radar data by the presence of a few larger
neutral or weakly charged precipitation ice hydrometeors since hydrometeor size rather
than concentration dominates the radar return signal as a result of sixth power weighting of
particle diameter in radar reflectivity. Observations of possible masking of positively charged
cloud ice by graupel were noted at 1730 UTC to 1732 UTC and 1741 UTC to 1743 UTC
in cross-section analyses (Figures 4.3c and 4.4b). During these periods, positive sources
observed near 8 km AGL were displaced downstream from negative sources in storm-relative
flow, consistent with separation following normal NIC via differential advection. Though
the observed positive sources may have been carried with cloud ice, they were observed at

the edge of the volume identified as graupel (Figures 4.3b and 4.4b).

4.5.3 Kinematic Characterizations of Lightning Flash Initiation Locations

The evolution of lightning characteristics within the anomalous supercell suggested
that more lightning flashes occurred within the updraft core and around the sides of the
updraft (Figures 4.1, 4.3, and 4.4) compared with the normal storm (Figure 4.2). The
following analyses discuss the spatial distributions of lightning flash initiations within the
updraft in terms of the updraft volume in which lightning flash initiations were observed.
That is, rather than consider the number of lightning flashes observed in a given updraft
volume, the total number of 1 km? grid pixels in which at least one lightning flash initiation
was observed is discussed. This perspective provides a better sense of the spatial extent of
the updraft through which lightning flash initiations were distributed, whereas the observa-
tion of numerous lightning flash initiations in fast updraft regions could result from either an
extensive spatial distribution of lightning flash initiations within the updraft region or from

a high density of lightning flash initiations in a localized area. Consideration of the spatial
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Figure 4.8: As in Figure 4.7 but for sources associated with classified lightning flashes
with areas of <10 km?2 that initiated in vertical motions of <5 m s~ ! and at or above an
altitude of 10 km AGL as well as sources associated with unclassified lightning flashes above
10 km AGL. (a-b) Panels represent source polarity characteristics in the latter two analysis
period. As in Figure 4.7, positive and negative source distributions in cloud ice, graupel,
and hail are shown side by side in red and blue color fill, respectively, as relative frequency
of observation according to the corresponding color bars on the right. (c-d) Distributions
of lightning source locations associated with lightning flashes that remained unclassified are
plotted as relative frequency of observation in green color fill according to the corresponding
color bar on the right.

distribution of lightning flash initiations allows for interpretation of the spatial extent of

the strong electric fields within the updraft that resulted from proximal charge regions.

4.5.3.1 Updraft Speed

While lightning flash rates were low in the anomalous supercell between 1718 UTC
and 1720 UTC, only one lightning flash initiated in the updraft and therefore only 1 km3 of

the >5 m s~! updraft contained any lightning flash initiations. This lightning flash as well
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as all the others that initiated during this period occurred in relatively low updraft speeds
of <10 m s™! even though over 200 km?® of the updraft volume exhibited faster speeds
between 10 m s~! and 25 m s~! (Figure 4.9b). Between 1722 UTC and 1724 UTC, several
more lightning flashes initiated in the updraft (Figure 4.9d), though still only within updraft
speeds of <15 m s~! despite the presence of a similarly large volume of faster updraft speeds
(Figure 4.9b).

Once updraft speeds reached at least 25 m s~! by the 1728 UTC analysis volume,
lightning flash rates observed between 1730 UTC and 1732 UTC had also increased and more
of the weak updraft as well as faster updraft speeds contained lightning flash initiations. The
updraft volume distributions of the two supercells were most comparable during this period
of observation of the anomalous supercell, especially considering the volume of updraft with
speeds greater than 10 m s~! (Figures 4.9a and 4.9b). However, although the anomalous

1

storm’s updraft volume in the 5 m s~! to 10 m s~! range over the course of the full analysis

period was nearly double the average observed in the normal storm, the 5m s~! to 10 m s~*
volume within which lightning flash initiations were distributed was not proportionally
larger at any time. Further, while the 10 m s~! to 15 m s~! updraft volumes were comparable
in each storm between 1730 UTC and 1732 UTC (Figures 4.9a and 4.9b), lightning flash
initiations were distributed throughout only a third as much of the 10 m s=! to 15 m s—!
updraft volume compared with the normal storm (Figures 4.9¢ and 4.9d). Rather, lightning
flash initiations were distributed throughout more of the faster updraft in the anomalous
storm.

Increasing volumes of faster updrafts were observed during the 1735 UTC to 1737 UTC

and 1742 UTC to 1743 UTC analysis periods in the anomalous supercell. Whereas no light-

ning flashes initiated within the limited volume of the fastest updraft with speeds between
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Figure 4.9: Distributions of total updraft volume and updraft volume containing lightning
initiations. The following distributions are represented as averages for the 11 April 2008
supercell (left) and time series for the 10 April 2009 supercell (right), where each time period
is colored as in Figure 4.5. (a, b) Distributions of the volume of updraft characterized by
a range of speeds and (c, d) distributions of those volumes in which lightning initiations
occurred are shown in the top half of the plot. (e, f) Distributions of the volume of updraft
characterized by a range of magnitudes of horizontal gradients in vertical motion and (g,
h) distributions of those volumes in which lightning initiations occurred are shown in the
bottom half of the plot.



