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Abstract Previous studies have found that the vertical distribution of sources of very high frequency (VHF)
signals from discharges mapped by Lightning Mapping Arrays typically have a secondary maximum in a
storm’s overshooting top. Low rates of these sources tend to occur continually throughout the lifetime of the
overshooting top (OT), rather than sources occurring in the episodic distinct flashes observed at lower
altitudes. This study examines the evolution of the VHF OT signature (VHF OT, defined here as a sustained
period of ≥4 VHF sources per minute per 200m layer above a storm’s level of neutral buoyancy (LNB)) relative
to the evolution of radar reflectivity and IR imagery of overshooting tops in three supercell and two multicell
storms. The VHF OT began before OTs were detected in IR satellite imagery of the supercell storms. No OT
was observed in IR imagery for either multicell storm, but this lack may have been due to the spatial and
temporal resolution of the current IR imager. The VHF OT began near the time the 18 or 30 dBZ echo top rose
above the LNB and ended near the time it fell below the LNB. There were too few radar volume scans of
OTs in the multicell storms for a correlation analysis. In the supercell storms, however, the maximum altitude
of VHF sources typically was less than or equal to the altitude of 18 dBZ echo tops and was correlated with
these echo tops (linear correlation coefficient ≥0.86) during the period of the VHF OT.

1. Introduction

Several studies have observed that VHF sources detected by lightning mapping systems extend above the
level of neutral buoyancy (LNB) in overshooting tops penetrating the stratosphere during strong updraft
pulses [Krehbiel et al., 2000; Ushio et al., 2003; MacGorman et al., 2008; Bruning et al., 2010; Emersic et al.,
2011; Calhoun et al., 2013]. Although neither Lhermitte and Krehbiel [1979] nor Ushio et al. [2003] indicated
the height of the LNB, both noted that the top of successive pulses of larger densities of VHF sources could
rise from middle levels of storms to 14 km mean sea level (msl) or more, typically at speeds of 8–20m s�1.
Lhermitte and Krehbiel noted that the VHF maxima rose at the speed of new updrafts inferred from triple
Doppler radars. Ushio et al. also suggested that each successive surge was from a new updraft pulse and
noted that one pulse could begin while another was reaching upper levels of the storm, with successive
beginnings of pulses being separated by roughly 5min or more. As noted by Emersic et al. [2011] in a study
of a multicell severe hailstorm and by Calhoun et al. [2013] in a study of a supercell thunderstorm, these VHF
sources penetrated the overshooting top of the storms and consistently formed a secondary maximum in the
vertical distribution of sources of VHF radiation.

Both of these last two studies reported that the character of discharges in the overshooting top is unusual in
that the VHF sources usually occur continually at relatively low rates, without discernable channel structure
(i.e., probably have very small spatial extent), independent of flashes at lower altitudes, for periods up to a
few hours (roughly as long as the overshooting top exists). As illustrated in Figure 1, such behavior is in con-
trast to a traditional lightning flash, which is a few kilometers to >100 km in horizontal extent and typically
produces a burst of tens to thousands of mapped VHF sources from lightning channels lower in the storm
over a time period on the order of 1 s or less. Sequential flashes are typically separated by ≥200ms or by
at least several kilometers. In the storm studied by Calhoun et al. [2013], the continual high discharges
typically filled much of the region within the 15 dBZ reflectivity contour of the overshooting top.

The present study examines VHF sources relative to radar reflectivity and satellite imagery of the overshoot-
ing top and relative to severe weather. As will be shown, the timing and maximum height of VHF sources in
overshooting tops compare well with the timing and height depicted by radar reflectivity, but VHF mapping
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Figure 1. Examples of OK-LMA data at roughly 2115 UTC on 24 May 2011. (a) North versus altitude of VHF source density
illustrating activity in an overshooting top during a 5.5min period (2113:45–2119:16). The color scale indicates log
density increasing from blue to red, automatically scaled to span the range of densities. Although density values are
unknown, a total of 127,087 sources were included. (b) North versus altitude of VHF sources (262 total) from a typical
bilevel cloud flash, lasting 1 s (2115:19.4–2115:20.4). (c) North versus altitude of 369 VHF sources that occurred above
14 km during approximately 1min (2114:37–2115:43). (d) Time versus altitude of the same VHF sources as in panel c.
Note the differences in horizontal and vertical scales in plots (Figures 1a–1c). Colors in plots Figures 1b–1d indicate
the progression of time, varying smoothly from cyan to red spanning each period. The number of sources in the
overshooting top peaked at roughly 17 kmmsl. In plots Figures 1a–1c, horizontal distance is measured from the center of
the OK-LMA network.
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systems sample overshooting tops con-
tinuously, while WSR-88D radar scans
take 5–6min and provide coarse resolu-
tion of storm height.

2. Instrumentation
and Methodology
2.1. Lightning Mapping Data

Observations of total lightning were
obtained from the Oklahoma Lightning
Mapping Array (OK-LMA), which is
located in west central Oklahoma
[MacGorman et al., 2008; Barth et al.,
2015] and contained 11 stations for
storms during 2007–2009 and con-
tained the 10 stations shown in
Figure 2 in 2011 (a station near the
Oklahoma City airport had been

removed by 2011). The performance of Lightning Mapping Arrays is described by Rison et al. [1999],
Thomas et al. [2004], and Chmielewski and Bruning [2016]. Each station of the OK-LMA detects up to one pulse
every 80μs (up to 12,500 s�1). The time and location at which a VHF signal received by multiple stations was
radiated is then calculated from the differences in times of arrival of the signal at the stations. To maintain
good accuracy, particularly in the altitude of mapped sources, the VHF sources provided by the OK-LMA
for this study were restricted to a range of ≤ 100 km from the center of the array. At that range, standard errors
in themapped sources are within 30m in the horizontal, 200m in the vertical, and 40 ns in time [Thomas et al.,
2004]. To provide greater reliability, VHF signals detected by fewer than eight stations or having computed
time and location with reduced χ2 values ≥ 2 were not used.

Flash rates for storms analyzed in this study were obtained by using the flash sorting algorithm in XLMA
display software provided by New Mexico Institute of Mining and Technology [Thomas et al., 2004]. Much
as described by MacGorman et al. [2008], VHF sources were grouped together to create flashes based
upon the elapsed time and distance between them. A new source was grouped with previous sources
in a flash if it occurred within 150ms of the last point already in the flash and occurred within 500ms
and 3 km horizontally and 5 km vertically of any point in the flash. To prevent flash durations longer than
is usually observed, flash durations were limited to less than 3 s. (The record for flash duration observed by
LMAs is> 5 s [Lang et al., 2017], but even 3 s flashes are rare. When observed, longer duration flashes
typically have extended into the stratiform precipitation region of a mesoscale convective system.) A
minimum of 10 VHF sources was required before a group of VHF sources meeting these criteria was
included in our flash analyses. Flashes also were subdivided by number of VHF sources, which tends to
increase with increasing channel length: large flashes had >75 sources; small to medium flashes had
10–75 sources.

Time-height source density plots were created to assess the evolving vertical structure of electrical activity
through time. These were generated every 30 s and every 100m of altitude by summing the number of
sources in bins 60 s wide by 200m of height centered on the nominal time and height. In our analysis, the
LMA overshooting top signature is defined as ≥4 VHF sources per minute in a 200m layer clustered above
the LNB within a horizontal distance consistent with the size of overshooting tops (typically a few kilometers
to roughly 10 km).

Percentiles of VHF source heights were calculated on 60 s of data every 30 s for the 50th (median), 90th, 99th,
99.73th, and the 99.99th percentiles. For convenience, the percentiles will hereafter be referred to as LMA50,
LMA90, LMA99, LMA99.73, and LMA99.99, respectively. When performing correlations with radar data, LMA99.99
was selected because it represented the approximate maximum height of VHF sources while eliminating
most lone outliers and errors. Additionally, a 5min centered running average was imposed on the percentile
data so that it was better aligned with the ~ 5min timing of radar volume scans.

Figure 2. Map of the observational domain (yellow shading) for this
study, with county boundaries, the center and one station of the
OK-LMA network (blue dot), OK-LMA stations (black dots), KOUN and
NWRT PAR 40 km and 120 km range rings (red circles), and NWS
WSR-88Ds range rings (green circles). The blue circle shows the 100 km
range ring centered on the OK-LMA. The yellow shaded observational
domain is the overlap of the OK-LMA domain with the various
radar domains.
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2.2. Radar Data

Most radar data used in this study were provided by the KOUN polarimetric research radar located in Norman,
Oklahoma. This originally was the prototype radar for the S band (approximately 10 cmwavelength) Weather
Surveillance Radar-1988 Doppler (WSR-88D) [Crum and Alberty, 1993] but was modified to provide polari-
metric variables (differential reflectivity ZDR, correlation coefficient ρhv, and differential phase φDP), in addi-
tion to the conventional Doppler radar moments (radar reflectivity Z, radial velocity Vr, and spectrum
width σv) [Doviak et al., 2000; Ryzhkov et al., 2005]. For most of the analyzed cases, the time required for a
volume scan ranged between 5 and 6min, depending on the volume coverage pattern being used. The
exception to this was a case on 1 June 2008, when KOUN was operated in “supersector” mode from
0213UTC until 0358UTC [Kumjian et al., 2010]. This scanning strategy collected full sector volume scans every
72 s over an 80° sector and oversampled to create 0.5° azimuthal spacing or “super resolution” [Brown et al.,
2002, 2005].

