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NEXRAD-enhanced echo-top data show that 24 terrestrial gamma ray flashes (TGF)
detected with the Fermi Gamma Ray Burst Monitor (GBM) are consistently adjacent

to high-altitude regions of storms.

submillisecond-duration intense bursts of

gamma rays readily detectable from low-Earth or-
bit (Fishman et al. 1994; Smith et al. 2005; Grefenstette
et al. 2009; Marisaldi et al. 2014; Briggs et al. 2010,
2013). This emphasizes the extreme nature of the
phenomenon: even when observed from hundreds of
kilometers above the sources, the gamma ray fluxes
are still strong enough to saturate some gamma ray
instruments (Grefenstette et al. 2008). TGFs and the
emerging field of high-energy atmospheric physics
are reviewed by Dwyer et al. (2012) and Dwyer and
Uman (2014). The terrestrial origin was established
by correlation with thunderstorms (Fishman et al.
1994); more recently observations associated TGFs
with positive intracloud (+IC) lightning during up-
ward leader propagation (Stanley et al. 2006; Williams
et al. 2006; Lu et al. 2010; Shao et al. 2010).

Despite the recognition from their discovery that
TGFs originate from thunderstorms (Fishman et al.
1994), relatively little is known about the storms that
produce TGFs. Most research has focused on gamma

Terrestrial gamma ray flashes (TGFs) are
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ray and radio observations and theoretical investiga-
tions (>200 papers), with comparatively few papers
on meteorological observations (Smith et al. 2010;
Splitt et al. 2010; Lu et al. 2010; Barnes et al. 2015).
Herein, we use 24 accurately geolocated TGFs that
are within range of Next Generation Weather Radars
(NEXRAD:s) to identify and study TGF-producing
storms. We ask, “Do these 24 TGF-producing storms
exhibit any distinct convective characteristics?”
TGFs start with the acceleration of electrons to rela-
tivistic energies by electric fields in thunderstorms, ei-
ther in large-scale high-field regions of thunderstorms
(Dwyer 2008) or in the smaller high-field regions of
lightning leaders (Carlson et al. 2010; Celestin and
Pasko 2011). The TGF gamma rays are produced by
bremsstrahlung from these energetic electrons when
they are deflected by passing near atomic nuclei
(Dwyer et al. 2012). Electrons are said to “run away”
when the rate of energy gain from the electric field
exceeds their energy losses from interactions with
the ambient air (Dwyer et al. 2012). Electron-electron
scattering can increase the number of runaway
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electrons, leading to avalanches of electrons (Gurevich
etal. 1992). Backscattered gamma rays and positrons
produced by pair production from gamma rays can
produce additional seed electrons at the start of the
acceleration region, causing positive feedback and
multiplication of avalanches (Dwyer 2003, 2007).

TGFs are detected at offsets from the spacecraft
nadirs of up to ~800 km (Lay 2008; Cohen et al. 2010;
Collier et al. 2011; Connaughton et al. 2013; Briggs
etal. 2013). This has hindered studies of the meteorol-
ogy of TGF storms since there are likely to be multiple
storms within each TGF detection region, precluding
the identification of the TGF-producing storm. Two
studies used lightning detections by the World Wide
Lightning Location Network (WWLLN) to find cases
in which there were likely only single storms within
the detection region of the Reuven Ramaty High
Energy Solar Spectroscopic Imager (RHESSI) gamma
ray instrument, so that those storms could be defi-
nitely associated with TGFs (Smith et al. 2010; Splitt
et al. 2010). Smith et al. (2010) identified 51 single
storms from a sample of 619 TGFs. They summed
the WWLLN flash rate histories, aligned at the TGF
occurrence times, and found a decreasing flash rate,
suggesting that TGFs occur during the decline of
flash production.

Splitt etal. (2010) estimated cloud-top heights for 29
single-storm cases from geostationary satellite bright-
ness temperatures, finding values ranging from 13.6 to
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17.3 km, with an average of 15.3 km. These values are
typical for tropical deep convective systems (Liu et al.
2008). A relative deficiency of TGFs from midlatitudes,
where cloud-top heights are typically lower, suggests
that the gamma rays from TGFs from lower clouds are
sufficiently attenuated by the denser atmosphere that
these TGFs are less likely to be detected from space
(Williams et al. 2006; Smith et al. 2010; Splitt et al.
2010). Similarly cloud-top temperatures were used to
estimate cloud-top area. The 29 single-storm cases
had a very wide range of areas, with a possible prefer-
ence for larger areas (Splitt et al. 2010). Expanding the
sample beyond single-storm cases, surface convective
available potential energy (CAPE) was evaluated for
the regions underneath RHESSI at the times of 805
TGFs. While the TGF regions sampled a wide range
of CAPE values, there was a clear preference for larger
values compared to the CAPE values for random
tropical regions selected independently of whether the
regions contained storms (Splitt et al. 2010).

