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ABSTRACT: On 31 May 2013, a line of severe thunderstorms developed during the local afternoon in
central Oklahoma, USA. One of the supercells produced the El Reno tornado, which caused significant
damage and killed several people. During the 2300 UTC hour (during the mature supercell stage and just
after the tornado began), the storm produced several positive cloud-to-ground (+CG) lightning strokes that
featured large (> 100 C km) impulse charge moment changes (iCMCs; charge moment during the first 2
ms after the return stroke). These discharges occurred mainly in convection, in contrast to the typical
pattern of large-CMC and sprite-parent +CGs occurring mainly in stratiform precipitation regions. After
this time, the line of thunderstorms evolved over several hours into a large mesoscale convective system
(MCS). By the 0700 UTC hour on 1 June 2013, the large-CMC pattern had changed markedly.
Large-CMC negative CGs, which were absent early in the storm's lifetime, occurred frequently within
convection. Meanwhile, large-CMC +CGs had switched to occurring mainly within the broad stratiform
region that had developed during the intervening period. The evolution of the large-CMC lightning in this
case will be examined using a mix of national mosaics of radar reflectivity, the Oklahoma Lightning
Mapping Array (OKLMA), the Charge Moment Change Network (CMCN), and the National Lightning
Detection Network (NLDN). A major goal of this study is understanding how storm structure and
evolution affected the production of large-CMC lightning. It is anticipated that this will lead to further
insight into how and why storms produce the powerful lightning that commonly causes sprites in the
upper atmosphere.
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INTRODUCTION

Large charge moment change (CMC) lightning has been intimately associated with the production of
sprites above thunderstorms. This is due to the high electrical stress exerted on the upper atmosphere by
the removal of hundreds (if not thousands) of C km in charge moment by powerful cloud-to-ground (CG)
lightning strokes in large storms such as mesoscale convective systems (MCSs) [Lyons et al. 2009].
However, sprite-producing lightning is only a subset of a larger family of rare but powerful lightning, and
little is known about the meteorology of all flavors of large-CMC strokes despite the fact that by definition
they play a disproportionate role in the global electric circuit. Since modern capabilities allow the
detection and geolocation of large-CMC strokes (hereafter assumed to mean > 100 C km, unless otherwise
indicated) over the United States [Cummer et al. 2013], recent investigations have started to examine the
meteorological context for these events, and an initial hypothesis has been developed [Lang et al. 2013;
Beavis et al. 2014]. In storms with normal polarity charge structures (i.e., mid-level negative charge),
large-iICMC positive (+) CGs are typically observed to occur in stratiform precipitation regions that are
adjacent to strong convection - for example, rearward of the convective line in the commonly occurring
leading-line, trailing-stratiform MCS. Most of these flashes would initiate between the mid-level negative
and upper positive charge regions in convection, and then escape to the stratiform region while gradually
descending (along known advection pathways for charged ice particles; e.g., Carey et al. [2005]) and then
finally coming to ground. Meanwhile, large-CMC negative (-) CGs are expected in the convective regions,
and also initiate between the upper positive and mid-level negative charge layers. However, instead of
traveling into stratiform precipitation they come to ground within convection, and overall have a similar
flash structure to a bolt from the blue [Lu et al. 2012].

On 31 May 2013, a line of severe thunderstorms developed during the local afternoon in central
Oklahoma, USA. One of the supercells produced the El Reno tornado, a large Enhanced Fujita scale 3
(EF3) multiple vortex tornado that caused significant damage and killed several people, including severe
storm researchers Tim and Paul Samaras, and Carl Young [Wurman et al. 2014]. After the supercellular
stage, the storm system grew upscale into an enormous MCS that affected several states. Due to its size,
severity, duration, and prolific lightning production in range of advanced lightning networks, the storm
provided an excellent test case for the previously discussed hypothesis describing large-CMC
phenomenology. The results confirm the basic model but also suggest some refinements are necessary.