For one case, additional radar data were provided by the National Weather Radar Testbed Phased-Array
Radar (NWRT PAR), located in Norman, Oklahoma. The NWRT PAR is an S band (9.4 cm wavelength), electri-
cally steered phased-array radar system [Zrnić et al., 2007], which allows it to scan the volume of a 90° sector
in ≤ 60 s. Data were collected using an adaptive scanning strategy [Heinselman and Torres, 2011] consisting of
19 elevation angles, ranging from 0.5° to 52.9°. Despite these advantages, the relatively large beam width
(ranging from 1.6° at boresight to 2.3° at ±45° from boresight), when compared to traditional WSR-88D radars
(~1°), often led to excessive nonuniform beam filling problems and to inflation of upper level reflectivity at
long ranges.

Supplemental radar data were provided by the National Weather Service (NWS) WSR-88D [Crum and Alberty,
1993] radars located in Twin Lakes, Oklahoma (KTLX); Fredrick, Oklahoma (KFDR); and Vance Air Force Base,
Oklahoma (KVNX). These radars had essentially the same operating characteristics as KOUN, except at the
time of data collection they had not yet been modified to collect polarimetric variables. Level II data from
these radars were obtained from the National Climatic Data Center (NCDC, has.ncdc.noaa.gov).

2.3. Satellite Data

The satellite data used in this study were acquired from the NCDC Comprehensive Large Array-Data
Stewardship System (CLASS; http://www.class.noaa.gov). Raw data in its native format and resolution were
collected for all cases from both GOES East (GOES 12 and GOES 13) and GOES West (GOES 11). The temporal
resolution of the satellite data ranged between 5 and 30min, depending on the scanning strategy being
employed. At times, this resolution was increased by using data from both GOES East and GOES West, useful
especially during the slower intervals of the routine full disk scan. At nadir, the spatial resolution of the satel-
lite data in the visible (0.65μm) and IR (10.7μm) channels was 1 km and 4 km, respectively. However, over the
domain of this study, spatial resolution in the 10.7μm channel was roughly 5–6 km [Dworak et al., 2012].

2.4. Other Data Sources

Tornado and severe hail (≥2.5 cm) reports for all cases were obtained from the Storm Events Database (www.
ncdc.noaa.gov/stormevents) at the National Climatic Data Center. While NCDC carefully reviews these reports
for accuracy before publication, we performed secondary quality control to remove any remaining errors. In
particular, reports were superimposed on animations of reflectivity to isolate and retain only those associated
with specific thunderstorm cells. Attempts were made to relate NCDC storm reports to specific overshooting
tops spatially, but the storm reports lacked the necessary spatial and temporal precision. The only exception
was a precise location for the 15.24 cm hailstone near Gotebo, Oklahoma, on 23 May 2011, obtained from the
research group which measured it (S. Blair, personal communication, 2011).

Environmental soundings were obtained from the Iowa Environmental Mesonet/Iowa State University
Department of Agronomy GEneral Meteorology PAcKage (GEMPAK) data archive (mesonet.agron.iastate.
edu/archive/). Thermodynamic profiles were then plotted by using the Skew-T/Hodograph Analysis
Research Program (NSHARP) [Hart and Korotky, 1991]. The available soundings were ill timed or poorly
located for most of the storms we analyzed, so near the surface the sounding was modified by using surface
data (e.g., temperature and mixing ratio) from the Oklahoma Mesonet [Brock et al., 1995]. Calculations of
thermodynamic variables were based on the most unstable parcel, in order to provide the largest theoretical
CAPE values.
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2.5. Data Synthesis

The Warning Decision Support System-Integrated Information (WDSS-II) [Lakshmanan et al., 2006, 2007]
was used to synthesize, visualize, and analyze the diverse types of data. For radar data, we used
WDSS-II to produce plan position indicator (PPI) and range-height indicator (RHI) plots and to calculate
the maximum estimated size of hail (MESH) [Ortega et al., 2009] and the maximum height of various reflec-
tivity levels (echo tops, ETs). To increase the accuracy of algorithms, Rapid Update Cycle (RUC) [Benjamin
et al., 2004] analyses were ingested, when applicable, as described by Lakshmanan et al. [2006].
Additionally, plots of OK-LMA source points, source density, and contoured source density were superim-
posed on radar plots.

For our estimates of echo tops, radar data were interpolated between two elevation angles by using a brack-
eting technique described by Lakshmanan et al. [2013]. To minimize the impact of beam broadening with
increasing range from the radar, analyses of echo tops and MESH were limited to a range of 120 km from
any radar. To avoid errors caused by the radar “cone of silence,” analyses were also restricted to ranges
≥ 40 km. At a height of 16 km above ground level from a WSR-88D radar within these range limits, the vertical
separation of elevation scans is roughly 2–3 km for the Volume Coverage Pattern 11 (VCP 11) often used dur-
ing NWS storm operations, and the WSR-88D beam width is 0.65–1.95 km.

Satellite overshooting top detections were determined manually in a process similar to the objective IR
window-texturemethod of Bedka et al. [2010]. Here the presence of an OTwas inferred by a cluster of IR pixels
with brightness temperature less than the LNB temperature (derived from proximity soundings) and with
horizontal dimensions consistent with OTs (typically a few kilometers to roughly 10 km). The analyses pre-
sented in this paper were based on the minimum temperatures in the overshooting top and did not depend,
for example, on the associated gradients in temperature.

3. Storm Case Selection

An extensive search through the OK-LMA archive was performed to identify cases from 2004 to 2012 that met
the following criteria (the union of criteria 2 and 3 composes the observational domain, Figure 2):

1. Continual LMA source points were present for some period in the overshooting top.
2. The storm remained ≤ 100 km from the OK-LMA network center for more than 95% of its lifetime.
3. The storm remained ≤ 120 km and > 40 km from the radars being used for more than 95% of its lifetime.
4. The storm remained relatively isolated from other nearby convection.
5. Radar data were available for the storm (KOUN and NWRT PAR data being preferred).
6. Satellite data were available (preference given to rapid or super rapid scan operation).

While many cases met the first criterion, cases meeting all criteria were relatively rare. We selected five cases
for analysis (Table 1) to provide a variety of convective modes and meteorological conditions. Table 2 sum-
marizes the thermodynamic and dynamic parameters for each case.

The distribution of VHF sources relative to radar reflectivity is illustrated for contrasting storms, the supercell
storm on 24 May 2011 (Figures 3a and 3c) and the multicell storm on 8 September 2007 (Figures 3b and 3d).
Both show VHF sources above the LNB superimposed on a vertical cross section and a high-altitude constant
elevation or constant altitude scan of radar reflectivity. In both cases, the VHF sources are distributed around
and above an upward bulge of reflectivity indicative of an overshooting top. In the case of the supercell storm
(Figures 3a and 3c), the sources also are above a bounded weak echo region.

Table 1. Date, Time of Observation (in UTC), and Storm Type for the Five Cases Presented in This Studya

Case Date Time of Observation Storm Type KOUN NWRT PAR NWS WSR-88Ds

1 24 May 2011 1900–2150 Supercell Yes Yes Yes
2 23–24 May 2011 2030–0050 Supercell Yes No Yes
3 1 June 2008 0100–0730 Supercell Yes No Yes
4 7–8 September 2007 2230–0130 Multicell Yes No Yes
5 23–24 April 2009 2300–0230 Multicell No No Yes

aAlso indicated are the availability of KOUN, NWRT PAR, and NWS WSR-88D data.
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4. Storm Overviews
4.1. Case 1: 24 May 2011

During the afternoon of 24 May 2011, a severe weather outbreak in central Oklahoma initiated several long-
lived supercell thunderstorms along a well-defined dryline and produced hail with diameters ≥ 5 cm and 12
tornadoes. The cyclic supercell storm chosen for analysis produced an EF-3 tornado and an EF-5 tornado
(Figure 4c). This storm began as a cluster of cells but intensified rapidly to become a supercell by
1922UTC, with a clear hook echo and low-level velocity couplet (not shown). A debris ball in reflectivity
suggested a tornado was inflicting surface damage from 2048 to 2146UTC. Although the storm remained
a tornadic supercell after 2146UTC, the contamination of subsequent storm mergers complicated
our analysis.

Lightning activity began shortly after 1900 UTC, as the cluster of storms began merging and strengthened
(Figure 4d). Flash rates remained <30min�1 for approximately 40min. As the storm became a supercell,
total flash rates increased rapidly, reaching 60min�1 by 1950 UTC. After then remaining steady for roughly
15min, flash rates surged again to 180min�1 by 2012UTC (the surge satisfied the objective 2 sigma light-
ning jump criteria of Schultz et al. [2011]) and continued increasing to a peak of 350min�1 at 2037UTC.
Flash rates then declined to 250min�1 over the next 30min. Another lightning jump occurred at 2110
UTC, as flash rate increased to 430min�1. Although one large hail report preceded the first lightning jump,
subsequent severe weather reports, including tornado reports, followed large increases in flash rates, simi-
lar to the trend found by several investigators [e.g., Williams et al., 1999; Schultz et al., 2011; Chronis
et al., 2015].

This is the only storm in this study that had a sudden large decrease in VHF source rates and in rates of
large flashes in the middle of a period of huge total flash rates (at approximately 2110UTC). We have been
unable to find a corresponding change in operating characteristics of the OK-LMA that could cause this
behavior. Because this behavior of flashes is immaterial to our conclusions, however, this study did not
examine whether there were corresponding changes in other storm properties that might have caused
the change in these rates.

