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Transient luminous events above two mesoscale convective
systems: Storm structure and evolution
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[1] Two warm-season mesoscale convective systems (MCSs) were analyzed with respect
to their production of transient luminous events (TLEs), mainly sprites. The 20 June 2007
symmetric MCS produced 282 observed TLEs over a 4 h period, during which the storm’s
intense convection weakened and its stratiform region strengthened. TLE production
corresponded well to convective intensity. The convective elements of the MCS contained
normal-polarity tripole charge structures with upper-level positive charge (<—40°C),
midlevel negative charge (—20°C), and low-level positive charge near the melting level.
In contrast to previous sprite studies, the stratiform charge layer involved in TLE
production by parent positive cloud-to-ground (+CG) lightning resided at upper levels.
This layer was physically connected to upper-level convective positive charge via a
downward sloping pathway. The average altitude discharged by TLE-parent flashes during
TLE activity was 8.2 km above mean sea level (MSL; —25°C). The 9 May 2007
asymmetric MCS produced 25 observed TLEs over a 2 h period, during which the storm’s
convection rapidly weakened before recovering later. Unlike 20 June, TLE production
was approximately anticorrelated with convective intensity. The 9 May storm, which also

had a normal tripole in its convection, best fit the conventional model of low-altitude
positive charge playing the dominant role in sprite production; however, the average
altitude discharged during the TLE phase of flashes still was higher than the melting level:
6.1 km MSL (—15°C). Based on these results, it is inferred that sprite production and
sprite-parent positive charge altitude depend on MCS morphology.
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1. Introduction

[2] Sprites, a class of transient luminous event (TLE)
that occurs above thunderstorms, are thought to result from
dielectric breakdown at approximately 75 km height [Stanley
et al., 1999]. Breakdown is induced by a strong transient
electric field resulting from the removal of large amounts
of charge in a cloud-to-ground (CG) lightning flash [Pasko
et al., 1996, 1997; Williams, 2001]. As initially suggested
by Wilson [1924], an important metric in this process is the
charge moment change (CMC):

AM,(t) = Zq(t) x Q(t) (Ckm), )
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where Z, is the altitude (above ground level, AGL) from
which the charge Q is lowered to ground, both as functions
of time ¢. Various studies have suggested that for such
breakdown to occur, total AM, values would need to be
at least on the order of hundreds of C km [Bell et al., 1995;
Pasko et al., 1997, Huang et al., 1999; Williams, 2001;
Cummer and Lyons, 2005]. These values are extremely large
compared to typical CG strokes [Cummer and Lyons, 2004].

[3] As reviewed by Williams and Yair [2006], in order to
achieve these large CMC values, the present paradigm for
sprite production in warm-season thunderstorms is the dis-
charging of hundreds of C of positive charge within a lat-
erally extensive layer near 0°C in the stratiform region of a
mesoscale convective system (MCS) [Houze et al., 1990] by
energetic positive CG (+CG) lightning [Marshall and Rust,
1993; Boccippio et al., 1995; Lyons, 1996; Marshall et al.,
1996; Williams, 1998; Marshall et al., 2001; Williams,
2001; Lyons et al., 2003]. Such lightning often propagates
along cloud base and is called “spider lightning” [Marshall
et al., 1989; Mazur et al., 1995, 1998].

[4] However, balloon-borne electric field meter measure-
ments have established that multiple positive charge layers
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can exist with the stratiform region of an MCS [Chauzy et
al., 1985; Schuur et al., 1991; Marshall and Rust, 1993;
Stolzenburg et al., 1994, 1998, 2001]. In addition, the
number and altitudes of the positive charge layers appear to
depend on MCS morphology, with differences seen between
asymmetric and symmetric MCSs [Schuur and Rutledge,
2000a], as well as between bow echo, “squall line,” and
predominantly stratiform MCSs [Marshall and Rust, 1993].

[5] Indeed, in recent years three-dimensional lightning
mapping studies have shown that stratiform lightning can
propagate in different positive layers. One of these is an
upper-level (<—20°C), often downward sloping layer [Carey
et al., 2005; Dotzek et al., 2005; Steiger et al., 2007; Ely
etal., 2008; Lang and Rutledge, 2008; MacGorman et al.,
2008]. Another is a midlevel layer near —10 to —15°C [Lang
et al., 2004; Carey et al., 2005; Lang and Rutledge, 2008;
MacGorman et al., 2008; Lu et al., 2009]. Finally, laterally
extensive positive charge near 0°C can be active in lightning
[Carey et al., 2005; Lang and Rutledge, 2008], including
sprite-parent lightning [Lyons et al., 2003]. It is this last
layer that best fits the current paradigm for sprite-parent
lightning.

[6] However, while the near-0°C layer has been observed
to be involved in the initiation of stratiform lightning [Lang
and Rutledge, 2008], it is not always observed as the most
active stratiform lightning pathway. For example, the sym-
metric MCS studied by Carey et al. [2005] had the most
lightning occurring along the upper pathway, while the
asymmetric MCS studied by Lang et al. [2004] and Lang and
Rutledge [2008] had the midlevel pathway as the most elec-
trically active. Ely et al. [2008] inferred that the slope and
altitude of lightning-active charge layers in the stratiform
region may depend on updraft-influenced microphysical
processes there. In addition, energetic and likely sprite-
producing +CGs in MCSs studied by Marshall et al. [2001]
and Lu et al. [2009] did not propagate at 0°C. Therefore, it
is hypothesized that sprite-parent +CG lightning can tap
charge layers other than one near 0°C. Additionally, the
specific layer that is discharged may depend on MCS
morphology.

[7]1 While it is well known that the typical meteorological
scenario for sprites involves MCSs with both ongoing
convection and laterally extensive stratiform rain areas
[Lyons, 2006], the relationships between sprite production
and convective intensity, the microphysical structure of the
stratiform region, and MCS organizational structure remain
uncertain. Lyons [1996] found little direct correlation be-
tween CG rate and sprite production, as sprite production
peaked ~1 h later than the CG peak. Assuming CG rate is an
approximate measure of convective intensity in MCSs, this
suggests that sprite production is not directly correlated with
convective intensity. These results are supported by Lyons et
al. [2003], who noted a significant descent in the altitude of
lightning activity before sprite production began as low-
level discharges associated with the melting layer began to
dominate within the stratiform region.