Barnes et al. (2015) used data from two instru-
ments on the Tropical Rainfall Measuring Mission
(TRMM) to study the storms related to RHESSI
TGFs. Regions with storms were identified with light-
ning detections from the Lightning Imaging Sensor
(LIS) on board TRMM. Regions were included in the
samples if the spacecraft nadirs were within 500 km
and the observations were within 1 h. Two samples
were created, TGF and non-TGF control, based
on whether RHESSI detected a TGF. The TRMM
Microwave Imager (TMI) was used to compare the
hydrometeor content of the storms within the two
samples. Despite the limitations that the TGF loca-
tion might not be within the field of view of the TMI,
that the field of view might contain multiple storms,
and that the storm may have evolved between the
time of the TGF and the observation with the TMI,
clear differences in the hydrometeor content of the
two samples were found. The TGF regions contained
higher concentrations of cloud water and ice and
precipitation water and ice.

The most detailed meteorological observations of
a TGF are those of the TGF detected by RHESSI over
Tennessee on 26 July 2008. The storm and lightning
were observed with the North Alabama Lightning
Mapping Array (Goodman et al. 2005), ground-
based weather radar, and other sensors. The cloud
had a strong updraft, with the cloud top between 13
and 16 km. The TGF was related to an IC flash that
occurred between a negative charge layer at 8.5 km
and a positive charge layer at 13 km (Lu et al. 2010).

Numerous radio observations have been made
of TGF-producing storms, with the radio signals



originally interpreted as TGF-associated lightning
processes (Inan et al. 1996; Cummer et al. 2005;
Stanley et al. 2006; Cohen et al. 2006; Inan et al. 2006;
Lay 2008; Cohen et al. 2010; Shao et al. 2010). Cummer
et al. (2011) noted that the source current waveform
of the radio signal had a similar temporal profile to
the gamma ray light curve and suggested that the
radio emission might originate from the gamma ray
production. Many of the radio observations have been
made in the very low-frequency (VLF) range because
these signals undergo little attenuation, propagating
in the Earth-ionosphere waveguide, and can be de-
tected thousands of kilometers from the source (Price
2008). These observations are particularly useful for
wide geographic coverage TGF samples. The first
studies were unable to determine the temporal order
of the gamma ray and radio signals, limited by the
timing accuracy of RHESSI (Grefenstette et al. 2009).
Using the several-microsecond absolute timing accu-
racy of the Fermi Gamma Ray Burst Monitor (GBM),
Connaughton etal. (2010) found that most GBM TGF/
WWLLN associations were simultaneous within
+40 ps (after correcting for light travel time between
the two observations), but there are also statistically
significant associations with millisecond separations.
For the simultaneous associations, Connaughton et al.
(2013) found an extremely strong anticorrelation
between the TGF duration and the probability of a
GBM/WWLLN association, but no such correlation
was found for the millisecond-scale associations. The
explanation is that the millisecond-scale separations
are due to associated IC processes, while the simulta-
neous associations are actually radio emission from
the TGF itself. The frequency of the radio emission
is a strong function of the TGF rise time, controlling
whether (short TGFs) or not (long TGFs) the radio
emission is within the passband of WWLLN (Dwyer
and Cummer 2013). These TGF-produced radio sig-
nals are some of the strongest signals detected with
WWLLN (Connaughton et al. 2013).

For the first decade after their discovery, TGFs
were generally thought to originate in the upper
atmosphere, motivated by perceived connections to
transient luminous events such as sprites and because
a high altitude reduces the attenuation of the gamma
rays (Dwyer et al. 2012). The observation from ground
of a short gamma ray burst from a thunderstorm sug-
gested that a similar event could be observable from
space (Dwyer etal. 2004). An analysis of the summed
spectra of 289 TGFs observed with RHESSI for the
amount of atmosphere traversed by the gamma rays
indicated a source altitude of 15-21 km (Dwyer and
Smith 2005). Other works comparing TGF spectra to
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beaming models tended to favor altitudes of ~15 km
(Dwyer et al. 2012). Radio observations of lightning
associated with RHESSI TGFs showed the lightning
charge moment changes to be too small to create
the high-altitude electric fields required for mod-
els of high-altitude TGFs (Dwyer et al. 2012). The
interpretation of the latitude distribution of TGFs
(i.e., deficiency at midlatitudes attributed to lower
cloud tops; see above) is based on the TGF sources
being in or very close to thunderclouds. These re-
sults and observations closely associating TGFs with
+IC lightning (see above) changed the general view
toward TGF sources being located in or very close to
thunderclouds (Dwyer et al. 2012). Recent observa-
tions of radio signals simultaneous with two GBM
TGFs, with the radio signals therefore originating
from the TGF process rather than from lightning,
determined source altitudes of 11.8 + 0.4 km and
11.9 + 0.9 km (Cummer et al. 2014). These analyses of
TGF source altitudes are based on TGFs detected by
spaced-based instruments such as RHESSI or GBM;
those instruments may be detecting only the highest
and thus least attenuated sources, which is suggested
by the latitude distribution.

Analysis of TGF-producing storms has been lim-
ited both by the difficulty in identifying these storms
and by the paucity of ground-based meteorological
observations, especially in the tropics, where TGFs
are most frequent. This study takes advantage of
improved TGF detection efficiencies, by both Fermi
GBM and ground-based lightning detection systems,
and results in a unique sample of 24 well-geolocated
TGFs over the Gulf of Mexico, the Caribbean, and the
west Pacific that are within the operational range of
the NEXRAD ground-based network. Our goal is to
explore detailed meteorological observations of the
storms that produced these TGFs.