4.2. Case 2: 23–24 May 2011

On 23–24 May 2011, the day before Case 1, long-lived supercell storms developed along a well-defined
dryline in west central Oklahoma and produced large hail and two EF-0 tornadoes. The storm chosen for
analysis produced no tornadoes but did produce hail, including a hailstone 15.24 cm in diameter

Table 2. Thermodynamic and Dynamic Parameters for the Five Analyzed Casesa

Thermodynamic Parameter

Case 1 Case 2 Case 3 Case 4 Case 5

5-24-2011 5-23-11 6-1-08 9-8-07 4-24-09

1800 1800 0000 0000 0000

Most unstable parcel CAPE (J kg�1) 4287 4432 4325 2589 1946
Level of neutral buoyancy
Height (km) 13.5 13.5 14.7 15.2 13
Temperature (°C) �62 �63 �66 �73 �64

Maximum parcel level (km) 18 18 18.2 18 14.6
Maximum overshoot (km) 4.5 4.5 3.5 2.8 1.6
Temperature lapse rate (°C km�1)
700–500mb 8.2 9.4 8.4 6.9 8.8
850–500mb 7 7.8 7.1 6.5 8.2

Magnitude of 0–6 km difference in horizontal wind vectors (m s�1) 17 16 22 15 11
0–3 km storm-relative helicity (m2 s�2) 180 131 201 198 268
Environmental freezing level (km) 4.4 4.3 4.6 4.7 3.9
Updraft freezing level (km) 5.8 5.8 6 6 4.3
Tropopause height (km) 13.6 13.5 13.1 15.2 11.5

aSounding data have been modified with Oklahoma mesonet data to account for surface conditions near convective
initiation. Parcel trajectories are calculated assuming a most unstable parcel with virtual temperature correction. The
time (UTC) and date are those of the premodified sounding.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025933

MACGORMAN ET AL. DISCHARGES IN STORM OVERSHOOTING TOPS 2934



(Figure 5c), a record for Oklahoma (records maintained since 1950). After beginning in a cluster of cells, the
storm took less than 30min to form a well-defined supercell structure. For 3 h it maintained a hook echo
and a relatively weak low-level velocity couplet and then dissipated rapidly (both visually and in radar
data) over a 30min period.

Electrical activity in the 23–24 May 2011 storm began at 2036:30 UTC (Figure 5d), 14min after the
first radar echo. For more than an hour, total flash rates remained ≤ 30min�1. Shortly after 2200 UTC,
however, total flash rates increased rapidly to more than 125min�1 in less than 20min and satisfied
the 2 sigma criteria for a lightning jump [Schultz et al., 2011]. After remaining relatively constant for
roughly 10min, flash rates again increased rapidly to 180min�1 at 2247:30 UTC, their maximum
value for the storm. Flash rates remained large (>125min�1) until roughly 2330 UTC, after which they
steadily declined.

Figure 3. VHF sources above the LNB (dashed line) superimposed on radar reflectivity. (a, c) 24 May 2011 supercell. Radar data at 1954:45 UTC from the NWRT PAR
with VHF sources from 1min centered on the time of the radar scan. Reflectivity from the 6.4° elevation angle (Figure 3a). Altitude varies from 14 kmmsl on
the right edge to 16 km MSL on the left edge. All VHF sources above the LNB superimposed on the vertical cross section along the radial (white line) in Figure 3a
(Figure 3c). (b, d) 8 September 2007 multicell. VHF sources are from the 5min period of the volume scan by the KOUN radar. Constant altitude plot of radar
data at an altitude of 13.5 kmmsl (Figure 3b). Superimposed VHF sources are within 1 km of the vertical cross section of radar reflectivity along the radial (white
line) in Figure 3b (Figure 3d).
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Figure 4. Evolution of lightning relative to radar reflectivity and severe weather reports in a supercell storm on 24 May
2011. The horizontal dashed line in plots showing height depicts the LNB inferred from an environmental sounding.
The vertical dashed line in this plot denotes the onset of the VHF overshooting top signature. In other plots, vertical dashed
lines denote the onset and end of the VHF overshooting top signature. (a) Time-height plot of VHF source density (color
shading; in units of number of sources per 200m per min) and of radar-estimated echo top (solid black lines) for various
radar reflectivity values. (b) Percentiles of the height of VHF sources, indicating the percentage of sources at altitudes
lower than the plotted altitude. (c) Severe weather reports for hail and tornadoes. Reported hail size is indicated by a cross.
Each horizontal line indicates the time of a tornado, labeled with its EF damage rating. The solid line indicates themaximum
hail size estimated from radar data (MESH). (d) VHF source rates (solid line), total flash rates (green shading), and rates
of flashes having >75 VHF sources (blue shading).
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4.3. Case 3: 1 June 2008

Shortly after 0000 UTC on 1 June 2008, convective storms began developing in western Oklahoma along a
stalled frontal boundary [Kumjian et al., 2010]. Over the next 7 h, two supercell storms formed, producing
many reports of severe hail (≥2.54 cm in diameter), but no tornadoes. The first echo for the analyzed storm
occurred at 0111UTC (Figure 6a). After quickly developing supercell characteristics, the storm split, with
the weakening left mover traveling northeastward and the dominant supercell traveling southeastward. By

Figure 5. Evolution of lightning relative to radar reflectivity and severe weather reports in a nontornadic supercell storm on
23–24 May 2011. (See caption for Figure 4.)

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025933

MACGORMAN ET AL. DISCHARGES IN STORM OVERSHOOTING TOPS 2937



0300UTC, a second supercell storm had developed along the rear flank of the dominant supercell and
continued strengthening over the next hour. By 0430UTC, the supercell storms had merged into a massive
cluster, which maintained a well-defined hook echo for more than an hour. The storm then began
weakening and dissipated completely soon after 0700UTC.

The first lightning flash (0120UTC) in the 1 June 2008 supercell began < 10min after the first radar echo.
Total flash rates (Figure 6d) increased rapidly, with lightning jumps occurring at 0142, 0153, 0228, and

Figure 6. Evolution of lightning relative to radar reflectivity and severe weather reports in a nontornadic supercell storm on
1 June 2008. (See caption for Figure 4.)
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0245UTC. After the 0245UTC lightning jump, total flash rates peaked at 313min�1. This was soon followed
by a series of oscillations as the total flash rate fluctuated between 150 and 300min�1. Severe hail reports and
the larger increases in estimated maximum hail diameter from MESH (Figure 6c) both tended to follow
lightning jumps.

4.4. Case 4: 7–8 September 2007

At 2233UTC on 7 September 2007, a multicell storm began in southwest Oklahoma along a residual outflow
boundary from earlier convection, and cells propagated north-northeastward. As cells intensified, weakened,
and produced outflow boundaries, new cells developed along the new boundaries and repeated the cycle.
One cell developed on the southern flank of the cluster around 0018UTC and moved eastward as it tracked
along the original outflow boundary. This cell persisted longer (roughly 60min) and was much stronger than
the transient (~20min duration) cells that moved north-northeastward. Although a severe thunderstorm
warning was issued for this cell, no severe weather was reported before the storm dissipated completely
shortly after 0147UTC.

The storm’s first lightning flash occurred at 2312:30 UTC, 40min after the first radar echo. Initially, total flash
rates (Figure 7d) in cell A remained < 5min�1, and almost all flashes had >75 VHF sources each. A new cell
(cell B) developed shortly before 0000UTC, and its total flash rate increased steadily, peaking slightly above
20min�1 at 0008UTC. After 0018UTC, total flash rates from cell B fell rapidly as the cell weakened, and a new,
more vigorous cell (cell C, the eastward moving cell) began developing. Cell C had a larger lightning jump
than cell B, with total flash rates increasing from 3min�1 to a peak of 41min�1 over a 12min period. As in
previous cases, the lightning jump correlated well with a sudden increase in the rates of medium-size flashes
(Figure 7d), with rates of large flashes having far less influence on total rates. Total flash rates subsequently
fluctuated between 15 and 30min�1, before beginning to decline sharply at 0102UTC as the storm dissi-
pated. The last flash was observed at 0118UTC.

4.5. Case 5: 23–24 April 2009

This case formed as a region of weakening convection moved into greater moisture in southwestern
Oklahoma and storms began redeveloping, with the first echo of a storm in this redevelopment occurring
at 2318UTC on 23 April 2009. By 2344UTC, the redeveloping storm had become a multicell which gradually
strengthened as it propagated northeastward toward central Oklahoma over the next hour. The height of
reflectivities ≥40 dBZ reached a peak shortly before 0050UTC and then decreased fairly steadily over the next
hour as the storm dissipated. Although a severe thunderstorm warning was issued for much of this storm’s
lifetime, the only hazard report was for a hail size that is no longer considered severe and occurred as the
maximum height of 50 dBZ decreased rapidly as the storm dissipated.

The first lightning flash from the redeveloping storm occurred at 2322UTC (Figure 8d), only 4min after the
first radar echo was observed. Initially, total flash rates increased to 50min�1 over a 20min period and then
fluctuated between 40 and 80min�1 over the next hour. An increase in discharges in the overshooting top
(pulse 1 in Figure 8a) began at 0002UTC, just before a local maximum in total flash rates of 60min�1. At
0029UTC, a dramatic lightning jump occurred, with total flash rates increasing from 75 to a peak of 211min�1

over a 9min period (Figure 8d) during which the height of discharges in the overshooting top increased to its
fourth peak (Figure 8a). Flash rates fluctuated above 200min�1 until reaching a peak of 238min�1 at approxi-
mately 0050 UTC and then began to decline. After 0105 UTC, flash rates fell rapidly from 150min�1 to
<10min�1 by 0120UTC and remained low until the last flash occurred approximately 30min later.

