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Abstract On 29–30 May 2012, the Deep Convective Clouds and Chemistry experiment observed a
supercell thunderstorm on the southern end of a broken line of severe storms in Oklahoma. This study
focuses on an approximately 70min period during which three mobile Doppler radars operated and a
balloon-borne electric field meter, radiosonde, and particle imager flew through the storm. An overview of
the relationships among flash rates, very high frequency (VHF) source densities, and Doppler-radar-derived
storm parameters is presented. Furthermore, the evolution of the flash distribution relative to the midlevel
storm’s kinematics and microphysics is examined at two times during a period of rapid storm intensification.
The timing of increases in VHF counts in the 8–10 km above ground level (agl) layer, which contained the
largest VHF source counts, is similar to the timing of increases in updraft mass flux, in updraft volume, and in
graupel volume at approximately 5–9 km agl. Although some increases in VHF source counts had little or
no corresponding increase in one or more of the other storm parameters, at least one other parameter had an
increase near the time of every VHF increase, a pattern which suggests a common dependence on updraft
pulses, as expected from the noninductive graupel-ice electrification mechanism. A classic bounded weak
lightning region was observed initially during storm intensification, but late in the period it appeared to be
due to a wake in the flow around the updraft, rather than due to a precipitation cascade around the updraft
core as is usually observed.

1. Introduction

The Deep Convective Clouds and Chemistry (DC3) field experiment was conducted during May–June of 2012
in three domains: northern Alabama, Oklahoma/west Texas, and Colorado. The goals of DC3 were to investi-
gate the production of NOx by lightning, the transport of NOx, and other species by convective-scale motions
to the upper troposphere, the longer-term photochemistry of sunlight acting on the species in the upper
troposphere, and the relationships between lightning and internal thunderstorm processes [Barth et al.,
2015]. Storms in all three domains were sampled by instrumented aircraft, mobile Doppler radars, the
National Weather Service Weather Surveillance Radar–’88 Doppler (WSR-88D) network, and Lightning
Mapping Arrays (LMAs), and soundings were obtained in the storm environments. Storms targeted in the
OK/TX domain also were sampled by in situ weather balloons carrying particle imagers, electric field meters,
and radiosondes.

The 29 May Kingfisher supercell storm was the southernmost cell in a broken line of five severe storms in
north-central OK chosen for intensive analysis by DC3 investigators. The far inflow and upper tropospheric
outflow of the Kingfisher storm were sampled by multiple instrumented aircraft [Barth et al., 2015], three
soundings were launched in the near-storm inflow environment, three mobile radars sampled the storm
simultaneously for over an hour, and a ground support crew launched two in situ balloon soundings. The
storm was also within range of the Oklahoma Lightning Mapping Array (OK-LMA), thus facilitating the
collection of high-resolution total lightning data for the storm’s entire lifetime. Although a discussion of
the Kingfisher storm’s charge structure is outside the scope of this study, DiGangi [2014] found that the
vertical polarity of the storm’s overall charge distribution was inverted from the usual polarity [e.g.,
MacGorman et al., 2005], with upper level storm charge being negative instead of positive and midlevel
charge being positive instead of negative. During the period of DC3 field operations, the storm intensified,
producing total flash rates>100min�1 and vertical vorticities exceeding 30 × 10�3 s�1. The storm continued
to intensify after aircraft operations ended, producing flash rates exceeding 400min�1, hail up to 12 cm
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(5 inch) in diameter, and a weak EF-1 tornado. The wealth of data collected for this case made it an excellent
candidate for study.

The purpose of this paper is to provide an overview of the evolution of severe weather reports and of various
radar, lightning, and microphysical parameters of the Kingfisher storm, including some novel aspects of the
behavior of total lightning activity. Although some information is presented about the whole lifetime of the
storm, our analysis focuses on the period of mobile radar observations during DC3’s field operations. Besides
providing information about the evolving relationships between lightning and other storm properties (a pri-
mary goal of DC3), the observations and analysis in this study also providemuch of the storm context needed
both in follow-on studies and by other DC3 investigators studying various aspects of this case.

2. Data and Methodology

This study incorporates observational data from several platforms: radar reflectivity from the WSR-88D
network; mobile soundings of the near-storm environment [Ziegler, 2013c]; reflectivity, 3-D wind retrievals,
and other parameters from three mobile radars [Biggerstaff, 2014a, 2014b;Mansell, 2014]; and lightning para-
meters derived from the OK-LMA [MacGorman, 2013]. Various microphysical parameters were retrieved by a
diabatic Lagrangian analysis [Ziegler, 2013a, 2013b] using a combination of the time-dependent mobile radar
analyses and environmental soundings. Figure 1 shows the locations of all observing systems used in this
study, as well as the locations of the in-storm balloon soundings, which collected radiosonde, particle imager
[Waugh et al., 2015], and electric field meter (EFM) data. The imager data are not presented here because they
form the basis of a detailed study of the microphysics inferred from radar and observed by the imager in a
recently completed doctoral research project [Waugh, 2016] and are intended for a future journal paper.
EFM data from one launch were compared with the storm charge distribution inferred from LMA observa-
tions by DiGangi [2014] and will be included in another follow-on study. The instrumented aircraft sampled

Figure 1. Map depicting the locations of the active OK LMA stations (red crosses), the deployed mobile radars (SR1, SR2,
and NOXP), the Oklahoma City operational WSR-88D radar (KTLX), and the in-storm (ISS1 and ISS2) and environmental
(ES1 and ES2) sounding launch sites.
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the near-storm environment, which is
not a focus of this study, and the anvil
region outside the dual-Doppler
domain of this study. Some aircraft
data from this case have already
been analyzed in other DC3 studies
[e.g., Barth et al., 2016].

2.1. Radar Observations

Mobile radar data were collected
by the Shared Mobile Atmospheric
Research and Teaching Radars
(SMART-Radar or “SR”) SR1 and SR2
[Biggerstaff et al., 2005] and the

National Oceanic and Atmospheric Administration National Severe Storms Laboratory (NSSL) X-band polari-
metric radar [Burgess et al., 2010]. Time-synchronized radar volume scans were obtained at a 3min interval by
two to three radars from 2251 UTC on 29 May to 0000 UTC on 30 May 2012 (all times are universal time unless
noted otherwise).

A sequence of dual-Doppler radar wind syntheses were performed using the variational (VAR) method
described by Potvin et al. [2012] utilizing optimal radar pairs as summarized in Table 1. The VAR wind
syntheses all employed a nearby environmental sounding to provide the background field for each synthesis,
which was then blended smoothly with in-storm winds using a low-pass spatial filter. Each radar volume scan
was interpolated to a Cartesian grid using natural neighbor interpolation [Ledoux and Gold, 2005]. The
analysis domain was 90 km (west-east) × 60 km (south-north) × 17.5 km (altitude above ground level (agl))
with horizontal and vertical grid spacing of 500m and the first analysis level at 200m agl.

Data from the WSR-88D [Crum and Alberty, 1993] radar KTLX provided observations of the Kingfisher storm
over the course of its entire lifetime. KTLX had yet not received its scheduled dual-polarimetric upgrade as
of May 2012, so only reflectivity and radial velocity data were available for WSR-88D analysis. These data were
obtained from the National Climatic Data Center archive and displayed in the Warning Decision Support
System–Integrated Information (WDSS-II) software platform [Lakshmanan et al., 2007].