25 m s~! and 30 m s~! during the 1730 UTC and 1732 UTC analysis period (Figure 4.9d),
lightning flash initiations were observed in some portion of the similarly sized fastest up-
draft volume with speeds between 30 m s~! to 35 m s™! in the subsequent 1735 UTC to
1737 UTC period. Additionally, lightning flash initiations were observed within the increas-
ing volume of faster updraft speeds between 35 m s~! and 40 m s~! during the 1741 UTC

to 1743 UTC period (Figures 4.9b and 4.9d).

4.5.3.2 Horizontal Gradients in Updraft Speed

In the later periods of observations in the anomalous supercell, lightning flash ini-
tiations near 7 km AGL to 8 km AGL were increasingly observed in gradient regions of
the updraft alongside increasing horizontal heterogeneity in charge structure (Figures 4.3f,
4.4b, 4.4d, and 4.4f). The following discussion considers the volumes of varying horizontal
gradients of vertical velocity, or updraft gradients, in which lightning flash initiations were
observed.

Generally, there were larger volumes of stronger updraft gradients >0.006 s~! in the
anomalous storm than in the normal storm (Figures 4.9d and 4.9f). Relatively few lightning
flashes were observed in the updraft of the anomalous supercell prior to 1730 UTC, though
these were distributed in stronger updraft gradient regions (Figure 4.9h), as suggested by
the observed locations of select lightning flashes between 1722 UTC and 1724 UTC (Fig-
ures 4.1c and 4.1d). The relative distribution of lightning flash initiations within gradient
regions became more comparable between the normal supercell and the 1730 UTC and
1732 UTC period in the anomalous supercell as its lightning flash rate increased (Fig-

ures 4.9g and 4.9h). Between 1735 UTC and 1743 UTC, however, the distributions became
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increasingly dissimilar as lightning flash initiations were distributed throughout more of the

stronger gradients compared with volumes of weaker gradients (Figure 4.9h).

4.6 Discussion on the Presence and Potential Impacts of Positive and Negative

Graupel Charging in an ACS

Observations of the development of storm structure and summary statistics sug-
gested that while gross charge structure was consistent with that of an anomalous storm,
both negative and positive sources were observed in precipitation ice regions in the 10 April
2009 supercell, counter to expectations of a strict anomalous NIC regime. Bruning et al.
(2014) discuss the possibility of both normal and anomalous NIC regimes in their presen-
tation of the conceptual model of ACSs as a continuum of charging behavior. However,
it is not clear that the conceptual model accounts for an extensive lower positive region
associated with graupel along with a deep middle mixed-phase region of negative graupel
charging, or that these characteristics have been observed in an anomalous supercell updraft
core (Bruning et al., 2014, their Figure 4). In the absence of LWC or cloud microphysical
data to support specific assertions of graupel charging, it is necessary to consider that these
observations may be related to a variety of physical processes ranging from (a) predominant
positive (negative) charging of precipitation (cloud) ice in an anomalous charging regime
and subsequent masking of negative cloud ice by some quantity of neutral or weakly charged
precipitation ice to (b) some non-trivial amount of negative (positive) charging of precip-
itation (cloud) ice hydrometeors corresponding to a normal charging regime adjacent to
regions characterized by an anomalous charging regime (Bruning et al., 2014). The follow-

ing discussion will consider information from the previous documentation of charge structure
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development and spatial lightning flash initiation and propagation analyses to address the

possible charging regimes under which the anomalous charge structure developed.

4.6.1 Onset and Development of Possible Negative Graupel Charging

The earliest indications that negative charging of precipitation ice may have begun
contributing to observed lightning flash characteristics occurred between 1722 UTC and
1724 UTC as the updraft core increased in vertical extent and potentially became more
capable of supplying LWC to colder regions in support of extended riming growth. Light-
ning flash initiations representative of the location of the interface between charge regions
began to shift downward with respect to the updraft during this period and into increasing
vertical velocities even as net charge regions ultimately increased in altitude with updraft
growth. This increase in lightning flash initiations at lower altitudes (Figure 4.5b) occurred
as the upper negative charge region became more closely associated with graupel regions
(Figure 4.7c). This is consistent with a microphysical shift in negative charge carriers from
advecting cloud ice toward sedimenting precipitation ice in the region. However, between
1722 UTC and 1724 UTC, negative charge was not yet distributed with higher frequency
in faster vertical motion (Figure 4.10g) and other explanations for these observations at
this stage of charge structure development exist. For instance, the appearance of negative
charge in a graupel region may have been attributed to radar masking of negatively charged
cloud ice by the presence of some quantity of neutral or positively charged graupel, as even
a few larger hydrometeors in a region primarily composed of smaller hydrometeors would
dominant the radar return signal. It should be noted that the presence of neutral graupel
would indicate lack of active charging while the presence of positive graupel would suggest

