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Abstract

This study examined lightning activity relative to the rapidly evolving kinematics of a 

hail-producing storm on 15 August 2006.  Data were provided by the National Weather Radar 

Testbed Phased-Array Radar, the Oklahoma Lightning Mapping Array, and the National 

Lightning Detection Network.

This analysis is the first to compare the electrical characteristics of a hail-producing 

storm with reflectivity and radial velocity structure at temporal resolutions of <1 min.  Total 

flash rates increased to ~220 min-1 as the storm’s updraft first intensified, leveled off during its 

first mature stage, and then decreased for 2–3 min despite the simultaneous development of 

another updraft surge.  This reduction in flash rate occurred as wet hail formed in the new 

updraft and was likely related to the wet growth; wet growth is not conducive to hydrometeor 

charging and probably contributed to the formation of a “lightning hole” without a mesocyclone.  

Total flash rates subsequently increased to ~450 min-1 as storm volume and inferred graupel 

volume increased, and then decreased as the storm dissipated.

Vertical charge structure in the storm initially formed a positive tripole (midlevel 

negative charge between upper and lower positive charges).  Charge structure in the second 

updraft surge consisted of negative charge above deep midlevel positive charge, a reversal 

consistent with the effect of large liquid water contents on hydrometeor charge polarity in 

laboratory experiments.

Prior to the second updraft surge, the storm produced two cloud-to-ground flashes, both 

lowering the usual negative charge to ground.  Shortly before hail likely reached ground, the 

storm produced four cloud-to-ground flashes, all lowering positive charge.  Episodes of high 
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singlet VHF sources were observed at ~13–15 km during the initial formation and later 

intensification of the storm’s updraft.

1. Introduction

This study examines the evolution of lightning activity in an Oklahoma summertime 

storm at 2220–2258 UTC on 15 August 2006 which produced hail aloft, but did not have 

supercell characteristics.  It was chosen for analysis because of the datasets available from the 

National Weather Radar Testbed Phased-Array Radar (NWRT PAR), which provided sector 

volume scans in 26 s, and from the Oklahoma Lightning Mapping Array (LMA), which mapped 

lightning inside the cloud in three spatial dimensions with 80 microsecond temporal resolution

and 40–50 m spatial resolution (Thomas et al. 2004).  Data from the National Lightning 

Detection Network (NLDN) and National Weather Service soundings also were utilized.  This 

combined dataset allowed us to examine the relationships of lightning to evolving storm 

kinematics with much higher temporal resolution than has been possible previously.

A previous study by Heinselman et al. (2008) examined the detailed evolution of 

kinematic features of the storm revealed by NWRT PAR data and described the environmental 

conditions that produced the storm; this paper will focus on the lightning that the storm

produced.  Of particular relevance to this paper is Heinselman et al.’s observation of a strong 

three-body scatter spike (TBSS) (e.g., Zrnić 1987) and associated 65–75 dBZ reflectivity values 

which indicated the presence of wet hail within the storm.  The eventual descent of these 

signatures toward the ground suggests that this was a hailstorm (see section 3b), even though no 

confirming reports of hail reaching ground are available from the rural area where the storm 

occurred.  Hence the storm is termed “a hail-producing storm”.  Even though polarimetric radar 

data are unavailable for this storm, it is possible to examine lightning characteristics associated 
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with the presence of hail inferred from the TBSS and high-reflectivity signatures in the NWRT 

PAR data.

One might expect lightning behavior to be related to the presence of moderate-to-large 

hail because the electrification of storms is thought to be influenced strongly by ice 

microphysics.  Laboratory studies have shown that, independent of the ambient electric field, 

rebounding collisions between ice crystals and riming graupel particles transfer enough charge 

between hydrometeors to account for the electric field magnitudes observed in thunderstorms 

(e.g. Takahashi 1978; Jayaratne et al. 1983; Pereyra et al. 2000; Saunders et al. 2006).  Many 

observational and simulation studies of storms have also supported the hypothesis that graupel 

and ice crystals are the species that play the most vital role in the electrification of storms and the 

occurrence of lightning (e.g. Dye et al. 1988; Ziegler et al. 1991; Bringi et al. 1997; Black and 

Hallett 1999; Bruning et al. 2007).  The microphysical process responsible for this charge 

exchange is still somewhat uncertain, but laboratory studies indicate that mass is transferred 

during ice particle collisions, and the particle whose surface is growing fastest from vapour 

diffusion at the instant of collision charges positively on particle separation (the Relative 

Diffusional Growth Rate mechanism) (Baker et al. 1987; Dash et al. 2001; Mitzeva et al. 2005; 

Emersic and Saunders 2010).

Subsequent differential sedimentation of the graupel and smaller ice particles separates 

the two charge polarities to produce regions of increasing net charge, which in turn produce 

electric fields that can increase to the point of causing lightning (see discussion, section 3.4 of 

MacGorman and Rust (1998)).  Such electric breakdown is expected to originate between 

oppositely charged regions (as discussed, for example, by MacGorman et al. (1981), Mansell et 

al. (2002); Coleman et al. (2003)), consistent with the limited observations of lightning 
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initiations near the boundary between a region of graupel and surrounding regions of smaller ice 

particles (e.g. Lund et al. 2009).

In most thunderstorms, midlevel graupel at the -15°C–-20°C isotherm charges negatively, 

and ice crystals, positively.  Because the lighter ice crystals tend to be lofted to higher regions, 

thunderclouds usually contain an upper positive charge region on small ice particles, with a 

midlevel negative charge region sourced by the heavier falling graupel.  Frequently, a lower 

region of positive charge is observed that is usually attributed to graupel charging positively at 

higher temperatures (Jayaratne and Saunders 1984).  Occasionally, however, storms are observed 

with vertical charge structure opposite to normal (Rust and MacGorman 2002; Yijun et al. 2002).  

Although the cause of such charge structure is still uncertain, it may be related to a storm’s 

microphysics; the most recent published laboratory studies have shown that the local 

environment in which cloud and precipitation ice particles interact strongly influences the 

resulting polarity of graupel charge (Saunders et al. 2004; Saunders et al. 2006; Emersic and 

Saunders 2010).