2.2. Lightning

The OK-LMA uses technology developed by New Mexico Tech [Rison et al., 1999; Krehbiel et al., 2000; Thomas
et al., 2004]. It consists of a ground-based network of stations located in central and southwestern Oklahoma,
each of which detects the very high frequency (VHF) radiation emitted by lightning channel segments as a
flash develops [MacGorman et al., 2008]. A single lightning flash can emit tens to thousands of VHF signals,
and the OK-LMA uses a time-of-arrival technique to determine the time and 3-D location (latitude, longitude,
and altitude) of the source of any signal within 100 km of the network center from the different times at which
the signal arrives at the stations [Rison et al., 1999;MacGorman et al., 2008]. VHF source position errors within
this range are estimated to be 10m in the horizontal, 30m in the vertical, and 40 ns in time [Thomas et al., 2004;
Lund et al., 2009]. The location errors increase with range beyond the perimeter of stations but are typically
much less than 1 kmwithin the region analyzed in the present study. Details concerning the equipment, data
processing, and time and location errors in LMAs are described by Rison et al. [1999] and Thomas et al. [2004].

To be considered reliable enough for the present study, a VHF source was required to be detected by at least
seven stations, the reduced chi-square of the source computation less than 2, and the source height below
20 km, as in previous studies [e.g., MacGorman et al., 2008; Lund et al., 2009; Weiss et al., 2012; Calhoun
et al., 2013]. To simplify subsequent procedures, all VHF sources outside the subjectively drawn boundaries
of the Kingfisher storm were withheld from the LMA analyses. Cloud-to-ground (CG) flashes were identified
with data from the National Lightning Detection Network (NLDN) [Cummins and Murphy, 2009].

The Kingfisher storm became increasingly difficult to isolate after 0000 (approximately halfway through the
storm’s lifetime) as additional storms formed or moved into its vicinity, although the uncertainties in delineat-
ing the subject storm fortunately had little effect on the number of flashes or flash rate trends [DiGangi, 2014].
The effect on flash rates was much larger as a left-moving supercell storm originating in southern Oklahoma

Table 1. List of Mobile Dual-Doppler Pairs Chosen From the SR1, SR2, and
NOXP Radar Observations as Applied to Obtain the 3min Interval
Variational Dual-Doppler Wind Synthesis of the 29 May 2012
Kingfisher Storma

Time Period (UTC) Radar Pairs Comment

2251–2257 SR1-NOXP Pure dual-Doppler
2300–0000 SR1-NOXP Dual-Doppler pair yielding optimal

SR1-SR2 Viewing geometry applied at any
SR2-NOXP Given grid point location

aThe mobile radar locations (Figure 1) have radar pair baseline lengths
of 14.25 km (SR2-NOXP), 19 km (SR1-SR2), and 30 km (SR1-NOXP). The
resulting time-spaced analyses are dual-Doppler at any given grid point
location, although the 3-D synthesis employs observations from two to
three radars depending on analysis time period.
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began merging with the Kingfisher storm late in its lifetime. Lightning from the merging left-moving storm
was included in the analyzed data set after the two storms were indistinguishable from each other in the
LMA data. The merger period is noted on all figures generated with these data.

The “clean” LMA data were processed via the algorithms “w2lmaingest” and “w2lmaflash” in WDSS-II.
Algorithm w2lmaingest ingests LMA data and converts it to a format usable by the WDSS-II platform.
Algorithm w2lmaflash takes the ingested LMA data, groups the sources into flashes, and calculates an array
of products, including flash extent density and flash initiation locations [Herzog, 2013]. The criteria for adding
a VHF source to a flash were based on the time (<150ms) and distance (<3 km) to previous sources in the
flash. To be used in flash products, a flash was required to be composed of at least 10 VHF sources, both
to eliminate single-source discharges (which typically are numerous and would skew statistics) and to
provide enough sources to compute robust flash initiation locations. Each flash initiation location was
calculated as described by Lund et al. [2009] to determine its latitude, longitude, and altitude and was
assigned the time of the first point in the flash. The 1min total flash rate was then calculated by summing
the number of flash initiations for each minute of the storm’s lifetime.

To calculate the horizontal distribution of lightning, the code package “lmatools” was utilized. The lmatools
code sorts VHF sources into flashes in the same way as w2lmaflash but also requires flashes to have a hori-
zontal dimension of at least 0.15 km. The lmatools code then derives multiple parameters and maps them
onto a 2-D grid. For this study, we analyzed the number of flashes that were initiated within each grid column
and the total number of flashes passing through a grid column (i.e., flash extent density or FED). The grid sten-
cil used with lmatools coincided with the grid points of the more spatially limited dual-Doppler radar synth-
esis and diabatic Lagrangian analysis (DLA) grid domain (sections 2.1 and 2.3, respectively), thus facilitating
the direct overlay of lmatools output fields on the radar and Lagrangian analyses. The storm boundaries
for these comparative gridded analyses typically excluded a significant portion of the downstream forward
anvil region and, at times, included parts of a second supercell storm to the north of the Kingfisher storm.

Although the gridded lightning data were vertically integrated and projected on a 2-D grid, they can
nevertheless usefully be overlaid on plots at various altitudes of parameters from the radar and Lagrangian
analyses. FED and flash initiations were computed from 10min of lightning data centered on each analysis
time (�5min). A period of 6min was tested, but trends in the data were clearer with 10min intervals. The
FED grid was smoothed by replacing the value of each grid cell with the arithmetic average of that cell
and the eight cells surrounding it. A given grid cell was omitted from the smoothing process if it did not
contain any VHF sources, thereby preventing the smoothing code from spreading data into adjacent grid
cells where no lightning was observed.

In addition to OK-LMA observations, data from the NLDN [Stossmeister, 2012] were used to determine what
fraction of the total flash count were cloud-to-ground (CG) flashes. To identify which CG flashes were asso-
ciated with the Kingfisher storm, plots of NLDN ground strike points were compared with plots of flashes
in the clean OK-LMA data set.

2.3. Diabatic Lagrangian Analysis

A diabatic Lagrangian analysis (DLA) has been applied to the 29 May storm with an updated version of the
methods discussed by Ziegler [2013a] (hereafter referred to as Z13) and Ziegler [2013b]. Predicted 3-D cloud
ice and diagnosed snow mixing ratio fields have recently been added to the DLA, as described in the
Appendix A. The enhanced DLA algorithm first calculates the field of upstream parcel trajectories from each
DLA grid point via the time-dependent airflow described in section 2.1 by extending the trajectory backward
in time into the storm’s inflow environment. Environmental sounding data are interpolated to determine the
potential temperature θ (K), the water vapor mixing ratio qv (g/kg), and the ambient total pressure (mb) at the
initial Lagrangian point. The Lagrangian algorithm then integrates a system of first-order ordinary differential
equations forward in time for each trajectory from its initial point in the environment to its ending DLA grid
point [Z13]. The algorithm interpolates the reflectivity to each Lagrangian point along a trajectory during
integration and diagnoses the time-varying Lagrangian values of rainwater mixing ratio qr (g/kg), snow mix-
ing ratio qs (g/kg), and graupel/hail mixing ratio qg (g/kg) for subsequent microphysical and thermodynamic
Lagrangian calculations. The predicted Lagrangian variables are θ, qv, cloud water mixing ratio qc (g/kg), and
cloud ice mixing ratio qx (g/kg).
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Figure 2. The 500mb analyses from the Storm Prediction Center (SPC) archive for (a) 29 May at 12:00 UTC and (b) 30May at
00:00 UTC.
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2.4. Storm Reports

Reports of severe weather events for this case were obtained from the Storm Data archive [National Climatic
Data Center, 2012]. Because these reports originate from the general public, the data set contains inherent
uncertainty. However, it is the most comprehensive and readily available data set of hail and tornado
occurrence [Herzog, 2013]. This study compares the timing of hail and tornado reports for the Kingfisher
storm with the trends observed in the radar, lightning, and DLA analyses.

3. Storm Environment

The large-scale pattern on 29May 2012 was characterized by an openwave over south-central Canada, which
caused rebounding midlevel height rises over Oklahoma and Kansas, the region of interest of the present
study. The regional flow at 500mb was nearly zonal, with minor diffluence over Oklahoma and Kansas
(Figure 2). A short-wave trough was over the Oklahoma panhandle, and a low-pressure center had developed
in the Texas panhandle. A stationary front extended from this low eastward into southern Kansas, and a
dryline arced southward from the low to the Big Bend region of the Texas-Mexico border (Figures 3 and 4).