[8] However, such a result may depend critically on the
preferred initiation locations for sprite-parent lightning.
Lang et al. [2004] noted that stratiform +CG lightning can
initiate both within the convective line as well as within the
stratiform region. If sprite parent lightning typically initiates
in the convective line, it is reasonable to expect that total
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flash rate in this convection, a direct measure of its intensity
[Williams et al., 1999], could modulate sprite production in
an MCS. This would be particularly true if the lightning
traveled through the upper-level charge layer, since this
appears to be fed via charge advection from the convective
line [Rutledge and MacGorman, 1988; Stolzenburg et al.,
1994, 2001; Carey et al., 2005].

[o] If most sprite parents initiate within the stratiform
region, then sprite production may depend on in situ charg-
ing there [Marshall and Rust, 1993; Rutledge and Petersen,
1994; Stolzenburg et al., 1994; Shepherd et al., 1996], and
thus would depend on significant microphysical develop-
ment within the stratiform region, a process that occurs late
in MCS lifecycles. This would match the observed behavior
of both stratiform-initiated lightning [Lang et al., 2004;
Lang and Rutledge, 2008], as well as sprite production in
general.

[10] Both charge advection and in situ charging are
important in MCS stratiform regions [Stolzenburg et al.,
1994; Schuur and Rutledge, 2000b], and these two pro-
cesses may account for different charge layers [Shepherd
et al., 1996; Carey et al., 2005; Lang and Rutledge, 2008]
as well as different classes of stratiform +CG lightning
[Rutledge et al., 1990]. Therefore, it is hypothesized that the
relationships between sprite production and MCS intensity
and structure may be complex, and may depend on the
dominant sprite-parent charge layer, and on the dominant
physical process (charge advection or in situ) that led to the
creation of that layer.

[11] On 9 May and 20 June 2007, TLE-producing MCSs
were observed over central Oklahoma. In this paper, the
structure and evolution of these two storms are examined
in detail, in order to investigate the scientific questions that
have been raised regarding MCS morphology, the dominant
charge altitude for sprite-parent lightning, and the relation-
ship between MCS intensity, structure, and sprite production.

2. Data and Methodology

2.1.

[12] Figure 1 shows key components of the observing net-
work for 9 May and 20 June storms, which occurred during
a field experiment informally titled Sprites 2007. The avail-
able instrumentation included several radars, geostationary
satellite observations, forecast model output, video cameras
to capture TLEs, a network of charge moment change sen-
sors, a very high frequency (VHF) three-dimensional (3-D)
lightning mapper, and a CG lightning detection network.
Each component of the observing network will be discussed
individually. Data analysis focused on the 03—05 UTC time
period for 9 May and 03—07 UTC on 20 June, when TLEs
were observed.

Overview

2.2. Radars

[13] Reflectivity data from the Weather Surveillance Radar
88 Doppler (WSR-88D) network were used to characterize
the structure and evolution of the MCSs. The 9 May storm
was relatively small, and data from a single radar at Okla-
homa City, OK (KTLX), were used. The 20 June storm was
extremely large, and thus data from several radars were
merged to create a 3-D mosaic. These radars included
KTLX; Vance Air Force Base, OK (KVNX); Tulsa, OK
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Sprites 2007 Observing Network
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Figure 1. (a) Large-scale map of the Sprites 2007 observing network. Shown are the locations of
YRFS (LLTV cameras and CMC sensor) and Duke (CMC sensor), along with their nominal CMC sensor
ranges (2000 km; dashed circles). Also shown are the 100 and 200 km range rings for the OK-LMA
(gray circles) and the locations of the WSR-88D radars used in this study (diamonds). (b) Zoomed-in
version of the map focusing on Oklahoma and Texas.

(KINX); Frederick, OK (KFDR); Dodge City, KS (KDDC);
Amarillo, TX (KAMA); and Lubbock, TX (KLBB). See
Figure 1 for the locations of these radars. The radars pro-
vided full-volume coverage every 5-6 min.

[14] Reflectivity data from each radar’s scan volume were
interpolated to a Cartesian grid using the National Center for
Atmospheric Research REORDER software (http://www.
eol.ucar.edu/rdp/home/reorder.html). A Cressman [1959]
filter with a 1° elevation and azimuth radius of influence
was used during this process. The Cartesian grids were
spaced 2 km by 2 km in the horizontal and 1 km in the
vertical.

[15] On 20 June, gridded data from the seven radars were
merged in the following manner. The KTLX radar volumes
were used as the centerpiece of comparison for an 8 h period
(00-08 UTC) to capture the full evolution of the storm. If
another radar’s volume started within 2.5 min of the KTLX
volume start time, it was included in that time’s mosaic.
Occasionally, small gaps occurred with individual radars
due to data availability or scan timing differences. Most
of these occurred before TLE monitoring had begun. No
multiple-radar gaps occurred. The weighting function (w)
used to merge reflectivity data in the mosaics was the one
recommended by Zhang et al. [2005]:

w = exp(—d*/R?), (2)

where d was distance to the grid point, and R was 50 km.

[16] In the final grids, convective/stratiform partitioning
was performed on the z = 3 km above mean sea level
(MSL) grid level following the methodology of Yuter and
Houze [1998], with no tuning of parameters. This objective
classification scheme showed excellent agreement with
subjective visual classification, and successfully identified
convective lines, as well as embedded convection in the
stratiform regions.

2.3. Video TLE Monitoring

[17] Routine surveillance of warm-season TLE-producing
storms at Yucca Ridge Field Station (YRFS) in Colorado
has continued since 1993 using a variety of low-light tele-
vision (LLTV) cameras. During 2007, a Watec 902H U
camera with a wide-angle (6.0 mm, ~55° horizontal field of
view) /0.8 lens was mounted in a steerable camera housing
allowing orientation toward TLE-producing systems. A
global positioning system receiver and video time-stamping
system imprinted ms-resolution time hacks on each 16.7 ms
video field, allowing maximum TLE temporal discrimina-
tion. On 9 May and 20 June 2007, at YRFS the cloud-free
lines of sight and excellent visibility were typical of those
occasions on which sprites can be observed rising from
below the horizon at ranges beyond 800 km. The estimated
optical detection efficiency for TLEs above the storms
during both nights was over 90%, consistent with the long-
term experience in monitoring TLEs at YRFS. The LLTV
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field of view was sufficiently wide to encompass all of the
MCSs on both dates.