DATA. Fermi GBM. The GBM on the Fermi Gamma
Ray Space Telescope was designed for astrophysics,
primarily to observe cosmic gamma ray bursts. GBM
detects gamma rays with 14 scintillation detectors
of two types to cover the energy range from 8 keV
to 40 MeV. The detectors detect gamma rays from
all directions not blocked by the spacecraft, with
even some sensitivity through the spacecraft, and
do not measure the directions of individual photons.
Gamma ray bursts can be localized to several degrees
of accuracy by comparing the detector rates, but this
technique does not work well for TGFs (Meegan et al.
2009; Briggs et al. 2010). From launch in 2008 GBM
was detecting one TGF per month. Because of a series
of data and analysis improvements (Briggs et al. 2013),
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since November 2012 the rate is improved to ~800 yr,
resulting in a sample through 2013 of 2,279 TGFs.

VLF radio geolocations and the storm sample. Correlating
this TGF sample with radio detections of WWLLN and
the Earth Networks Total Lighting Network (ENTLN)
(Liu and Heckman 2010), 877 TGF/radio associations
are obtained (38% association rate). The high associa-
tion rate is the result of improvements to these networks
over the past few years (Rodger et al. 2009; Hutchins
et al. 2012). Typical uncertainty radii range between
5 and 10 km (Liu and Heckman 2010; Hutchins et al.
2012). Specific elliptical uncertainty regions for each
TGF detected with WWLLN are calculated by Monte
Carlo simulations of the uncertainties of the time of
group arrival measurements at the participating sta-
tions. For ENTLN, we conservatively use 10-km radii.
We choose to use VLF geolocations because of
their high accuracy and the large fraction of the TGF
sample for which they are available. In contrast, so far
there is no GBM-LIS association [there are only two
RHESSI-LIS (Dstgaard et al. 2013; Gjesteland et al.
2015)], nor are there any GBM-Lightning Mapping
Array (LMA) detections [there is only one RHESSI-
LMA (Lu et al. 2010)]. We find it rare to identify
useable single storms from sferic (lightning radio
signal) maps, with WWLLN or ENTLN sferic maps
of regions in which the TGFs could have originated
(i.e., within 800 km of the nadir of Fermi) for +10 min
about the TGF times typically showing many clusters
or clusters with large extents (see Figs. ESI-ES4 for
four examples; more information can be found online
at http://dx.doi.org/10.1175/BAMS-D-14-00239.2).
Examining 834 WWLLN sferic maps for TGFs with
GBM/WWLLN associations, for only ~1% of the
maps could a geolocation be determined based on
the sferics being within a ~100-km radius circle.
Earlier investigations found a higher “single storm”
rate (Smith et al. 2010; Splitt et al. 2010), perhaps
because at that time WWLLN had a lower detection
efficiency (Rodger et al. 2009) or because a 600-km
radius search region was used instead of 800 km.
The intersection of the sample of 877 well-
geolocated TGFs with the coverage of the NEXRAD
network results in a sample of 24 TGF-producing
storms observed from nine NEXRAD stations in
Florida, Louisiana, Texas, Puerto Rico, and Guam
(Fig. 1; Tables ES1-ES2). In some respects this sample
is similar to the known TGF population, which is
“frequent near coastlines, large islands, peninsulas,
and isthmuses” (Splitt et al. 2010); these 24 TGFs
are near such features, with the median distance
from coastline being 28 km. On a larger scale, the
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requirement for a Fermi GBM detection places most
of the 2,279 TGFs under the orbit of Fermi (25.6°
inclination), with a few detected at higher latitudes
due to the ~800-km detection radius. Adding the
requirement of being within range of a NEXRAD sta-
tion limits the final sample to one near Guam (+14.7°
latitude) and 23 in and near the Gulf of Mexico and
the Caribbean (latitudes +16.9° to +29.3°, mean
+24.2°) (Table ES1). This contrasts with the TGF
latitude distribution found with RHESSI (38° inclina-
tion orbit), which shows that most TGFs are within
+20° latitude (Smith et al. 2010). Figure 1 can also be
compared to “global” TGF maps (e.g., Grefenstette
et al. 2009; Splitt et al. 2010; Gjesteland et al. 2012;
Briggs et al. 2013). While the sample is similar, com-
pared to the overall TGF population, in its proximity
to geographic features, its limited geographic range
might cause a bias in the types and characteristics of
the storms. Because of the requirement for a VLF geo-
location, the sample is strongly biased toward shorter
TGFs (Connaughton et al. 2013); while we know of
no reason that the properties of the TGF-producing
storm should correlate with TGF duration, there is
no evidence on that topic.

Of the 24 TGFs, 21 have GBM/VLF associations
that are within +200 us and are thus considered
simultaneous, so that the radio signal is very likely
from the TGF itself rather than from associated
lighting processes (Table ES1). [The match between
radio and gamma ray signals is made after correcting
for the light travel time differences from the source.
A +200-us window is used to test for simultaneity
rather than the +40-us window of Connaughton et al.
(2010) because the TGF peak times are determined less
accurately for this large sample.] The search for as-
sociations was conducted with an 800-km radius and
+3.5-ms window. The probability of a chance associa-
tion with background sferics is found by applying the
procedure at control times offset from the TGF time.
Associations are accepted if the chance probability
is less than 1% for WWLLN and 10% for ENTLN. A
higher screening probability is necessary for ENTLN
stroke data because of the high ambient rate of ENTLN
strokes due to the sensitivity of ENTLN to IC lightning
and the ability of ENTLN to detect multiple strokes per
flash. When an association is found within £200 us of
the TGF, the chance association probability becomes
%3.5/0.2 smaller, that is, less than 0.6% for ENTLN;
this applies for 15 of the 17 ENTLN associations. The
only TGF that has only an ENTLN association, which
is nonsimultaneous, is TGF111101122, which has a
chance association probability based on the ambient
ENTLN stroke rate of 2.9%. All other associations



35.

have chance probabilities of
less than 1%, typically much
less because they are within
the smaller £200-ys window.