The 1200 sounding from Norman, Oklahoma, on 29 May 2012 (not shown) was very strongly capped with lit-
tle to no convective available potential energy (CAPE). Convection initiation (CI) around 2120 near Fairview in
north-central Oklahoma was associated with development of the first storm to the east of the dryline bulge
and south of the stationary front where a vigorous cumulus field was visible before 2100 (not shown). A
mobile sounding launched in the near-storm environment at 2255 contained a mixed-layer CAPE
(“MLCAPE”) of 2372 J kg�1, a 0–3 km storm-relative helicity (“SRH0-3”) of 271m2 s�2, a bulk speed shear in
the lowest 6 km (“SHR0-6”) of 24m s�1, and a nearly dry-adiabatic midlevel lapse rate (Figure 5a). There
was a small residual cap in place to help keep storms mostly isolated from one another. Low-level veering,
broadly unidirectional middle and upper tropospheric flow, and moderate bulk speed shear combined with
large MLCAPE values provided strong support for both splitting and right-moving supercells. The mobile
environmental sounding at 0020 (Figure 5b) provided stronger support for rotating supercells due to a
combination of increased vapor mixing ratio and directional shear in the boundary layer (BL), with
MLCAPE and SRH0-3 both increasing substantially to 3010 J kg�1 and 463m2 s�2, respectively, in comparison
to the 2255 sounding.

Figure 3. GOES-13 visible imagery of Oklahoma at 2048 UTC on 29 May 2012.
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Figure 4. Surface analyses from the Hydrometeorological Prediction Center (HPC) archive, with overlaid (a) ground obser-
vations at 22:25 UTC and (b) infrared satellite imagery at 22:15 UTC.
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4. Storm Overview

Low-elevation angle KTLX observations reveal that the first reflectivity echoes of the southernmost
convective cell appeared at 2104 (1604 CDT; Figure 6), the northernmost cell appeared in the next volume
scan (at 2113), and sustained deep convection (i.e., CI as described by Kain et al. [2013]) was observed by
around 2120. The two storms moved slowly east-northeastward, but both expanded and developed a
low-level reflectivity maximum >50 dBZ within 30min after CI. The northern cell intensified more quickly
than the southern storm and began producing lightning just after 2120. The first detected lightning in the
southern storm occurred at 2134.

Persistent midlevel mesocyclonic radial velocity signatures were visible in both storms by 2200 (not shown),
thereby marking their transition to the supercell phase [e.g., Bunkers et al., 2006]. The southern storm split
between 2200 and 2230, and the right mover (henceforth referred to as the Kingfisher storm) subsequently
began moving southeastward while maintaining its mesocyclone (Figure 6). The left mover was absorbed
into new convection just north of the Kingfisher storm. The new convection and the northern storm both
then split, and the new left mover merged with the northern storm’s right mover. A line of four supercell
storms had thus formed in northwest Oklahoma by 2300, the Kingfisher storm being the southernmost cell.
During the initial split of the southern storm, total flash rates of the Kingfisher storm increased to greater than
50 flashesmin�1, but after 2230 the total flash rates decreased to under 10 flashesmin�1 (Figure 7). Hail
ranging from 3.8 to 5.1 cm (1.5–2 inch) in diameter was reported from the Kingfisher storm following the
initial split (Figure 8).

The Kingfisher storm began intensifying after 2300 as the total flash rate steadily increased (Figure 7),
and isolated VHF sources began occurring in the overshooting top above 13 km agl (Figure 9). VHF
sources occurred continually throughout the duration and volume of the overshooting top during
each overshooting top episode, as is characteristic of discharges in this region, in sharp contrast to the
bursts of VHF sources typically lasting less than 1 s comprising flashes within the main body of the

Figure 5. Mobile environmental soundings launched in the upstream inflow of the Kingfisher storm on 29–30 May 2012
(located as in Figure 1) at the following times: (a) 2255 and (b) 0020. Two critical parameters used in the diabatic
Lagrangian analysis are the ambient environmental melting level (~4.1 km agl) and the �15°C level in the moist-adiabatic
main updraft (~7.7 km). The freezing level in themoist-adiabatic updraft is at ~5.2 km. An estimatedmotion (m s�1) of (u, v)
= (7, �3) for the Kingfisher storm was used to calculate SRH0-3.
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Kingfisher storm [Calhoun et al., 2013; Elliott, 2013]. The discharges above the equilibrium level pulsed
in height and duration as the overshooting top itself pulsed, in response to pulses in the storm’s
updraft, and were maintained more steadily as reflectivity in overshooting tops was maintained more
steadily after 0000.

Figure 6. KTLX radar reflectivity mosaic depicting the storm complex sampled on 29–30 May 2012, including the Kingfisher storm, from 2104 to 0222. The locations
of the Kingfisher storm are indicated before 0140, and the locations of the merged storm are indicated after 0140.
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New deep convection began forming
both to the west of the existing storms
and to the east beneath the merged
downshear anvils between 2325 and
0000 (Figure 6). The formation of
lightning-containing secondary convec-
tion in the forward overhang Kingfisher
storm anvil is in itself of significant
interest (but outside the scope of the
present study) and is the subject of a
follow-on study. The initial secondary
anvil convection eventually propagated
rapidly eastward and later merged with
the line of supercell storms to form a
mesoscale convective system.

Total flash rates in the Kingfisher storm
increased rapidly after 0000, peaking at
422 flashesmin�1 shortly before 0100
and subsequently maintaining around
300 flashesmin�1 for over 30min

(Figure 7). The storm maintained its supercellular structure, although a right mover that had split from the
storm immediately north of the Kingfisher storm partially merged with the northern flank of the Kingfisher
storm beginning around 0030 (Figure 6). Several occurrences of severe hail were reported during this period
(Figure 8).

A left-moving supercell which had propagated northward from near the Oklahoma-Texas border began
merging with the Kingfisher storm by around 0120 (Figure 6), when lightning in the upper levels of the
two storms increasingly overlapped. Total flash rates in the Kingfisher storm had increased to greater than
300min�1 before the merger (Figure 7) as giant hail up to 12.7 cm (5 inch) in diameter was reported in
northeastern Oklahoma City (Figure 8). The total flash rate peaked at 483 flashesmin�1 during the merger
(Figure 7), although an indeterminate fraction of this increase could possibly be an artifact caused by the
impulsive combination of both storms’ flashes. The merger process lasted about 18min, with its completion

being defined as that time at which the
reflectivity signatures of the two storms
were completely joined at the lowest
elevation angle [e.g., Westcott and
Kennedy, 1989].

The merged storm remained strong for
a short time but quickly began to decay
and merge with other storms around
it. This was reflected by a rapid decrease
in total flash rates from over
450 flashesmin�1 during the merger to
under 100 flashesmin�1 about 30min
after the merger ended. Although the
total flash rate decreased during this
time, the CG flash rates actually
increased briefly before decreasing
again as the storm dissipated (e.g.,
Figure 7). The merged Kingfisher storm
produced no more lightning after
0220, by which time it had almost
completely dissipated in low-level
reflectivity displays. Its remnants and

Figure 7. Total and cloud-to-ground flash rates for the Kingfisher storm
throughout its lifetime. The vertical purple dashed lines indicate the
multi-Doppler analysis period, while the vertical red lines indicate the
merger period.

Figure 8. Severe weather reports for the Kingfisher storm throughout
its lifetime. The key at the top left denotes the symbols for hail and
tornado reports. The vertical purple dashed lines indicate the multi-
Doppler analysis period, while the vertical red lines indicate the merger
period.
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other storms in the vicinity continued merging together and eventually formed a mesoscale convective
system, which propagated SE out of the Oklahoma City metropolitan area.