2.4. National Lightning Detection Network

[18] National Lightning Detection Network (NLDN) stroke-
level data were used in this study. The NLDN can misclas-
sify intracloud (IC) flashes as +CGs, and so +CGs with peak
currents under 10 kA were not considered [Cummins et al.,
1998]. Parent CGs were matched to observed TLEs via the
methodology of Lyons et al. [2003, 2008], which compared
TLE timing and azimuth to NLDN strike timing and location.
Not all TLE-parent +CGs were detected by the NLDN. Only
230 of 282 observed TLEs on 20 June had a detected +CG
parent (82%), while 23 of 25 observed TLEs on 9 May were
matched to a detected parent +CG (92%). Therefore, the
analysis in this study was confined to only TLEs with a
detected parent +CG flash. This does not imply that some
TLEs were IC-produced, as NLDN detection efficiency is
below 100% and TLE parent CGs may have complex wave
forms (K. Cummins, personal communication, 2009).

2.5. Charge Moment Change Network

[19] A prototype Charge Moment Change Network
(CMCN) with essentially national coverage (Figure 1) was
established by placing two highly sensitive broadband mag-
netic sensors (ultralow through very low frequency, <1 Hz
to 30 kHz) at YRFS and Durham, NC (Duke University).
The details of this system are discussed by Lyons et al.
[2009]. Real-time processing retrieved the impulse charge
moment change (1IAM,), which is the charge moment change
contributed within the first ~2 ms of the CG discharge
[Cummer and Lyons, 2005]. These time-tagged iAM, events
were geolocated via temporal matching with NLDN CGs
of the appropriate polarity. Web-based displays, updated
every 5 min, allowed identifying storms generating potential
sprite-parent CGs, typically positive iAM, events >100 C
km, with more than 60-80% producing optically confirmed
TLEs when values were >300 C km. While real-time data
were utilized in the detection of TLEs (e.g., the CMCN
display was very valuable in orienting the camera toward
TLE-producing regions), detailed analysis of the CMC data
will appear in a subsequent paper.

2.6. Three-Dimensional VHF Lightning Mapping
Array

2.6.1. Overview

[20] The Oklahoma Lightning Mapping Array (OK-LMA)
is a time-of-arrival 3-D lightning mapping system developed
by the New Mexico Institute of Mining and Technology
(NMIMT), and operated by the University of Oklahoma,
the National Severe Storms Laboratory, and NMIMT
[MacGorman et al., 2008]. The OK-LMA maps lightning
by receiving radiation produced in a specific VHF band
as a flash develops. Flashes commonly consist of tens to
thousands of individual VHF sources. The design, opera-
tion, and accuracy of LMAs has been discussed extensively
by Rison et al. [1999], Krehbiel et al. [2000], and Thomas et
al. [2004], and this section will focus only on details rele-
vant to the present study.

[21] Only VHF sources detected by at least 7 stations were
examined, and goodness-of-fit values (y?) were required
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to be < 1.0 in the source location solutions. These criteria
allowed excellent 3-D visualization of flashes while mini-
mizing the influence of noisy or poorly located sources,
similar to the methodology of Lang and Rutledge [2008].

[22] MacGorman et al. [2008] noted that the 3-D map-
ping of lightning flashes by the OK-LMA is optimal within
100 km of the network center, while two-dimensional (2-D)
mapping is optimal within 200 km range. The present
study considered a massive MCS that spanned two states
(20 June). Notably, only a portion of the 20 June storm was
within 200 km of the OK-LMA center at any one time.
Therefore, the total lightning mapping of the 20 June storm
was limited. Moreover, most TLE-parent lightning covered
large horizontal distances (~100 km or more in the largest
dimension). Therefore, the mapping quality of individual
TLE-producing flashes varied depending on the particular
flash or flash section being examined. The resolution of the
OK-LMA, and its impact on this study’s results, are treated
in more detail in Appendix A.

2.6.2. Flash Analysis

[23] TLE-parent flashes were manually identified and
isolated using NMIMT’s XLMA lightning viewing soft-
ware. The source data associated with each flash (i.e.,
time, altitude, latitude-longitude coordinates) were saved for
later analysis with in-house Interactive Data Language
(IDL) programs. For 20 June, TLE-producing flashes with
detected parent +CGs within 175 km of the LMA center
were analyzed (49 total TLE-producing +CGs). For 9 May,
the furthest TLE-parent +CG was 93 km, and so all detected
TLE parents were analyzed (23 total).

[24] Various parameters were computed for each flash.
Initiation height (Zpt) Was taken from the mean location
of the first 10 sources. Initiation reflectivity was obtained
from the radar grid point containing this location, and CG
reflectivity was taken from the near-surface reflectivity at
the strike grid point. Time to CG was the time between
flash initiation (in the VHF data) to CG strike time. Flash
area was the area of the smallest rectangle containing all
VHF sources in a flash. Height of the flash during the
TLE (Ztpg) was the mean of all sources after the parent
+CG through the end of the TLE time. This was essen-
tially an estimate of Z, in equation (1) [Lyons et al., 2003].
To ensure nearly normal statistics, a minimum of 30 sources
were required to compute Zr g [Walpole et al., 2002]. If
fewer sources were available (which happened for 13 total
TLEs), the time period was extended until 30 sources were
obtained. If the end of the flash was reached beforehand
(which happened with one TLE), then the difference was
made up with sources immediately prior to the parent CG.
For context, the average number of sources contributing to
Ztrg on 20 June was 250 (the mean for 9 May was 440).
This methodology was similar to that used by Lyons et al.
[2003, 2008] for calculating Z.

[25] Some 20 June LMA-mapped flashes produced more
than one TLE-parent +CG. In these circumstances, two
separate estimates for unique parameters such as Zr g were
kept, while duplicate parameters such as Zyyt were counted
only once.