4.6. Trends in Flash Sizes and VHF Source Rates

VHF source rates tended to reflect variations in flash rates for large flashes (>75 VHF sources per flash) better
than for total flashes, with peaks in VHF sources typically reflected by corresponding peaks in rates of large
flashes (Figures 4d, 5d, 6d, 7d, and 8d). Similarly, large increases in total flash rates (such as those satisfying
the “lightning jump” criteria) often did not align with large increases in rates of large flashes and in rates of
VHF sources but tended to align much better with increases in rates of small to medium flashes (10–75 VHF
sources per flash). This is consistent with the observation by Schultz et al. [2015] that mean flash sizes tended
to be smaller during relatively large increases in total flash rates as storms intensified and to be larger when
updrafts were weakening.
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Initially, rates of both VHF sources and large flashes tended to increase in response to the increasing intensity
and size of the storm. However, a decrease in both rates did not necessarily mean the storm’s potential for
severe weather was decreasing, as a tornado rated EF-5 continued on the ground at least several tens of
minutes after a sudden decrease in both at approximately 2110UTC on 24 May 2011 (Case 1), and the
radar-estimated hail size remained severe after rates in both began decreasing on 23–24 May 2011 (Case 2).
Furthermore, VHF source rates could increase without the potential for severe weather increasing. One

Figure 7. Evolution of lightning relative to radar reflectivity and severe weather in a multicell storm on 7–8 September
2007. (See caption for Figure 4.)
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could argue that the most reliable signature of storm evolution provided by VHF source rates and rates of
large flashes was for storm dissipation. In three of the four storms observed during dissipation, VHF source
rates rapidly increased to their maximum value as the storm began dissipating (Figures 6–8). In all four
storms (Figures 5–8), the fraction of flashes composed of large flashes increased as the storms dissipated,
similar to the finding by Bruning and MacGorman [2013] that flash size tended to be larger in regions in
which flow was more laminar, away from strong updrafts.

Figure 8. Evolution of lightning relative to radar reflectivity and severe weather in a multicell storm on 23–24 April 2009.
(See caption for Figure 4.)
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5. Discharges in the Overshooting Top

To examine the timing of discharges in the overshooting top (OT) relative to storm evolution, a primary goal
of this study, we plotted the time history of the vertical distribution of VHF sources relative to flash rates,
severe weather reports, and the maximum height of various reflectivity values.

5.1. Case 1: 24 May 2011

Initially (1900–1950UTC), on 24 May 2011, vertical source densities ≥ 4 sources per 200m of altitude per min
were mostly confined between 4 and 12 km (Figure 4a), the largest source densities being between 6.5 and
9.5 km and remaining<512 (200m)�1min�1. A rapid rise in the altitude of source densities (termed a “light-
ning bubble” by Ushio et al. [2003]) began shortly before 1950UTC, with source densities between 16 and 32
(200m)�1min�1 surging from 11 km to near the LNB at 13.5 km. At 1951:35 UTC, VHF source densities <4
(200m)�1min�1 continued surging above the LNB to start the VHF OT signature. The upward pulse in
LMA99.99 (Figure 4b) reached an altitude of 17.4 km by 1954:50 UTC before leveling off. Thus, the initial pulse
of LMA99.99 was associated with an average rise rate of 20m s�1 while above the LNB, but vertical source
densities above the LNB remained rather meager (<8 (200m)�1min�1).

Between 2000UTC and 2007UTC, there was a lull to< 4 (200m)�1min�1 in vertical source densities. This lull
was short lived. By 2007UTC, regions with densities ≥ 4 (200m)�1min�1 appeared abruptly at altitudes
between 14.5 and 17 km (Figure 4a), the sudden appearance contrasting with the continual rise from below
the LNB during the initial penetration.

Throughout the remainder of the analysis period, a quasi-steady VHF OT signature persisted. Overall,
vertical source densities above the LNB were greatest (e.g., 8–64 (200m)�1min�1) between 15 and
18 km and smallest between 13.5 and 15 km. Vertical source densities in the upper region appeared cyclic,
with increases typically appearing suddenly at altitude, rather than rising from below. The maximum
densities (e.g., 64–128 (200m)�1min�1) above the LNB were at 2114–2122UTC between 16.5
and 17.5 km and began 4min after the storm’s maximum flash rate. The height of LMA99.99 also
oscillated, reaching an apex of 17.8 km at 2051UTC and cresting at successively lower altitudes thereafter
(Figure 4b).

The onset of the VHF OT signature appeared to be an indicator of the storm’s potential for producing
increasingly severe hazards, as it occurred approximately 14min before the first tornado warning (not
shown) and 37min before the first tornado was reported (Figures 4a and 4c). Note that the onset of the
VHF OT signature preceded the lightning jump (at 2007UTC, mentioned previously) by at least 15min.
While a few severe hail reports were received about 20min before the onset of the VHF OT signature, the
radar-based hail estimate (MESH) was greatest while the VHF OT signature was present. Although no hail
reports were received after 2030UTC, it is possible that spotter attention was focused entirely on the EF-3
and EF-5 tornadoes tracking through the Oklahoma City metropolitan area, not on hail.

5.2. Case 2: 23–24 May 2011

Throughout the initial stages of electrical development (2040–2157UTC), vertical source densities ≥ 4
(200m)�1min�1 were typically between 4 and 12 km, the greatest densities (≥64 sourcesmin�1) being
between 7 and 10 km (Figure 5a). The onset of the VHF OT signature began at 2157:30UTC, as a lightning
bubble began rising from just below the LNB and reached an altitude of 16.8 km by 2202:30 UTC, an average
rise rate of 11m s�1 (compare with an initial rise rate of 20m s�1 in Case 1). Vertical source densities above
the LNB remained small (<8 sourcesmin�1) throughout the lifetime of this bubble.

VHF sources above the LNB ceased temporarily (i.e., 2203–2207UTC) immediately after the initial lightning
bubble, reappeared shortly thereafter, and continued cyclically until 0000UTC, when the VHF OT signature
finally ended, approximately 2 h later. After the signature dissipated, the maximum height of VHF source
densities ≥ 4 (200m)�1min�1 fell, and lightning completely dissipated within 30min.

While the VHF OT signature was present, the height of LMA99.99 (Figure 5b) oscillated, a pattern similar to
what was observed in Case 1. Successive crests of LMA99.99 increased until reaching an apex of 18.2 km at
2243UTC, remained above 18 km until ~2314UTC, and then decreased until LMA99.99 fell below the LNB at
~0010UTC. Maximum vertical source densities above the LNB also were cyclic, with maxima increasing to
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16–32 sourcesmin�1 by 2252UTC (Figure 5a). Much as in Case 1, vertical source densities above the LNB
during much of the OT signature had minima below 15 km and a maxima between 15 and 18 km.

The onset of the VHF OT signature again preceded an increase in the severity of the hazards produced by the
storm (Figures 5a and 5c). For example, while a few hail reports were noted as much as 35min before the
onset of the VHF OT signature, the majority (including the 15.24 cm record hailstone and all hail
reports ≥ 5.04 cm) occurred while the VHF OT signature was present. Radar-inferred hail size (MESH) was also
greatest during this period. Finally, the delay in the lightning jump was shorter than in Case 1, being only
5min after the onset of the VHF OT signature.

5.3. Case 3: 1 June 2008

Initial VHF source densities increased much more rapidly and tended to occur somewhat higher in altitude in
Case 3 than in Cases 1 and 2, although they all were supercell storms (Figures 4a, 5a, and 6a). On 1 June 2008,
the maximum height of sources increased rapidly, penetrating the LNB (which also was higher than in the
first two cases) to begin the VHF OT signature at 0038 UTC, approximately 18min after the first flash.
Although not as obvious as in the previous cases, the initial penetration of VHF sources above the LNB was
again associated with a lightning bubble rising from below. LMA99.99 (Figure 6b) rose from the LNB to an
altitude of 16.7 km in about 4min, a rise rate of approximately 8m s�1.

After the initial penetration, LMA99.99 oscillated between 16.5 and 17 .5 km, before reaching an apex of
17.9 km at 0210:30UTC, approximately 30min after initially rising above the LNB. Although not discernible
at the time resolution in Figure 6a, the apex was associated with a lightning bubble originating at about
11.5 km roughly 4min earlier, with a rise rate above the LMB of approximately 17m s�1. After this peak, cycles
in the altitude of LMA99.99 and in the maximum vertical source density continued for more than 3 h. Until
0456 UTC, the altitude of LMA99.99 typically varied only hundreds of meters, with most peaks >17 km.
Afterward, it declined fairly steadily until the LMA overshooting top signature ended at 0532UTC. Between
0236UTC and 0532UTC, the nature of the peaks tended to alternate, with a rising bubble (peaking, for exam-
ple, at around 0236, 0343, 0405, 0423, and 0450UTC) typically followed by vertical source densities suddenly
appearing in the upper part the overshooting top 5–10min later (e.g., 0248, 0337, 0414, 0428, and 0456UTC).
Note that the VHF OT signature ended in the first supercell storm (A) at approximately 0343UTC, and the
peak at that time reflected the contribution from the adjoining strengthening supercell storm (B) which
had begun its VHF OT signature.

On 1 June 2008, the maximum vertical source densities in the overshooting top tended to be larger than in
Cases 1 and 2. The larger values typically occurred in the upper part of the overshooting top of storm A, which
produced a maximum greater than 64 (200m)�1min�1 at times between 0250UTC and 0305UTC. Storm B
had even larger maxima, reaching >128 (200m)�1min�1 shortly after 0400UTC, but it differed from the
other supercell storms in that the maxima were often in the lower part of the overshooting top rather than
in the upper part.

