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Abstract The Fermi Gamma-ray Burst Monitor (GBM) has detected terrestrial gamma-ray flash (TGF)
pulses and TGF pairs with separations from submilliseconds to several minutes. Enhancements in the TGF
rate are reobserved on successive orbits. We report on the distribution of TGF pulse separations observed
with Fermi GBM. Additionally, a detailed analysis is performed on TGFs that have temporal associations
within 3.5 ms with radio atmospheric signals (sferics) from the World Wide Lightning Location Network
or the Earth Networks Total Lightning Network. Sferics are typically associated with lightning discharges,
but the relativistic runaway electron avalanche process, according to models, should also produce radio
emissions. The separations times between TGFs show a gap from 10 ms to 1 s that we interpret as showing
differing origins for the separations below 10 ms and those above 1 s. Analysis of paired TGFs with
separation time ≥1 s reveals 51 pairs with a sferic association with both members. The majority of these
pairs have members originating from separate cells in thunderstorm systems, but 10 pairs have geolocations
consistent with originating from the same cell. The minimum separation time of pairs from the same cell is
10 s, with an average separation time of 56 s. This leads to implications on TGF generation models and the
recharge time of the large-scale electric field at the source of the production of the TGF. This separation time
would result in a constraint on the recharge time of the large-scale electric field before an additional TGF
can be produced.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) are submillisecond bursts of gamma ray radiation associated with light-
ning. The Burst and Transient Source Experiment (BATSE) on the Compton Gamma Ray Observatory first
observed these events in the early 1990s and associated them with thunderstorms. Most TGFs were observed
as single pulses, but many TGFs had multiple pulses due to a bias in its triggering algorithm (Fishman et al.,
1994; Smith et al., 2005). The algorithm on board BATSE that detected TGFs was designed to trigger on astro-
physical transients using a 64-ms timescale or longer data accumulations. This limited the detected TGFs to be
very intense, to be multiple pulsed, or to have a long duration (i.e., such as a terrestrial electron beam) in order
to trigger BATSE. Other instruments have contributed to TGF research such as the Reuven Ramaty High Energy
Solar Spectroscopic Imager (RHESSI; Grefenstette et al., 2009; Smith et al., 2005), the Astro-Rivelatore Gamma
a Immagini Leggero (AGILE; Marisaldi, Argan, et al., 2010; Marisaldi, Fuschino, et al., 2010), and Gamma-ray
Burst Monitor (GBM) on board the Fermi Gamma Ray Space Telescope (Briggs et al., 2010; Roberts et al., 2018).
Ground instruments, such as the Airborne Detector for Energetic Lightning Emissions (Smith et al., 2011) and
the Thunderstorm Energetic Radiation Array (Dwyer et al., 2012a), are also capable of detecting TGFs, leading
to advancements in the field such as the first direct detection of a neutron signature from a TGF (Bowers et al.,
2017; Enoto et al., 2017). While most TGFs are thought to originate alongside positive intracloud (IC) lightning,
ground-observed TGFs may originate from other types of lightning (e.g., cloud to ground [CG]; Dwyer et al.,
2012a).

A localization method for TGFs has been developed using lightning location networks that detect radio atmo-
spheric signals, or sferics (Briggs et al., 2013; Connaughton et al., 2010). With only gamma ray data, a TGF
is localized within 800 km of the subsatellite nadir, but radio networks such as the World Wide Lightning
Location Network (WWLLN), the Earth Networks Total Lightning Network (ENTLN), and the Global Lightning
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Dataset (GLD360) use triangulation between at least four antennae to locate the source of a sferic. A sferic is
identified to be related to a TGF if it occurs in time within 200 μs (simultaneous) or 3.5 ms (associated) of the
observed gamma rays. Sferics from WWLLN and ENTLN have an average localization of 11 km, but errors of
≥20 km have been observed (Abarca et al., 2010; Bui et al., 2015; Rudlosky, 2015; Rudlosky & Shea, 2013). Thus,
TGFs with an association are accurately localized to ∼20 km, leading to studies in spectral analysis of indi-
vidual TGFs (Mailyan et al., 2016) and meteorological studies of TGF-producing storms (Chronis et al., 2016;
Mezentsev et al., 2016; Roberts et al., 2017).