2.6.3. Charge Identification

[26] Manual charge identification using the LMA data

was performed following Rison et al. [1999], Rust et al.
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[2005], and Wiens et al. [2005]. This technique assumed
the bidirectional electric field breakdown model for light-
ning discharges proposed by Kasemir [1960] and further
advocated by Mazur and Ruhnke [1993]. It was based on
the fact that negative breakdown through positive charge
layers is inherently more noisy at VHF than positive
breakdown though negative charge, leading to more VHF
sources being detected in positive charge layers than in
negative [Rison et al., 1999]. The technique usually assigned
charge for a flash within a charge dipole based on the
initial vertical direction of the negative leader discharge. If
upward, then the dipole was assumed to be positive charge
over negative charge; if downward, the opposite. Relative
distribution of VHF sources with altitude also was used to
help identify charge layers. This technique shows good
agreement with charge distributions inferred from balloon-
borne electric field soundings [Coleman et al., 2003; Rust et
al., 2005; MacGorman et al., 2008], and it has been suc-
cessfully applied by other researchers [Wiens et al., 2005;
Lang and Rutledge, 2008] to infer physically reasonable
gross charge distributions in thunderstorms. Due to the
large number of flashes in this MCS, charge was sorted
only for select flashes.

[27] When manual sorting was not feasible, charge iden-
tification was done by examination of VHF source density
maps for LMA-visible portions of the MCS during specific
time periods. This methodology was based on the afore-
mentioned results of Rison et al. [1999] and has been used
to infer physically reasonable charge distributions by Carey
et al. [2005]. Regions of maximum source density typically
were attributed to the presence of positive charge. However,
this was not always the case, and hand analysis of select
flashes was used to confirm all inferences.

[28] LMA-based charge identification is limited by the
fact that only charge involved in lightning can be mapped.
In addition, charge does not always exist in regions where
LMA sources propagate (particularly when LMA sources
exist in gaps between charge layers, e.g., the initiation
location of an IC flash). Finally, care needs to be taken in
interpreting data containing large numbers of flashes, due to
horizontal heterogeneity in charge structure or the presence
of thin, vertically stacked layers of opposite charge.

2.7. Other Data

[20] Large, warm-season MCSs over the U.S. High Plains
appear to be among the most efficient at generating light-
ning discharges meeting the requirements for sprites, halos,
and elves [Lyons, 2006]. Fifteen years of monitoring and
forecasting experience has demonstrated that TLEs are
increasingly likely when the —50°C cloud area associated
with an MCS exceeds 25,000 km? with the coldest tops
often —60°C or less. The MCS also must possess a large
region of stratiform precipitation (>10-20 x 10° km?), and
a smaller, intense convective core with peak reflectivities
>55 dBZ [Lyons, 2006; Lyons et al., 2006]. Therefore, real-
time weather data, such as infrared brightness temperature
data from the Geostationary Operational Environmental
Satellite (GOES) network, routine output from the Rapid
Update Cycle (RUC) weather forecast model [Benjamin et
al., 2004a, 2004b], and national mosaics of WSR-88D
reflectivity, were used to identify and characterize TLE-
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producing storms. In addition, 00 UTC Oklahoma City
sounding data on 9 May and 20 June were used to char-
acterize temperature levels.

3. Results

3.1. Overview of Cases

3.1.1. The 20 June 2007 Case

[30] The meteorological context for this case has been
discussed previously by Lyons et al. [2009]. The basic
structure of the storm, which experienced a merger between
two separate MCSs during its lifetime, defined it as a
symmetric leading-line/trailing stratiform MCS (Figure 2)
[Houze et al., 1990]. It was partially contained within the
OK-LMA domain during much of the TLE observing period
(03—07 UTC). Though not discussed in detail here, the
MCS qualified as a mesoscale convective complex (MCC)
[Maddox, 1980], and was perhaps the largest MCC of the
season in the central U.S.

[31] Horizontal and vertical evolution of radar echoes in
the convective and stratiform regions of the MCS were
examined in more detail (Figure 3). The TLE observing
period was characterized by intense but gradually weaken-
ing convection, while the stratiform region was intensifying,
a classic pattern in MCSs [Houze et al., 1990]. Stratiform
area more than doubled over the analysis period, while
convective area stayed nearly constant.

3.1.2. The 9 May 2007 Case

[32] On 9 May 2007, a persistent upper-level trough
over the Rockies sent a wave of storms into western Texas,
which evolved upscale into MCSs while moving northeast
into Oklahoma. GOES and KTLX radar imagery showed
that a large storm system was centered over the OK-LMA
by 03 UTC (Figure 4). The —50°C cloud canopy area
(61,000 km?) during 04-05 UTC exceeded sprite criteria, as
did peak convective radar reflectivity and stratiform radar
echo area (Figure 5).

[33] The structure of this storm (Figure 4) classified it
as an asymmetric MCS [Houze et al., 1990], consisting of
a convective line to the southeast, with a stratiform region
to the northwest. Radar imagery loops showed that the
northern stratiform region was rotating cyclonically as a
mesoscale convective vortex (MCV) [Smull and Houze,
1985; Scott and Rutledge, 1995; Davis et al., 2004]. The
MCV also contained disorganized embedded convection
(Figure 4), which was the remnant of the northern portion
of the original convective line that was wrapped up by the
MCYV prior to 03 UTC.

[34] By 05 UTC, RUC-estimated CAPE in the region rap-
idly depleted to values below 1500 J kg™'. After 0430 UTC,
cloud tops began to subside, and TLE production ended
shortly after 05 UTC. During much of the TLE observing
period (03—05 UTC), the vertical radar structure of the storm
gradually weakened, although areal coverage remained rel-
atively stable (Figure 5). However, despite the subsiding
cloud tops, there was an increase in convective intensity
after 0430 UTC (Figure 5b).

3.2. CG and TLE Observations

3.2.1. Observations on 20 June 2007
[35] The hourly evolution of CG and TLE-parent CG
strike locations on 20 June is shown in Figure 6. CG strikes
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(b) 0403 UTC
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Figure 2. (a) Horizontal cross section at 1 km MSL of 0302 UTC mosaic reflectivity during the 20 June
2007 storm. Also shown are the 100 and 200 km range rings for the OK-LMA (black circles). (b) Same as
Figure 2a but for 0403 UTC. (c) Same as Figure 2a but for 0503 UTC. The location of the MCS convec-
tive line merger is shown. (d) Same as Figure 2a but for 0603 UTC.

were matched to the nearest radar mosaic in order to classify
the strike locations as convective or stratiform. The NLDN-
detected CGs displayed a typical pattern [e.g., Rutledge
and MacGorman, 1988] of high lightning densities of pri-
marily negative CGs (-CGs; 96%) in the leading line con-
vective cores, with a widespread but lower density of strokes
in the trailing stratiform, including an enhanced percentage
of positive polarity CGs (18%). This basic bipolar pattern
remained quasi-steady state throughout the TLE observing
period, and was especially notable in high-peak-current CG
flashes [Lyons et al., 2009]. During 03—07 UTC, a total of
136,155 -CG and 6199 +CG strokes occurred in the con-
vective region, and 8926 -CGs and 1734 +CGs occurred in
the stratiform region.