Since in most cases the ra-
dio signal is from the TGF it-

self, the differing efficiencies o5

Latitude

of WWLLN and ENTLN for
detecting IC lighting are not
pertinent. For the 21 TGFs
that have simultaneous VLF

associations, the signal is very
likely from the TGF itself and

15.

thus the radio geolocation is 100

directly a TGF geolocation.
There are fewer common mil-
lisecond-scale associations

-80.
Longitude

-60.

that are attributed to associ-
ated IC lightning. Analysis of
TGFs that have two or more

associated ENTLN signals,
with a simultaneous (i.e., TGF
interpretation) signal and
nonsimultaneous signal(s)
(i.e., IC lightning interpreta-
tion), finds close separations

Latitude

between the several geoloca-
tions per TGF, consistent
with the localization uncer-

tainties (S. Xiong et al. 2015,
unpublished manuscript).
Thus, we may also use VLF
geolocations from nonsimul-
taneous associations (or the
occasional IC lightning signal
within +200 us of the TGF) as
geolocations of TGFs.

NEXRAD measurements. The basic observation is
the radar reflectivity Z (in dBZ), from which sev-
eral higher-level NEXRAD products are used as
measures of the storm’s convective characteristics.
The Z three-dimensional volume scan provides
information on the storm’s convective intensity.
Typically, Z values greater than ~20-30 dBZ higher
than ~6 km are a good indicator for the presence of
mixed phase, cloud charge separation, and light-
ning production (Takahashi 1973; Saunders 1993;
Zipser and Lutz 1994; Carey and Rutledge 2000). The
constant-altitude plan position indicator (CAPPI)
can be thought of as a horizontal “slice” of Z along a
constant altitude. We will report the altitude at which
the maximum CAPPI is observed.
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Two-dimensional radar proxies are more conve-
nient in examining multiple storms. The enhanced
echo tops (EET; in km) represent the maximum el-
evation at which the weakest Z (~18 dBZ) is detected
(Klazura and Imy 1993). Since a cloud’s highest alti-
tude is always higher than its ~18-dBZ Z level, EET
is an underestimate of the “cloud top.” Nevertheless,
for the past few decades it has been considered to be
an adequate proxy for identifying the overall storm’s
height distribution (Klazura and Imy 1993). Further-
more, the ratio between the EET and the vertically
integrated liquid (VIL) results in the VIL density
(VILD; in g m™), also a NEXRAD proxy that has
been traditionally used as an indicator for updraft
strength and hail production (Kitzmiller et al. 1995;
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Fig. |I. Maps of the 24 TGF locations (red squares; WWLLN or ENTLN) and
the NEXRAD stations (blue circles) that observed the corresponding storms.
The dashed orange line shows the northern limit of the orbit of Fermi; TGFs
are detected past this limit, with decreasing probability with distance, due
to the =800-km detection radius of GBM. Of the TGFs, 2 were over land, 17
were over ocean, and 5 were within 10 km of a coastline.
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Amburn and Wolf 1997; Blaes et al. 1998). In general,
storms with VILD values greater than ~2.5-3.0 gm™
have shown to sustain strong updrafts that produce
hail larger than ~1 in. (see Lenning and Fuelberg
1998; Edwards and Thompson 1998; Cerniglia and
Snyder 2002). Although there is no perfect metric
for a storm’s convective strength, VILD can distin-
guish relatively weaker (e.g., VILD = 0.5 g m™~) from
relatively stronger storms (e.g., VILD = 4.0 g m™).
Because the TGF geolocation uncertainties, originat-
ing from the VLF network timing uncertainties, are
larger than the spatial resolution of the NEXRAD
data, we cannot simply select a single NEXRAD
pixel per TGFE. The analysis should take into account
that the NEXRAD measurement (e.g., EET or VILD)
corresponding to the TGF could be anywhere within
the geolocation uncertainty region. We use two ap-
proaches: 1) accumulating EET and VILD values
over the uncertainty regions of all of the TGFs (Figs.
2a-3a), and 2) considering EET and VILD values of
each TGF, so that the “averaging” effect of 1 is reduced
(Figs. 2b-3b; anonymous reviewers 2015, personal
communication). Figures 2b-3b are also known as
box-and-whisker plots and show the minimum,
25% quartile, median, 75% quartile, and maximum
values of the variables (also see Table 1). For the EET
and VILD analyses, we do not include pixels that are

a. EET Histogram

lower than 6.5 km; that is, we do not use pixels that do
not include the mixed phase where the main charge
separation occurs (e.g., Carey and Rutledge 2000).