TGFs are also localized using their association with optical emission from lightning. However, such associa-
tions are rare due to the infrequent simultaneous coverage of a storm from both a gamma ray and an optical
satellite.

RHESSI has seen two gamma ray events with a radio and optical associations from WWLLN and the Lightning
Imaging Sensor (LIS; Gjesteland et al., 2017). Missions using a geostationary orbit, such as the GOES-16’s Global
Lightning Mapper, can increase the associations with optical emission. Space missions with both gamma ray
and optical detectors will simultaneously observe TGFs in energy both bands, for example, TARANIS (Tool for
the Analysis of RAdiations from lightNIngs and Sprites) is expected to launch in 2019 (Blanc et al., 2007). The
Atmosphere-Space Interactions Monitor was launched this year to the International Space Station to observe
gamma rays from TGFs (Blanc et al., 2007). Since another LIS is on board, it is possible to observe TGFs with
their optical counterparts (Neubert et al., 2006).

There is a broad consensus that the intense pulse of TGF gamma rays is bremsstrahlung from a relativistic run-
away electron avalanche (RREA; Dwyer, 2003; Gurevich et al., 1992), in which electrons are accelerated and
multiplied into a cascade by the strong electric field in the atmosphere. Details such as the precise location of
the high-potential electric field are still contested. Consequently, three models have emerged. The lightning
leader model assumes the particle acceleration occurs at the tip of a lightning leader channel via the cold
runaway process (Carlson, 2009; Celestin & Pasko, 2011; Stanley et al., 2006), while the relativistic feedback
discharge (RFD) model assumes the acceleration occurs in a large-scale electric field within a thunderstorm
(Dwyer & Babich, 2011). The avalanches within the large-scale electric field become self-sustaining until a crit-
ical point in which a large quantity of low-energy electrons and ions discharges the field. The third model has
the production of seed electrons at the tip of a lightning leader, and the RREA process occurs in a large-scale
electric field (Dwyer, 2012; Moss et al., 2006). In Dwyer and Cummer (2013), the RREA process creates enough
low-energy electrons and ions to act as an electric current. This current produces radio emissions that are
extremely similar to lightning signals and, without care, can be misinterpreted as a lightning signal.

All three models can produce multiple-pulse TGFs. In the RFD and large-scale lightning leader models, a
relativistic feedback streamer can be formed, gradually removing the negative charge generated by RFD.
Removing the negative charge will create a self-sustaining electric field, producing additional bursts of
gamma rays (Dwyer et al., 2012b; Liu & Dwyer, 2013). The lightning leader model predicts that TGFs with mul-
tiple pulses are due to RREAs at different times during the leaders progression upward through the cloud
(Carlson, 2009). In both these cases, multiple pulses from a single TGF can form with a pulse separation less
than a few 100 ms.

Observations of multiple-pulsed TGFs have been reported from all spaceborne instruments. In 2013 AGILE
reported seven multiple-pulsed TGFs, of which one had up to seven peaks with in 10 ms. Additionally, analysis
of 278 Fermi GBM TGFs showed that 19% had distinct multiple pulses, with another 11% showing evidence of
overlapping multiple pulses (Foley et al., 2014). Events with multiple pulses within a fraction of a second can
be assumed to originate from a single TGF source (Marisaldi et al., 2014).

Multiple TGFs have also been observed from a thunderstorm system. Instruments in low-earth orbit can only
detect TGFs from an individual storm for roughly 4 min, as the spacecraft passes over a storm. This is limited
by its velocity and the effective area of the detectors. However, satellites can continue to observe TGFs from
a thunderstorm system based on their periodic orbit. TGFs from the same thunderstorm system have been
studied by AGILE and RHESSI in successive orbits. RHESSI reports an enhancement of TGFs at 96 min, the orbital
period of the spacecraft. Enhancements at more than one orbit were not identified (Grefenstette et al., 2009).
Due to AGILE’s low inclination angle of 2.5∘, it has observed additional TGFs from the same thunderstorm
system along several orbital passes (Ursi et al., 2016). For most of their pairs, it is not reported if they are
consistent from the same thunderstorm cell.
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This paper characterizes the TGFs observed byFermi GBM in terms of thunderstorm cell origin, frequency,
and storm properties, with a focus on TGFs detected by Fermi GBM within 4 min and are localized by a radio
network. Section 2 describes the pair sampling and instrumentation of the study. This includes Fermi GBM,
magnetic field sensors from Duke University, and radio networks (WWLLN and ENTLN). The study results and
discussion are presented in Sections 3 and 4.