Like many severe storms analyzed in scientific literature (e.g. Rust et al. 1981; 

MacGorman et al. 1989; Carey and Rutledge 1998; Schultz et al. 2009), the hail-producing storm

on 15 August 2006 produced hundreds of flashes per minute, and the largest, most rapid increase 

in flash rates occurred near the time large hail formed.  In this paper we use the high-temporal 

resolution data provided by the NWRT PAR to analyze, more closely than has been possible 

with conventional radar antennas, how flash rates and other lightning characteristics relate to the 

evolution of storm structure and hail growth.  Our goal is to improve understanding of how storm 

processes influence lightning production, in part to determine better what storm characteristics 

can be diagnosed from lightning mapping observations for use by forecasters.
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2. Instrumentation

a. National Weather Radar Testbed Phased-Array Radar

The NWT PAR is a 9.4-cm wavelength, electronically steered radar located in Norman, 

Oklahoma (Zrnić et al. 2007).  Because this instrument was originally developed for military 

purposes, the beam is vertically polarized.  Given that a raindrop becomes flatter with increasing 

diameter, the magnitude of reflectivity can be somewhat diminished compared to the reflectivity 

observed with a horizontally polarized beam.

This single-faced phased-array system scans a 90° sector while stationary; the particular 

90° sector is selected by mechanical steering.  Stationary scanning eliminates the beam smearing 

produced by mechanically scanning radars.  Unlike conventional radars, the beam width varies 

azimuthally: perpendicular to the antenna face (i.e., along the bore site) the beam width is 1.5°; 

away from the bore site the beam width increases gradually to 2.1°.  The range resolution is 240 

m and the sensitivity is 5.9 dBZ at 50 km.

The 15 August 2006 storm studied in this paper is one of the first scanned by the NWRT

PAR.  Because data quality algorithms had not yet been employed, the data contained some 

ground clutter, second trip echo, and sidelobe contamination.  Although these data quality issues 

can be problematic, Heinselman et al. (2008) noted that in this case they did not have much

adverse impact.  Both reflectivity and radial velocity data were analyzed by Heinselman et al. 

(2008); only reflectivity data are shown in this paper.

The primary goal for data collection was to capture the evolution of a hail-producing 

storm at higher spatial and temporal resolution than were available with the WSR-88D.  Data 

were collected with a scanning strategy that contained 31 elevation angles ranging from 0.5° to 
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41°.  The volume scan time was decreased to 26 s by employing a pulse repetition time (PRT) of 

831 µs, with 12 pulses per dwell at each elevation angle.  Although reducing the number of 

pulses per dwell diminished the accuracy of the radial velocity estimates compared to traditional 

WSR-88D scans (± 1 m s-1), the errors were within ± 2 m s-1.  The associated Nyquist velocity, 

approximately 29 m s-1, also reduced the potential for velocity aliasing.

b. Lightning mapping array

The design of the Lightning Mapping Array (LMA) is described by Rison et al. (1999).  

At each of 6 or more stations having 13–23 km baselines between them, the Oklahoma LMA

(OK-LMA) measures the arrival time of impulsive VHF radiation produced in the channel 3 

VHF television band (60–66 MHz) by lightning discharge processes, to locate the sources of 

VHF radiation in three spatial dimensions and time (Rison et al. 1999; MacGorman et al. 2008).

The accuracy of the mapped source locations in the region of the hail-producing storm we 

analyzed is expected to be within 10 m in the horizontal dimension, 30 m in the vertical 

dimension, and 40 ns in time (Thomas et al. 2004).  VHF sources detected by fewer than seven 

stations, or with a reduced χ2 greater than two, were not used in this study because their locations 

were considered less reliable.  The system mapped at most one VHF source per 80-μs window, 

giving a maximum rate of approximately 12,000 s-1. The LMA has been used in many studies to 

examine the three-dimensional and temporal structure of lightning during a storm’s lifetime (e.g. 

Krehbiel et al. 2000; Lang et al. 2004; MacGorman et al. 2005; Bruning et al. 2007; Riousset et 

al. 2007; Kuhlman et al. 2009).

The polarity and extent of charge through which lightning propagated were inferred from 

the sequence and density of points mapped by the LMA, as described by Wiens et al. (2005), 

Rust et al. (2005), and MacGorman et al. (2008).  Briefly, breakdown processes at the negative 
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end of the channel (which propagates mostly in regions of positive storm charge) tend to produce 

stronger signals in the VHF band than those produced by the positive end (which propagates 

mostly in negative charge regions), and so are almost always the first processes to be detected in 

a flash.  Because their signals tend to be stronger, negative breakdown processes produce many 

more mapped points.  The initial direction of channel development, the relative density of points, 

and the sequence of later channel development all are used to infer the charge polarity through 

which each channel propagates.  Additional information about this process is given by Shao and 

Krehbiel (1996), Rison et al. (1999), and MacGorman et al. (2008), and comparisons of the 

charge inferred from lightning with charge regions inferred from electric field soundings are 

provided by Coleman et al. (2003), Rust et al. (2005), and MacGorman et al. (2008).  An 

example of the storm charge inferred from a lightning flash is shown in Fig. 1.

c. Other datasets

National Lightning Detection Network (NLDN) data (Biagi et al. 2007) were used to 

identify which flashes struck ground, along with the polarity of charge lowered to ground and 

their ground strike locations.  NLDN detections were compared to LMA data to help 

discriminate between cloud and ground flashes with low peak currents (roughly, less than 15 

kA).  Smaller inferred peak currents tend to be associated with cloud flashes, although some 

valid ground flashes do have small peak currents.  Thirty-six negative (lowering negative charge) 

and 4 positive flashes (lowering positive charge) were detected in the data presented here.  All 

negative ground strikes after 2215 were less than 15 kA and were treated as false detections 

except where the LMA showed evidence of a negative leader propagating toward ground at the 

correct time and location during the overall flash duration.
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This study also made use of the 0000 UTC atmospheric sounding from the National 

Weather Service Forecast Office in Norman, Oklahoma (OUN) on 16 Aug 2006.  This sounding 

was chosen because of its proximity in space (<50 km) and time (1–2 hours after) to the storm.

3. Evolution of lightning and inferred storm charge structure 

a. Period 1: first flash rate increase (2220–2234 UTC)

Lightning activity throughout most of the storm’s lifetime is summarized in Fig. 2.  Fig. 3

shows a sequence of vertical cross sections of reflectivity spanning most of what is defined here 

as period 1, which spans from the storm’s initial radar echo through the first peak in lightning 

flash rates.  The storm’s initial reflectivity core was first detected at 2220 UTC, approximately 1 

km west of an existing storm, as shown in the first panel of Fig. 3. The relatively infrequent 

lightning flashes shown between 2210 and 2220 UTC in Fig. 2 and Fig. 4 were initiated by 

previous storms, including the older storm shown in Fig. 3. One valid negative ground flash (-

19.7 kA at 2214:36 UTC) was detected by the NLDN during this time, with the other lightning 

flashes likely being cloud flashes (i.e., flashes that did not reach ground).