As in the other cases, the onset of the VHF OT signature was associated with an increase in the severity of
storm hazards (Figure 6c). In this case, the onset of severe values of estimated maximum hail size from
MESH occurred about 5min after the first appearance of the VHF OT signature. The first hail report
(3.175 cm) was received 20min after the onset of the VHF OT signature. However, no obvious patterns
emerged in the timing of LMA99.99 peaks relative to either severe reports or MESH. The first lightning jump
(described in section 4.3) occurred only 3min after the onset of the VHF OT signature, so both the lightning
jump and the onset of the VHF OT signature provided similar lead times for hail reports and MESH
hail estimates.

5.4. Case 4: 7–8 September 2007

This multicell storm intensified more slowly than all the other cases. Furthermore, its maximum flash rate was
the smallest of all the cases (Figure 7d).

The first cell (cell A) failed to reach the LNB and took 40min to produce its first flash. Although every flash
in this cell had >75 VHF sources, flash rates never exceeded a few per minute, and both VHF source
rates and maximum vertical source densities were relatively small (respectively <1000min�1 and <64
(200m)�1min�1) (Figures 7a and 7d).
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Cell B, on the other hand, grew more rapidly, and its 18 dBZ echo top briefly touched the LNB. Lightning was
produced throughout much of its life, but the cell was relatively short lived. Maximum flash rates and
maximum vertical source densities both were nearly an order of magnitude larger than in Cell 1. The
maximum altitude of VHF sources and of vertical source densities >64 (200m)�1min�1 both rose roughly
4 km in 10min, at a rise rate of 16m s�1, and then fell. Although LMA99.99 (Figure 7b) peaked briefly above
the LNB, the VHF sources above the LNB were not clustered within a horizontal distance typical of on
overshooting top (not shown), so it was not considered a VHF OT signature.

Cell C was the strongest cell in this storm; its 18 dBZ echo top and LMA99.99 grew to roughly 2.5 km above the
LNB (compared with 3–5 km overshoots in the supercell cases). Maximum vertical source densities and flash
rates were both almost a factor of 2 greater than in Cell B. A lightning bubble was observed below the LNB
just prior to the onset of the VHF OT signature. However, unlike the lightning bubbles in previous cases, its
rise rate slowed considerably, to 3.2m s�1, as it approached the LNB, so LMA99.99 took nearly 12min to rise
from the LNB to its apex of roughly 17.5 km. LMA99.99 had a single ascent and descent, and the period of
the VHF OT signature was a relatively short 25min, reflected also in the cycle of 18–40 dBZ echo tops.

As in the other cases, the onset of the VHF OT signature again preceded an increase in the severity of the
radar-inferred hazards associated with the storm (Figure 7c). The storm had no severe reports, and through-
out the lifetime of both cells A and B, MESH remained at or below severe hail limits. However, as cell C
strengthened, the hail size estimates from MESH began to increase and approached a diameter of 4.4 cm
when the VHF OT signature first appeared. (The lack of actual hail reports during the 20min MESH indicated
severe hail could have been due either to overestimates by MESH or to the scarcity of observers as the storm
traveled through a rural region.) Thus, the VHF OT signature lagged the onset of severe in MESH by roughly
6min. The rise to a peak in estimated maximum diameter of ~ 7 cm and the subsequent drop in estimated
diameter to below severe levels corresponded reasonably well with the growth and collapse of LMA99.99.
The timing of the lightning jump (described in section 4.4) agreed better with the onset of severe hail from
MESH, lagging MESH by only ~ 1min versus a lag of 6min from the VHF OT signature.

5.5. Case 5: 23–24 April 2009

Although the VHF OT signature lasted longer in this storm than in the other multicell case (45min versus
28min), the distance LMA99.99 penetrated above the LNB was the smallest of all the cases (a little more than
1 km versus ≥2.5 km) (Figures 4b, 5b, 6b, 7b, and 8b). However, its maximum flash rate was 5 times the
maximum flash rate of the other multicell case, and its maximum vertical source density was 4 times that
of the other case (Figures 7a, 7d, 8a, and 8d).

The initial surge of sources above the LNB (labeled pulse 1 in Figure 8a) to start the VHF OT signature began at
approximately 0000UTC and was associated with a lightning bubble rising from below to 14.3 km at
8.7m s�1. Although vertical source densities exceeding 4 (200m)�1min�1 and LMA99.99 (Figures 8a and
8b) were observed above the LNB well before the start of the VHF OT signature at 0002UTC, closer examina-
tion of earlier periods found that the VHF sources were dispersed too far horizontally to fit within a traditional
OT. VHF sources associated with pulse 1 above the LNB ceased after 12min, followed by a relative minimum
in LMA99.99 and in vertical source densities of the OT that lasted until pulse 2 began.

Unlike the VHF OT signature for the other multicell storm (Case 4), which consisted of one rising and falling
pulse of VHF sources, the VHF OT signature in Case 5 consisted of five discrete pulses of VHF sources rising
above the LNB. After the first pulse, subsequent pulses above the LNB reached peak altitudes of 14.5, 13.8,
13.9, and 14.2 km; lasted 8, 3, 5, and 7min; and rose above the LNB at 12.5, 6.7, 7.8, and 9.8m s�1. Note that
the durations are much smaller than in Case 4. As in two of the other three cases analyzed during their
dissipating stage, the largest value of vertical source densities in the entire storm and the largest VHF
source rates occurred as the VHF OT signature ended and the storm began dissipating (Figures 6a, 6d, 7a,
7d, 8a, and 8d).

While hail diameter estimates from MESH began increasing nearly 15min before the onset of the VHF OT
signature (Figure 8c), it surpassed the severe threshold (2.5 cm) only 4min before the beginning of the
VHF OT signature. Additionally, the maximum MESH value of 3.8 cm was not observed until 5min after the
VHF OT signature was first detected. Thus, the timing of the onset of the VHF OT signature agreed reasonably
well with the timing of the onset of severe MESH values. Despite MESH values being greater than the severe
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threshold for most of the period of the VHF OT signature, there were no hail reports then. The only hail report,
for a diameter no longer considered severe, was during the dissipation of the storm, well after the VHF
OT signature. It is possible that the small hail core produced larger hail that went undetected as it traversed
a rural area. The lightning jump (described in section 4.5) occurred nearly 30min after the onset of the VHF OT
signature and more than 30min after MESH values reached severe levels. Thus, the onset of the VHF OT sig-
nature was a better predictor of increasing potential for severe weather than the lightning jump in this case.

6. VHF Overshooting Tops Relative to Radar and Satellite Observations
6.1. The LMA Overshooting Top Signature Relative to Radar Structure

Having data available from the NWRT PAR for the 24 May 2011 case provides an opportunity to examine the
onset of the VHF OT relative to the reflectivity structure of the storm with approximately 1min time resolu-
tion. By 1950:27UTC (not shown), a reflectivity core near �122.5 km east, �24.5 km north (relative to the
radar) had penetrated a height of 15 km but failed to produce VHF sources in the overshooting top. This
reflectivity core of the storm rapidly weakened and completely dissipated by 1952:48 UTC. It was unable to
sustain itself and lasted only 6min (not shown). Maximum reflectivity above the LNB during this updraft
pulse remained< 40 dBZ.

A second more sustained penetration above the LNB was first visible as a 35 dBZ echo on the 6.4° PPI
reflectivity scans at 1951:48 UTC, roughly 6 km northwest of the dissipating previous core (Figures 9a and
9d). Both the reflectivity value and the width of the new core increased rapidly, as its reflectivity above the
LNB exceeded 50 dBZ within 2min (Figures 9b and 9e). The first VHF sources in the VHF OT signature
appeared as the reflectivity above the LNB increased to approximately 45 dBZ at 1952:48UTC (not shown).
Themajority of these 13 sources were found near the outer edges of the reflectivity core at altitudes between
13.5 and 14.5 km.

Over the next 3min (1952:48–1955:40 UTC), the area with reflectivity ≥45 dBZ and the area with ≥50 dBZ in
the OT both expanded in size, and there was a large region of Z ≥ 65 dBZ at heights between 5 and 12 km,
just above and downshear of a bounded weak echo region (BWER) (�125 to �122 km east; Figures 9b and
9e). The BWER and the region with ≥65 dBZ were both likely the product of a strong updraft, which sus-
pended mixed-phase hydrometeors aloft long enough to allow particles of sufficient mass to form and fall
out on the downshear side, near the edge of the main updraft. Throughout this period, the rate and height
of the VHF sources emitted in the OT also increased, reaching a total of more than 60min�1 and a height
exceeding 17 km. The appearance of VHF sources in the OTmorphed into a dome-like structure, with its apex
at -122 km east, centered above the core reflectivity of the OT (Figure 9f).

By 2000UTC, the maximum altitude of the heavy precipitation just downshear of the BWER had begun
descending, and the rate of VHF sources in the OT had decreased (Figures 9g and 9j), although the area of
≥45 dBZ above the LNB remained large. The reflectivity values and the number of VHF sources in the
overshooting top decreased rapidly over the next 4min (Figures 9g and 9j, and 9i and 9l). During the
decrease in VHF source rates in the OT, the VHF sources still tended to cluster near the larger OT reflectivities,
and their maximum height also decreased. By 2004UTC, the overshooting top had a maximum reflectivity
<40 dBZ above the LNB and produced no more VHF sources (Figures 9i and 9l).