2. Instrument and Data

Fermi GBM has the largest sample of TGFS with a sferic association. The spacecraft instrument consists of
12 thallium-doped sodium iodide (NaI(Tl)) detectors, and two bismuth germanate (BGO) detectors (Meegan
et al., 2009). The NaI(Tl) detectors are placed in four clusters of three around the spacecraft to provide a 4𝜋
field of view, while the BGO detectors are omni-directional on opposite sides of the spacecraft. The effective
energy ranges of the detectors are 10-1000 keV and 200 keV - 40 MeV for the NaI(Tl) and BGO detectors respec-
tively. We use the Time-Tagged Event (TTE) data stream, which reports individual counts with 2.0 μs temporal
resolution and 128 pseudo-logarithmic spaced energy channels. The normal deadtime is 2.6 μs; however, the
dead time increases to 10.4 μs for either detector if a count is present in the overflow channel. The overflow
channels are >1 MeV and >40 MeV for the NaI(Tl) and BGO respectively. The instrument is most sensitive
to TGFs within 400 km of the spacecraft’s nadir; however, TGFs can be detected up to ∼800 km at reduced
sensitivity (Briggs et al., 2013).

2.1. Radio Data Correlations with TGFs
Two radio networks, WWLLN and ENTLN, and a radio receiver in Duke University are used in this paper to find
sferics associated with a TGF. As of 2013, WWLLN has over 70 ground stations (Hutchins et al., 2013) used to
detect 3-30 kHz very low frequency (VLF) signals. WWLLN requires fives sensors to perform time of group
arrival method for localization (Dowden et al., 2002). The efficiency for CG and IC strokes are similar providing
their peak currents are comparable (Abarca et al., 2010; Jacobson et al., 2006; Lay et al., 2004). WWLLN only
detects strokes with peak currents ≥30 kA (Virts et al., 2013).

The ENTLN network has over 800 wideband electric field recorders that operate within a range of 1 Hz to
12 MHz (Hutchins et al., 2013). Pulses in the electric field are located by time of arrival to each recorder and
subsequently grouped into flashes. ENTLN previously required a minimum of eight stations to determine the
localization of a stroke, but five stations are used if the local noise level is sufficiently low (Thompson et al.,
2014). By adding additional stations, the ENTLN global relative detection efficiency increased dramatically
in 2011 and 2012, reaching ≥ 50% in most regions(Bui et al., 2015) and improving associations with TGFs
globally.

A sferic from WWLLN or ENTLN networks is associated with a TGF if the sferic is within 3.5 ms from a
detection of gamma rays after correcting for light travel time. A simultaneous association is a sferic within
200 μs. A chance coincidence probability is calculated for each association and is considered high if p ≥ 0.01
(Briggs et al., 2013; Roberts et al., 2018). Due to ENTLN having a high lightning stroke rate (Bui et al., 2015),
a high chance probability is often calculated with ENTLN associations, and are thus considered a poor
association. However, this probability calculation does not account for temporal proximity of the sferic, so
simultaneous associations are more reliable than implied by the calculated value. Fermi GBM has over 30%
of their TGFs associated with a sferic. The majority of these associations are simultaneous. Table 1 lists TGFs
with any association. If an association is poor, the chance coincidence probability and number of strokes are
included.

For each TGF, the WWLLN and ENTLN data are searched for corresponding sferics. Both networks have com-
parable global localization accuracy (Rudlosky, 2015; Rudlosky & Shea, 2013). If both networks observe the
same sferic, the geolocation from ENTLN is chosen to remain consistent between pairs, since ENTLN has an
association with every TGF in our sample. However, if WWLLN detects a simultaneous event and ENTLN only
has an association ≥200 μs, the geolocation from WWLLN is used, except for Pair 10. The special case of Pair
10 is discussed in the Results section.