All NEXRAD data are provided by the National
Oceanic and Atmospheric Administration (NOAA)
National Climatic Data Center (NCDC). The Z
volume scans are provided as level-2 data and are
displayed using the Gibson Ridge Level-2 Analyst
Edition (GR2AE). GR2AE can only display data on
a square grid and altitudes in kilofeet. The EET and
VILD are provided as level-3 products at 1° x 1-km
polar grid resolution. Both variables are mapped us-
ing the NOA A Weather and Climate Toolkit (Ansari
etal. 2009). All NEXRAD products were obtained at
the radar sampling (available at ~5-min intervals)
closest to the TGF time and are in precipitation mode
(14 elevation scanning angles).

CAPE. We obtain the surface CAPE values from the
NCEP North American Regional Reanalysis (NARR).
NARR offers the opportunity for spatial (=32 km) and
temporal (8 times daily) high-resolution reanalysis
datasets (Mesinger et al. 2006) and has served as
the main data source for severe weather climatology
studies over the United States (see Gensini and Ashley
2011). CAPE (J kg') is a thermodynamic variable in-
dicative of the maximum potential vertical speed (i.e.,

b. EET Whisker
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FiG. 2. (a) EET (km) histogram around all 24 TGFs. The values are accumulated over the geolocation uncer-
tainty regions, for pixels > 6.5 km. (b) Box-and-whisker plot for EET (km) for each of the TGFs. The vertical
lines extend to the minimum and maximum EET values. Values below 6 km are excluded. The boxes extend
from the 25% to the 75% quartiles, with a horizontal line at the median values.
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updraft) of a rising air parcel. Although substantial
discrepancies between CAPE values and measured
updraft speeds are observed (i.e., parcel theory), high
CAPE is synonymous with the potential for severe
storm development (Williams et al. 2005). In this
paper, EET, VILD, Z volume scans, CAPPI, and CAPE
will be synergistically employed to address the follow-
ing question: “What are the convective characteristics
of TGF-producing storms?”

RESULTS. The EET values accumulated over the
TGF uncertainty regions exhibit a unimodal distribu-
tion with median value ~11-13 km (Fig. 2a). About
75%-80% of these EET values are higher than ~10 km.
Individual EET values around each TGF (Fig. 2b)
are also consistent with this picture. For instance,
the 25% percentiles for 20 out of 24 TGFs are higher
than 10 km (Fig. 2b; i.e., 75% of the EET NEXRAD
pixels within the TGF uncertainty region are higher
than 10 km). In addition, all 24 TGFs exhibit median
values above ~10 km. The maximum EET values for
every TGF in the sample are above ~12 km, whereas
the minimum EET values can range from ~6 to
14 km (the minimum of 6.5 km is imposed by the
pixel criteria).

The range of EET values within a TGF uncertainty
region may indicate different storm features. For

a. VILD Histogram

example, TGF110801123 (see Table 1; Figs. 2b and
ES6) has a small range of EET values (~1 km between
minimum and maximum), indicating that the TGF
region encompasses an area within the storm of
uniform cloud top. Cases such as TGF130713734,
TGF120421334, TGF130701021, and TGF131030234
that exhibit large (~2 km) differences between the
75% quartile and maximum EET values within the
TGF geolocation uncertainty region (e.g., see Table 1;
Figs. 2b and ES5-ES10) could suggest the presence of
overshooting parts in the storm (anonymous reviewer
2015, personal communication).

Although the TGF uncertainty region includes
parts of the storm that are strictly unrelated to the
TGF production, the respective distribution shown
in Fig. 2 suggests that the TGF-associated EETs are
above ~12 km. In line with the aforementioned, the
EET 2D maps (Figs. ES5-ES10) reveal that the TGF
uncertainty regions include some of the highest parts
of the encompassing storms but not necessarily the
single highest part of each respective storm. As in Fig.
2, Table 1 summarizes the EET distribution values
for all 24 TGFs.

The modal VILD value from all 24 TGFs (Fig. 3a)
is ~1.0 g m™~. Interestingly, the VILD values within the
uncertainty region around each TGF (Fig. 3b) indicate
storms with a variety of convective strengths, with

b. VILD Whisker
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FiG. 3. (a) VILD (g m~3) histogram around all 24 TGFs. The values are accumulated over the geolocation un-
certainty regions, for pixels with EET values > 6.5 km. (b) Box-and-whisker plot for VILD (g m-3) for each of
the TGFs. The vertical lines extend to the minimum and maximum EET values. The boxes extend from the
25% to the 75% quartiles, with a horizontal line at the median values.
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median values ranging from 0.20 to 2.49 g m™ (see
Fig. 3b and Table 1). As with EET, there are substantial
differences between minimum and maximum VILD
values within the TGF uncertainty regions. Larger
differences likely pertain to the TGF geolocation un-
certainty region encompassing the main convective
core and some of the stratiform parts of the storm.
Although one could argue that all 24 TGFs originate
from the maximum VILD values (see Table 1), the
claim of storm “variety” can still be made given
the range of maximum VILD values (e.g., relatively
weaker convection with VILD = 0.54 g m™) or rela-
tively stronger convection with VILD = 4.40 g m™;
see Fig. 3b and Table 1).