[36] CG stroke rates were examined during the 03—07 UTC
time period (Figure 7a). Convective -CGs compared favor-
ably with convective radar echo intensity (Figure 3b), with
a broad maximum centered near 04 UTC, and a broad
minimum after 05 UTC. Stratiform -CGs increased with the
gradual intensification of the stratiform echo (Figures 3¢
and 3d). Convective +CG rates declined over the course
of the TLE observing period, and stratiform +CG rates were
variable.

[37] Cloud blockage along the line of site from the YRFS
camera was minimal to nil, as was any reduction by aero-
sols. Light pollution from nearby Windsor, CO, reduced
sky contrast somewhat during the later hours, making it
harder to distinguish between halos and elves at times.
Despite these minor impediments, TLEs were detected
beyond 700 km. YRFS viewing began at dusk (0300 UTC)
and terminated at 0700 UTC as the MCS moved out of
camera range. As mentioned previously, a total of 282 TLEs
(>96% sprites and/or halos) were imaged by the LLTV
camera.

[38] Overall, the observed TLE rates (TLEs per unit time)
most closely matched the behavior of the convection in
this storm, which was stronger before 05 UTC but weaker
afterward (Figure 8). Figure 6 also shows the hourly posi-
tions of the 230 detected +CG parents for the observed
TLEs (sprites are typically centered within 50 km of the
parent +CG location [Lyons, 1996]). Over 100 TLE-parent
+CGs were within 200 km of the centroid of the OK-LMA,
and several were within 100 km.

[39] Despite the correspondence between TLE rates and
convection, most TLE-parent +CGs were located in the
stratiform region. A small number occurred within the

6 of 22



AQ0E22 LANG ET AL.: TLES ABOVE MESOSCALE CONVECTIVE SYSTEMS AQ0E22
(a) Total (30 dBZ) (b) Convective (30 dBZ)
12 T T T T T T 12 T T T T T T T
10 krm~3 10
3 All
90000 L
= 8 75000 8
E 60000
=3 45000
o 6 30000 6F
3 15000
>
Z 4 4F
2 2
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
(c) Stratiform (30 dBZ) (d) Area (Conv — Solid, Strat — Dash)
12 T T T T T T T T T T T T T ’I_ "~
250 F J .
10} ]
— — Vv
? Q¥ 200} M 1
= 8 g -V
g v 150 / ]
o 6 =
S 1000~ ]
= g
< 4r <
W
2_
1 1 1 1 1 o 1 1 1 1 1 1 1
00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08

Time (UTC)

Time (UTC)

Figure 3. (a) Time-height cross section of 30 dBZ echo volume for the entire 20 June storm. TLE obser-
vation period was 03—07 UTC. (b) Same as Figure 3a but for convection only. (¢) Same as Figure 3a but for
stratiform only. (d) Areal coverage of convective (solid) and stratiform (dash) echo for this storm.

convective line, and a flurry of TLEs occurred immediately
rearward of intense convection near the MCS merger
(Figure 2c¢) in the Texas panhandle (Figure 6b). This merger
occurred during 04-05 UTC, and the majority of the TLEs
in this region occurred prior to 0430 (Figure 8). During this
time period the convection was exceptionally strong, with
some cells featuring 40 dBZ above 16 km MSL (soundings
placed the nominal tropopause around 14 km). This was
confirmed with manual inspection of the KAMA radar po-
lar-coordinate data. During the 04 UTC hour this region of
the MCS also featured an enhanced percentage of +CG
flashes (up to 90%), but the main stratiform region was well
east of most TLE locations (comparing Figure 6b with
Figure 2b). Unfortunately, this region was far outside the
200 km range ring of the OK-LMA, so even 2-D analysis of
total lightning was not possible.
3.2.2. Observations on 9 May 2007

[40] Local clouds at YRFS rapidly dissipated after sunset,
and the sky became unusually clear. This allowed near-
perfect visibility of 25 TLEs (all sprites or sprites with
halos) during 03-05 UTC, all within the domain of the
OK-LMA (Figure 9). CG lightning was concentrated in
two regions on 9 May: the southern convective line, and
the northern MCV convection (comparing Figure 4 with

Figure 9). Most TLEs were associated with the northern
MCYV convection, but were distant from convective cores.

[41] Convective -CGs decreased following an early peak
during the TLE observing period (Figure 7b), reaching a
minimum near 04 UTC before recovering slightly. This
behavior was due to weakening of convection in the
northern MCV and southern convective line, before a late
resurgence in the south (Figures 5 and 9). A slight peak in
convective +CGs was approximately coincident with the
-CG minimum (Figure 7b). While stratiform -CG rates
matched the convective -CG minimum around 04 UTC,
stratiform +CG rates remained variable, similar to 20 June.
However, unlike 20 June, TLE rates were not tied to con-
vective radar echo strength. In fact, most TLEs occurred
during the 0330-0430 UTC convective radar echo minimum
(Figure 8). Overall, there were 4357 convective -CGs (97%
of all convective CGs), 224 stratiform -CGs, 112 convec-
tive +CGs, and 70 stratiform +CGs (24% of all stratiform
CGs) during 03—05 UTC, which was a bipolar pattern similar
to 20 June.