A radio magnetic sensor system located at Duke University (35.97 N latitude, -79.1 E longitude) continu-
ously records two orthogonal components of the horizontal magnetic field at sampling frequency of 100
kHz(Cummer & Lyons, 2005). If a TGF is within the range of the radio receiver (typically<4,000 km) and a geolo-
cation from WWLLN or ENTLN is known, the full radio magnetic waveform is used to verify the association in
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Table 1
TGF and Sferic Information on Pairs

VLF Separation

No. TGF ID UTC Network Longitude Latitude Time (s) Distance (km) Strokes Chance P

1 120705943 2012-07-05 22:37:32.364946 WWLLN −76.88 +6.73 80.17 3.57

120705944 2012-07-05 22:38:52.536674 ENTLN −76.86 +6.70

2 120724411a 2012-07-24 09:51:23.177200 ENTLN −109.55 +25.99 11.31 20.67 8,134 0.041

120724411b 2012-07-24 09:51:34.484300 ENTLN −109.50 +25.81 8,242 0.039

3 120724411a 2012-07-24 09:51:23.177200 ENTLN −109.55 +25.99 82.79 16.11 8,134 0.041

120724412 2012-07-24 09:52:45.967754 ENTLN −109.65 +26.10 8,566 0.045

4 130506347a 2013-05-06 08:20:01.704000 ENTLN −69.28 +11.95 20.41 10.85 2,045 0.014

130506347b 2013-05-06 08:20:22.115482 ENTLN −69.26 +11.86 2,020 0.012

5 130608438 2013-06-08 10:31:07.598600 ENTLN −88.33 +23.50 88.25 3.21

130608439 2013-06-08 10:32:35.850338 ENTLN −88.30 +23.51

6 130730276 2013-07-30 06:37:38.639400 ENTLN −95.14 +15.28 61.71 12.44 8,562 0.042

130730277 2013-07-30 06:38:40.353490 ENTLN −95.17 +15.17 8,658 0.047

7 130913030 2013-09-13 00:43:01.845438 ENTLN −5.06 +13.59 69.68 13.79

130913031 2013-09-13 00:44:11.526600 ENTLN −4.93 +13.59

8 141028731 2014-10-28 17:32:15.652704 ENTLN 129.19 +1.13 72.00 31.27 1,151 0.013

141028732 2014-10-28 17:33:27.650900 ENTLN 129.00 +0.93

9 141219218a 2014-12-19 05:13:30.196000 ENTLN 127.11 −14.33 40.15 8.72 17,456 0.047

141219218b 2014-12-19 05:14:10.345884 ENTLN 127.03 −14.35 19,119 0.110

10 150213367 2015-02-13 08:48:29.044418 ENTLN 101.98 −14.24 97.61 23.69

150213368 2015-02-13 08:50:06.650800 ENTLN 101.81 −14.10

11 150901523a 2015-09-01 12:32:40.415300 ENTLN 83.67 +22.53 9.93 20.53

150901523b 2015-09-01 12:32:50.350200 ENTLN 83.77 +22.37

Note. TGF = terrestrial gamma ray flash; VLF = very low frequency; WWLLN = World Wide Lightning Location Network; ENTLN = Earth Networks Total Lightning
Network.

time with the TGF. Four pairs have data available from the sensors at Duke University. Pair 5 is presented in
this paper, while the additional data can be found in Appendix A.

2.2. Data and Method
Our sample includes Fermi GBM data between June 2011 and January 2016, which includes 3,281 TGFs. In this
range, there are 1,226 sferic associations that can be found in the first Fermi GBM TGF catalog (Roberts et al.,
2018). We calculate the separation time between two pulses of gamma rays within a time window of 0.5 ms
to 220 s. The maximum separation time is based upon the distance to which Fermi GBM can detect TGFs and
orbital velocity of Fermi. The maximum distance from the nadir at which Fermi GBM detects TGFs is 800 km
(Briggs et al., 2013): A location on the orbital track will be viewed for ∼220 s, from where it is 800 km ahead to
where it is 800 km behind Fermi. However, the detection efficiency to 800 km is low so Fermi GBM is unlikely
to detect TGFs from the same location separated by 200 s. The detection efficiency is optimal up to 400 km,
so the sensitivity to TGFs from the same storm, separated by ∼110 s, is relatively good.