6.2. Evolution of Lightning Height Relative to Radar Echo Top Heights

Figures 4a, 5a, 6a, 7a, and 8a show how the timing of the vertical growth of storms depicted by VHF sources
compares with the timing of vertical growth in the maximum height of 18, 30, 40, 50, and 60 dBZ reflectivity
values in KOUN or WSR-88D data for the five analyzed cases. A visual inspection shows that the height of 18
and 30 dBZ echo tops typically was at or above the height of VHF source densities ≥ 4 (200m)�1min�1, and as
would be expected from a common dependence on updraft cycles, variations in these echo tops were similar
to variations in these VHF source densities, although there were some differences. Figures 4b, 5b, 6b, 7b, and
8b show the height of the median and of various large percentiles of the height of VHF sources for compar-
ison with the echo tops. Note that the similarity in altitude between echo tops and VHF percentiles often
worsens for larger reflectivities or for smaller percentiles. For the supercell cases, the median and 90th
percentile are relatively constant, at least until the storm begins to dissipate, and so have little relationship
with variations in the other parameters.
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Figure 9. (a–l) Evolution of a VHF overshooting top signature relative to radar reflectivity structure from select volume scans of the NWRT PAR radar on 24 May 2011.
Figures 9a–9c and 9g–9i show reflectivity from the 6.4° radar elevation angle, which is at an altitude of 14, 15, and 16 kmmsl at the right edge, middle, and left
edge of the image. VHF sources began occurring above the LNB in this updraft pulse approximately 1min after the 1951:48 volume scan and ceased by the
2004:00 UTC volume scan. The white line on the plan projection indicates where the corresponding vertical cross section (Figures 9d–9f and 9j–9l) was taken. VHF
source points are shown only for those that occurred above the level of neutral buoyancy (dashed line) within the 1min period centered on the radar time. Storm
motion was to the northeast. Horizontal distance is relative to the location of the NWRT PAR.
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To quantify the relationship between the maximum height of VHF sources and of the echo top of various
reflectivity values during the period of the VHF overshooting top signature, the 99.99th percentile was chosen
because it depicts the upper height of VHF sources well, but is insensitive to the few erroneous heights that
can be produced by VHF Lightning Mapping Arrays. Figure 10 shows a scatterplot of the maximum heights of
various reflectivity levels versus the heights of the 99.99th percentile during the VHF overshooting top signa-
ture for the three supercell storms. Solid lines show the linear fit and its associated 95% confidence levels for
each panel. The two storms that were not supercells were omitted from this analysis because of the small
number of radar observations during the short duration of their overshooting top signatures.

The 0.86–0.87 correlation coefficient for 18 dBZ echo tops indicates a strong positive relationship with the
99.99th percentile. The correlation coefficient tends to decrease with increasing reflectivity, although it
remains ≥0.69 even for 50 dBZ for these three supercell storms. However, the correlation with the 60 dBZ
echo tops is poor in two of the cases, and in the third case, with a correlation coefficient of 0.73, the regression
line becomes more vertical.

The position of the linear fit relative to the dashed line indicates whether the height of the 99.99th percentile
tended to be above, below, or coincident with that of the echo top of a particular reflectivity. The height of
the 99.99th percentile was closest to the height of the 30 dBZ echo top for the two May cases and was closest
to the height of the 18 dBZ echo top for the June case. As the value of reflectivity increased, the height of
echo top tended to decrease, as expected, and its relationship to the 99.99th percentile tended to have more
scatter about the linear fit.

6.3. Evolution of Lightning Height Relative to Overshooting Tops From IR Satellite Data

Figure 11 shows how the timing of the VHF overshooting top signature compares with the timing of an over-
shooting top in IR satellite imagery in four of the five cases. (In the fifth case the period between satellite
images was too long relative to the duration of the VHF signature for a reasonable comparison.) In all four
cases, the onset of the VHF overshooting top signature preceded the onset in IR imagery, and in one of those
cases, a multicell storm, IR imagery never had an overshooting top. The relative timing for detecting a decline
of the overshooting top in satellite imagery was mixed. In one case, the decline was outside the period of our
analysis because it followed the merger of two storms (24 May 2011, Case 1). In one supercell storm (23–24
May 2011, Case 2), the end of the overshooting top in IR imagery preceded the end of the VHF signature, in
the other supercell storm (1 June 2009, Case 3), the IR imagery maintained an overshooting top longer, and in
the multicell case (7–8 April 2007, Case 4), the IR brightness temperature was always greater than that of the
LNB, so the overshooting top was never detected by satellite, although the brightness temperature
decreased through much of the analyzed period. Note that the greater frequency and spatial resolution of
IR images produced by GOES-R likely will improve IR detection of overshooting tops and so would be
expected to reduce the periods in which overshooting tops are missed in IR imagery.

7. Discussion and Summary
7.1. Overshooting Tops and Lightning Flash Rates Depicted by VHF Lightning Mapping Systems

As noted in section 1, early VHF lightning mapping data showed that discharges can penetrate above the
level of neutral buoyancy (LNB) [Krehbiel et al., 2000; Ushio et al., 2003; MacGorman et al., 2005].
Subsequent studies of a supercell storm [MacGorman et al., 2008; Calhoun et al., 2013] showed that the
VHF sources above the LNB typically were within the overshooting top and formed a secondary maximum
in the vertical distribution of sources. Emersic et al. [2011], in a study of a multicell hailstorm, and Calhoun
et al. [2013], in the supercell study, reported that the character of discharges in the overshooting top was unu-
sual in that the VHF sources occurred continually at relatively low rates, without discernable channel structure
(i.e., the discharges probably had very small spatial extent), independent of flashes at lower altitudes. This
character of the high-altitude discharges probably was a result of a combination of two effects: the
well-established decrease in the electric field threshold for initiating discharges with increasing altitude
[e.g.,MacGorman and Rust, 1998] and the smaller spatial scales for charge regions expected in the overshoot-
ing top. It remains unclear whether these discharges are related to the small transient luminous events
(termed gnomes and pixies) that were observed visually on the periphery of an overshooting top by Lyons
et al. [2003].
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Figure 10. Correlation between the altitude of LMA99.99 for VHF sources and the altitude of echo top for various radar reflectivity values in three supercell storms.
The red line is the linear regression line for the points in each panel, and r is the correlation coefficient for that regression. Dark blue lines on either side of the
regression line indicate the 95% confidence level. The dashed line is a reference line along which the altitude of echo top equals the altitude of LMA99.99. The
reflectivity value in the leftmost panel of each row applies to the echo top for all panels in the row. Note that the axis scales for the last two rows differ from those in
the first three rows, and the scales change also from one storm to another.
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In this study, we defined the VHF overshooting top signature as the period in which at least 4 VHF
sourcesmin�1 occurred in some 200m layer above the LNB within a horizontal span comparable to the width
of the overshooting top in reflectivity. Furthermore, we examined the evolution of VHF sources relative to the
reflectivity structure and IR cloud tops of overshooting tops and relative to severe weather. To select cases for
study, we reviewed data from the Oklahoma Lightning Mapping Array (OK-LMA) for tens of storms and found
that, anytime VHF sources were consistently detected above the LNB for a few tens of minutes, the VHF
sources above the LNB formed a secondary maximum in the vertical distribution of VHF sources and were
clustered within a horizontal span of anywhere from a few kilometers up to roughly 10 km, often with a
domed appearance, similar to the appearance of overshooting tops. The five cases analyzed in this study
(one tornadic supercell storm, two nontornadic supercell storms, a strong multicell storm, and a large multi-
cell storm that appeared to have weaker maximum updraft speeds) were chosen because they remained
within coverage of the OK-LMA for most of their lifetime, were observed reasonably well by radar, and
provided a spectrum of storm characteristics.

The behavior of lightning overall in these storms was similar to behavior documented previously in other
storms. The durations of cycles in flash rates were similar to those for cycles in the altitude of echo top
for moderate reflectivities, as would be expected from a common dependence on updraft cycles. A
dependence on updraft cycles is further supported by the observation of sequential rising maxima of
VHF source density in time-height plots during the early growth of the thunderstorms, similar to the

Figure 11. Satellite brightness temperature relative the equilibrium level (i.e., level of neutral buoyancy, horizontal
dashed line labeled LNB) and the time of the overshooting top signature in VHF sources mapped by the OK-LMA
(vertical dashed lines). (a) A tornadic supercell storm on 24 May 2011, (b) a nontornadic supercell storm on 23–24 May
2011, (c) a nontornadic supercell storm on 1 June 2009, and (d) a multicell storm on 7–8 April 2007.
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rising lightning bubbles observed by Ushio et al. [2003]. It also is supported by observational studies of
lightning and kinematics in other storms [e.g., MacGorman et al., 1989; Wiens et al., 2005; Calhoun et al.,
2013] and by storm simulations using numerical models explicitly incorporating electrification microphysics
and lightning [e.g., Mansell et al., 2005, 2010; Barthe and Pinty, 2007; Kuhlman et al., 2006; Calhoun et al.,
2014]. Thus, our conceptual model is of a rising parcel that contains the discharges emitting the VHF radia-
tion, but the present study did not identify and track parcels in three dimensions to confirm this interpreta-
tion. Note that later increases in the altitude and density of VHF sources above the LNB in the present
study sometimes did not appear to rise from lower levels, as they had done initially, but rather, simply
appeared in the upper part of the overshooting top, although they could well still have been caused by
updraft pulses.

Variations in the behavior of the “bubbles” likely are affected by variations in updrafts on two scales of time
and space that can overlap: (1) the development of a relatively broad new updraft and (2) the faster variations
of smaller regions of updraft maxima in the broader updraft. In some respects, this delineation is similar to the
delineation of a spectrum of strong to weak evolution of updrafts noted by Foote and Frank [1983], who
labeled the series of distinct updrafts in multicell storms strong evolution and the quasi-steady updrafts of
supercell storms weak evolution. The evolution of maximum heights of VHF sources in the multicell storm
on 7–8 September 2007 appears to have been dominated by strong evolution, with the altitude rising to a
peak and falling in each of three cells peaking roughly 30min apart.