5. Dual-Doppler Analysis Period
5.1. Time Series Analyses

The time series of dual-Doppler mobile radar wind syntheses and Lagrangian analyses revealed the intensi-
fication phase of the Kingfisher storm from 2251 to 0000. The storm was characterized by increasing total
flash rates and generally matching increases of updraft mass flux and volume and the volume and integrated
mass of graupel/hail during this period (Figure 10). This implied general correlation between the kinematics,
microphysics, and electrification in themixed-phase updraft charging region has been rather well established
based on several previous observational and storm simulation studies [Deierling and Petersen, 2008; Calhoun
et al., 2013; Carey and Rutledge, 1996; Wiens et al., 2005; Kuhlman et al., 2006; Tessendorf et al., 2007]. Time-

Figure 9. Time-height plot of lightning VHF source densities (# (500m)�1) for the storm lifetime. The vertical purple dashed
lines indicate the multi-Doppler analysis period, while the vertical black lines indicate the merger period.

Figure 10. Time series of the total flash rates, updraft mass flux, and the integrated volume and mass of graupel/hail at
subfreezing temperatures in the Kingfisher storm during the multi-Doppler analysis period.
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height analyses indicate that the updraft and reflectivity cores exceeding 20m s�1 and 50 dBZ, respectively,
pulsed upward at approximately 2302, 2318, 2330, 2348, and around the end of the analysis period at 0000
(Figure 11a). Although the updraft mass flux and volume (Figures 11b and 11d) increased at middle levels of
the storm during each pulse, the latter increases tended to occur a few minutes later than the increases in
maximum updraft speed and to extend longer in time. The time lag of updraft mass flux relative to updraft
speed was probably forced by growth in the horizontal area of the updraft, which in turn was slower to
develop than maximum updraft speeds. These comparative trends of updraft mass flux and volume relative
to peak updraft are consistent with supercell storm simulations which obtain smoother, more sensitive
increases of overall areal- or volume-integrated storm intensity relative to point maximum updraft values,
which tend to rather rapidly saturate around a fixed fractional value of the maximum updraft from parcel
theory [e.g., Ziegler et al., 2010].

Some parameters associated with the updraft pulses varied more erratically, even in the time-height plots.
For example, maximum updraft speeds exceeded 60m s�1 in three of the four pulses, and speeds exceeding
50m s�1 extended to increasing heights in the third and fourth pulses but not in the second pulse (Figure 11a).
On the other hand, the second pulse (which contained the weakest maximum updraft speeds with no
maxima exceeding 48m s�1) achieved the greatest depth and duration of reflectivities exceeding 64 dBZ
(Figure 11a). Throughout the analyzed period, vertical vorticity (Figure 11c) exceeded 20× 10�3 s�1

Figure 11. Time-height plots of multiple-Doppler derived fields for the Kingfisher storm: (a) color-filled maximum updraft with contours of maximum reflectivity
(dBZ), (b) color-filled updraft mass flux with contours of maximum reflectivity, (c) color-filled maximum vertical vorticity with contours of maximum updraft
(m s�1), and (d) color-filled updraft volume with contours of maximum reflectivity. The horizontally integrated updraft volume is the summed number of grid
cells having an updraft >3m s�1 in a particular layer times the grid cell volume. The horizontally integrated updraft mass flux is the summation of the product of
updraft speed times the density of air at that altitude times the grid cell area times the number of grid cells with w> 3m s�1. Major tickmarks on the horizontal
axis are at 3min intervals indicating the time-spaced radar analysis times.
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somewhere in the storm in relation to minimal mesocyclone strength defined as 10 × 10�3 s�1 [Brandes,
1984]. However, the maximum vertical vorticity had declined to less than 30× 10�3 s�1 after the first pulse
and did not reach that threshold again until the fourth pulse, which had the greatest duration and height
of vertical vorticity exceeding 30× 10�3 s�1 as the storm began taking on a more clearly defined supercell
structure (not shown). The low-level (i.e., lowest 1 km layer) mesocyclone did not achieve minimal intensity
until after 2329 (Figure 11c), interestingly initiating within and growing upward from the BL before subse-
quently intensifying downward from midlevels.

Variations in the aforementioned updraft characteristics influenced the microphysical development of the
Kingfisher storm as inferred from the DLA (Figures 12 and 13). For example, the timing of larger values of
graupel/hail mixing ratio exceeding 7 g kg�1 (Figure 12a) associated with reflectivities exceeding 62 dBZ
(Figure 11a) was most similar to that of updraft mass flux (Figure 11b). The timing of larger values of cloud
ice mixing ratio (Figure 12b) at around 12 km and cloud water mixing ratio (Figure 12c) around 9 km after
2320 were similar to maxima of updraft mass flux (Figure 11b) and updraft volume (Figure 11d) due to
fluctuating cloud condensation and freezing in the main updraft. It is also noted that broadly large values
of maximum graupel/hail mixing ratio (Figure 12a) were consistent with a sustained deep region of large
supercooled cloud contents (Figures 12c and 13c), owing to the known predominance of graupel/hail growth
by collection and freezing of supercooled cloud droplets [e.g., Heymsfield et al., 1980; Ziegler et al., 1983;
Ziegler, 1988]. Similarly, at midlevels of the storm, the timing of larger values of graupel/hail mixing ratio
(Figure 12a) and graupel/hail volume (Figure 13a) was similar to that of updraft volume (Figure 11d). Rain
mixing ratio in a small volume (Figure 13d) containing highly localized large peak mixing ratios exceeding

Figure 12. Time-height plots of contoured maximum updraft speed (m s�1) superimposed on color-shaded DLA microphysical parameters: (a) graupel/hail maxi-
mum mixing ratio (g kg�1), (b) cloud ice maximum mixing ratio (g kg�1), (c) cloud water maximum mixing ratio (g kg�1), and (d) rainwater maximum mixing
ratio (g kg�1). Major tickmarks on the horizontal axis are at 3min intervals indicating the time-spaced radar analysis and DLA times.
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5 g kg�1 (Figure 12d) above the freezing level was forced by upward transport of recycled
graupel/hail-meltwater raindrops within the edge of the updraft [e.g., Ziegler, 1988], beginning with and con-
tinuing after the second, third, and fourth updraft pulses noted above at approximately 2318, 2330, and 2348.
Snow volume with peak snow mixing ratios up to 1 g kg�1 (Appendix A) was modulated by midlevel detrain-
ment and upper level anvil outflow associated with the edge of the updraft and thus was rather weakly cor-
related to individual updraft core redevelopments (Figure 13b). Local low-level peak rain mixing ratios at
around 2315, 2330, and 2351 lagged peak graupel/hail mixing ratios at around 8 km by roughly 15min,
implying a recycling process in which the low-level rain core is modulated by descent and melting of
graupel/hail below the melting level either outside the updraft core or in downdraft [Ziegler and
MacGorman, 1994].

The time-height plot of VHF source density during the dual-Doppler analysis period shows that the largest
values tended to gradually elevate with time through the 8–10 km layer (Figure 14) as the storm intensified
(Figure 10), as also previously noted in other supercell storms [MacGorman et al., 2005, 2008; Bruning et al.,
2010; Calhoun et al., 2013]. The timing of increases in VHF counts at this level is similar to the timing of
increases of updraft mass flux (Figure 11a), updraft volume (Figure 11d), and graupel volume (Figure 13a)
within the 5–9 km layer and so indicates similar pulsing behavior.