3.3. OK-LMA Observations

3.3.1. Observations on 20 June 2007
[42] As Figure 6 shows, not all of the 20 June storm was
in range of the OK-LMA. However, what lightning was
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Figure 4. (a) Horizontal cross section at 1 km MSL of 0303 UTC mosaic reflectivity during the 9 May
2007 storm. Also shown are the 100 km range ring for the OK-LMA (black circle) and the locations of the
MCYV and southern convective line. (b) Same as Figure 4a but for 0331 UTC. (c) Same as Figure 4a but
for 0403 UTC. (d) Same as Figure 4a but for 0431 UTC.

observed was prolific, as the standard XLMA flash rate
algorithm [Thomas et al., 2003] repeatedly crashed due to a
lack of computer memory. Thus, only individual LMA
source rates are shown in Figure 8, but these can be con-
sidered approximately proportional to total flash rate
[Wiens et al., 2005]. Despite the variable resolution of the
storm during 03-07 UTC, source rates were remarkably
stable. However, they did show the broad maximum
around 04 UTC that was observed in the convective -CG
rates, and also showed a smaller maximum near 06 UTC.
Both of these peaks were consistent with the general trends
in TLEs. Since in MCSs most VHF sources occur in con-
vection [Lang and Rutledge, 2008], and this storm was no
different, this further linked TLE occurrence to convective
strength in the 20 June MCS.

[43] During the 0500 UTC hour, portions of the convec-
tive line were centered on the OK-LMA (Figure 6¢), so 3-D
visualization of convective lightning was optimal. VHF
source density within 50-km range of the OK-LMA is
shown in Figure 10a for 0500-0510 UTC. The convection
was very intense, with sources up to 16 km MSL. Three
density maxima were observed: near 11 km MSL (—48°C),
7.5 km (=20°C), and 4.5 km (+3°C). The upper and lower
maxima were associated with positive charge, while the
midlevel maximum was associated with negative charge,

which is a normal polarity tripole structure. Normally,
negative charge is not associated with a specific VHF den-
sity maximum [Rison et al., 1999, Carey et al., 2005].
However, the convection was directly over the OK-LMA,
and there were many sources seen in the negative charge
portions of flashes. Manual classification of select flashes
showed that this midlevel maximum was associated with the
negative charge component of IC lightning discharging this
layer and the upper positive layer, as well as in-cloud
components of -CG flashes that discharged the midlevel
negative and lower positive layers.

[44] To the extent that resolution allowed useful inter-
pretation, this tripole structure persisted throughout the TLE
observing period, at least in this portion of the storm.
However, the element shown in Figure 10a was more
intense than other parts of the convective line, so charge
altitudes were not always this high elsewhere. Also, the
merger region, which was not well resolved by the OK-
LMA, at times had a high percentage of +CG lightning in
the convection (section 3.2.1), which implied a different
(possibly inverted) charge structure there [MacGorman et
al., 2005; Wiens et al., 2005].

[45] During the 0600 UTC hour, portions of the transi-
tion zone and stratiform region were centered over the OK-
LMA (Figure 6d), and thus 3-D visualization of stratiform
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Figure 5. (a) Time-height cross section of 30 dBZ echo volume for the entire 9 May storm. TLE obser-
vation period was 03—05 UTC. (b) Same as Figure 5a but for convection only. (¢) Same as Figure 5a but for
stratiform only. (d) Areal coverage of convective (solid) and stratiform (dash) echo for this storm.

lightning was optimal. VHF source density within 50-km
range of the OK-LMA is shown in Figure 10b for 0600-
0610 UTC. Once again, three maxima were visible, all
associated with their respective convective charge regions.
The upper positive charge sloped downward into the
stratiform region, as did the negative charge region, which
was revealed by stratiform components of large convective-
line IC flashes. The lower positive charge layer sloped less,
perhaps constrained by the presence of the melting level
(4.8 km MSL on 20 June). These lightning-mapped charge
layers likely did not include other thin layers that often are
revealed in balloon studies [Marshall and Rust, 1993;
Stolzenburg et al., 1994, 2001; Marshall et al., 2001], and
thus the full stratiform charge structure may have been
more complex than shown here.

[46] Manual analysis of 49 TLE-parent flashes revealed
three basic archetypes in this storm. The first was the
convective-initiated +CG with a stratiform component
(Figure 11). This flash archetype typically initiated in the
mid to upper levels of the convective line (and often struck
ground near convection), and sources occurred at upper
altitudes during the TLE phase. The second archetype was a
stratiform-initiated +CG (Figure 12). This flash type often
initiated near the melting level, yet still discharged pri-

marily in upper altitudes during the TLE phase. These two
archetypes qualitatively matched the flash archetypes dis-
cussed by Lang et al. [2004] and Lang and Rutledge
[2008]. The final archetype was a convective +CG that
discharged in the forward anvil of the MCS during the TLE
phase (Figure 13). Only two of the analyzed TLE parents
matched this latter archetype. Of these 49 analyzed TLE
parents, six produced elves or standalone halos, and the rest
produced sprites or sprites with halos. Five elve and halo
parents matched the first archetype, and a halo parent was
among the two anvil flashes. Given the overall similarity in
parent-flash structure between different kinds of TLEs in
this storm, non-sprite TLE parents were not filtered out of
the analysis. However, this may have been a result unique
to this study, as there is no a priori reason to assume that
elve-parent lightning would have the same morphology as
sprite-parent lightning [Chen et al., 2008].

[47] Combining forward-anvil flashes with the rest of the
convective-initiated TLE parents, two distinct populations
were apparent. Convective parents initiated at higher alti-
tudes in higher reflectivities, had parent CGs in higher
reflectivities, took longer to go from initiation to parent CG
strike, and discharged larger areas than stratiform-initiated
parents. Nevertheless, both populations tapped charge near
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Figure 6. (a) Negative CG (black dots) and +CG (red dots) strike locations during 03—04 UTC on
20 June. Also shown are the strike locations of TLE-parent +CGs (triangles) during this time and the
100 and 200 km range rings for the OK-LMA (black circles). (b) Same as Figure 6a but for 04—-05 UTC.
(c) Same as Figure 6a but for 05-06 UTC. (d) Same as Figure 6a but for 06-07 UTC.

the same altitude during their TLE phases (Table 1). This
altitude, which averaged 8.2 km MSL (—25°C; subtract
0.4 km for Z, in km AGL), showed no trend with time
(Figure 14). Based on manual analysis of individual parent
flashes, observed variability in Zt g was related to the
vertical location of the sloping upper charge layer or to
variable LMA resolution.