that some part of the negative charge region would have been neutralized, resulting in a
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dissipative electrical process. However, increasing lightning flash rates through this period
were indicative of increasing charging rates. Alternate explanations for the observed change
in vertical characteristics of lightning flash initiations during this stage of development exist
as well, including the charge masking and unmasking hypothesis (Bruning et al., 2007) by
which series of charge deposition processes, charge neutralization, and sedimentation asso-
ciated with sequential lightning flashes may cause an apparent downward shift of lightning
flashes. Specifically, as lightning flash propagation occurs, charge of the same polarity of
propagating lightning leaders is thought to primarily attach to cloud ice within the vicinity,
either neutralizing it or possibly increasing its charge depending on its pre-existing charge
magnitude and polarity. In the case of a negative dipole consistent with anomalous NIC,
charge deposition associated with propagation of oppositely charged lightning leaders could
neutralize the region associated with negatively charged cloud ice aloft through positive
charge deposition as well as enhance any charge on the negative polarity cloud ice located
in the positive charge region below through negative charge deposition. Positively charged
graupel not neutralized during the lightning flash would be masked by the enhanced de-
position of negative charge on coincident cloud ice until it could sediment and contribute
to a distinct lower positive charge region. The downward displacement of the lower charge
region associated with the masking and unmasking of sedimenting graupel over the course
of several lightning flashes would shift the interface between opposite charge regions and
location of lightning flash initiations to lower altitudes as well. The charge masking hypoth-
esis becomes less supported as an explanation for the apparent downward shift in lightning
activity near 5 km AGL to 7 km AGL after 1724 UTC as it requires proximal regions of
both oppositely charged cloud and precipitation ice, such as are supported near the top of

the updraft via PBLs and differential advection (Dye et al., 1986; Lhermitte and Williams,
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Figure 4.10: Time series of distributions of (a-e) positive and (f-j) negative source locations
by altitude and updraft speed associated with lightning flashes that initiated within updrafts
of >5 m s~!. Color fills represent the relative frequency of observation of positive and
negative source according to the red and blue color bars, respectively.

1985). However, after 1724 UTC, large quantities of cloud ice would not have been able to
reside near 7 km AGL where lightning flashes continued to be observed even as the updraft
deepened.

As the updraft continued to intensify between 1730 UTC and 1732 UTC, lightning
flashes continued to initiate in the lower 5 km AGL to 7 km AGL region while lightning
initiations also began to occur between 9 km AGL and 11 km AGL (Figures 4.3 and 4.5b).
Simultaneously, negative sources were observed more frequently in precipitation ice (Fig-
ure 4.6b) particularly in the 6 km AGL to 9 km AGL region (Figure 4.7d). Lightning
flash initiations at lower altitudes near 7 km AGL were increasingly observed in updraft

1

regions with vertical velocities reaching into the 20 m s~ range (Figure 4.3a) and became
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more distributed through the fastest updraft volumes (Figure 4.9d). During earlier observa-
tions between 1718 UTC and 1724 UTC, positive sources associated with lightning flashes
that initiated in the updraft were identified in maximum updraft regions (Figures 4.10a
and 4.10b) while negative sources were primarily restricted to regions with updraft speeds
of <10 m s~! (Figures 4.10f and 4.10g). However, beginning during the 1730 UTC to
1732 UTC analysis period, negative sources were increasingly identified in regions of faster
updraft speeds (Figures 4.10h to 4.10j). While the negative charge region at this time may
have been composed of cloud ice from collisions with positively charged precipitation ice,
increasing proportions of negative charge identified in stronger updraft speeds and in re-
gions primarily characterized as precipitation ice were together consistent with precipitation
ice acting as an additional prominent carrier of negative charge. Additionally, the second
region of lightning flash initiations located at higher altitudes is consistent with the idea of
a second PBL established by negatively charged graupel near the top of the updraft.

The number of lightning flash initiations observed near 10 km AGL increased sub-
stantially beginning at 1735 UTC (Figure 4.5d). The majority of unclassified lightning
flashes in this region propagated through both cloud ice and graupel regions (Figures 4.8c
and 4.8d), while the few available classified lightning flashes provided evidence that cloud ice
carried positive charge within the region (Figures 4.8a and 4.8b). Evidence of horizontally-
adjacent areas of positive and negative charge was also inferred near 8 km AGL, with positive
charge displaced downstream from negative charge regions identified closer to the updraft
(Figures 4.3c and 4.3e). While this positive charge was identified within regions character-
ized as graupel, the horizontal separation is consistent with differential advection of cloud
and small precipitation ice suspended in the weaker updraft aloft. These observations are

physically consistent with normal ice-ice collisional NIC in the mid to upper mixed-phase
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region near the updraft that would have contributed some volume of negatively charged

precipitation ice as well as positively charged cloud ice.