Values of VHF source density ≥10min�1 per 500m depth extended above the equilibrium level in the over-
shooting top during several updraft pulses. These features will be referred to as VHF overshooting top signa-
tures (e.g., those denoted with black dashed lines in Figure 14). This signature is commonly observed in

Figure 13. Time-height plots of contoured maximum updraft speed (m s�1) superimposed on color-shaded DLA microphysical parameters: (a) graupel/hail volume
(km3), (b) snow volume (km3), (c) cloud water volume (km3), and (d) rainwater volume (km3). Major tickmarks on the horizontal axis are at 3min intervals indicating
the time-spaced radar analysis and DLA times.
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supercell storms as rapidly rising updraft pulses extend above their equilibrium level [MacGorman et al., 2008;
Calhoun et al., 2013; Elliott, 2013]. The latter studies revealed that discharges in the overshooting tops were
different from those at lower altitudes, in that they consisted of continual, isolated VHF sources at low rates
rather than being clustered (as occurs lower in the storm) in bursts of many VHF sources with each burst
having cohesive flash structure. Some VHF overshooting top signatures appear to ascend with time (e.g.,
the first three indicated in Figure 14), while others appear to begin in the upper part of the overshooting
top and can descend with time (e.g., the fourth signature indicated in Figure 14) as the overshooting top
settles back toward the equilibrium level. The duration and maximum altitude of the VHF overshooting
top signature tended to increase with time until it was maintained above the equilibrium level throughout
the remainder of the period after approximately 2340, in good agreement with the DLA-derived cloud and
precipitation fields, whose tops gradually rose from around 15 km to 17 km (Figures 12 and 13).

As noted previously, the storm developed an increasingly supercellular appearance as the main midlevel
vertical vorticity maximum descended to the lowest analyzed altitude around 0000 (Figure 11c), indicating
the presence of a deep mesocyclone [e.g., Brandes, 1978;Markowski et al., 2008]. The steady increases in total
flash rates and midlevel VHF source densities and a persistent overshooting top signature after 0000
(Figures 7 and 9) are consistent with electrical characteristics of previously investigated supercell storms
[e.g., Calhoun et al., 2013; MacGorman et al., 2005; Bruning et al., 2010; Emersic et al., 2011]. The number of
large hail reports and the eventual development of giant hail exceeding 10 cm in diameter (Figure 8), the
subsequent occurrence of a weak EF-1 tornado (located 4.827 km southwest of Piedmont at 0130), and the
storm’s radar reflectivity structure from KTLX (Figure 6) all further indicate that the storm maintained its
supercell characteristics and continued strengthening throughout its mature phase after 0000.

5.2. Spatial Distributions of Lighting, Kinematics, and Microphysics at 2321 and 0000

An examination of radar and Lagrangian analyses at 2321 and 0000 provides a more detailed summary of the
storm’s initial rapid intensification period and the relationships of lightning to the changes of kinematics and
microphysics during the latter period.

The vertical reflectivity structure at 2321 exhibits a weak echo vault or bounded weak echo region (BWER)
[e.g.,Markowski, 2002] on the west side of the storm (Figures 15a, 15c, and 16a) that tilts in the vertical toward
the northeast. Although the BWER existed within the strong updraft region, the minimum in reflectivity was
shifted toward the east of the region of strong diverging flow around the midlevel core of largest updraft
speeds (Figure 15c). A reflectivity maximum was located near the top of the updraft core (Figure 16a). The

Figure 14. Time-height plot of vertical VHF source density for the multi-Doppler analysis period. The black dashed lines
denote the pulsing overshooting top signatures. An overshooting top signature is maintained consistently at the end of
the period, starting shortly after 2340.
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lofted reflectivity maximum was diagnosed by the DLA as graupel/hail (Figures 16a and 16b) and was main-
tained in the supercooled cloud core (Figure 16c) by condensation and the riming and net vertical transport
of graupel/hail. The low-level meltwater rain core (Figure 16d), located in the main downdraft, was main-
tained by graupel/hail sedimentation and melting. The peak mixing ratios of cloud ice (Figure 16e) and snow
(Figure 16f) were above and downstream from the maximum graupel/hail mixing ratio, the downstream par-
ticles having been advected to those locations by 2321, while the updraft core contained little or no ice and
snow mixing ratio. The elevated graupel/hail mixing ratio core at 10.2 km was contained within and below
the top of the supercooled cloud water mixing ratio core at 11.7 km, consistent with the aforementioned
balance between the cloud condensation, graupel/hail riming growth, and vertical transport processes.

Although a sizable portion of the storm’s anvil hadmoved southeastward out of the analysis domain by 0000,
the updraft and the main and forward flank precipitation core remained within the domain and was more
intense than at 2321 (Figures 15b and 15d versus 15a and 15c). The storm no longer contained a classic
BWER structure near the updraft core. Instead, the updraft structure was more complicated than previously,
with a region of strong updraft and large reflectivity having been transported downshear along the southern
branch of strong diverging flow around the updraft core via a combination of horizontal advection and sedi-
mentation (Figures 15d and 17a). A secondary plume of relatively high reflectivity was advected along the
northern branch of flow around the updraft core (Figure 15d). The reflectivity minimum was collocated with

Figure 15. Radar reflectivity (dBZ) and dual-Doppler wind vectors at (a) 0.2 km at 2321, (b) 0.2 km at 0000, (c) 8.7 km at 2321, and (d) 8.7 km at 0000. The black dashed
lines indicate the locations of the vertical cross sections shown in Figures 16 and 17, and the black boxes indicate the subarea of the domain shown in Figures 18 and
19. Vectors are scaled by 1 km= 20m s�1.
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an updraft minimum in the wake of the diverging flow around the updraft at the 8.7 km level (Figure 15d).
The region of large elevated reflectivity overhang in the strongest updrafts had extended downward
3–4 km (Figures 15d and 17a), likely associated with developing hail that fell to the surface a few minutes
later. The reflectivity maximum collocated with the updraft was composed primarily of graupel/hail and rain
(Figure 17b). Supercooled rainwater in the midlevel updraft, associated with recycled meltwater drops

Figure 16. Vertical cross sections of vertical velocity contours (black lines) and wind vectors in this plane at 2321 UTC, superimposed on (a) mobile radar reflectivity,
(b) graupel/hail mixing ratio, (c) cloud water mixing ratio, (d) rainwater mixing ratio, (e) cloud ice mixing ratio, and (f) snow mixing ratio. The heavy dashed black line
indicates the �2 K contour of the perturbation θv field from the ambient value at each level in the 0020 mobile environmental sounding shown in Figure 5b and
locates the core of the storm’s cold pool. The vector length scale is 1 km= 20m s�1.
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[Ziegler, 1988], had larger mixing ratios at 0000 than at 2321. As at 0000, the midlevel graupel/hail core
continued to be collocated with the supercooled cloud core (Figure 17c) and internally consistent with cloud
condensation and the riming and net vertical transport of graupel/hail, while the low-level meltwater rain
core (Figure 17d) was inferred to be maintained by graupel/hail sedimentation and melting. The peak mixing
ratios of cloud ice (Figure 17f) and snow (Figure 17f) were above and downstream from the maximum
graupel/hail mixing ratio, the downstream particles having been advected to those locations by 0000, while
the updraft core continued to contain little or no ice and snow mixing ratio. Again, substantial cloud liquid

Figure 17. (a–f) Same as in Figure 16 except at 0000 UTC.
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Figure 18. The color-filled flash extent density overlaid with horizontal storm-relative wind vectors and contours of updraft and hydrometeor fields at 2321 on 29
May. The contours represent the (a) updraft velocity at 8.7 km, (b) graupel/hail mixing ratio at 10.2 km, (c) cloud water mixing ratio at 8.7 km, (d) rainwater mixing
ratio at 6.2 km, (e) cloud ice mixing ratio at 11.7 km, and (f) snow mixing ratio at a height of 9.7 km. Updraft contours are every 10m s�1 beginning at 5m s�1.
Mixing ratio contours are every 2.0 g kg�1 except for snow, which has contours every 0.2 g kg�1. Locations of NS3 (location of first in situ balloon launch) and SR1 are
indicated. The vector length scale is 1 km= 20m s�1.
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extended well above the freezing level in the main updraft and thus was consistent with electrification via
noninductive charging due to ice-ice interactions among actively riming graupel. A plume of cloud liquid
extended downstream at upper levels along with maxima in cloud ice and snow mixing ratios above and
east of the top the larger cloud liquid mixing ratios (Figures 18 and 19), with anvil cloud liquid maxima being
heavily depleted by ice particle deposition growth via the Bergeron mechanism [Ziegler, 1985; Rutledge and
Hobbs, 1983].