The older storm shown in Fig. 3 (at radial distance 19–23 km in panels 2220:41–2225:53 

UTC) reached its maximum vertical extent and maximum midlevel reflectivity at 2220–2222 

UTC; flash rates increased between 2218 and 2222 UTC as this storm intensified.  The charge 

structure inferred from LMA data revealed that this storm had a classic tripole charge structure, 

with midlevel negative charge sandwiched between upper and lower positive charge (Fig. 5).  

The lower positive charge was between 2–5 km MSL; midlevel negative charge was between 6–

9 km MSL; and upper positive charge was above 10 km MSL.  The environmental freezing level 
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determined by the 0000 UTC sounding on 16 August 2006 was at an altitude of approximately 

4.5 km MSL, with the -10 and -20°C isotherms located at 6.5 and 8.3 km MSL, respectively.

After 2222 UTC, the older storm appeared to be dissipating, as its reflectivity >35 dBZ 

began decreasing in maximum height and descending to lower altitudes, where it expanded 

horizontally.  However, the new storm to its west grew rapidly during this period and merged 

with the dissipating storm.  Heinselman et al. (2008) noted radial divergence aloft and an 

increasing area and magnitude of convergence at low levels during this period, indicative of a 

strong updraft.  In the 8-min following the first detection of reflectivity in this new storm at 2220 

UTC, the lightning flash rate increased to approximately 220 flashes min-1 (Fig. 4), as the 

storm’s reflectivity increased in magnitude, altitude, and vertical extent (Fig. 3).  Of the flashes 

occurring between 2220–2234 UTC (Fig. 2), none were positive ground flashes, and two were 

negative ground flashes with peak currents of -7.8 and -9.2 kA indicated by the NLDN.  The 

LMA data for both of these ground flashes suggested negative leaders propagating toward the 

surface, consistent with identifying the flashes as ground flashes.  Such propagation was absent 

for twelve other NLDN detections, some of which had slightly larger peak currents than the two 

ground strikes we considered to be valid.

Because of the new storm’s close proximity to the older storm, it was difficult to tell 

when the new storm began initiating lightning, but lightning began involving the new storm at 

approximately the time that its 30-dBZ reflectivity appeared, shortly after 2220 UTC.  The 30-

dBZ reflectivity first appeared between 6–7 km MSL, at roughly -10°C, well below the -20°C 

isotherm at 8.3 km MSL.  Having lightning activity begin when a region of 30-dBZ reflectivity 

has reached only the -10°C isotherm is a lesser threshold than observed in many studies, 

although it is not unprecedented (section 7.18 of MacGorman and Rust 1998).  Furthermore, 
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lightning initiated elsewhere may propagate into a storm before it is electrified enough to initiate 

lightning itself (Lund et al. 2009).  The location of the storm’s initial reflectivity echoes above 

the freezing level means that ice was likely present, consistent with ice being important to cloud 

charging.

Analysis of LMA data suggests that lightning flashes that could be identified as 

beginning within the new storm often travelled into charge that remained in the older dissipating 

storm.  The LMA analysis suggests further that the new storm’s charge structure initially formed 

a negative dipole, with midlevel negative charge above lower positive charge.  The lower 

positive charge was present from the onset of lightning in the new storm (Fig. 5), initially at an 

altitude of 3–6 km, but increasing to 4–8 km by 2224 UTC as radar echoes increased to higher 

altitudes.  Similarly, the height of the midlevel negative charge was initially 6–8 km and 

increased to 8–10 km by 2224 UTC.  The upper positive charge shown in Fig. 5 at an altitude of 

10–13 km did not become apparent in LMA lightning data until after 2226 UTC, when 20-dBZ 

reflectivity began to extend above 10 km (Fig. 3).

Between 2226 and 2230 UTC, an upper band of unusual VHF radiation sources became 

visible in LMA data at a height of 13–15 km (Fig. 2).  This band occurred shortly after flash 

rates increased to more than 200 min-1 (Fig. 4), after the altitude of 35-dBZ reflectivity grew 

rapidly to 10 km MSL (2223:17–2225:53 UTC in Fig. 3), and while an adjoining bounded weak 

echo region (BWER) was developing (2225:53–2228:54 UTC in Fig. 3).  Heinselman et al 

(2008) reported development of an area of low-to-midaltitude convergence in radial velocity 

below the BWER during this same period.  Together these observations indicate that the storm 

updraft was intensifying and deepening.  The upper band of VHF radiation consisted of continual 

single radiation sources occurring at a rate of several per second, rather than consisting of the 
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episodic flashes of 10 or more VHF sources typically found at lower altitudes.  The upper band 

of VHF radiation existed for only 4 min, ending at 2230 UTC, when the tallest 35-dBZ turret had 

begun dissipating.  No radar reflectivities were clearly detected in the altitude band of the upper 

VHF sources, but 20-dBZ reflectivities extended up to at least 12 km and it is possible that still 

weaker storm reflectivities extended higher, but were obscured by the side-lobe contamination 

(Doviak and Zrnić 1993) apparent above the storm during this period.  Because the upper 

discharges disappeared as the tallest 35-dBZ turret began dissipating, it appears that their 

disappearance was caused by the cessation of a strong updraft pulse.

Flash rates stopped their rapid increase and leveled off between 2226–2234 UTC (Fig. 2

and Fig. 4).  As noted above, a BWER formed (at radial distance 13–16 km in Fig. 3) adjacent to 

the previous storm updraft during this period, indicative of a new updraft surge (Foote and Frank 

1983).  The region of >35-dBZ reflectivity above the BWER grew rapidly upward, reaching an 

altitude of 12 km by the end of the period at 2234 UTC.  At 2229 UTC and an altitude of 6–7 

km, reflectivity >60 dBZ and the TBSS began appearing—a signature of wet hail having formed 

(e.g., Zrnić 1987).  The maximum value of reflectivity and the depth both of highest reflectivity 

and of the TBSS increased in a region slanting downward and eastward from just above the 

BWER to the precipitation core below the older updraft.

From studies relating increasing flash rates to increasing updraft mass flux and to 

increasing graupel mass (e.g., Carey and Rutledge 1998, 2000; Wiens et al. 2005; Kuhlman et al. 