DATA AND METHODOLOGY

Lightning data for this case came from several different sources. The Oklahoma Lightning Mapping
Array (OKLMA) [MacGorman et al. 2008] locates Very High Frequency (VHF) bursts from lightning,
enabling the mapping in three-dimensional space plus time. The National Lightning Detection Network
(NLDN) [Cummins and Murphy 2009] detects and locates both CG and intra-cloud (IC) lightning.
Detection efficiency is very high (> 95%) for CGs, but much lower for ICs. The Duke University Charge
Moment Change Network (CMCN) [Cummer et al. 2013] consists of two distantly spaced Extremely Low
Frequency (ELF) sensors that measure CMC from CGs that occur within the conterminous United States.
NLDN data are used to geolocate these strokes. The CMCN data used for this study provided impulse
CMC (iCMC) measurements, or the CMC within the first 2 ms of the return stroke. CGs with iCMCs
greater than 100 C km have an approximately ~10% chance to produce a sprite, while iICMCs > 300 C km
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are 75-80% likely to produce a sprite [Lyons et al. 2009]. Radar data were provided by the NOAA NSSL
Multi-Radar/Multi-Sensor System (MRMS) three-dimensional national radar mosaics [Zhang et al. 2011].
In order to limit the effects of the decline of OKLMA detection efficiency with increasing range, only
storms within at most 200 km of the OKLMA centroid were examined.

RESULTS

Overview

Analysis focused on the period from 2000 UTC on 31 May 2013 (before the initiation of any cells)
through 1000 UTC the next day (late in the MCS stage of the event, when it was exiting Oklahoma).
Figure 1 shows one hour of large-iCMC strokes overlaid on a representative radar mosaic from that time
period, early in the lifetime of the El Reno storm. This was during the supercellular stage, and included the
time period during which the storm produced the tornado (2303-2343 UTC). There are a number of
large-iCMC +CGs (> 100 C km) during the hour, almost all apparently associated with the convective
portion of the tornadic supercell, which happened to occur near the center of the OKLMA. There were no
large-iICMC -CGs within 200 km of the OKLMA. Many hours later (Fig. 2), the situation had changed.
The storm system had grown upscale into a large MCS. Convection along an east-west-oriented line
hosted a large number of large-iCMC -CGs, while most large-iCMC +CGs were found to the north in
stratiform precipitation, almost all of which were unfortunately out of range of the OKLMA.

Time Series Analysis

Time series for radar and lightning data are shown in Fig. 3. In general, both OKLMA total lightning
(Spearman rank correlation coefficient = 0.81) and NLDN total CG lightning (correlation = 0.91) were
well correlated with 40-dBZ radar echo volume (Fig. 3a). The reason for the reduced correlation with
OKLMA relative to NLDN was twofold. One, the OKLMA's detection efficiency near the effective
200-km limit of its range is greatly reduced while NLDN suffers no such degradation, and two, during the
tornado OKLMA total flash rate dropped sharply and remained quasi-steady, before recovering nearly
immediately after the tornado lifted. This behaviour appeared to be associated with the presence of a
lightning hole (Krehbiel et al. 2000), a common occurrence in thunderstorms with strong updrafts. One
might speculate that the strong vorticity associated with the tornado also helped reduce charging via
centrifugal ejection of larger hydrometeors from the mesocyclone region. Fig. 3b demonstrates that the
storm system was dominated by -CG lightning overall, though its relative fraction declined during the
analysis period as the storm grew upscale, developed significant stratiform precipitation area, and moved
out of range. This may indicate a combination of reduced flash rates in stratiform regions (Lang and
Rutledge 2008) as well as an increasing preference for +CG lightning in those same regions (Rutledge and
MacGorman 1988). Despite the -CG dominance, however, large-iCMC lightning was split nearly evenly
between the two polarities. There were 101 +CGs with iCMC > 100 C km during the analysis time,
compared to 98 -CGs with the same characteristics. The +CG and -CG totals with > 300 C km were 17
and 14, respectively. However, these showed an interesting bimodal behavior, with large-iCMC +CGs
favored earlier than large-iCMC -CGs. With both polarities, however, the > 300 C km CGs began to occur
only after several hours of > 100 C km activity. Since the storm grew upscale with time, this indicates the
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potential effects of lateral growth of charge layers in both convective and stratiform regions.

The OKLMA data were investigated in more detail, in order to better understand the reasons for this
large-iCMC behaviour. The storm can be subjectively split into two periods before and after ~0445 UTC.
Prior to that time, the mode of OKLMA source density remained mostly below 10 km above mean sea
level (MSL; Fig. 4a), and when the storm produced large-iCMC CGs they were mostly positive. After this
time, the OKLMA source density mode lifted above 10 km, and the storm began to produce almost
exclusively large-iCMC -CGs. Note how, in addition to flash rate, VHF source density also declined
during the tornado. Flash areas were computed using the convex hull method similar to Bruning and
MacGorman [2013] and displayed along OKLMA flash rate in Fig. 4b. After 0445 UTC, flash rate and
median flash area evolved in a quasi-anticorrelated manner, and this latter period was dominated by fewer
but larger flashes compared to pre-0445 UTC.