3.3.2. Observations on 9 May 2007

[48] All of the 9 May MCS was in range of the OK-
LMA (Figure 9), and so VHF source rates reflected the
overall behavior of this storm’s convection: an early
peak followed by a decrease and a late recovery during 03—
05 UTC (Figure 8). However, this also confirmed the
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Figure 7. (a) Ten minute CG stroke rates for 20 June 2007. (b) Same as Figure 7a but for 9 May.
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Figure 8. Ten minute VHF source rates for 20 June (solid black) and 9 May (dash black), along with
10 min TLE rates for 20 June (solid gray) and 30 min TLE rates for 9 May (dash gray). All rates plotted
at the start of their respective time periods.

observed anti-correlation between convective strength and were strongly dependent on convective strength. In one
TLE production. example, late in the observing period, intense new convec-

[49] Lightning-revealed charge structure in both convec- tion in the MCV placed “midlevel” negative charge near the
tive portions of the MCS was approximately normal tripolar, altitude of upper positive charge layers in surrounding
especially early (Figure 15a). However, charge altitudes weaker convection (Figure 15b). However, most lightning

(a) 0300-0330 UTC (b) 0330-0400 UTC

N 1

Figure 9. (a) Negative CG (black dots) and +CG (red dots) strike locations during 0300—0330 UTC
on 9 May. Also shown are the strike locations of TLE-parent +CGs (triangles) during this time and the
100 and 200 km range rings for the OK-LMA (black circles). (b) Same as Figure 9a but for 0330-
0400 UTC. (c) Same as Figure 9a but for 0400—0430 UTC. (d) Same as Figure 9a but for 0430—-0500 UTC.
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Figure 10. (a) VHF source density in the convective line for 0500-0510 UTC on 20 June, projected
onto a vertical plane (solid contours). Only sources within 50 km of the OK-LMA network center are
plotted. The abscissa axis has been rotated 38.7° so that it is approximately normal to the convective
line at this time. Positive distances are toward the stratiform region. Contours are thousands of sources
per km?, and areas greater than 5000 km > are contoured in white (maximum contour is 10,000 km?).
Average radar reflectivity from the 0503 UTC mosaic over this same rotated domain also is shown
(shading). (b) VHF source density in the stratiform region for 0600-0610 UTC on 20 June, projected
onto the north—south vertical plane (solid contours). Only sources within 50 km of the OK-LMA net-
work center are plotted. Contours are sources per km>. Also shown is average radar reflectivity from the
0603 UTC mosaic over this same domain (shading).

activity was constrained by the tropopause, near 13 km
MSL. The lower positive charge in the MCV often was
especially active in lightning.

[s0] The stratiform region was more difficult to charac-
terize, due to substantial horizontal heterogeneity and rela-
tively infrequent stratiform flashing, but was fed in part by
downward-sloping, upper-level positive charge from the
southern convective line (Figure 15c¢). This sloping also is
shown in Figure 15a. (Keep in mind the geometrical dif-
ferences between these two sub-plots.) Far from convection,
this charge layer went all the way to the melting level (4 km
MSL) in a continuous manner. Midlevel negative charge
also sloped appreciably into the stratiform region, and an
upper-level negative charge layer in the stratiform region
was revealed by occasional in-cloud components stratiform
flashes, near 8§ km MSL (—27°C; Figure 15c).

[5s1] There were two TLE parent archetypes on this day:
flashes that initiated in the southern line (Figure 16), and
flashes that initiated in the MCV (Figure 17). Only 1 of
23 TLE parents initiated outside of convection, and that

one was barely outside northern MCV convection (within
10 km). Southern TLE parents initiated at higher altitudes,
had parent CGs in higher reflectivities, took longer to go
from initiation to parent CG strike, and were fewer in
number, but otherwise were similar to northern MCV par-
ents (Table 2). Southern parents traveled down the upper
pathway, while many MCV parents initiated near the
melting level and traveled upward. But regardless of where
they initiated, they all discharged the same low-altitude
positive charge layer during their TLE phase. The average
ZtLg on 9 May was 6.1 km MSL (—15°C), and this altitude
showed no trend (Figure 14). Observed variability was
related to horizontal heterogeneity in the altitude of the
lower positive stratiform charge layer; apart from its
downward-sloping nature, its altitude also was disturbed
locally by convection in the MCV.

4. Discussion and Conclusions

[52] Two different TLE-producing MCSs have been
analyzed. The 20 June storm was a large symmetric MCS,
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Figure 11. (a) Time-height plot of VHF source locations associated with a convective-initiated
TLE-parent flash that occurred near 033903 UTC on 20 June. Shown are the initiation height (diamond)
and source locations during the flash (dots). The window used to calculate Zy( g is indicated by the
vertical lines and the red dots. (b) Plan view of the flash showing composite radar reflectivity (shaded
contours), source locations (dots), Zry g interval sources (red dots), initiation location (diamond), and

LANG ET AL.: TLES ABOVE MESOSCALE CONVECTIVE SYSTEMS

(o) TLE 033903 UTC Time—Height

-0.4

-0.2 0.0 0.2
Time relative to first TLE (sec)

(b) Plan View (Rad 0339z Max)

-100 -50 0
Distance E-W of KTLX (km)

TLE-parent +CG (triangle). Zt g = 8.4 km MSL.

13 of 22

Reflectivity (dBZ)

AO00E22

60

50

40

30

20



AO00E22 LANG ET AL.: TLES ABOVE MESOSCALE CONVECTIVE SYSTEMS AO00E22

(a) TLE 035921 UTC Time—Height

:717 15— _ _ . . _ ' —] 60
= C : X ]
€ 10— R
< 1
8 50 =
£ F ] 50
< Ot . . . 3
-0.2 0.0 0.2 0.4 0.6 0.8
Time relative to first TLE (sec)
(b) Plan View (Rad 0358z Max) g 40
2
_. 200 £
x % 30
— @
£ 150
©
9
Z 100
3 20
(=
[e]
o
[a]
50
10

-250 -200 -150 -100 -50 0
Distance E-W of KTLX (km)

Figure 12. Same as Figure 11 but for a stratiform-initiated TLE-parent flash that occurred near
035921 UTC on 20 June. Ztr g = 9.3 km MSL.
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Figure 13. Same as Figure 11 but for a convective-initiated TLE-parent flash that propagated into the
forward anvil near 040854 UTC on 20 June. The bilevel structure during the Zt; p window was caused
by discharging in the convective line (upper) and forward anvil (lower). Zt g = 8.4 km MSL.

technically an MCC. The 9 May storm was a smaller asym-
metric MCS that contained an MCV. Key statistics for
the TLE-parent flashes in these storms are summarized
in Table 3, which also compares these results to a small
symmetric MCS studied by Lyons et al. [2003]. The aver-
age TLE-parent flash on 20 June initiated at higher altitude,
discharged a larger area, had a larger peak current +CG, had
parent CGs in lower reflectivities, took longer to go from
initiation to parent CG strike, and tapped positive charge at
a higher altitude than TLE parents on 9 May.