2006), one might expect that the flash rate would increase rapidly 2226–2234 UTC during the 

development of the BWER and the observed increase in the height of moderate to large 

reflectivities associated with a second updraft pulse.  We suggest two possible reasons why there 

was only a small increase in flash rates followed by a decrease to just under 200 flashes min-1
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during 2234–2236 UTC (Fig. 4), when the storm was still growing rapidly upward, as will be 

shown in section 3b.

The first possibility is that the development of a downdraft in the vicinity of the first 

updraft surge coincided with the development of the subsequent updraft surge.  The core of 

reflectivity >45 dBZ in the region of the first surge reached ground at approximately 2226 UTC 

and began spreading horizontally, until it extended below the first tower of strong reflectivity 

and the height of the tower began falling.  As a result, the increase in flash rate due to storm 

growth associated with the second surge may have been offset by the decrease in flash rates in 

the vicinity of the downdraft.  The second possible reason is related to the evidence for wet hail 

growth during this period.  The present paradigm for thunderstorm electrification is that it 

primarily involves field-independent charge exchange during rebounding collisions of riming

graupel and cloud ice in the mixed phase region (Saunders et al. 2004; Wiens et al. 2005; 

Saunders et al. 2006; MacGorman et al. 2008; Emersic and Saunders 2010).  If graupel is 

collecting supercooled water droplets fast enough to be in surface wet growth, cloud ice colliding 

with it will rarely, if ever, rebound.   The implication is that those parts of the mixed-phase 

region having a wet hail signature will produce little, if any, charge exchange between graupel 

and cloud ice, as observed in laboratory studies (Saunders and Brooks 1992; Pereyra et al. 2000). 

An additional consequence of increased collection efficiencies of colliding riming particles 

during wet surface growth conditions, particularly in the presence of large hail, is that the 

number of electrically significant particles will decrease, to further diminish collision-based 

charging processes. This interpretation is bolstered by the relative lack of lightning, sometimes 

called a “lightning hole,” above the BWER in the region having a wet hail signature (Fig. 6) 

from 2232–2234 UTC.   In this case, the lightning hole is not associated with a mesocyclone—
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contrary to all other examples of such a phenomenon available in the literature to date—but is 

associated with the wet hail signature.  The scenario of graupel wet growth is probably the main 

exception to the tendency for flash rates to increase with increasing growth of frozen 

precipitation in the mixed phase region.

b. Period 2: second flash rate increase (2234–2244 UTC)

During period 2, 2234:08–2244:05 UTC, Fig. 8 shows that the storm grew vertically to 

its highest altitude.  During 2236:44–2238:02 UTC, the 40-dBZ reflectivity reached 

approximately 14 km and 20-dBZ reflectivity reached 15 km.  After 2238:02 UTC, the 40-dBZ 

turret subsided to 12 km, while the region of >20-dBZ reflectivity began spreading horizontally 

to form an anvil at 8–14 km, much of the growth being in the volume having 30–40 dBZ 

reflectivity.  The region of largest reflectivity (>65-dBZ) and the TBSS marking the presence of 

large, wet hail, both descended throughout the period; the TBSS reached ground and disappeared

as this period ended.

The last updraft surge discussed previously appeared to change the charge structure of the 

storm substantially, but initially only within the updraft region.  Instead of the original upper-

level positive charge over a midlevel negative charge, the new charge structure had an upper-

level negative charge (11–15 km) over a deep midlevel positive charge (8–11 km) (Fig. 5).  In 

the region elevated by strong updraft, the lightning involved in this region initially became 

vertically compressed at a higher altitude (Fig. 2).  The midlevel positive charge region extended 

to lower altitudes to the south and east, while retaining the same maximum altitude (Fig. 5).  In a 

narrow (~3 km wide) region east of the BWER, outside the main updraft, the original positive 

tripole structure remained.  Combined, the charge regions in the new and old updraft surges 
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produced a horizontal double-dipole, with regions of opposite polarity charge horizontally 

displaced from each other at the same altitude.

By ~2240 UTC, the lofted charge structure having negative charge above positive charge 

became prevalent throughout the storm, overwhelming most of the previous region of upper level 

positive charge over midlevel negative charge.  The only remnants of the previous midlevel 

negative charge over lower positive charge were much shallower and lower in the storm, with 

negative charge at 5–6 km and positive charge at 4–5 km. All that was left of the previous upper 

positive charge region were some pockets of positive charge embedded within the new upper 

negative charge region, but south and east of the new updraft region (Fig. 5).  An analysis of the 

lightning channels in the upper storm regions, above the in-cloud structure of ground flashes, 

indicated that the channels propagated mainly through negative storm charge, suggesting that the 

anvil which formed around this time became predominantly negatively charged (Fig. 5).

For most of period 2, from 2236–2244 UTC, flash rates increased rapidly to their largest 

value of almost 450 flashes min-1 at 2242 UTC, more than doubling their previous value at 2234 

UTC (Fig. 4).  The large increase in flash rates probably was related to the large growth observed 

in the volume of the storm within 8–14 km MSL, which would be caused, at least in part, by an 

increase in the updraft mass flux from levels below 8 km.  Similar relationships of lightning flash 

rates with the volume of graupel mass and updraft mass flux have been noted, for example, by 

Wiens et al. (2005) and Kuhlman et al. (2006).

This period produced all four of the storm’s positive ground strikes and no negative 

strikes (Fig. 2).  The increase in ground flash rates was possibly related to the increasing volume 

of precipitation at middle levels of the storm, as found by MacGorman et al. (1989; 2007).  The 

storm's first positive ground strike was reported on the north side of the hail shaft at 2236:08 



16

UTC.  Its low peak current of +15.3 kA and LMA structure more similar to other negative dipole 

cloud flashes raise questions about the flash’s identification by the NLDN as a cloud-to-ground 

flash.  The remaining positive ground flashes identified by the NLDN during this period appear 

to be correctly identified.  Two positive strikes (peak currents of +133.9 and +107.4 kA at 

2240:20 and 2240:38 UTC, respectively) arose from positive leaders propagating through part of 

the small low region of negative charge extending southeast of the storm at 5–6 km MSL (Fig. 

5).  The final positive ground strike at 2242:17 UTC (peak current +66.6 kA) occurred on the 

north side of the storm. A positive leader propagated to the surface away from the flash origin at 

an altitude of 8 km; positive storm charge was generally inferred south of the flash origin at 5–9 

km.  The ground strikes during this time came to ground at the side of the hail shaft (Fig. 7), as 

observed by Changnon (1992).  Lightning similarly avoided a polarimetric signature of wet 

growth in Bruning et al. (2007).