The median altitudes and convex hull areas of OKLMA sources associated with strokes featuring
iCMC > 100 C km were examined. In Fig. 5, in order to improve vertical resolution the range limit was
reduced to 120 km from OKLMA. This reduced the dataset to 55 +CGs and 18 -CGs. The differences in
altitude between the +CGs and the -CGs (Fig. 5a) is striking - the OKLMA-mapped portions of
large-iCMC +CGs rarely exceeded 8 km MSL while for -CGs the vertical range was 8-12 km. While
large-iCMC +CGs (Fig. 5b) sometimes featured large areas > 500 km?, the relative fraction of large-iCMC
-CGs above that threshold was much greater. The tendency for small-area, large-iCMC +CGs goes against
the conventional model of a large-CMC or sprite-parent +CG starting as a convective flash that then
propagates up to hundreds of km into stratiform precipitation before coming to ground [Lang et al. 2010].
This discrepancy will be examined later.

The iCMC > 300 C km strokes were examined in a similar manner (Fig. 6). However, due to the
small number of flashes the OKLMA range criterion was held at 200 km. This will likely slightly increase
source altitudes, increase source altitude uncertainty, as well as reduce the number of sources detected per
flash (possibly affecting convex hull areas) [Thomas et al. 2004], although Lang et al. [2010] found that
useful flash information can still be extracted beyond 120 km from OKLMA. Despite these issues, the
results are very similar to the > 100 C km strokes, except that now both flash polarities featured similarly
large convex hull areas (as well as featured large flash-to-flash differences in size for a common polarity).

Radar and Flash Structure

Turning now to individual flashes, a typical example of a large-iCMC +CG is shown in Fig. 7, while
a typical large-iICMC -CG is shown in Fig. 8. Much like the flash in Fig. 7, most large-iCMC +CGs were
found to occur along the edges of convective cores. Initiation was near mid-levels (~8 km), and lateral
propagation was minimal before striking ground. In many of these +CGs, sloped reflectivity structures
(Fig. 7c) suggested the possible existence of a tilted dipole [e.g., Carey and Rutledge 1998] that may have
exposed positive charge to ground. Alternatively, horizontal heterogeneities in charge structures, caused
by the turbulent dynamics of the supercell, may have enabled the formation of short-lived positive charge
pockets near mid-levels on the periphery of the thunderstorm core. Both of these interpretations are
consistent with the observed -CG dominance (Fig. 3a) and upper-level VHF source maxima (Fig. 4a),
which indicated the El Reno storm largely featured a normal polarity electrical structure with
predominantly mid-level negative charge. By contrast, typical large-iCMC -CGs (Fig. 8) were much larger
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than their +CG counterparts, despite still occurring in, or on the periphery of, convection. The altitude
difference is explained by the flash behavior, which suggests a bi-level structure very similar to IC flashes,
which then come to ground in a manner similar to bolts from the blue. This hybrid IC/CG behavior in
large-iCMC -CGs is very common and suggests that increased altitude is an important contributor to the
enhanced charge moment changes [Lu et al. 2012; Lang et al. 2013].

CONCLUSIONS

Late in its lifetime, the large-CMC lightning behavior in the El Reno storm largely fit the emerging
model to describe and explain the phenomenology of this powerful sub-class of lightning. To wit,
large-CMC negatives occurred mainly in convection and consisted of spatially large hybrid IC/CG flashes
with the bulk of their VHF sources occurring at high altitudes. Large-CMC positives were largely
confined outside of convection late in the storm's lifetime, unfortunately too far away for OKLMA to map
them. Thus, we cannot confirm their likely origin as convective ICs as well, which then escape laterally
and come to ground in the stratiform region [Lang et al. 2010]. However, the early portion of this storm
does not fit the model. Large-CMC +CGs occurred almost exclusively near convection. This occurred
despite the -CG dominance and normal electrical polarity of the storm, so it cannot be ascribed to
widespread anomalous electrification [e.g., Wiens et al. 2005]. What was found, however, was that these
rare but powerful +CGs occurred on the edges of cores, and thus may have benefitted by transient
exposure of positive charge to ground (e.g., tilted dipole) or heterogeneous development of small,
short-lived pockets of mid-level positive charge via complex interplay between the turbulent dynamics
and the microphysical structure of the supercell. Additional evidence for the latter is the occurrence of a
lightning hole that reduced flash rates and VHF source densities during the El Reno tornado.