Figure 1 shows the number of pairs versus separation time between pairs. There is a clear gap between 10 ms
and 1 s, with only three pairs between 10 ms and 1 s. We interpret that this gap shows two reasons for the
pulse separations: Before a few 100 ms, the set is due to a single TGF with multiple gamma rays, and afterward
the set is due to gamma ray pulses from individual TGFs.

Within the gap are three pairs for which the classification can be either a single TGF with multiple pulses or a
pair of consecutive, distinct TGFs. The first two pairs have a separation time under 300 ms and thus are more
consistent with a single TGF with multiple pulses. The last pair has a separation time of 800 ms that is most
consistent with being two consecutive TGFs. One TGF of this pair has an ENTLN/WWLLN association, while the
other member has no association, so this pair is not further analyzed herein.
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Figure 1. (left) Separation time between TGF pulses in 10-μs binning. Pairs before the dashed line are interpreted as
TGFs with multiple pulses. (right) Separation time between TGF pairs in 4-s binning. Pairs after the dashed line are
interpreted as consecutive TGFs typically from the same thunderstorm system. Between both dashed lines is a gap with
only three TGF pairs. Pair in this gap can be from either origin. TGF = terrestrial gamma ray flash.

In this study, only pairs of consecutive TGFs in the time window from 1 to 220 s are considered, leaving
multiple-pulsed TGFs to be addressed in a separate paper. The excess of consecutive TGFs in this timescale
could be from the same storm or because there are numerous storms underneath the spacecraft. Assuming
a typical thunderstorm cell to have a size of 10 km and using the average, nonellipsoidal localization error of
WWLLN and ENTLN, which is 11 ± 7 km (Heckman, 2013; Rudlosky, 2015; Rudlosky & Shea, 2013), paired TGFs
with separation distances within 40 km provides an initial search for TGFs that may be consistent to originate
from the same cell.

Figure 2 (top) investigates TGF pairs, which includes nonconsecutive pairs, from multiple orbits by plotting
time windows from 1 min to 1 day (1,440 min). Dashed vertical lines are orbital periods of Fermi correcting for
precession (∼0.2 min) and the rotation of the Earth (∼6.7 min). Similar to RHESSI, a large enhancement of TGFs
is observed when Fermi returns to the same longitude on the Earth after 102 min. However, most subsequent

Figure 2. Separation time between terrestrial gamma ray flash (TGF) pairs in minutes. (top) All TGF pairs, including
nonconsecutive pairs, within a day. (bottom) TGF pairs with the nadir of Fermi within 1,000 km of each other. Vertical
dash lines represent each orbital pass of Fermi. Each enhancement during an orbital pass is interpreted as consecutive
TGFs originating typically from the same thunderstorm system, while enhancements in between dashed lines are
interpreted as TGFs originating from active thunderstorms in different geographic regions.
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Figure 3. Stacked analysis of Figure 2 over orbital periods 3 to 11, corrected for precession and the rotation of the Earth
(102 min). The origins of the initial terrestrial gamma ray flash of each pair is identified by their corresponding color. This
shows that peaks between each orbits are due to lightning hot spots (Americas, Asia, and Africa) within Fermi’s orbit.

passes show weaker enhancements, except for the last two. In contrast, AGILE can view large enhancements
for several orbital passes.

Besides these large enhancements, smaller peaks are seen in Figure 2 at subsequent orbital passes and in
between passes. The bottom panel of Figure 2 includes only TGF pairs that the nadirs of Fermi is within
1,000 km of each other. This confirms that Fermi can view the same thunderstorm system every orbit.