One final observation during this most electrically active period of the storm’s lifetime 

was the reemergence of an upper band of continual single VHF radiation sources (Fig. 2).  The 

occurrence of this upper band of sources coincided well to the period when the storm had a small 

overshooting top (Fig. 8).  The upper radiation sources occurred continuously for 4 min, until 

2240 UTC, and ended when the height of the 40-dBZ reflectivity stopped increasing and began 

subsiding, and as the 15 dBZ top began leveling out, with the region of the former turret 

becoming almost indistinguishable from the anvil in reflectivity.

c. Period 3: flash rate decrease (2244–2258 UTC)

During this period, lightning flash rates diminished from their peak value to the end of 

lightning activity (Fig. 4).  The sequence of vertical cross sections in Fig. 9 shows that the 

maximum reflectivity and the maximum height of most reflectivity values decreased steadily 



17

during this dissipation period.  The upper band of isolated VHF sources had disappeared by the 

start of this period, and the altitude of larger VHF source densities also decreased (Fig. 2).  From 

the start of this period until lightning ceased, analysis of LMA data indicated that the negative 

dipole structure from the updraft surge was prevalent, but that charge regions descended by 

approximately 1 km (Fig. 2, Fig. 5).  No confirmed ground flashes occurred during this period.

4. Discussion and summary

This study examined lightning activity at 2218–2258 UTC on 15 August 2006 in an 

Oklahoma storm which produced hail aloft.  Rapid scans of reflectivity and radial velocity were 

acquired by the National Weather Radar Testbed Phased-Array Radar (NWRT PAR) in Norman, 

Oklahoma.  Total lightning activity was mapped in three dimensions by the Oklahoma Lightning 

Mapping Array (LMA), and cloud-to-ground lightning strikes were located by the National 

Lightning Detection Network (NLDN) and checked by comparing with LMA data.

The 26-s volume scans provided by the NWRT PAR revealed cycles of storm growth too 

rapid to be well resolved in the volume scans of WSR-88D and other conventional radars, which 

typically require ≥ 4 min per volume scan.  The >45 dBZ reflectivity cores of the storm that was 

the focus of our study appeared and grew to their maximum vertical extent in 8–10 mins—a 

period that would be sampled by at most two (and perhaps only one) complete volume scans of 

many traditional radars.  The NWRT PAR’s ability to determine the appearance and maximum 

vertical extent of a new reflectivity core to within less than 1 min was important for our study 

examining lightning trends that varied markedly over periods of 2–8 min relative to the growth 

and dissipation of storms.  Prominent observed lightning phenomena and their relationship to 

storm kinematics and microphysics are discussed in the following subsections.
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a. High-altitude bands of VHF radiation

One aspect of our study for which high-temporal resolution NWRT PAR data were

important was an analysis of a transient, upper band of VHF radiation consisting of a fairly 

steady rate of mostly single isolated VHF sources, which occurred during two episodes.  The 

initial occurrence of this band coincided with the initial strong, vertical growth of the hail-

producing storm.  The first upper band of isolated VHF radiation sources began when the region 

of 40-dBZ reflectivity reached a maximum altitude of approximately 10 km, and it ceased as the 

maximum height of 40-dBZ reflectivity began decreasing in the storm 3–4 min later.  (There was 

no upper band of VHF radiation for previous storms, which were shallower.)  This VHF 

radiation occurred at an altitude of ~13–15 km, above a vertically growing reflectivity echo, and 

was 1–4 km above the highest region of 30-dBZ reflectivity for the entire period of its 

occurrence.  It appears that the reflectivity at the location of most upper sources was below the 

minimum detectable level of the NWRT PAR, but it is possible that radar side-lobe 

contamination obscured some features near storm top in the vicinity of the upper VHF sources 

for at least part of the period.

The second transient upper band of isolated VHF sources began approximately 6 min 

later, when the 40-dBZ reflectivity echo of an updraft surge reached its maximum altitude of 

approximately 13 km, and again ended when the larger reflectivities began decreasing in the 

upper part of the storm 4 min later.  Like the first band, these VHF sources were at an altitude of 

approximately 15 km, but unlike the first band, 30-dBZ reflectivity extended up almost to 15 km 

throughout the period in which the band occurred.  Also unlike the first band, which appeared 

abruptly at 15 km, the second band appeared to be the apex of a rising relative maximum of 

lightning density (a feature Ushio et al. (2003) called a “lightning bubble”) which had begun 
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rising 2 min earlier from an altitude of approximately 11 km (Fig. 2).  There was also a 

coincident increase in the maximum height of larger reflectivities.  The high temporal resolution 

of NWRT PAR allowed us to directly observe this relationship between the high isolated VHF 

sources and the increasing altitude of the storm.

It is not clear from our data what caused this upper band of continual single radiation 

sources. The lower threshold for electric field breakdown at upper altitudes of the storm probably 

was a factor.  Taylor et al. (1984), who observed somewhat similar continual, scattered VHF 

sources in the upper part of a severe storm, suggested that the discharges occurred between the 

uppermost charge inside the thunderstorm and screening layer charge that formed on the cloud 

boundary (e.g., section 3.5.4, MacGorman and Rust 1998).  Regarding our observation of 

lightning in the overshooting top, it is possible that eddies along the cloud boundary may have 

folded screening layer charge into the cloud interior to interact with charge rising in the updraft 

and thereby to produce electric field magnitudes large enough to cause lightning.  Such a 

possibility is supported by the observations of Blythe et al. (1988) and Stith (1992), who used 

tracers to show that the upper cloud boundary is entrained into the upper cloud.  Polarimetric 

radar data or in-situ measurements may be needed to shed more light on this phenomenon.

b. Cloud-to-ground lightning

Only 37 ground flashes were reported by the NLDN in the storm analyzed here, and only 

six were confidently verified as ground flashes by comparison with associated LMA data.  Of the 

six likely ground flashes, the first two occurred during the first analyzed period of the storm (see 

section 3a) and lowered the usual negative charge to ground (negative ground flashes), with low 

peak currents of -7.8 and -9.2 kA (Fig. 2).  All four of the ground flashes that lowered positive 

charge (positive ground flashes, with peak currents of +15.3, +133.9, +107.4, and +66.6 kA, 



20

respectively) occurred during the second analyzed period (see section 3b), when the total flash 

rate grew to be much greater than the maximum observed during period 1.  The first positive 

ground flash occurred ~5 min before the main hail region was inferred from radar data to have 

reached ground, with the rest occurring as the hail was reaching ground, behavior similar to that 

observed by MacGorman and Burgess (1994).  No further ground flashes were detected during 

the rest of the storm’s lifetime.