[53] Of the two MCSs, 9 May best matched the present
paradigm of low-altitude positive charge being the source
for charge moments needed to initiate sprites in warm-sea-
son convective systems [Williams, 1998; Williams and Yair,
2006]. However, there were some key differences. The
actual altitude during the TLE phase averaged near —15°C.
Moreover, the TLE-parent charge layer was at least par-
tially related to the descent of detrained upper-level positive
charge that originated in convection. These observations

Table 1. Mean Values for Various Parameters Associated With TLE-Parent Flashes for 20 June, Broken Down

by Convective- and Stratiform-Initiated Flashes®

Significantly
Different at 90%+
Convective-Initiated Stratiform-Initiated Confidence?
Flashes 22 27 N/A
Zrr (km MSL) 8.3 7.3 Yes
Initiation reflectivity (dBZ) 38.1 31.5 Yes
Peak current (kA) 68 83 No
CG reflectivity (dBZ) 44.7 343 Yes
Time to CG (s) 1.567 0.902 Yes
Z1g (km MSL) 8.2 8.2 No
Flash area (kmz) 27,635 18,487 Yes

?Significance testing was done using the nonparametric rank sum test [Walpole et al., 2002]. Subtract 0.4 km to convert

ZTLE to Zq.
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Figure 14. Zg g versus time for 49 TLE-parent flashes on 20 June (black crosses) and 23 TLE-parent
flashes on 9 May (gray asterisks). Subtract 0.4 km to convert Zr g to Z,.

were similar to energetic +CGs studied by Marshall et al.
[2001] and Lu et al. [2009].

[54] The 20 June results suggest that the present theoret-
ical paradigm requires some modification. Clearly, it is not
always low-altitude positive charge that plays the dominant
role in sprite production. In this storm the source charge
region for TLE parents resided at upper levels, in the
positive charge being detrained from the convective line.
Indeed, this storm was closer to an older theoretical para-
digm for sprites, which postulated sprite-parent positive
charge at high altitudes, near 10 km [e.g., Bell et al., 1995;
Pasko et al., 1995; Roussel-Dupré and Gurevich, 1996;
Cummer and Inan, 1997]. The two observed TLE parents
discharging at high altitudes in the forward anvil were
perhaps the ultimate expression of this result.

[s5] Combining the present study’s results with those of
Lyons et al. [2003], there can exist at least three different
charge layer altitudes associated with sprite-parent +CGs.
These results, taken in context with the observations of
multiple stratiform positive charge layers by past studies,
suggest that any actively discharging stratiform positive
charge layer can play a potential role in sprite production.
The particular layer that does end up playing a role may
depend on that storm’s morphology.

[s6] This also may affect the relationship between TLE
production and convection, which was very different between
9 May and 20 June. The symmetric leading-line/trailing-
stratiform 20 June storm, with its detrained upper positive
charge in the stratiform region, likely would have depended
on the continued replenishment of that charge (via some
combination of charge advection from the convective line
and in situ charge generation within the layer [Schuur and
Rutledge, 2000b; Carey et al., 2005]) to maintain its
stratiform flashing, and hence sprite production. Thus, TLE
production in this storm may have depended more strongly

on convective intensity. However, it also was broadly
consistent with relative maxima and minima in vertical
intensification of the stratiform region on 20 June (com-
paring Figures 3c and 8), and many TLE parents initiated
near the melting level where in situ charging processes
likely were dominant [Shepherd et al., 1996, Schuur and
Rutledge, 2000b]. Thus, in 20 June both convective and
stratiform intensity likely combined to sustain high TLE
rates.

[57] In the asymmetric 9 May MCS, most TLE parents
originated in or near the embedded MCV convection, which
often was weak. Meanwhile, stratiform echo intensity also
declined throughout the 9 May TLE observing period,
although there were local enhancements in bright-band
intensity broadly consistent with the 0330-0430 UTC
maximum in TLE production (Figure 5c). This situation
best resembled the classic paradigm of convective-to-
stratiform transition, with charge layers spreading out hor-
izontally and sinking in altitude, consistent with the current
theory for warm-season sprite production [Williams, 1998;
Lyons et al., 2003; Williams and Yair, 2006]. The exception
to this model was the intense southern convection, with its
detraining upper positive charge layer, which may have
helped supply positive charge at a higher altitude than the
melting level. Regardless, this sprite-producing situation
would be expected to be anticorrelated with convective
strength (at least to a point; if convection weakened too
much sprite production also would end [Lyons, 2006; Lyons
et al., 2006]).

[58] The studied MCSs were rather unique. The 20 June
storm was extremely large and involved a merger between
two distinct MCSs [Lyons et al., 2009], and the 9 May storm
contained significant embedded convection in its stratiform
region. Thus, more asymmetric and symmetric MCSs of
various sizes, as well as other MCS organizational modes
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(a) Sources by Charge 0310-11 UTC
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Figure 15. (a) Projections of VHF source locations classified by charge (positive storm charge, gray;
negative storm charge, black) onto the east—west vertical plane, for about a dozen flashes during
0310-0311 UTC on 9 May. The western storm is the northern MCV convection (about 40 km deep
in the north—south axis), and the eastern storm is the southern convective line southeast of the
MCYV (about 60 km deep in the north—south axis). Also shown is maximum radar reflectivity in the
same domain for 0308 UTC (contours in dBZ). (b) Same as Figure 15a but for all flashes only in
the northern MCV during 0458-0459 UTC (about 30 km deep in the north—south axis). Also shown
is maximum radar reflectivity in the same domain for 0458 UTC. (c) Projections of VHF source
locations classified by charge onto the north—south vertical plane, for a single TLE-parent flash that
occurred near 041013 UTC on 9 May. Initiation point is denoted by the diamond, and TLE-parent
+CG is denoted by the triangle. Also shown is maximum radar reflectivity in the same domain for
0408 UTC. The flash initiated in the southern convective line (south) and propagated into the stratiform
region (north).
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