The quasi-steady updrafts inferred from the VHF OT signatures of the supercell storms, however, were main-
tained for several hours and encompassed more rapid pulsing variations in the maximum height and in the
elevated densities of VHF sources. Previous studies have shown that quasi-steady updrafts are maintained by
a cycle in which the surface outflow from an existing updraft surges cyclonically around the updraft and cre-
ates an occlusion that blocks the inflow to its updraft and causes the formation of a new updraft, the com-
plete cycle taking several tens of minutes [e.g., Lemon and Doswell, 1979]. However, Foote and Frank [1983]
observed that a broad quasi-steady updraft contained smaller updraft variations, and Doswell and Burgess
[1993] noted that supercell updrafts typically contain many smaller cellular updraft features, each lasting sev-
eral minutes. Even relatively small cumulus clouds typically contain multiple updrafts overlapping in time as
they grow [e.g., Blyth et al., 1988; Blyth and Latham, 1997]. Furthermore, in rapid-scan satellite imagery of
cloud tops, Mecikalski et al. [2016] observed oscillations of cloud top temperature and height above the
LNB lasting< 10min; they also suggested that cases in which sequential oscillations of the cloud top rising
above and falling below the height of glaciation over a period of a few minutes were caused by the rise
and fall of successive turrets. The short pulsing variations we observed in the maximum height and in the
upper density of VHF sources in the overshooting top are consistent with the oscillations in cloud top height
observed by Mecikalski et al. [2016] and with the constantly evolving cellular structures comprising quasi-
steady updrafts noted by Doswell and Burgess [1993].

Relatively little attention has been focused in the journal literature on these small, rapid updraft variations in
studies of quasi-steady updrafts. However, some have suggested that regions of rapid variations in updraft
speeds or regions of turbulence around the periphery of broad updrafts may be important to the microphy-
sics of the storm [e.g.,Musil et al., 1986]. Similarly, simulations of hydrometeor growth in cumulus clouds have
found that observed characteristics were most consistent with results achieved by including the effects of
multiple updrafts within the simulated cloud [e.g., Blyth and Latham, 1997]. Because most charge that
produces discharges in the vicinity of updrafts is thought to have been produced by processes involved in
precipitation growth, it may provide new information about updrafts and precipitation growth to attempt
to identify rising parcels of greater VHF source density in overshooting tops and to trace them backward
to their origin at lower altitudes relative to the microphysical structure inferred from polarimetric radar or
from storm simulations.

7.2. VHF Overshooting Top Signature Relative to Overshooting Top From Radar and Satellite IR

The onset of the VHF signature typically occurred as 18 or 30 dBZ echo tops rose and were sustained above
the LNB. Similarly, the end of the signature typically occurred near the time the 18 or 30 dBZ echo top fell
below the LNB. The onset of the signature occurred before an overshooting top was apparent in satellite
IR imagery, if it ever was apparent, but this difference may be lessened by the improved spatial and temporal
resolution of IR imagery in the next generation of GOES satellites.
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During the period in which the VHF signature was maintained, the timing of variations in the height of the
99.99th percentile of VHF sources (LMA99.99) appeared similar to those of the echo tops of 18–40 dBZ
reflectivities. A correlation analysis of the three supercell storms during the period of the VHF signature
showed that the altitude of LMA99.99 was well correlated with the altitude of 18–30 dBZ echo tops and was
most similar to the altitude of 18 dBZ echo tops in one storm and to the altitude of 30 dBZ echo tops in
the other two storms. (Data from the two multicell storms were insufficient during the VHF signature for a
correlation analysis.)

7.3. Overshooting Top Signature Relative to Severe Weather

The initial occurrence of the VHF OT signature preceded an increase in the severity of either radar-inferred or
actual storm hazards in each of the examined cases. While some marginally severe hail reports occurred
before the onset of the signature in some cases, themajority of the severe events and themost violent events
(e.g., largest hail and tornadoes) occurred while the signature was present. Furthermore, MESH, a radar-
derived estimate of hail size independent of reports, was greatest during the VHF overshooting top signa-
tures in each case. A pattern of LMA99.99 collapse and subsequent relative minimum occurring just before
tornadogenesis was shown for each of the tornadoes in Case 1. Although these observations are consistent
with other studies that have documented the collapse of overshooting tops before tornado formation [e.g.,
Lemon et al., 1978; Adler and Fenn, 1981; Steiger et al., 2007; Bedka et al., 2010], the present LMA99.99 sample
size is too small for the VHF overshooting top relationship to be considered conclusive. Furthermore, while
the onset of the VHF overshooting top signature was reasonably well timed with an increase in the severity
of weather, no discernible patterns emerged between the subsequent fluctuations in either source densities
or LMA99.99 and variations in the intensity of the severe weather parameters. Nevertheless, the presence of a
VHF overshooting top signature generally implied that severe weather was either imminent or occurring,
especially when the signature extended well above the LNB.

It has been well documented that sudden increases in total lightning flash rates often occur prior to the onset
of severe weather [e.g., Goodman et al., 1988; MacGorman et al., 1989; Williams et al., 1989, 1999; Buechler
et al., 2000; Lang et al., 2000; Goodman et al., 2005; Wiens et al., 2005; Tessendorf et al., 2007; Gatlin and
Goodman, 2010; Darden et al., 2010]. From an extensive evaluation of several criteria for an increase in the
running average of flash rates by somemultiple of the standard deviation, Schultz et al. [2011] suggested that
using rapid increases in lightning flash rates (termed “lightning jumps”) could improve lead times for severe
weather warnings and reduce false alarms. The extent to which automated algorithms for detecting lightning
jumps can aid severe storm warnings continues to be evaluated.

Note that when interpreting lightning jumps in large multicell storms, changes in the size and configuration
of the storm system should be factored into the interpretation, as noted by Schultz et al. [2015]. Case 5 was
the largest storm system but appeared to have weaker convective cells than the other cases had. Yet its larger
total flash rates were comparable to those of the supercell storms, and some of its largest increases in flash
rates occurred toward the end of the VHF overshooting top signature, when the storm system was weaken-
ing. As done in various quasi-operational evaluations of lightning jumps, it would have been necessary to
consider lightning jumps only for the individual convective elements when considering their relationship
to severe weather in Case 5.

Note also that unlike lightning jumps, increases in VHF source rates are often not related to increasing poten-
tial for severe weather, because source rates depend on the size of storms and on the average size of flashes,
as well as on the characteristics of updrafts and precipitation growth. Furthermore, the fraction of VHF
sources that are detected decreases rapidly with range [Boccippio et al., 2001], and our unpublished data indi-
cate the VHF source rates are more strongly influenced by range than are flash rates. In the storms analyzed
here, VHF source rates tended to increase with time as the storm became larger, and the largest VHF source
rates occurred during the beginning of the storm’s dissipation in three of the four storms whose dissipation
stage was observed.

Each of the storms analyzed by this study had at least one increase in flash rates satisfying criteria for a light-
ning jump at some point during their lifetime. In the supercell storms (i.e., Cases 1–3) and in one of the multi-
cell storms (i.e., Case 5), the lightning jumps (as well as the onset of the LMA overshooting top signature) were
reasonably well timed with an increase in the severity of weather hazards and in radar-inferred estimates of
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maximum hail size (no severe hail, i.e.,> 2.5 cm in diameter, was reported in either multicell storm). However,
the lightning jump lagged the onset of the VHF OT signature by 3 to almost 30min for these four cases. In the
other multicell storm (i.e., Case 4), the lightning jump lagged by 1min the onset of severe hail potential
indicated by MESH, while the VHF OT signature lagged it by 7min. These results illustrate the potential utility
of both VHF overshooting top signatures and lightning jumps to provide more confident warnings of severe
weather hazards.

Nevertheless, at present, VHF OT signatures can be detected only by LMAs, which cover an extremely small
fraction of the continental United States (CONUS). On the other hand, the GOES-R and GOES-S satellites
will include Geostationary Lightning Mappers (GLMs) that will be able to detect lightning jumps over all of
the contiguous United States and over much of the American hemisphere, including adjoining oceans.
Thus, while VHF OT signatures might often detect the onset of severe weather in a storm earlier than
lightning jumps do, the inability to observe them over large areas limits their effectiveness in the warning
decision process.

7.4. Hypotheses Concerning Charge Regions Producing Overshooting Top Discharges

Observational studies have demonstrated that flashes typically are initiated by electrical breakdown of air in a
region of large electric field magnitude, typically between a positive charge region and a negative charge
region, and tend to propagate bidirectionally into these two regions, although additional charge regions
may become involved, consistent with electrostatics [Jacobson and Krider, 1976; MacGorman et al., 1981,
2001, 2015; Mazur and Ruhnke, 1993; Shao and Krehbiel, 1996; Coleman et al., 2003; Rust et al., 2005; Wiens
et al., 2005; Weiss et al., 2008; Pilkey et al., 2014]. Furthermore, Williams et al. [1985] showed that sparks
propagating through plastic blocks doped with charge in various configurations tend to propagate preferen-
tially, and to branch more heavily, in regions having greater charge density, and they presented scaling
arguments to suggest that this is true also of lightning. These behaviors were also seen in later numerical
simulations by Mansell et al. [2002, 2005] using a dielectric breakdown model of sparks and lightning.
Note, too, that the electric field magnitude required to initiate a discharge decreases rapidly with altitude
[MacGorman and Rust, 1998], so less charge likely would be needed to initiate discharges in
overshooting tops.