As in the cases observed by MacGorman et al. (1981; 1983) and Wiens et al. (2005), 

lightning channels within the hail-producing storm analyzed here, including the in-cloud 

channels of cloud-to-ground lightning, tended to avoid a region of wet hail indicated by a TBSS 

and radar reflectivity >60 dBZ.  Bruning et al. (2007) made a similar observation of lightning 

tending to avoid a region of likely surface wet growth of frozen hydrometeors, but observed this 

in a small, nonsevere thunderstorm.  Similarly, we observed that lightning tended to strike 

ground to the side of the hail shaft, not within the hail shaft.  This finding is consistent with 

previous studies: Carey and Rutledge (1998), for example, noted that ground strike points in a 

severe Colorado hailstorm avoided regions of active hail fall.  In a study of Illinois hailstorms, 

Changnon (1992) found that lightning struck ground to the sides of hail streaks.

Negative ground flashes were initiated between a midlevel region of negative charge and 

a lower region of positive charge in period 1.  Positive ground flashes were initiated as the storm 

intensified between a new deep midlevel region of positive charge and a transient lower region 

of negative charge through which lightning leaders propagated to ground.  

The source of the lower positive charge thought to be necessary for producing most 

negative ground flashes (e.g. Jacobson and Krider 1976; MacGorman et al. 2001; Mansell et al. 

2002) has been a matter of some debate.  Marshall and Winn (1982) suggested that the lower 
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positive charge is deposited by lightning.  However, an initial lower positive charge was present 

from lightning onset in the storm we analyzed, as in the storm analyzed by Bruning et al. (2007)

and modeled by Mansell et al. (2010).  It is known from laboratory experiments that graupel 

tends to charge positively at higher temperatures (e.g. Takahashi 1978; Saunders and Peck 1998; 

Saunders et al. 2004; Emersic and Saunders 2010).  Thus, the lower positive charge region 

observed in period 1 of the storm was most likely caused by graupel that had interacted with ice 

crystals in environments warmer than roughly -10°C.  The development of the upper region of 

positive charge occurred later in period 1, after the lower two charge regions had already formed, 

and is consistent with many studies and observations suggesting that lighter ice crystals rising in 

the updraft were the charge carriers for the uppermost positive charge.

The lower negative charge thought similarly to be necessary to initiate most positive 

ground flashes (e.g. MacGorman et al. 2001; Mansell et al. 2002) appeared in this case to be the 

descending remnant of the previous midlevel negative charge region as the storm produced its 

first downdraft.  The positive charge through which positive ground flashes propagated was the 

deep midlevel region of positive charge elevated in the updraft surge during period 2 and had no 

low-level charge directly below it.  The greater height of the lowest charge in the updraft surge is 

consistent with the elevating effect of strong updrafts on charge height, suggested by 

MacGorman et al. (1989; 2005; 2007).  Several studies (e.g. Wiens et al. 2005; Williams et al. 

2005; Carey and Buffalo 2007) have suggested that strong broad updrafts are more conducive to 

the formation of midlevel positive charge, because laboratory studies (e.g. Saunders et al. 2004; 

Saunders et al. 2006; Emersic and Saunders 2010) have found that graupel tends to gain positive 

charge when interacting with ice particles in regions of relatively large liquid water content, 

across a broad range of environmental temperature.  MacGorman et al. (2008) noted that this 



22

process would produce a negative dipole charge structure, but that the midlevel positive charge 

could interact with a lower negative charge in adjoining storms to produce positive ground 

flashes, as observed in this case.  The complex temporal and spatial evolution of the charge 

regions throughout the storm’s lifetime is consistent with suggestions that the charge structure of 

a storm is not a product just of the charge generated locally, but also is a result of the history and 

transport of charge carriers in the cloud, as noted by MacGorman et al. (2008), Bruning (2008)

and Bruning et al. (2010).

Many thousands of flashes occurred in this storm, but less than 1% of the flashes were 

cloud-to-ground flashes. Several other studies (e.g. Rust et al. 1981; MacGorman et al. 1989; 

Carey and Rutledge 1998; Shafer et al. 2000) have similarly noted that cloud-to-ground flashes 

comprise only a small percentage of all flashes in many severe storms, particularly in storms 

whose vertical polarity of charge structure is opposite to the usual polarity (i.e., negative charge 

is uppermost in the main tripole or dipole involved in lightning, instead of the usual positive 

charge) or which produce ground flashes lowering positive charge to ground, instead of the usual 

negative charge.

MacGorman et al. (1989; 2005; 2007) suggested in other cases that the small fraction of 

flashes striking ground was caused by a severe storm’s very strong updraft.  The strong updraft 

lifted the formation and growth of the frozen hydrometeor charge carriers to higher altitudes than 

usual in storms, and caused the resulting charge to remain relatively high for substantial periods.  

Because cloud-to-ground flashes require not only a degree of electrification strong enough to 

initiate flashes, but a configuration of cloud charge that would cause a channel to propagate to 

ground, they argued that the higher altitude and close proximity of oppositely charged regions 

resulting from strong updrafts in severe storms were more favorable than usual for cloud flashes 
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and less favorable than usual for the formation of a cloud-to-ground channel.  MacGorman et al. 

(1989; 2005; 2007) also noted that cloud-to-ground lightning production may be inhibited in 

severe storms by the time required to form and transport downward the precipitation carrying the 

low-level charge region, which is needed to initiate lightning from the oppositely charged 

midlevel charge region.  These arguments are consistent with our findings of substantial cloud 

lightning during a time when an elevated and horizontal dipole charge structure was present (Fig. 

5), and with the increased lightning ground flash occurrence when transient lower charge regions 

were present as discussed above.

c. Total lightning relative to kinematics and microphysics

Our observations at early analysis times indicate that the extension of lightning to a new 

storm coincided with the appearance of a new region of 20–30 dBZ radar reflectivities above the

freezing level—a relationship suggesting ice presence was important to the storm’s 

electrification processes.  Our observations are consistent in that respect with numerous recent 

observational and laboratory studies, as discussed in the introduction section.  Lightning activity 

began, however, when the height of 30-dBZ reflectivity was below the -20°C isotherm, the 

threshold reported by several previous studies of winter thunderstorms in Japan (Michimoto 

1991; Kitagawa 1992; Maekawa et al. 1992; Michimoto 1993; Kitagawa and Michimoto 1994).  