Figure 19. (a–f) Same as in Figure 18 except at 0000 UTC. NS3 was in the process of redeploying to a new location and is not indicated.
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The core of the surface-based cold outflow pool is centered within the low-level rain and graupel/hail core to
the east of themain updraft at 2321 (Figure 16) and 0000 (Figure 17). The cold pool is maintained by the com-
bined diabatic cooling from graupel/hail melting and rain evaporation [e.g., Ziegler, 2013b]. Although the
southwestern edge of the surface-based cold pool had deepened and outflow wind speeds had increased
by 0000, the cold pool remained in phase with the low-level updraft and thus contributed to the low-level
convergence that helped maintain the main updraft throughout this period. The vertical cross sections of
the wind field revealed convective rolls and eddies in the lowest 5–6 km. The maintained relative positions
of the Kingfisher storm’s updraft and cold pool are consistent with commonly accepted conceptual models
of supercells [e.g., Lemon and Doswell, 1979], which involve cold air from downdrafts being drawn back up
into the updraft to contribute to low-level baroclinic vorticity generation. Both the vorticity and the position
of the outflow relative to the updraft contributed to the storm’s quasi-steady state, thus allowing it to persist.

The horizontal distributions of lightning flash extent density (FED) and flash initiations within the dual-
Doppler analysis domain of the Kingfisher storm are examined in the context of hydrometeor mixing ratios
and updraft speeds (Figures 18 and 19) at levels near local maxima of the respective quantities within the
broader 5–12 km layer that contained the largest VHF source densities (Figures 9 and 14). VHF sources were
concentrated on the northeast and southwest sides of a bounded weak lightning region (BWLR; also known
as a “lightning hole”) at 2321 (Figure 18), the latter term being defined as a region containing a prominent
bounded relative minimum in flash density [Ziegler et al., 2014] or VHF source density and thus also an FED
minimum (i.e., similar to features noted in LMA observations of supercell storms by Krehbiel et al. [2000],
MacGorman et al. [2005], Payne et al. [2010], and Calhoun et al. [2013]). The regions with FED maxima con-
tained the denser clusters of flash initiations, but initiations were also present throughout the storm’s hori-
zontal extent. Although most of the area of strongest updraft speeds had the minimal FED of the BWLR,
the surrounding ring of large FED overlapped the southwest edge of the updraft core, where the gradients
in updraft speeds were large (Figure 18a). Note that the BWLR was better collocated with the BWER than
either feature was with the maximum updraft [DiGangi, 2014, Figures 15c and 18a].

The region of large FED at 2321 on the storm’s southwest flank overlapped a relative maximum of
graupel/hail mixing ratio (Figure 18b), while the largest supercooled rain mixing ratios were restricted to
the layer between zero and �15°C centered at 6.7 km on the western updraft flank (Figure 18d). The largest
cloud ice and snow mixing ratios overlapped the large FED on both the north and south flanks of the BWLR
and updraft core but extended downshear into the forward anvil, where FED values were small. The regions
of largest inferred cloud water mixing ratios were collocated with the BWLR and the BWER (Figure 18c),
although some liquid cloud extended into the region of large FED on the northeast side of the BWLR, where
it overlapped regions of cloud ice and snow. Lightning in the southern flank of the forward anvil extended
into small snow and graupel/hail mixing ratios exceeding 0.05 g kg�1 and 0.25 g kg�1, respectively. Since
the lightning densities are vertically integrated values for the column instead of lightning at a particular level,
it is speculated that some mixture of in situ charging and charge transport may contribute to local electrifica-
tion via a combination of microscopic andmacroscopic charging involving various ice particle habits through
the deeper VHF-source-bearing layer.

The largest FEDs at 0000 had migrated to the north side of the updraft core and extended several kilometers
farther downshear east of the core, probably reflecting the increasing wind speeds and advection in the
northern branch of horizontal flow around the updraft (Figures 15d and 19a). The larger values of FED near
the west and north sides of the updraft (again a region of large updraft gradients) penetrated into the region
of largest updraft speeds, rather than staying along the periphery of the updraft core as at 2321. The southern
boundary of the BWLR was more tenuous at 0000 than at 2321. The FEDs bounding the lightning minimum
on the east were more than 5 km from the lowest positive updraft contour, and the minimum encompassed a
downdraft as well as weak updrafts. Thus, much as the reflectivity minimumwould not be considered a “clas-
sic” BWER at 0000, neither would the lightning minimum at 0000 would not be considered a classic BWLR
feature. Flash initiations tended to cluster near the FED maximum on the northern flank of the storm and
in or near the strong gradient in updraft speed on the western flank of the updraft core.

Although the storm evolved considerably between 2321 and 0000, the spatial relationships of FEDs with the
mixing ratios diagnosed by the DLA nevertheless remained similar (Figure 18 versus 19). Inferred cloud water
mixing ratios, for example, were greatest in a region with little or no lightning, although some flashes did
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enter the western and northern flanks of the cloud liquid region (Figure 19c). Cloud ice extended over much
of the Kingfisher storm but maximized in regions of updraft, part of which contained FED maxima
(Figures 19a and 19e). Graupel/hail and snow extended over almost the whole region of the Kingfisher storm
(Figures 19b and 19f). The largest supercooled rain mixing ratios were again restricted to the layer between
zero and�15°C centered at 6.7 kmwith a relative maximum on the western updraft flank and lesser amounts
in the weaker ring-shaped updraft core extending to the east (Figure 19d). However, the relative lightning
maxima on the western and northern flanks of the updraft core overlapped maxima in graupel/hail mixing
ratios, while the FED minimum in regions of weak vertical motions east of the updraft core also had a
minimum in graupel/hail mixing ratio (Figures 19a and 19b). The largest FED values on the northern and
northeastern flanks of the updraft core were near and within snow mixing ratio maxima, and the region of
little or no lightning to the east of the updraft core overlapped an extensive relativeminimum in snowmixing
ratios (Figures 19a and 19f).

6. Discussion and Conclusions

The 29 May 2012 case presented here is one of the five principal cases selected by DC3 scientists for intensive
study and is the only supercell case selected [Barth et al., 2015]. The storm analyzed in this paper was the
southernmost supercell in a broken line of severe storms, and it intensified during the period observed by
DC3 scientists, with flash rates increasing from 5–15min�1 to approximately 120min�1 and vertical vorticity
increasing to 34 × 10�3 s�1 during the period observed by DC3. After DC3 mobile radar, sounding, and
aircraft observations ended, the storm continued to intensify and eventually produced hail up to approxi-
mately 12 cm (5 inch) in diameter, flash rates exceeding 400min�1, and a weak EF-1 tornado.

The data presented in this paper were obtained by three mobile radars, the OK-LMA, and the mobile
environmental soundings. The three aircraft participating in DC3 made extensive measurements of chemical
species, aerosols, cloud condensation nucleus, radiation, and standard meteorological parameters in the BL
inflow and anvil outflow of the severe storm complex. Several studies by other investigators are using these
data and storm simulations to investigate the transport and production of chemical species by the storm
[e.g., Yang et al., 2015], including the production of NOx by lightning. Besides providing an opportunity to
study how lightning production affects various storm properties and vice versa, the present study provides
the atmospheric soundings, wind fields, lightning observations, and estimates of microphysics needed to
help evaluate the model simulations of microphysics and chemical transport and production by the storm.
Data from the balloon-borne electric field meter and NSSL videosonde particle imager [Waugh et al., 2015]
are the subject of another study focusing on the in situ microphysics and its relationship to measured radar
parameters and electric fields in this and other DC3 storms.