4.6.2 Observed Charge Structure Complexity in the Updraft

By 1735 UTC, increasing fractions of positive and negative sources were observed
within precipitation ice regions through the 10 km AGL layer (Figure 4.7e) and within
regions of increasing updraft speeds (Figures 4.10d, 4.10e, 4.10i, and 4.10j). Positive and
negative sources associated with the fastest vertical velocities were most frequently observed
between approximately between 7 km AGL and 8 km AGL (Figures 4.10e and 4.10j), where
temperatures were between approximately -20°C and -25°C. Temperatures in this region
could have supported transitions in dominant ice-ice collisional NIC regimes, particularly
given any variability in cloud microphysical properties including LWC and saturation ratio.
Horizontal complexity in charge polarity was also observed in this region, seemingly form-
ing a favorable location for lightning flash initiation as lightning flashes were increasingly
observed in updraft gradients (Figures 4.4b and 4.9h) and over a deeper vertical depth
(Figure 4.5b). However, the origins of the observed horizontal charge structure complex-
ity supporting lightning flash initiation in the gradients of the updraft in the anomalous
storm are unclear. It is possible that horizontal charge variability within the updraft could
result from adjacent organization of oppositely charged precipitation ice sedimenting from
different regions and charging regimes. Adjacent, horizontally varying charging regimes
within and outside of the LWC-rich updraft core could have served as another possible
origin. Assuming negative graupel charging was not prevalent, charge complexities could
have resulted as well from turbulent mixing and three-dimensional differential advection of

positively charged graupel and negatively charged cloud ice.
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4.7 Conclusions

This study documented the evolution of electrical, kinematic, and microphysical
structure within a developing anomalous supercell located in the Southeastern US. The
microphysical characterization of lightning flash propagation and lightning flash initiation
locations with respect to updraft structure were specifically discussed, particularly as they
varied from relationships observed in a normal supercell from the same region. Key obser-

vations and results include:

1. Development of anomalous charge structure within the updraft proceeded from a
primarily two-layer to a multi-layer model, elements of which exhibited consistency
with NIC theory. Specifically, the original two-layer prominent charge structure was
physically consistent with the differential sedimentation and advection of positively
charged precipitation ice and negatively charged cloud ice hydrometeors. Additional
layers were observed as the storm developed, including a shallow lower negative charge
region and a small upper positive charge region, forming a quadrupole charge structure
within which the original dominant anomalous dipole was nested. During develop-
ment, lightning flash initiations within the >5 m s~! updraft were primarily observed

between the central anomalous dipole and upper positive charge region.

2. The anomalous NIC regime was defined as positive charging of riming precipitation ice
and negative charging of non-riming ice associated with warmer temperatures, increas-
ing LWC, and/or decreasing saturation ratio. By contrast, the normal NIC regime
was defined as the negative charging of riming precipitation ice and positive charg-
ing of non-riming ice associated with cooler temperatures and/or lower LWC. In the

anomalous supercell, negative charge was increasingly observed within precipitation
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ice regions and in increasing updraft speeds over time. Although the negative charge
region in the anomalous supercell was at first most consistent with the anomalous
NIC regime (i.e., associated with non-riming ice at cooler temperatures), aspects of
the vertical distributions and hydrometeor characteristics of negative charge evolved
to share similarities with the negative charge region associated with the normal NIC

regime (i.e., associated with riming ice at cooler temperatures).

. The negative charge inferred in the precipitation ice region in the anomalous supercell
could have been explained as the result of the masking of negatively charged cloud
ice in radar observations by some quantity of neutral or weakly positively charged
precipitation ice. However, the presence of negatively charged precipitation ice within
the mixed-phase updraft was supported by observations of positively-charged cloud
ice within the glaciated region. Additionally, positive charge regions were observed
adjacent to negative charge regions where the spatial arrangement of each region with
respect to storm-relative flow was consistent with the action of differential advection
of positively charged cloud ice and negatively charged precipitation ice. These obser-
vations were indicative of the presence of the normal NIC regime within some part of

the mixed-phase updraft of an otherwise anomalous supercell.

. Horizontal charge structure complexity within the updraft region of the thunder-
storm included horizontally adjacent, discrete regions of negative charge within layers
predominantly associated with positively charged precipitation ice. Lightning flash
initiations were often observed in these regions, associated as well with fast updraft

speeds and large horizontal gradients in vertical motion. Given the coarse temporal
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and spatial resolution of the available data, the origins of these local charge structures

were not discernible.

. Differences in lightning flash locations with respect to updraft structure were ob-
served between the anomalous and normal supercells. Specifically, lightning flash
initiation locations were distributed throughout faster updraft regions and in stronger
updraft gradients in the anomalous supercell. These observations suggest that es-
tablished electric fields associated with proximal charge regions were located in or
near faster updrafts in the anomalous supercell to support lightning flash initiations
within stronger updraft regions compared with the normal supercell. If this was the
case, larger hydrometeors of opposite polarity could have maintained PBLs in faster
vertical velocities, shifting the charge region interface at which lightning flash initiate
into faster updraft regions. As such, observed lightning flash locations are consistent
with the presence of a non-trivial component of negatively charged precipitation ice
within the negative charge region in addition to the characteristic positively charged

precipitation ice region in the anomalous charge structure.