Although electrodynamic processes certainly are involved in the details of lightning initiation and develop-
ment, electrostatic theory is sufficient to explain the observed locations of flash initiation and the basic
structure of flashes, as argued by several investigators [e.g., Kasemir, 1960; MacGorman et al., 1981, 2001;
Mazur and Ruhnke, 1993; Williams et al., 1985]. As electrification processes increase the amount of charge
in each of two adjoining regions of opposite polarity, the largest electric field magnitudes, where flash
initiation is most likely, tend to occur between them. A discharge then propagates bidirectionally outward
toward each charge region into weaker field magnitudes. Subsequent propagation in each charge region
is maintained by the potential difference between the extremes of flash structure and the surrounding
charge region and tends to be bounded by the well of electric potential in that region [MacGorman et al.,
1981, 2001; Mazur and Ruhnke, 1993; Mansell et al., 2002; Coleman et al., 2003]. Together, the above observa-
tions are consistent with the reason for the small size and continual occurrence of discharges in overshooting
tops being that small distinct concentrations of charge of one polarity are continually brought near concen-
trations of charge of the opposite polarity throughout much of the overshooting top.

We offer two hypotheses for the continual production of the small charge regions. Both involve charge being
organized by kinematic structures as discussed by Bruning and MacGorman [2013], who investigated flashes
at lower altitudes near an updraft. The hypotheses are not necessarily mutually exclusive; both could occur.

The first hypothesis, suggested previously byMacGorman et al. [2008], Emersic et al. [2011], and Calhoun et al.
[2013], is that the discharges occur between (1) the charge lofted into the overshooting top by the strong
updraft and (2) the screening-layer charge that forms on the upper cloud boundary. The charge lofted by
the updraft is produced by electrification processes lower in the storm. The screening-layer charge, produced
by the discontinuity in electric conductivity at the cloud boundary [Hoppel and Phillips, 1971; Brown et al.,
1971; MacGorman and Rust, 1998], reaches 60% of its equilibrium value quickly at cloud top after a change
in the electric field inside the cloud boundary (within roughly 10 s at 15 km and 2 s at 20 km). These
investigators suggested that the grape-cluster appearance of the overshooting top would organize the
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screening-layer charge by quasi-periodically folding the charge inward, closer to the charge lofted by the
updraft, a process similar to the motions of upper cloud boundaries observed by Blyth et al. [1988] and
Stith [1992]. The distance scale at which the screening-layer charge is brought closer to the internal charge
would be approximately the same as the distance between the lumps apparent in the cloud boundary,
caused at least in part by interaction of the updraft with the horizontal winds at that level.

The second hypothesis involves the increasing hydrometeor number concentration caused by the decrease
in updraft speeds with increasing height in the overshooting top. Investigators have previously noted that
the decrease in updraft speeds with height leads to accumulations of graupel or snow, especially as the
particles approach updraft speeds that have decreased to approximately the terminal fall speed of the
particle [Lhermitte and Williams, 1985; Ziegler et al., 1991; Randell et al., 1994]. Values of radar reflectivity of
30 dBZ or more, sometimes much more, extended into the overshooting top in all cases we observed, and
the maximum height of VHF sources correlated well with the maximum height of 30 dBZwithin overshooting
tops. Values of reflectivity ≥30 dBZ typically indicate the presence of graupel-sized particles, which would be
expected to carry charge opposite in polarity to the charge produced previously by the noninductive
graupel-ice mechanism on smaller, higher ice particles, if they gained the charge in the mixed-phase region.
The vertical gradient in reflectivity is large in the overshooting top, so the charge on graupel-sized particles is
brought relatively close to the charge on smaller ice particles. In this scenario, the relatively small size of the
charge regions involved in the discharges could be due to variations in updraft speeds over horizontal
distances of roughly1–2 km or less or could be due to large gradients in particle number density. Recent
balloon-borne soundings of hydrometeor size and number in two storms found number densities of small
ice particles varying by 1–2 orders of magnitude from one 50m interval of height to the next and large
variations occurred also over larger intervals of height [Waugh, 2016].

One might expect that the polarity of charge carried by the small ice particles lofted into the overshooting
top would be the same as the polarity of charge carried by small particles in the upper part of most of the
rest of the storm: positive in typical storms [seeMacGorman and Rust, 1998, discussion, pp. 49–53] and nega-
tive in storms dominated by an anomalous vertical charge distribution, such as storms studied, for example,
by Rust et al. [2005],MacGorman et al. [2005],Wiens et al. [2005], Tessendorf et al. [2007], andWeiss et al. [2008].
While this may be true of all or most anomalous storms, it may not be true of many of the strong storms domi-
nated by more typical charge distributions. Most hypotheses for producing storms with anomalous charge
distributions [e.g., Williams et al., 2005; MacGorman et al., 2011] have involved unusually large liquid water
contents in the mixed-phase region of the updraft, because laboratory experiments have found that graupel
gains positive charge, instead of the usual negative charge, when riming graupel collides with and rebounds
from small ice particles in the presence of large liquid water contents [e.g., Takahashi and Miyawaki, 2002;
Emersic and Saunders, 2010].

However, several studies have suggested that the polarity of charge gained by graupel may vary across the
updraft, because of variations in updraft properties affecting the polarity [MacGorman et al., 2005, 2011;
Kuhlman et al., 2006; Emersic et al., 2011; Bruning et al., 2014]. The air in overshooting tops is air that has
attained a storm’s greatest updraft velocities; it tends to be air in the updraft core, which has less entrainment
and mixing with drier or cooler air [e.g., Musil et al., 1986, 1991] and might be expected to have had less
precipitation growth at altitudes below the mixed-phase region than air on the periphery of the updraft.
Thus, it would also realize the largest fraction of the storm’s adiabatic potential for liquid water [e.g., Musil
et al., 1986, 1991] and could have enough liquid water content for positive charging of graupel, resulting
in a core having an anomalous vertical distribution of charge (i.e., the upper main charge is negative), even
if the rest of the updraft does not. This provides an alternative explanation for the uppermost negative charge
in the conceptual model for strong updrafts by Stolzenburg et al. [1998], which was attributed to a screening
layer. Instead, diverging flow from closer to the updraft core in the upper part of a strong storm could often
carry negative charge horizontally from the region of the updraft core.

It seems reasonable to us, then, that the interior charge in the weaker reflectivities (<30 dBZ) of the over-
shooting top of many strong storms may be negative, even if most of the upper part of the storm has the
more typical positive particle charge. If so, then the spectrum of speeds and widths and of other character-
istics affecting liquid water content that are possible in storm updrafts would lead to a corresponding spec-
trum in the fraction of a storm updraft having anomalous charging of graupel, ranging from none of the

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025933

MACGORMAN ET AL. DISCHARGES IN STORM OVERSHOOTING TOPS 2953



updraft, to updrafts with only small anomalous regions, to the storms dominated by anomalous regions that
have been the object of most studies of so-called inverted-polarity storms. Note that having opposite pola-
rities of particle charging across a relatively short horizontal span of strong gradients in the updraft may also
contribute to the very large rate of small flashes typically observed around the updraft of supercell storms.

The limitations of available observing systems make it very difficult to obtain observations establishing what
actually occurs in overshooting tops. The altitude of most overshooting tops is higher than the operating ceil-
ing of all currently available storm-penetrating aircraft, and the overshooting top is, at best, an extremely dif-
ficult target to hit with a balloon launched from the ground. The best chance to make in situ measurements
of the overshooting topmay be to launch an extensive array of many small, cheap balloon-borne electric field
sensors, a strategy that may become possible with technologies now being developed. If an aircraft with a
sufficiently high ceiling for overflights were able to release dropsondes, then having suitable dropsonde
instruments for measuring storm electric fields would provide another option.

It may also be possible now to obtain indirect support remotely from existing VHF time-of-arrival and inter-
ferometer mapping systems [e.g., Rison et al., 1999; Rhodes et al., 1994; Shao et al., 1996; Stock et al., 2014].
Rison et al. [2016] showed that the process initiating many, and perhaps all, flashes was a system of faint posi-
tive streamers developing toward negative charge, followed by self-propagating negative leaders that
formed near the origin of the streamers and propagated toward and into positive charge and additional
positive leaders that propagated toward and into negative charge. Paul Krehbiel (New Mexico Tech, private
communication, 2016) has suggested that the VHF sources from discharges in the overshooting top are
consistent with the system of positive streamers that Rison et al. [2016] found had initiated many flashes.
Based on Rison et al.’s [2016] observations of the positive streamers, he noted that like the overshooting
top discharges, the positive streamers have small spatial extent (roughly 500m), and the VHF sources have
a wide range of radiated power, comparable to that from the subsequent stages of flashes.

The 1μs time resolution of the interferometer data is sufficient to determine the direction of development of
the system of positive streamers, but the present interferometer has a limited useful horizontal range
(roughly <20–40 km, depending on its baseline length). If the updraft of a supercell storm occurs within
range of the system and also within range of dual-Doppler radars capable of providing updraft velocities,
it should be possible to determine the propagation direction of the small flashes and their location relative
to the updraft. If the small frequent flashes around middle levels of the updraft discharge positive charge
in the updraft core, as hypothesized above, this would also imply that the uppermost charge rising in the
updraft core into the overshooting top is negative. Similarly, if an overshooting top occurs within range of
the VHF interferometer, within the range for three-dimensional coverage of the OK-LMA, and within range
of a radar scanning that high, it should be possible to determine the direction, from positive toward negative
charge, of discharges in the overshooting top and to infer whether they discharge only internal charges
across the interface betweenmoderate and low reflectivity values, discharge between screening-layer charge
and an internal charge, or do both.
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