The switch between this early large-CMC +CG period and the later large-CMC -CG behavior appears
to be related to the upscale growth of the storm from a line of supercells to a large MCS. This evolution
led to an increase in stratiform precipitation, an overall reduction of flash rates and volume of 40-dBZ
reflectivity, a reduction in relative -CG fraction, and an overall increase in flash area (particularly after
0445 UTC). In addition, a greater tendency for > 300 C km CGs to occur was observed as the storm aged,
and these "sprite-class" CGs [Beavis et al. 2014] generally propagated over larger areas than their > 100 C
km counterparts. During this aging process, after 0445 UTC, VHF source density modes moved to higher
altitudes, 10 km MSL or higher, and this was associated with increased large-CMC -CG activity -
consistent with the tendency for these powerful flashes to act as hybrid IC/CGs with bolt-from-the-blue
characteristics.

Finally, and perhaps most importantly, the results of this analysis clearly show that the behavior of
large-CMC lightning (even in more limited form with only impulse-CMC information) is clearly
diagnostic of important electrical (and by extension, kinematic and microphysical) changes within
thunderstorms. When large-CMC flashes occur, where they occur, and what polarity they are, all likely
provide information about thunderstorms that can be exploited to provide additional scientific
understanding. Future research to confirm and expand upon all of these findings is planned.
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FIGURES
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Figure 1. Composite reflectivity at 2300 UTC on 31 May 2013. Also shown are large (> 100 C km) positive iCMCs
(Xs) and large negative iCMCs (triangles) that occurred during 2300-0000 UTC (1 h). The dashed ring is 200 km
from OKLMA center.
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Figure 2. Same as Fig. 1 but for 0700 UTC on 1 June 2013, and with iCMCs during the 0700-0800 hour.
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(a) Echo Volume vs. Lightning (D <200 km)
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Figure 3. (a) Time series of 40 dBZ echo volume, total CG flash rate, and OKLMA total lightning flash rate within
200 km of the OKLMA center. The shaded region is the time of the El Reno tornado. (b) Similar to (a), but showing
positive and negative CG time series. The times of large-iCMC strokes, broken out by 100 and 300 C km thresholds,

are indicated above the time series.
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Figure 4. (a) Time-height contour plot of VHF source density from the OKLMA. Also shown are the large-iCMC
stroke times as in Fig. 3b. (b) Time series of OKLMA median flash area and total flash rate. The lighter curves are

1-min resolution, while the darker curves are 5S-minute running means. The time of the El Reno tornado is shown by
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the shaded region in each subplot. The vertical dashed line is used to subjectively indicate where a significant change

in lightning behavior began to occur.

(a) Median Altitude (iCMC >100 C km & Range <120 km)
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Figure 5. (a) Times and median altitudes of large-iCMC strokes. Thresholds were 100 C km iCMC and 120 km
distance from OKLMA. El Reno tornado time is shaded. (b) Similar to (a) but for convex hull flash area.
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Figure 6. Same as Fig. 5 but now the thresholds are iCMC > 300 C km and OKLMA distance < 200 km.
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(a) 05/31/2013 23:15:19 UTC (b) 121 C km, Lat=35.44
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Figure 7. Typical example of a large-iCMC +CG (121 C km). The flash occurred at the indicated time, with radar
data coming from 2315 UTC. (a) Plan view with composite radar reflectivity (filled contours), OKLMA sources
(black dots), convex hull (black line), flash initiation point (white diamond), and +CG location (gray X). The dotted
gridlines are spaced 0.1° apart. (b) Similar to (a), but now a vertical cross-section through the median location of all
OKLMA sources, at the indicated constant latitude. (¢) Same as (b) but for the indicated constant longitude.

(a) 06/01/2013 09:00:17 UTC (b) -341 C km, Lat=35.71
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Figure 8. Same as Fig. 7 but now for a typical large-iCMC -CG (-341 C km). The -CG strike is indicated by the gray
triangle, and the dashed curve in (a) is part of the 200-km range ring from OKLMA. Radar data are from 0900 UTC.
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