4.7.1 Conceptual Model

The following conceptual model integrates aspects of the spatial observations pre-

sented herein as well as results extrapolated from prior studies, summarizing hypotheses

concerning complexities that could not be addressed with the resolution of existing data

or lack of cloud microphysical information (Figure 4.11). It also presents a framework by

which the evolution of storm structure and lightning characteristics may be considered in

the context of multiple NIC regimes in future studies. It should be noted as well that as-

pects of charge structure evolution and spatial lightning flash relationships with the updraft
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Figure 4.11: Simplistic conceptual model of the evolution of charge characteristics associ-
ated with a developing thunderstorm within which variable NIC regimes in different regions
influence charge structure and lightning location. Approximate thermodynamic structure is
indicated along the left side of the figure. Open circles (crosses) represent precipitation ice
(cloud ice) hydrometeors. Red (blue) coloring represents positive (negative) charge. The
location of the 10 m s~! updraft is indicated as a yellow arrow. Possible lightning flash ini-
tiation locations are shown as yellow markers, where the relative number of yellow markers
is intended to convey changes in lightning flash rate. General locations where net positive
and net negative charge regions might be inferred are denoted by light red and light blue
boxes, respectively.

that are highlighted within the conceptual model were not specifically unique to the single
anomalous storm of study in Chapter 4, but were anecdotally observed in an anomalous
supercell storm that occurred on 22 April 2017 in the Southeastern US as well. Though not
detailed as carefully, some elements were discussed in Chapters 2 and 3.

It is suggested that in a storm within which the initial charge structure is anomalous,
the initial NIC regime would also be anomalous as the developing updraft confines adequate

LWC supply to the warmer mixed-phase region in support of the growth and positive
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charging of precipitation ice. Lightning flashes would be expected to initiate near the top
of the updraft, between advected negatively charged cloud ice and the PBL of positively
charged graupel near the top of the updraft.

As the updraft deepens and supplies LWC to the colder middle mixed-phase region,
precipitation ice growth becomes supported at higher altitudes in cooler temperatures and
so growing precipitation ice charges negatively in rebounding collisions as cloud ice charges
positively. Depending on graupel growth rates in the cooler mixed-phase region, negatively
charged precipitation ice may remain smaller than precipitation ice growing in the warmer
mixed phase region and may reach a PBL at slower updraft speeds near the top of the
updraft. If positively charged cloud ice does not advect out of the main negative charge
region, it may neutralize in the net some portion of the upper negative charge region pri-
marily composed of cloud ice. Combined with relative sedimentation of negatively charged
precipitation ice versus the advection of cloud ice, the negative charge center may shift
downward. As oppositely charged precipitation ice of different sizes maintain PBLs at dif-
ferent regions within the updraft and the interface between positive and negative charge
regions shifts lower with respect to the updraft structure and into faster updraft speeds,
lightning flash initiations may be observed at lower relative altitudes in or around the mid-
dle of the updraft rather than at the top of the updraft. They may also be observed within
faster updraft speeds. As graupel content contributes to charge generation participating in
active lightning through two charging regimes, lightning flash rates relative to the volume
of graupel could also increase as charge structure heterogeneity increases.

As the updraft continues to develop and precipitation ice growth is supported
through greater depths of the storm, it is suggested that some quantity of positively charged

cloud ice may collect relative to the negative charge region and support lightning flash initi-
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ations between the smaller positive charge region aloft and more expansive negative charge
region. The organization of pooled charge pockets associated with cloud ice of opposite po-
larity resulting from local charging in different NIC regimes may also contribute to frequent
small lightning flashes, supporting a continued increase in lightning flash rate relative to
observed updraft and graupel volumes as more of the charging processes result in increases
in the electric field. Additionally, while larger quantities of negatively charged graupel may
accumulate within the storm as the updraft extends through more of the colder mixed-
phase region, it is expected that it would still grow more slowly and remain smaller in the
colder mixed-phase region as a result of reduced LWC. It is expected that smaller nega-
tively charged precipitation ice would sediment with respect to the slower vertical motions
at the edge of the updraft. These particles may contribute to horizontal heterogeneity in
charge structure in gradient regions of the updraft as they sediment adjacent to larger posi-
tively charged precipitation ice balanced within faster vertical motions nearer to the updraft
core. Through sedimentation and advection, graupel from normal NIC regimes may also
contribute to a minor lower negative charge layer occasionally observed in the mixed-phase
region at temperatures warmer than -10°C (e.g., Bruning et al., 2014; Kuhlman et al., 2006;
Mansell et al., 2005; Wiens et al., 2005). It is possible as well that a combination of three-
dimensional flows and gradients in cloud microphysical conditions within the updraft would
support horizontal variations in charging regime that further contribute to charge structure

heterogeneity and increased charging.