In agreement with the findings in Figs. 3a
and 3b, the VILD maps for the individual TGFs

(Figs. ES11-ES16) suggest that the TGF-producing
storms can range from scattered weak convection
(e.g., TGF100803822 and TGF130809149; Fig. ES11) to
more organized (e.g., multicell) and relatively deeper
convection (e.g., TGF120421334 or TGF130607515;
see Fig. ES13). As in Fig. 3, Table 1 summarizes the
VILD distribution values for all 24 TGFs.

Here, we examine the Z volume scans for four TGFs
in detail; the Z volume scan plots for all 24 TGFs can be
found in the supplemental information in Figs. ES17-
ES22. TGF130607515 (Fig. 4a) represents a case of rela-
tively deeper convection (i.e., at least with respect to
the rest of our sample), with the 50-60 dBZ extending
up to ~6 km and the weakest detected Z (~10-20 dBZ)
observed above ~13 km. The maximum CAPPI Z is
computed as 62.5 dBZ at ~6-km altitude. This storm

TasLE |. EET, VILD, CAPPI, and CAPE statistics in the uncertainty regions of the 24 TGFs. EET and
VILD are analyzed for pixels with EET > 6 km. The sequential number (1-24) is used in Figs. 2b and 3b
instead of the TGF name for clarity. The last three columns provide comparison CAPE values (mini-
mum, mean, and median) obtained for the location and time of day of the TGF, averaged over the

month in which the TGF occurred.

EET EET VILD VILD
median min/max median min/max
TGFID NEXRAD (km) (km) (g m™) (g m™)

| TGF100803822 KAMX 10.61 7.27/12.73 0.38 0.09/0.54

2 TGFI130520833 KAMX 13.64 10.92/14.85 0.50 0.05/2.25
3 TGFI130713734 KAMX 12.12 6.5/14.85 091 0.02/2.19
4 TGFI130809149 KAMX 11.52 9.39/12.12 111 0.07/1.72
5 TGFI130611560 KBRO 15.45 13.64/16.36 1.17 0.15/2.09
6 TGF100916059 KBYX 12.42 6.5/13.94 0.60 0.08/1.62
7 TGF110626928 KBYX 12.12 6.5/14.24 2.49 0.05/3.28
8 TGFI110801123 KBYX 13.94 13.33/14.24 1.15 0.41/1.75
9 TGFII1101122 KBYX 11.52 9.09/12.42 0.35 0.14/1.64
10 TGF120421334 KBYX 12.73 11.21/14.85 1.31 0.44/3.45
I TGFI130606592 KBYX 12.42 10.91/13.94 0.42 0.10/2.42
12 TGFI130607515 KBYX 13.94 9.39/16.06 0.71 0.02/4.40
13 TGF110929773 KCRP 12.42 7.88/13.33 0.37 0.09/1.96
14 TGF130925226 KEVX 10.91 7.58/14.24 0.6l 0.06/1.77
15 TGFI120713614 KLCH 10.00 6.5/13.64 0.28 0.03/1.11
16 TGF100807804 KTBW 12.73 7.27/13.94 0.64 0.03/1.86
17 TGF110830487 KTBW 13.33 9.09/13.64 1.15 0.36/1.73
18 TGFI13063095I KTBW 12.73 10.30/13.33 0.80 0.21/1.53
19 TGF130701021 KTBW 10.00 6.5/13.33 0.26 0.01/2.84
20 TGF130905817 PGUA 13.64 6.5/14.54 0.52 0.01/1.42
21 TGFI110816556 TJUA 13.03 11.82/13.64 0.63 0.22/1.73
22 TGFI120731311 TJUA 16.06 13.94/16.67 0.53 0.31/1.14
23 TGFI130930128 TJUA 14.85 6.5/17.58 0.45 0.04/2.33
24 TGFI131030234 TJUA 12.42 7.26/15.76 0.20 0.03/0.57
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exhibits EET and VILD values ranging from 9.39 to
16.06 km and 0.02 to 4.4 g m~, respectively (median
values are 13.94 km and 0.71 g m™, respectively; see
Table 1). The associated CAPE value is 2,630 ] kg™
To provide a comparison to this CAPE value, we also
compute the minimum, mean, and maximum CAPE
values for all days of the month at the same location
and time of day. For June 2013 at 1200 UTC (see Table
1) the minimum, mean, and maximum CAPE values
are 700, 2,640, and 4,650 ] kg™, respectively. Hence, a
CAPE value of 2,630 ] kg™ could be characterized as
a storm with an “average” monthly CAPE.
TGF130630951 (Fig. 4b) illustrates an example
of a relatively shallower convection (i.e., compared
to the previous example), with the 30-40-dBZ
level reaching ~6 km, delineating the updraft of the

southern storm cell. The maximum CAPPI Z is found
~48.5 dBZ at ~3-km altitude. The minimum detect-
able Z (~10-20 dBZ) is also well above 10 km, in line
with the EET values that range from ~10.3 to 13.3 km
with a median around 12.7 km. The respective maxi-
mum VILD values are computed as 1.53 g m™, with
a median of 0.8 g m™ (see Table 1). The associated
CAPE value is 1,400 ] kg™. The respective monthly
minimum, mean, and maximum CAPE values for
June 2013 at 0000 UTC (see Table 1) are 590, 2,489
and 3,900 ] kg™

TGF111101122 (Fig. 4c¢) is the only winter storm in
our sample, with the 30-40 and 20-30 dBZ stratified
between ~6 and 7 km and 9 and 11 km, respectively (Fig.
4¢). The maximum CAPPI Z is ~47.5 dBZ at ~4-km alti-
tude. This storm exhibits EET and VILD values ranging