The microphysical properties inferred by the DLA from the reflectivity and wind fields obtained from the
mobile radars for this case and described in the previous section of this paper are similar to what was
reported by Heymsfield and Musil [1982] from flights through a Colorado hailstorm. In situ measurements
obtained during their instrumented T-28 storm penetration aircraft’s first traverse of the storm core revealed
several important storm features that were similar to the retrieved DLA fields at 2321 (Figures 16 and 17): (1) a
cyclonically curved band of ice particles and graupel along the southern updraft flank that provided a source
of ice particles to grow within the updraft; (2) a relative minimum of ice particle size and concentration within
the updraft core that also contained large supercooled liquid cloud contents; (3) high concentrations of small
and moderately sized ice particles, especially graupel and rimed aggregates, on the west side of the updraft;
and (4) a mix of rimed and unrimed particles on the east side of the updraft and in downshear downdrafts.
Heymsfield and Musil [1982] also reported detections of graupel within the updraft during the second T-28
penetration, as also obtained by the DLA in the Kingfisher storm at 0000 (Figures 17 and 19).

The microphysical quantities retrieved by the DLA (Figures 18 and 19) are broadly consistent with charge
separation via the noninductive mechanism, which is thought to be the dominant mechanism by which
thunderstorms become electrified [e.g., MacGorman and Rust, 1998, sections 3.5.3 and 7.18; Ziegler
and MacGorman, 1994; Wiens et al., 2005]. This mechanism involves rebounding collisions between
actively riming graupel and smaller ice particles and is typically greatest in the mixed-phase region of a
storm’s updraft [e.g., Takahashi and Miyawaki, 2002; Emersic and Saunders, 2010]. The necessary supercooled
cloud water extended well above the 0°C isotherm in the updraft (i.e., from approximately 5 km agl to 11 km
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in the moist-adiabatic updraft sounding) and overlapped regions of graupel, cloud ice, and snow
(Figures 16–19). Furthermore, the timing of increases in VHF counts in the 8–10 km layer in the time-height
plots, which contained the largest VHF source counts (Figures 9 and 14), is similar to the timing of increases
in updraft mass flux (Figure 11b), updraft volume (Figure 11d), and graupel volume (Figure 11a) at approxi-
mately 5–9 km agl. Although some increases in VHF source counts associated with little or no increase in
one or more of the other storm parameters, at least one of the other parameters had an increase near
the time of every VHF increase, a pattern which indicates a similar dependence on updraft pulses, as one
would expect from the noninductive graupel-ice mechanism since kinematic intensification would be
expected to increase both concentrations and sizes of small deposition-grown ice particles and larger rimed
ice particles, which in turn would accelerate the in situ charging rates.

Lightning FEDs tended to overlap regions of graupel, cloud ice, and snow in the 6–12 km layer, while also
extending into portions of the downstream anvil that contained graupel with rather small snow and ice mix-
ing ratios (Figures 18 and 19). It should be noted that significant ice concentrations are likely present even if
mixing ratio values are small, thus maintaining support for charge transport and possibly also in situ charging.
The eastern, downstream portions of both vertical and horizontal cross sections show elevated maxima in
cloud ice and snowmixing ratios, which were likely advected there, along with any charge they carried, away
from the updraft region following an earlier updraft pulse. These relationships with the FEDs can be inter-
preted as consistent with the locations at which one might expect charge carriers from the noninductive
graupel-ice electrification mechanism to be.

The charge distribution at any time is the result of electrification processes and particle advection that
occurred during previous times. Thus, a four-dimensional analysis of the distribution of lightning and micro-
physical species is required to provide firm support for electrification mechanisms from observations, and
obtaining the observational data sets needed to perform such an analysis is difficult. However, storm simula-
tions that simultaneously track microphysics, electrification processes, and lightning have found that
rebounding collisions between graupel and cloud ice particles would produce distributions of lightning rela-
tive to other storm properties similar to those reported here [e.g., Mansell et al., 2002; Kuhlman et al., 2006;
Fierro et al., 2006; Calhoun et al., 2014].

The evolution of the BWLRs in the Kingfisher storm evince some similarities but also differences relative to the
classical conceptual model based on previous analyses of lightning holes or lightning rings. As in the present
case at 2321 (Figure 18), the BWLRs in previous studies were also coincident with weaker reflectivities in the
region of strongest updrafts [e.g., Krehbiel et al., 2000; MacGorman et al., 2005, 2008; Wiens et al., 2005;
Kuhlman et al., 2006; Payne et al., 2010; Calhoun et al., 2013]. Additionally, the BWER and BWLR in both the
present and earlier studies were hypothesized to have formed via the elevation of graupel/hail which had
developed in the updraft, with the BWLR forming both somewhat higher and later than the BWER owing
to the time for macroscopic separation and transport of opposite charge polarities following the in situ micro-
scopic graupel/hail-ice charging. The lightning and reflectivities in the present and previous cases that bound
the BWLR and BWER, respectively, are hypothesized to originate from the cascade of precipitating charged
graupel/hail surrounding the updraft core [e.g., Payne et al., 2010]. According to the classical BWLR dissipation
model, lightning eventually extends into the region of strongest updrafts and infills the former BWLR as the
updraft weakens and the former BWER fills with charging graupel/hail associated with the occlusion of the
cycling mesocyclonic updraft.

The coevolutions of kinematic, microphysical, and lightning fields in the Kingfisher storm also bore some
differences in comparison to the aforementioned earlier studies. For example, the BWLR at 8.7 km mean
sea level was located to the east of the updraft core, spanned a broad region of weaker updrafts, and incor-
porated a small downdraft by 0000 (Figure 19). Another difference was that the cold surface outflow
remained to the east of the inflow and had not undercut the updraft to weaken it as the BWLR weakened
at 0000 (Figure 17). The updraft actually intensified as reflectivity and lightning began filling much of the
updraft core (compare Figures 18 and 19); the region of elevated large reflectivities had grown several
kilometers downward inside the updraft core (compare Figures 16 and 17), a characteristic toward the
heavy-precipitation end of the supercell spectrum. The largest FEDs bounding the BWLR were along the
strong northern branch of flow around the updraft, and this boundary extended far downshear of the updraft
core and mesocyclone. Lightning densities bounding the BWLR on the south and east were smaller than
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those along the north side and were in the weaker southern branch of flow around the updraft, again extend-
ing far downshear from the updraft core and mesocyclone. It appears that the BWLR at 0000 was due to a
wake in the flow and advection of charged hydrometeors around the updraft, rather than being due to a
precipitation cascade around the updraft core and mesocyclone.

Appendix A: Addition of Cloud Ice and Snow Fields to the DLA

The diagnosis of snow mixing ratio (qs) and the prediction of cloud ice mixing ratio (qx) by the DLA follow
general methods described by Z13 and Ziegler [2013b]. These additional fields are useful because cloud ice
and snow particles are important carriers of noninductively separated charges associated with rebounding
collisions between graupel/hail and either cloud ice or snow particles in mixed-phase storm updrafts
[MacGorman and Rust, 1998].

A1. Diagnosis of Snow Mixing Ratio

The diagnosis of qs (g kg
�1) is based on the physical principle that ice supersaturation is generated within

deep volumes of weak to moderate subfreezing updrafts that enhance subsequent in situ snow crystal
nucleation and deposition growth [e.g., Pruppacher and Klett, 1978]. Examination of backward grid point air
trajectories that span the subfreezing region of a simulated supercell [Ziegler et al., 2010; Z13] reveals a
significant correspondence between qs values at the DLA grid points and the maximum updraft strength
wmax (m s�1) encountered during the subfreezing portion of the backward trajectories. The grid point qs
values also tend to maximize at the midanvil level and approach zero at the melting level and anvil top.
The simulation data also indicate that grid point qs values trend toward zero as wmax values either approach
zero or exceed a height-dependent threshold updraft strength.