4.7.2 Opportunities for Future Study

Increased lightning flash rates in anomalous storms have a physical basis in an

increase in charging rate associated with the support of a robust updraft. Studies have
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suggested that kinematic texture contributes to an increase in the number of lightning
flashes by organizing smaller charge regions between which more numerous, smaller lightning
flashes initiate (e.g., Brothers et al., 2018; Bruning and MacGorman, 2013). However, the
extent to which charge structure complexity associated with three-dimensional variability
in ice-ice collisional NIC regimes contributes to extraordinary lightning flash rates remains
unaccounted for. It is suggested that three-dimensional cloud microphysical variations
may contribute to charge structure complexity beyond small-scale reorganization of charged
hydrometeors associated with kinematic variations, contributing to numerous smaller charge
regions that present more opportunities for lightning flash initiations. Subsequent factors
such as additional secondary charging mechanisms as well as charge deposition by many
active lightning channels may then further increase the complexity of charge and lightning
flash relationships in anomalous storms.

Increased charge structure complexity in anomalous storms accompanied by in-
creases in the number of flashes, particularly those of small extent or short duration, may
pose additional challenges to GLM detection efficiency beyond those suggested by a ten-
dency toward lower flash initiation altitudes in anomalous storms (e.g., Fuchs and Rutledge,
2018; Murphy and Said, 2020). Zhang and Cummins (2020) found that small or short-lived
flashes, regardless of their vertical location, reduce GLM detection efficiency, providing an-
other pathway by which detection efficiency may be markedly reduced in anomalous storms
in particular. To better understand potential challenges of interpretation of GLM measure-
ments in anomalous storms and the frequency with which they may arise, future studies
may wish to investigate the consistency of relationships observed herein between evolution
of charge structure heterogeneity and associated changes to lightning flash size distribu-

tion as well as the locations in which lightning flashes initiate. These relationships may
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be used to better predict reduction in GLM detection efficiency associated with anomalous
storm characteristics that may be incorrectly interpreted as reduction in lightning activity,
even as kinematics, microphysics, and ground-based detection of lightning flash properties
otherwise indicate intensification.

Additionally, addressing the interaction and relative impacts of microphysical and
kinematic properties on charging processes, resultant organization of charge structure, and
lightning flash properties may resolve sources of variability observed in lightning flash rates
and convective parameters such as updraft speed or volume. Refining understanding of
these relationships may also add specificity to the success of metrics such as lightning flash
rate relationships based on graupel volume (e.g., Carey et al., 2019). Alongside rich ob-
servational data and numerical modeling studies, further evaluation of spatial relationships
between charge structure, lightning, and properties of the convective updraft may contribute
specificity to the lightning flash-based conceptual models by which convective intensity is

interpreted.
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APPENDIX A

AUTOMATED FLASH-BY-FLASH POLARITY CLASSIFICATION

The DBSCAN algorithm (Ester, M. et al., 1996) within the scikit-learn Python
package (Pedregosa et al., 2011) is applied to flash-by-flash polarity classification because of
its ability to identify regions of dense data points apart from sparse data. It is well adapted
to the problem of identifying temporally dense, noisy negative breakdown in positive charge
regions apart from spatially separate, temporally sparse positive breakdown in negative
charge regions as detected in the VHF. This is a second, separate application of DBSCAN
following its initial use to identify flashes from total VHF source data.

Though sources from multiple flashes are aggregated to infer net charge structure,
the algorithm operates on source data provided from individual flashes. Leveraging the roles
of temporal and vertical properties of VHF flash detection and bidirectional flash propa-
gation, the time and altitude data of each source in a flash are supplied to the DBSCAN
algorithm as the criteria by which to identify clusters. These data are first standardized
using the standard scaler in the scikit-learn Python package which subtracts the mean from
each value before dividing by the standard deviation (Pedregosa et al., 2011). Standardiza-
tion of source data on a per-flash basis rather than applying the same scaling criteria to all
flashes allows the spatial properties of each flash to be considered individually, reducing the

spatial and temporal implications of size differences between compact and extensive flashes.
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Individual treatment of flashes also mitigates impacts from source detection efficiency dif-

ferences with range from the LMA network center.

A.1 DBSCAN Cluster Determination

Clusters of dense data points are identified by DBSCAN using an n-dimensional
neighborhood-defining Euclidean distance and a minimum count threshold. Selections of
the distance and count threshold were accomplished subjectively. From visual inspection of
numerous flashes, it was determined that a Euclidean standardized distance of 0.5 performed
most uniformly over a range of flash characteristics, most often appropriately grouping
regions of sources indicative of negative breakdown. The minimum number of sources
required to identify a cluster in a flash was 5 percent of the total number of sources in a
flash, rounded up to the nearest integer, with a threshold floor of 3 sources. The threshold
floor of 3 sources was selected in order to retain the classification of single isolated sources
as DBSCAN noise in flashes with few sources as well as to increase the likelihood that
clusters could be large enough, even in small or poorly detected flashes, to be identified as

representative of the expected behavior of negative breakdown.