Altitude CAPE CAPE CAPE

at”Z CAPE min mean max
TGF ID (m/dBZ) (Jkg™) (Jkg™) (Jkg™) Jkg™)

| TGF100803822 5,000/38 2,310 1,080 2,953 4,780
2 TGFI130520833 3,000/55 2,740 0 1,534 3,140
3 TGFI130713734 4,000/50 1,320 1,050 2,467 4,060
4 TGFI130809149 5,000/46 1,490 1,490 2,996 4,750
5 TGFI30611560 5,000/41.5 900 850 2,852 3,950
6 TGFI100916059 6,000/45 3,590 1,130 2,649 4,380
7 TGF110626928 5,000/55.5 3,060 810 2,750 3,750
8 TGFI110801123 6,000/46 1,320 860 2,250 4,260
9 TGFII1101122 4,000/47.5 660 100 971 1,860
10 TGFI120421334 4,000/62 400 0 1,040 3,220
I TGFI130606592 4,000/52.5 1,390 850 2,343 4,700
12 TGFI130607515 6,000/62.5 2,630 700 2,640 4,650
13 TGFI110929773 3,000/50 4,880 0 2,272 4,880
14 TGF130925226 6,000/37.5 1,780 740 1,997 3,630
15 TGFI20713614 3,000/42 2,190 1,160 2,851 4,660
16 TGF100807804 3,000/52.5 1,990 900 1,894 3,230
17 TGF110830487 3,000/56 4,240 1,320 3,218 5,050
18 TGFI30630951 3,000/48.5 1,400 590 2,489 3,900
19 TGFI130701021 5,000/54 1,220 970 2,312 3,570
20 TGFI130905817 — — — — —

21 TGFI110816556 4,000/51 2,730 1,620 2,927 4,190
22 TGFI120731311 4,000/47 2,160 1,570 3,136 4,700
23 TGFI130930128 6,000/56 4,550 1,150 2,938 4,550
24 TGFI31030234 6,000/35 2,410 930 2,516 4,040
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FiG. 4. Three-dimensional reflectivity Z (dBZ) volume scans over a square grid of 10 by 10 km? that encompasses
the locations of (a) TGFI130607515, (b) TGF130630951, (c) TGFI11101122, and (d) TGF130606592. Altitude is in
kilofeet as output by GR2AE.

from ~9.0 to 12.4 km and from 0.14 to 1.64 g m™, re-
spectively (median values are 11.52 km and 0.35 g m™>,
respectively; see Table 1). The associated CAPE value
is 660 ] kg™. The respective monthly minimum, mean,
and maximum CAPE values for November 2011 at
0300 UTC (see Table 1) are 100, 971, and 1,860 ] kg™

TGF130606592 (Fig. 4d) is associated with at-
mospheric instability from the presence of Tropical
Cyclone Andrea in the Gulf of Mexico with the
TGF located over the storm’s rainband. It exhibits
30-40 dBZ, extending between ~6 and 7 km and the
weakest (~10-20 dBZ) detectable Z at about 12 km.
The maximum CAPPI Z is ~52.5 dBZ around 4 km.
In line with the above, the EET values range from
~10.91 to 13.94 km with a median around 12.42 km
(see Table 1). The respective maximum VILD values
are computed as 2.42 g m~, with a median around
0.4 g m™. The associated CAPE value is 1,390 ] kg™
The respective monthly minimum, mean, and maxi-
mum CAPE values for June 2013 at 1500 UTC (see
Table 1) are 850, 2,343, and 4,700 J kg™'.
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Table 1 summarizes, among others, the CAPPI
and CAPE and values for all 24 TGFs. No CAPE or
Z data are available for TGF130905817 near Guam.
CAPPI values throughout our sample are consistent
with the observations pertaining to the VILD, in that
TGF-producing storms span from relatively deeper
to relatively shallower convection. Also, a wide range
of CAPE values are observed, similar to Splitt et al.
(2010); the values for the TGF storms are consistent
with the values for other days of the months in which
the TGFs occurred.

No NEXRAD product is bias free, and retrievals
such as EET and VILD are dependent on parameters
such as distance from the radar, storm propagating
speed, and updraft structure (e.g., tilts) (DeLobbe
and Holleman 2006; Howard et al. 1997; Setvak et al.
2010). For instance, because of the short distance of
TGF130701021 from the KTBW NEXRAD (33 km;
Table ES2), the EET/VILD retrievals may be under-
estimated, especially above ~11-km altitude due to
the “cone of silence” effect (because of the ~19° tilt



NEXRAD angle) (anonymous reviewer 2015, personal
communication). In addition, given the EET underes-
timation of the actual cloud-top heights, the inferred
cloud-top heights in Fig. 2 should be shifted toward
higher values that will consequently agree better with
the observations in Splitt et al. (2010). Despite the
caveats in interpreting the NEXRAD products, the
consistency of the results herein supports the inter-
pretation that a relatively higher EET value around
the TGF location is a common characteristic, while
conversely there is no standard convective strength.
TGF130809149 (see Figs. ES5 and ES11), as well as
many other TGFs found throughout the supple-
mental information, exemplifies the last argument.
TGF130809149 is approximately 119 km (Table ES2)
from the NEXRAD KAMX (Miami, Florida), and its
geolocation uncertainty region nicely encompasses
the main convective core of a relatively weak storm
cell (Fig. ES11; VILD median = 1.1 g m~; maximum
CAPPI Z = 46 dBZ at 5 km; Table 1), which is part
of the scattered convection over the Gulf of Mexico.
The EET 2D map for this storm (Fig. ES5) highlights
that the TGF geolocation uncertainty region nicely
outlines the higher parts of this storm.