The smaller peaks between periods are not fluctuations but are due to other hot spot thunderstorm regions
that Fermi passes over. These peaks do not fall in the same place every orbit due to the initial TGF originating
from different regions, as well as seasonal and local solar time dependence (Roberts et al., 2018). Figure 3 is a
stacked histogram of orbital periods three to eleven from Figure 2. This selection excludes the large enhance-
ments previously discussed and allows us to examine the weaker peaks, to determine if they are background
fluctuations or due observing other thunderstorm active regions. The initial TGF in this Figure is identified to
be from one of three hot spot regions: Americas, Asia, or Africa. The second member then originates from one
of the other three regions. These are identified based on which separation time peak they lie in. For example,
if the initial TGF originates in the Americas, the secondary TGF lies in Africa if the separation time of the pair
is between 20 and 35 min. The Asian peak, 45 to 75 min, is much wider due to the tail being from the Oceanic
region, which is only active half the year.

Pair 10 consists of TGFs 150213357 and 150213358. A geolocation from the ENTLN network for TGF 150213358
is used in this study, despite the WWLLN network detecting a simultaneous sferic. The geolocation for the
WWLLN sferic, which is marked as a red triangle in Figure 13, is well outside of all other detected sferics
(≥29 km), so it is implausible that this geolocation is accurate.

Figure 4. Separation time between terrestrial gamma ray flash pairs with sferic associations in seconds. In red are the 11
terrestrial gamma ray flash pairs that are from the same thunderstorm system listed in Table 1. Bin sizes are 20 s.
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Figure 5. Figures 5–14 are all similar. (top) Plot of the Earth underneath the spacecraft ±5° (left) and ±1° (right) from
center of associated signals. Geolocations of sferics from Earth Networks Total Lightning Network ±10 min of the first
TGF are shown in green. The associated terrestrial gamma ray flash (TGF) is marked with a square (first) and diamond
(second) and shaded purple with darker shades occurring earlier. The location of Fermi Gamma Ray Burst Monitor at the
time of a TGF is marked as an “X” with a corresponding shade of purple. (bottom) Light curves of each TGF are ordered
chronologically from left to right. Pair 1 consists of 120705943 and 120705944.

Figure 6. Pairs 2 and 3 are the pairs that make up three consecutive terrestrial gamma ray flashs. (top) An additional star
marks the last consecutive terrestrial gamma ray flashes also in a lighter shade of purple. Pair 2 consists of 120724411a
and 120724411b, and Pair 3 consists of 120724411a and 120724412.
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Figure 7. Pair 4 consisting of TGFs 130506347a and 130506347b. TGF = terrestrial gamma ray flash.

Figure 8. Pair 5 consisting of TGFs 130608438 and 130608439. TGF = terrestrial gamma ray flash.
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Figure 9. Pair 6 consisting of TGFs 130730276 and 130730277. TGF = terrestrial gamma ray flash.

Figure 10. Pair 7 consisting of TGFs 130913030 and 130913031. TGF = terrestrial gamma ray flash.
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Figure 11. Pair 8 consisting of TGFs 141028731 and 141028732. TGF = terrestrial gamma ray flash.

Figure 12. Pair 9 consisting of TGFs 141219218a and 141219218b. TGF = terrestrial gamma ray flash.
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Figure 13. Pair 10 consisting of TGFs 150213367 and 150213368. The WWLLN geolocation for TGF 150213369 is marked
as a red triangle. Despite the WWLLN sferic being simultaneous with the TGF, its localization accuracy is questioned due
to it being outside all other sferics. TGF = terrestrial gamma ray flash; WWLLN = World Wide Lightning Location Network.

Figure 14. Pair 11 consisting of TGFs 150901523a and 150901523b. TGF = terrestrial gamma ray flash.
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Figure 15. (red) Radio azimuthal magnetic field from Duke University for Pair 5. (magenta) Gamma rays from
Fermi Gamma Ray Burst Monitor. The start time of the terrestrial gamma ray flash (TGF) detected by Fermi is identified
by a dashed black line. (top) TGF 130608438. The TGF aligns with a short train of radio pulses of equal amplitude.
(bottom) TGF 130608439. The TGF occurs simultaneous with the middle of three fast pulses despite not having a
simultaneous association with either ENTLN or WWLLN. ENTLN = Earth Networks Total Lightning Network;
WWLLN = World Wide Lightning Location Network.