A.2 Source Classification

Points within a DBSCAN cluster are either classified as cluster core or cluster edge
points, while points not included in a cluster are termed noise points. Cluster core points
are located within the neighborhooddefining distance of at least the threshold minimum
specified number of other points whereas cluster edge points are not. Figure A.la illus-
trates the implementation of the cluster identification criteria and point definitions within

the DBSCAN algorithm using LMA sources in a flash as scaled data points. Following
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the determination of noise, cluster core, and cluster edge sources, each type is assessed
and provided a label corresponding to charge structure classification. Sources identified as
DBSCAN noise are interpreted as sparse sources detected during positive breakdown in the
negative charge region, and so are labeled “negative sources.” Cluster edge sources remain
unclassified and are not used to identify charge regions. These are located around cluster
core sources and inherently between charge regions, also often representing the region of
initial flash development that typically remains unclassified in manual analysis (Rust et al.,
2005). Cluster core sources, those that occur in the regions of highest density of sources,
are used to identify sources that occurred during negative breakdown in the positive charge
region. If the number of core sources in each cluster is greater than 20 percent of the total
sources, these points are labeled “positive sources.” Otherwise, they remain unclassified in
order to limit ambiguity associated with small clusters of sources separate from classified
charge regions as well as to avoid misclassification of recoil leaders as a positive charge re-
gion within an original negative charge region (e.g., Bruning et al., 2010; MacGorman et al.,
2005; Mazur and Ruhnke, 1993; Mazur et al., 2013; Shao and Krehbiel, 1996). Once core
sources in all clusters have been labeled, positive and negative sources remain classified if
the total number of positive sources is greater than 50 percent of the total number of sources
in the flash, reflecting that most sources detected in a flash result from negative breakdown.
Otherwise, the flash is deemed unclassified and its sources are not used to identify charge
regions.

Each of the applied thresholds were identified through subjective testing to be most
consistent with traditional subjective flash-by-flash classification for a variety of flashes.
Sensitivity testing of thresholds should similarly be evaluated prior to implementing this

technique with other applications and networks, including assessment of the effectiveness of
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station and source criteria used for flash clustering to control for non-lightning noise sources

that may result in classification errors.

A.3 Limitations and Improvements

As with other classification methods, there are limitations. Primarily, flashes with
few sources often remain unclassified since regions of appreciable density present classifica-
tion challenges. Cluster edge points are also excluded from classification, limiting the spatial
extents to which charge regions are resolved. Detection of unusually noisy propagation of
positive breakdown facilitated by a particularly sensitive LMA presents other classification
concerns. From examination of flashes that were detected using the NALMA configuration
on 22 April 2017, it was found that in the rare flashes in which positive propagation was
detected with an unusually high density of sources, the density of negative propagation re-
mained dominant. As a result, clusters associated with unusually dense positive breakdown
did not meet required size criteria and were labeled as unclassified. In these instances,
true positive breakdown was not classified as negative charge and the negative charge re-
gions were not mapped as completely. However, as identification of the location of positive
charge regions is sufficient for storm-scale charge structure identification, this method meets
the minimum requirement. A related concern is the possible false identification of positive
charge regions when recoil leaders occur. Recoil leaders include a negative leader component
that radiates strongly as it propagates through the original channels from the original net
negative charge region (Bruning et al., 2010; MacGorman et al., 2005; Mazur and Ruhnke,
1993; Shao and Krehbiel, 1996). While the present method limits classification of sources

occurring in recoil leaders, these as well as particularly well resolved positive breakdown

161



may still present challenges in particularly well resolved flashes near the center of sensitive
LMAs.

Automation of flash-by-flash classification reduces the time required of manual flash
identification, particularly for large datasets. The density-based aspect of the DBSCAN
method is also resistant to poor flash clustering performance, correctly identifying charge
regions based on VHF properties when multiple flashes in close spatial and temporal prox-
imity may be falsely combined and assumptions associated with bilevel flash structure are
challenged. Similarly, density-based clustering allows correct classification of charge regions
in large, sloping flashes that can pose challenges to other altitude-based automated meth-
ods (e.g., the “bifurcation” method, Tessendorf et al., 2007a). While this method improves
on existing classification methods, future refinements and adaptations are possible. For
instance, classifications may be more resistant to errors as integration of additional infor-
mation afforded from other breakdown properties, such as propagation speed (van der Velde

and Montanya, 2013), are considered.
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Figure A.1: Representation of a single flash during DBSCAN classification process in an
adapted 5-panel format. (a) Time-height plot of sources mapped in scaled coordinates as
DBSCAN points, where DBSCAN-classified cluster core (purple dots), cluster edge (green
dots), and noise points (black dots) are shown. Projections of sources with DBSCAN
classifications are shown in the (b) vertical and west-east dimensions, (c) west-east and
south-north dimensions, and (d) vertical and south-north dimensions. (e) An altitudinal
histogram of sources is also provided. (f) Charge structure classification of DBSCAN results
are shown, including positive sources (red dots) consistent with negative breakdown in
positive charge regions, negative sources (blue dots) consistent with positive breakdown in
negative charge regions, and unclassified sources (gray dots).
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APPENDIX B

STORM CASE SUMMARY

The synoptic to meso-a conditions under which each storm developed are described,
providing further context to the observed pre-convective environmental parameters. The
sounding profiles used for pre-convective environmental analyses accompany these descrip-
tions. The progression of each storm within the broader domain over the full analysis period

is also shown.