Summary. Because the geolocation uncertainties
are larger than the spatial resolution of the next
NEXRAD data, we cannot identify the specific
NEXRAD pixel that corresponds to each TGF.
Instead, we “propagate the errors” by considering
all of the NEXRAD measurements within the cor-
responding geolocation uncertainty regions. While
this may dilute the results (i.e., compared to using
only the most probable geolocation), it also accounts
for the localization uncertainties.

Overall, the EET distribution for the TGF geoloca-
tion uncertainty regions shows a clear propensity for
values higher than ~12 km (Fig. 2a). These cloud-top
characteristics are common and consistent with
satellite observations over the Gulf of Mexico and the
Caribbean (Kokhanovsky et al. 2011; King et al. 2013;
Liu etal. 2008; Ushio et al. 2001), that is, the regions that
include 23 out of 24 TGFs in our sample. There is no
known physical mechanism that would enforce TGFs
to occur only near the high portions of these storms;
hence, we attribute this observation to a selection ef-
fect. In particular, lower-altitude TGFs likely exist, but
their gamma rays will be attenuated by the increased
pathlength through the denser atmosphere, rendering
most TGFs below the detection threshold of current
spaced-based gamma ray detectors. This is consistent
with the interpretation that TGFs are preferentially
detected where the tropopause is higher (Williams et al.
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2006; Smith etal. 2010). These ideas are very similar but
distinct. The tropopause-altitude hypothesis seeks to
explain why observed TGFs are strongly weighted to
tropical storms (latitude distribution); we are seeking
to explain the locations of TGFs within storms.
Regardless of the chosen VILD statistic (e.g., maxi-
mum, median, or 25% percentile), the VILD values
in TGF geolocation uncertainty regions demonstrate
that storms that are defined as (relatively) shallow or
deep convection can still produce a TGF (Fig. 3; Table
1). The VILD-related findings are further supported
by the Z volume scans, CAPPI, and CAPE estimates,
which also depict a variety of storms producing TGFs..

CONCLUSIONS. This examination of the con-
vective characteristics of 24 TGF-producing storms
finds a variety of convective strengths, ranging from
relatively weaker to deeper convection, with no dis-
tinguishing characteristics. Follow-on studies with
larger samples are needed to determine the “weakest”
storm that is able to produce a TGF. For instance,
the fact that the range of the VILD maxima has a
lower bound of VILD = 0.54 g m™ (Fig. 3; Table 1)
warrants additional research since this value might
be biased by the preference of current spaced-based
TGF instruments for high-altitude TGFs. While we
have found that a wide range of storms can produce
TGFs, studies with larger samples (see below) will
determine whether TGFs are more likely from storms
of particular convective strengths or types and can
also investigate whether TGFs preferentially occur
during particular storm phases.

A common finding for all 24 TGFs is the prefer-
ence for the higher parts of the storm, likely due
to a selection effect. As a result, calculations of the
worldwide TGF rate that rely on scaling of the TGFs
detected from space are likely underestimates. For
example, correcting the observations for the limited
portion of Earth observed by the spacecraft, the
number of TGFs above the detection threshold of
GBM and under the orbit of Fermi (i.e., between
latitudes £25.6°) was estimated as 4 x 10° yr' (Briggs
et al. 2013). Similarly, the ratio between GBM TGFs
and lightning flashes optically detected by LIS and
the Optical Transient Detector (OTD) (Boccippio
et al. 2002; Christian et al. 2003) was estimated as
1:2,600 (Briggs et al. 2013). Because of the unknown
number of low-altitude attenuated TGFs undetected
by GBM and other current space-based gamma ray
instruments, current estimates of the annual TGF rate
and TGF/lightning ratio are lower limits.

The joint Fermi GBM and WWLLN/ENTLN
sample continues to grow. Currently we are working
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toward acquiring and postprocessing radar data
from other regions worldwide so that we can check
for regional dependencies of storm properties. The
observations of the upcoming Geosynchronous
Lightning Mapper (GLM) (Goodman et al. 2013),
correlated with gamma ray instruments, will provide
additional accurate TGF locations, along with new
measurements of TGF-associated lightning. A Light-
ning Imaging Sensor (LIS) (Blakeslee et al. 2014) and
the Atmosphere-Space Interaction Monitor (ASIM)
(Neubert 2009) for TGFs will fly on the International
Space Station, making simultaneous observations.
The optically geolocated TGF samples (e.g., GBM/
GLM and ASIM/LIS) will have the advantage of being
unbiased with respect to TGF duration, unlike the
radio-geolocated samples. While it seems unlikely
that TGF storm properties correlate with TGF dura-
tion, the forthcoming optical geolocations will test
this idea. We expect that these new observations will
enhance our understanding of the relations between
TGFs, lightning, and thunderstorms.
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