It also is below the altitude range postulated by MacGorman et al. (1989) and Ziegler and 

MacGorman (1994), who suggested that the interacting ice hydrometeors needed to be located 7–

9 km above mean sea level (between -25 and -40°C) before lightning would occur.

This discrepancy may not reflect a physical difference among storms, however, because 

most of the above-referenced studies examined the beginning of lightning production by a storm, 

while our analysis examined the initial time lightning involved an updraft pulse that formed 
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within a few kilometers of an older updraft pulse that was already producing lightning.  The 

timing we observed suggests that electrification began by the time the 30-dBZ radar reflectivity 

reached the -20°C isotherm of the ambient environment (likely corresponding to a somewhat 

warmer level in the updraft region), but may not yet have occurred at a large enough rate to 

initiate lightning in an isolated storm when it first reached that altitude.  Lund et al. (2009)

showed that a cell embedded in a small squall line typically became involved in lightning at least 

10 min before it started initiating lightning and continued to be involved at least 10 min after it 

ceased initiating flashes.  This kind of interaction among cells makes the flash rates and spatial 

distribution of lightning appear more continuous than might be expected from the formation and 

dissipation of discrete cells.  Because many storms have multiple cells, such scenarios are likely 

common.

We observed two 6–10 min periods of rapid substantial increases in flash rates.  Both 

would satisfy some definitions for “lightning jumps,” which have been suggested as flags of 

storm intensification leading to increased probability of severe weather (e.g. Williams et al. 

1999; Schultz et al. 2009).  The first and smaller of the two increases in flash rates was not 

related to severe weather production at all, although it was related to storm growth.  The second 

increase in flash rates began a few minutes after the initial appearance of a signature of large, wet 

hail formation aloft (a TBSS and reflectivity >60 dBZ) and several minutes before the hail 

reached ground.   However, the process driving the increase in flash rates probably was not the 

growth of the large, wet hail itself, and the coincidence between the peak flash rate and the hail 

signature reaching the ground likely was accidental.  In fact, the appearance and initial growth of 

the region of wet hail initially corresponded to a leveling off and a decrease in flash rates, and 
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lightning flashes tended to avoid the region containing wet hail, probably because the charge 

density was smaller there (MacGorman et al. 1981; MacGorman et al. 1983; Williams 1985).

This region of lightning avoidance produced a feature like the lightning holes noted by 

studies (Krehbiel et al. 2000; MacGorman et al. 2005; MacGorman et al. 2008) of supercell 

storms, but unlike previously reported cases of lightning holes, the storm analyzed here was not a 

supercell storm having a mesocyclone.  This is the first published instance of a lightning hole 

involving a region of wet hail instead of a strong rotating updraft.

The flash rate increases coincided with two updraft pulses inferred from reflectivity and 

radial velocity observations, a relationship that is in full agreement with the findings of several 

studies (e.g. MacGorman et al. 1989; Ziegler and MacGorman 1994; Williams et al. 1999; 

Krehbiel et al. 2000; Goodman et al. 2005; Wiens et al. 2005).  Both flash rate increases 

probably were related to the observed rapid growth of storm volume and frozen precipitation, as 

suggested by these studies.  The second updraft pulse led to a substantially higher flash rate than 

the first.  This higher flash rate can likely be attributed to two factors: (1) the more rapid increase 

in the height and volume of the storm, which increased the volume of lightning activity indicated 

by the LMA data, and (2) the rapid substantial growth of frozen precipitation (particularly 

graupel) mass and volume (inferred from the growth in the volume and magnitude of moderate-

to-large reflectivities above the freezing level), which would be expected to increase 

electrification via field-independent interactions between graupel and ice crystals.  It is also 

possible that the large updraft magnitudes inferred from the rapid vertical storm growth brought 

what was normally a lower (midlevel) charge in close proximity to the midlevel (upper) charge 

of opposite polarity beside the updraft, and that the increase in electric field magnitude from this 

closer proximity enhanced the lightning production rate.  Note, too, that all theories for lightning 
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initiation have a lower threshold of electric field magnitude at higher altitudes, so all else being 

equal, less charge is required to initiate lightning at higher altitudes.  Thus, similar charging rates 

could lead to larger flash rates in taller storms.

The frequent volume scans provided by the NWRT PAR demonstrated here that using a 

peak in flash rates to identify the time of a relative maximum in storm intensity can be 

misleading in some circumstances.  It is true that the initial rapid increase in flash rates was 

indicative of storm intensification, but flash rates subsequently increased more slowly and then 

decreased as the storm’s first downdraft developed and an updraft surge began simultaneously.  

The offsetting growth and decay within the storm probably contributed to the timing of the peak 

in flash rates.  Another factor was the initial appearance and growth of a region in which a TBSS 

and reflectivity >60 dBZ indicated the growth of wet hail beginning in the second updraft surge.  

As discussed previously, graupel wet growth would not be expected to contribute to 

electrification by charge exchange during collisions with cloud ice, because the cloud ice rarely, 

if ever, rebounds under such conditions.  The existence of a local suppression of electrification is 

supported by the relatively short-lived “lightning hole” which was collocated with the region of 

wet hail in the mixed phase region (Fig. 7).   It is also likely that the number of electrically 

significant particles would be reduced due to increased particle coalescence in wet growth, and 

this would reduce the efficacy of charging processes and contribute to the lightning hole.  Thus, a 

significant portion of mixed-phase precipitation growth probably did not contribute to the 

storm’s electrification during the period of wet hail growth, and this likely contributed to the 2-

min decrease in flash rates which followed the initial peak and preceded the second, more rapid 

increase in flash rates.
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The above relationships suggest that lightning data provide additional information about 

storm intensification that could be useful to forecasters, with two cautions:

1. As an indication of sudden changes in the updraft mass flux through the mixed-phase region, 

rapidly increasing flash rates can be broadly useful in nowcasting increased potential for 

severe weather in the 0–20 min time frame, but in much the same way as hook echoes and 

mesocyclones are not direct indicators of tornadoes, lightning jumps should not be confused 

as an indicator of a severe weather phenomenon itself, as noted previously by Williams 

(2001). Schultz et al. (2009) show that a suitable algorithm for detecting lightning jumps can 

show positive correlation with severe weather reports under at least some scenarios, even 

though the electrical measurements do not directly detect the severe phenomena of interest. 