B.1 Normal 6 February 2008 Case

A broad upper level trough in the middle Mississippi Valley region was connected
with a surface low and associated cold front that forced deep convection in the early morn-
ing hours of 6 February 2008. An extensive area of low-level moisture with dew point
temperatures >12°C was present over the Tennessee Valley region and together with a
weak cap, many storms were able to develop and merge to form linear convective modes,
visible around the supercell of interest during its progression (Figure B.1). Additionally, a
strong mid-level jet with wind speeds in excess of 55 m s~ at 500 mb supported both speed
and directional shear, resulting in bulk shear of 30 m s~! that favored the development of
supercell structures in isolated convection. The model analysis sounding representative of

the pre-convective environment is shown in Figure B.2.
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B.2 Normal 11 April 2008 Case

An extensive area of deep convection from the Ohio River Valley into the Southeast
was supported by a large, deep upper-level low located in the upper Mississippi River Valley.
As most of the synoptic forcing and associated favorable conditions for deep convection were
located nearer to the Northwestern Ohio River Valley region, instability remained compar-
atively low in the Tennessee Valley during this event (Table 3.2). Low-level southwesterly
flow associated with the trough resulted in an expansive supply of low-level moisture with
dew point temperatures of >12°C extending into the Ohio River Valley. However, deeper
low-level moisture associated with 700 mb dew point temperatures of >0°C was restricted
mostly to Mississippi and the Western Tennessee Valley region. Despite more modest sup-
port for deep convection in the Southern Tennessee Valley where the storm of interest was
observed, strong speed shear in the region supplemented unidirectional wind profiles in fa-
vor of the development of supercell structures. The pre-convective model analysis sounding
profile associated with these conditions is shown in Figure B.3. The progression of the

supercell of interest is shown in Figure B.4.

B.3 Anomalous 10 April 2009 Case

Conditions associated with a deep upper-level low pressure region in the middle Mis-
sissippi Valley favored the development of deep convection in the Tennessee Valley along
and to the east of an attendant cold front. A southwesterly low-level jet with maximum

wind speeds of 20 m s

resulted in the greatest low-level moisture supply extending into
northern Mississippi and the southwestern Tennessee Valley region. This jet and associ-

ated moisture supply promoting destabilization in the warm sector. The development of

a quasi-linear convective system (QLCS) in West-Central Tennessee observed prior to and
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during the analysis period (Figure B.5) was associated with unidirectional flow near the
advancing cold front. Simultaneously, veering wind profiles further to the east supported
the development of isolated supercells in northern Alabama and South Central Tennessee
ahead of the QLCS. The reconstructed sounding from model analysis associated with the

pre-convective environment during this case is shown in Figure B.6.

B.4 Anomalous 22 April 2017 Case

Deep convection in the local evening hours was associated with a positively tilted
upper level trough over the middle Mississippi and Ohio Valleys and a stronger surface
low and associated cold front in Northern Mississippi and Alabama. During the daytime
hours prior, clearing conditions over South Central Tennessee and North Alabama sup-
ported diabatic heating and destabilization ahead of the advancing cold front. Bulk shear
of up to 20 m s~! supported supercell development, while southeasterly storm motion facil-
itated propagation into increasing low-level moisture associated with a small region of dew
point temperatures of >12°C in Northeastern Alabama. The reconstructed model analysis
sounding representative of the pre-convective environment is shown in Figure B.7 while the

progression of the supercell during the analysis period is shown in Figure B.8.
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Normal 6 February 2008 Supercell
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Figure B.1: Progression of the normal 6 February 2008 supercell and its immediate sur-
roundings as observed by ARMOR at the lowest elevation angle. Each panel shows the
storm at the lowest elevation angle at the time of a dual-Doppler retrieval. Post-processed,
uncorrected ARMOR reflectivity are plotted in color fill.
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Figure B.2: Reconstructed model sounding for the normal 6 February 2008 case, created
using MetPy software (May et al., 2008 - 2020).
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Figure B.4: As in Figure B.1 for the normal 11 April 2008 supercell.
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Figure B.5: As in Figure B.1 for the anomalous 10 April 2009 supercell.
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Figure B.7: As in Figure B.2 for the anomalous 22 April 2017 case.
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Figure B.8: As in Figure B.1 for the anomalous 22 April 2017 supercell.
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