The height-dependent maximum snowmixing ratio qs0 (g kg
�1) in the storm is accordingly parameterized by

the expression

qs0 z�ð Þ ¼ Qmax sin π z� � Hmeltð Þ= Hanvil � Hmeltð Þ½ �; (A1)

where Qmax (g kg
�1) is the assumed global maximum snow mixing ratio in the storm, Hmelt is the melting

level height (km), z* (km) = z+ (3.9�Hmelt) is the morphed height relative to the actual height z [Z13], and
Hanvil is the height (km) at the top of the snow-bearing anvil layer (Table A1). The diagnosed qs (g kg

�1) value
is parameterized via the Gaussian functional form

qs ¼ qs0 z�ð Þ exp � wmax �W max0 z�ð Þ½ �2= 2Sqs z
�ð Þ2

h in o
; (A2)

where Wmax 0 (m s�1) and Sqs (m s�1) are the height-dependent coefficients (Table A2). Although the basic
functional forms of equations (A1) and (A2) are inferred from the earlier simulated Binger supercell (which
contained a Qmax of only ~0.2 g kg�1), a more physically realistic value of Qmax = 1 g kg�1 [e.g., Heymsfield

Table A1. List of New and Altered Parameters Contained in Diagnostic Relationships for Precipitation Quantities in the
DLA as Applied to the 29 May 2012 Kingfisher Storma

Parameter (Units) Symbol Value

Storm-maximum snow mixing ratio (g kg�1) Qmax 1.0
Environmental melting level height (km agl) Hmelt 4.0
Height (km agl) of �15°C in updraft core Hfrz 7.7
Height (km agl) of snow-containing anvil top Hanvil 14.5
Snow intercept parameter (m�4) n0s 8 × 106

Snow density (kgm�3) ρs 100
Zes coefficient in equation (A4) Cs 7.295 × 1019

Bigg freezing coefficient in equation (A7) αfrz 1.5
Wet-hail threshold reflectivity (dBZ) Zhail 60.0
Δqg per dBZ (g kg�1 dBZ�1) for Z> Zhail Δqg 0.1
Cloud-freezing coefficient in equation (A10) Cfrzc 1.0
Cloud-freezing onset temperature (K) in equation (A10) Tfrzc 233.15

aThe symbol and values of the various parameters are also listed. Other unlisted DLA parameters are as described in
Ziegler [2013a, 2013b].
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and Musil, 1982] is inferred from
recent supercell storm simulations
with improved multimoment micro-
physical parameterizations [Ziegler
et al., 2014] (E. Mansell, personal com-
munication, 2015).

The snow size distribution follows
supporting information in Gilmore
et al. [2004] (hereafter G04) and takes
the inverse exponential form

ns Dð Þ ¼ n0s exp �λsDð Þ; (A3)

where n0s (m
�4) is the intercept para-

meter, λs ¼ 1=Dns (m�1) is the slope
parameter, and Dns is the concentration-weighted mean diameter. The total snow concentration Ns (m

�3)
and qs are related to other distribution parameters via equations (5) and (6) in Z13 with subscript x= s. The
equivalent snow radar reflectivity factor Zes (mm6m�3) takes the same form as equation (8) in Z13 with
substitution of subscripts (i.e., g→ s) and the assumption that Cs=Cg. Substituting the expression for qs yields
the alternate reflectivity factor expression

Zes ¼ αrCsπρaρsqs= ρw
2λs3

� �
; (A4)

where ρa is the air density (kgm
�3); ρs and ρw are the densities of snow and water (kgm�3), respectively; and

other terms are defined in Z13. If Zes locally exceeds the measured total equivalent reflectivity factor Zeh, a
revised thresholded qs (g kg

�1) value is calculated as

qs ¼ Zehρw
2 10�3ρa=πρsn0s
� �� 3=4ð Þh i

= 10�3αrCsπρaρs
� �n o4=7

; (A5)

followed by recalculation of the snow distribution parameters.

Extending the approach of Z13, closure is imposed on the updated mixed-phase precipitation field by parti-
tioning the measured total equivalent reflectivity factor assuming that Zeh = Zer + Zeg + Zes. Following calcula-
tion of snow quantities, a residual total equivalent reflectivity factor

Zehð Þres ¼ Zeh � Zes (A6)

is now used in place of Zeh to calculate graupel/hail and rain quantities following the general method
described by Z13. Typical snow reflectivities using the above treatment are up to ~25–30 dBZ, with minimal
impact on small graupel/hail mixing ratio (qg) values in the anvil and essentially no effect on qg in the high-
reflectivity storm core.

The heterogeneous rain-freezing adjustment has been updated to produce amore physically consistent tran-
sition from supercooled rain to graupel/hail reflectivity and mixing ratio with increasing altitude in subfreez-
ing updrafts of variable intensity. Equations (15) and (16) of Z13 are replaced by the single expression

qg ¼ 1� w�ð Þ þ w� exp � αfrz Hfrz � z�ð Þ= Hfrz � Hmeltð Þ½ �2
n oD E

qg
�; (A7)

where w* and qg
* are the updraft scale and provisional graupel/hail mixing ratio [Z13]. The ratio qg/qg*

decreases from unity at Hfrz (i.e., complete rain freezing) to ~0.1 at Hmelt for αfrz = 1.5 (Table A1) and w ≥wmax.

A simple correction has also been added to account for effects of reflectivity exceeding a specified “wet hail
threshold.” The condition ZH (dBZ)> Zhail is assumed to indicate surface wetting of hail in a state of either
melting (z*<Hmelt) or wet growth (z*>Hmelt). An expanded, thresholded version of equation (11) in Z13
for the case of ZH> Zhail takes the form

Qg
� �� ¼ εgexp Zhail � Z0g z�ð Þ� �

= S0 z�ð Þ½ �qg
n o

(A8)

and

qg ¼ Qg
� �� þ Δqg ZH � Zhailð Þ� �

; (A9)

Table A2. Look-Up Table Values of Wmax 0(z*) and Sqs(z*) Parameters
Contained in Diagnostic Equation (A2) for Snow Mixing Ratio in the
Updated DLA as Applied to the 29 May 2012 Kingfisher Storma

Height (km agl) Wmax0 (m s�1) Sqs (m s�1)

5.0 6.0 3.0
6.0 7.0 3.0
7.0 8.0 3.0
8.0 12.0 4.0
9.0 15.0 5.0
10.0 20.0 8.0

aSince equation (A2) is itself a function of height, the value within each
0.5 km layer is held constant at the specified value of the layer’s lower
level. Values below 4 km and above 10 km take the 4 km and 10 km values,
respectively.
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where (Qg)* is the thresholded graupel/hail mixing ratio (g kg�1) and Δqg is the rate of change of qg with
reflectivity (dBZ) in excess of Zhail (dBZ). A value of Zhail = 60 dBZ is appropriate to denote the onset of large,
wet hail [Straka et al., 2000]. Parameter values for the 29 May 2012 storm study are listed in Table A1.

A2. Prediction of Cloud Ice Mixing Ratio

The Lagrangian prediction of qx (g kg
�1) follows the same general methods as the prediction of cloud water

[Z13]. The cloud ice microphysical processes include vapor nucleation [G04], vapor deposition [Rutledge and
Hobbs, 1983], sublimation [Ziegler, 1985], collection by rain and graupel/hail [G04], and cloud water freezing
(equation (A10)). The Lagrangian cloud water freezing rate is parameterized according to the expression

dqc=dtð Þfrzc ¼ qc 1� exp�Cfrzc T frzc � TKð Þ½ �f g=Δt; (A10)

where TK is the temperature (K), Tfrzc is the onset temperature of cloud freezing (K), TK< Tfrzc, and Δt=20 s is
the Lagrangian time step. Coefficient values for equation (A10) in the 29 May 2012 storm study are listed in
Table A1.
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