2. One must be somewhat cautious when interpreting peaks in flash rates.  Although each 

updraft pulse in a storm contributes additional electrification, the timing of major inflections, 

peaks, or minima in lightning flash rates of the storm overall can depend on the competing 

tendencies from co-evolving updrafts and downdrafts in different regions of the storm.  

Furthermore, one exception to the tendency for increasing electrification during precipitation 

growth in the mixed phase region appears to be the situation in which the surface of frozen 

precipitation becomes wet.  Thus, while a large rapid increase in lightning flash rates reliably 

indicates the growth of a storm through and above the mixed phase region, level or 

decreasing storm flash rates do not necessarily imply that updrafts or storms are in steady 

state or weakening.
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Figure Captions

Fig. 1. An example of using VHF sources mapped by the LMA to infer the storm charge 

structure involved in a flash.  Negative breakdown within positive charge (red dots) leads to 

many more VHF sources detected relative to positive breakdown in negative charge (blue 

dots).  The green dots indicate initial breakdown of a negative leader, in this case, propagating 

upward into positive charge.

Fig. 2. The altitude and time of VHF sources mapped by the LMA.  Individual black vertical 

line-like features denote individual flashes; during active periods, many such lines merge into 

general black regions.  Symbols on the horizontal axis represent suspected ground lightning 

strike times of a given polarity detected by NLDN; blue triangles represent negative ground 

strikes; magenta crosses represent positive ground strikes.  Solid red vertical line denotes start 

of period 1 of storm; dashed line represents start of period 2; dot-dash line represents start of 

period 3.

Fig. 3. First ~13 min of radar reflectivity data of the hail-producing storm on 15 Aug 2006 

constituting period 1 of the storm; for brevity,1-2 volume scans were skipped between each 

panel shown.  Each panel shows a vertical cross section of reflectivity (dBZ) taken along a 40-

km-long line along the azimuth through the storm’s early reflectivity core. Increasing 

horizontal axis values correspond to decreasing distance from the NWRT PAR (0 is 

approximately 50 km from the NWRT PAR).

Fig. 4. Time-series plot of flash rates determined from OK-LMA data of the three storm lifecycle 

periods analyzed for this study.
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Fig. 5. Summary of the vertical charge structure of the developing storm inferred from OK-LMA 

data during each analyzed period of its lifetime.  Box width is not related to relative spatial 

extent of charge regions; however, height is representative.

Fig. 6. Plan view plot of accumulated VHF sources from lightning in 20-s intervals during a 2-

min period of maximum presence of wet hail inferred from the highest radar reflectivities and 

a three-body scatter spike.  Absence of lightning can be seen within the hail region giving rise 

to a net ‘lightning hole’.  This is the first instance of a lightning hole associated with inferred 

wet hail presence instead of the strong rotating updraft of a mesocyclone.

Fig. 7. Radar and LMA lightning data overlay showing lightning surrounding the hail shaft,

where hail is inferred to be in wet growth due to the presence of the three-body scatter spike.  

Only lightning in the vicinity of the hail shaft is shown for clarity in viewing storm structure.  

The LMA data is taken from a 20-s period approximately during the time of the bottom right 

panel in Fig. 6 and correlates closely with the time of the radar image.  The distances shown 

are from the radar origin and not from the center of the LMA network.  The radar elevation 

here was 11 degrees, corresponding to an altitude of 7.5 km at the center of the lightning hole.

Fig. 8. Analogous to Fig. 3 showing radar reflectivity for period 2 of the hail-producing storm on 

15 Aug 2006.

Fig. 9. Analogous to Fig. 3 showing radar reflectivity for period 3 of the hail-producing storm on 

15 Aug 2006.
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Figures

Fig. 1. An example of using VHF sources mapped by the LMA to infer the storm charge structure 
involved in a flash.  Negative breakdown within positive charge (red dots) leads to many more VHF 
sources detected relative to positive breakdown in negative charge (blue dots).  The green dots indicate 
initial breakdown of a negative leader, in this case, propagating upward into positive charge.
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Fig. 2. The altitude and time of VHF sources mapped by the LMA.  Individual black vertical line-like 
features denote individual flashes; during active periods, many such lines merge into general black 
regions.  Symbols on the horizontal axis represent suspected ground lightning strike times of a given 
polarity detected by NLDN; blue triangles represent negative ground strikes; magenta crosses represent 
positive ground strikes.  Solid red vertical line denotes start of period 1 of storm; dashed line represents 
start of period 2; dot-dash line represents start of period 3.
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Fig. 3. First ~13 min of radar reflectivity data of the hail-producing storm on 15 Aug 2006 constituting 
period 1 of the storm; for brevity,1-2 volume scans were skipped between each panel shown.  Each panel 
shows a vertical cross section of reflectivity (dBZ) taken along a 40-km-long line along the azimuth 
through the storm’s early reflectivity core. Increasing horizontal axis values correspond to decreasing 
distance from the NWRT PAR (0 is approximately 50 km from the NWRT PAR).
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Fig. 4. Time-series plot of flash rates determined from OK-LMA data of the three storm lifecycle periods 
analyzed for this study.
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Fig. 5. Summary of the vertical charge structure of the developing storm inferred from OK-LMA data 
during each analyzed period of its lifetime.  Box width is not related to relative spatial extent of charge 
regions; however, height is representative.
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Fig. 6. Plan view plot of accumulated VHF sources from lightning in 20-s intervals during a 2-min period 
of maximum presence of wet hail inferred from the highest radar reflectivities and a three-body scatter 
spike.  Absence of lightning can be seen within the hail region giving rise to a net ‘lightning hole’.  This 
is the first instance of a lightning hole associated with inferred wet hail presence instead of the strong 
rotating updraft of a mesocyclone.
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Fig. 7. Radar and LMA lightning data overlay showing lightning surrounding the hail shaft, where hail is 
inferred to be in wet growth due to the presence of the three-body scatter spike. Only lightning in the 
vicinity of the hail shaft is shown for clarity in viewing storm structure.  The LMA data is taken from a 
20-s period approximately during the time of the bottom right panel in Fig. 6 and correlates closely with 
the time of the radar image.  The distances shown are from the radar origin and not from the center of the 
LMA network.  The radar elevation here was 11 degrees, corresponding to an altitude of 7.5 km at the 
center of the lightning hole.
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Fig. 8. Analogous to Fig. 3 showing radar reflectivity for period 2 of the hail-producing storm on 15 Aug 
2006.
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Fig. 9. Analogous to Fig. 3 showing radar reflectivity for period 3 of the hail-producing storm on 15 Aug 
2006.