There are 395 consecutive TGFs in the time window of 1 to 220 s. Fifty-one of these pairs have a sferic associa-
tion for both TGFs. The majority of these pairs are from separate thunderstorm cells, with a separation distance
≥40 km. Our sample shrinks to 11 pairs when only including TGFs that are possibly from the same cell. The dis-
tance between sferics is calculated using the World Geodetic System (WGS84) coordinate system assuming
sources at 12-km altitude.

3. Results

For the remaining analysis we only use TGFs between 1 and 220 s, as using TGFs separated by one or more
orbits would require storm cell tracking. We find 51 TGF pairs that have a sferic association from either the
WWLLN or ENTLN. For 11 TGF pairs, both TGFs have locations that are within uncertainties with originat-
ing from the same thunderstorm cell. Figure 4 displays the separation time of all 51 pairs. The 11 pairs that are
within 40 km, listed in Table 1, are highlighted in red. The only time window where there are more pairs from
the same cell is between 60 to 80 s.

We present every pair consistent with the same thunderstorm cell in Table 1, listing pair number, TGF ID, detec-
tion time (UTC), preferred radio network, sferic’s longitude and latitude, and time and separation distance
between TGFs (seconds and kilometers). In the case of a poorly associated TGF, we also include the number
of sferics and the chance association probability. TGF IDs are given by YYMMDDxxx, where Y, M, and D are the
year, month, and day of detection, respectively. The “xxx” refers to the decimalized fraction of the day.
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Spacecraft location and light curve plots are also given for each pair in Figures 5–14. The top panels in these
figures display the spacecraft location plot with geolocations of sferics from ENTLN shown in green. There are
several cells underneath the spacecraft as part of an overall thunderstorm system. Most of the 51 consecutive
pairs originate from separate cells in a thunderstorm system. Geolocations of pairs are shown in shades of
purple along with their corresponding markers.

The bottom panels display the light curves of all members in a TGF pair. The bin size is usually 20 μs except
for weaker TGFs, which have 80-μs bins. The distance between the spacecraft and origin of the TGF should be
considered before drawing any conclusions on their relative strengths. The relative strength of each TGF can
be compared if the spacecraft has moved less than 100 km.

3.1. Pair 1
Pair 1 is a typical occurrence in our sample, consisting of TGFs 120705943 and 120705944. The separation time
between the TGFs is 80 s. WWLLN is used to localize 120705943 due to having a simultaneous sferic, which
ENTLN does not have.

Figure 5 shows the pair originating from an area with very few sferics compared to other cells in the region.
The light curve plots show a much stronger initial TGF, but the relative strengths are potentially misleading
since Fermi was ≥300 km closer to TGF 120705943 than it was to 120705944.

3.2. Pair 5
The two TGFs of Pair 5, 130506437a and 130506437b, are separated by the shortest distance between TGFs
located by ENTLN or WWLLN (3.2 km). Neither TGF has a simultaneous association with ENTLN/WWLLN, but
this pair is within the range of radio sensors located at Duke University. Figure 15 includes the radio waves
observed from the sensors located at Duke University. Assuming a production altitude of 12 km and correcting
for the propagation time to the gamma ray and radio instruments, the radio and gamma rays can be aligned.
For both TGFs, several sferics are seen within the association time, ±3.5 ms. However, the strongest radio
pulse does not occur simultaneously with the gamma rays. For TGF 130506437a, the gamma rays are during
a short train of radio pulses of equal amplitude. TGF 130506437b is more unusual, since the gamma rays
occur simultaneously with the middle of three fast pulses in sequence after the occurrence of the largest
pulse. However, this verifies that the TGFs are associated with a radio pulse, despite not having a simultaneous
association with ENTLN or WWLLN.

3.3. Pairs 2, 3, and 11
Pairs 2 and 3 consist of three consecutive TGFs: 120724411a, 120724411b, and 120724412. Pair 3 is a typical
event, but Pair 2 (TGFs 120724411a and 120724411b) has the second shortest separation time (11 s), while
Pair 11 (TGFs 150901253a and 150901253b) has the shortest separation time (10 s).

TGF 120724411b is the brightest of the three TGFs, despite being further away from Fermi than
TGF 120724412. Pair 11, also, displays a more intense latter TGF. The TGF strengths are comparable, since the
distances from the nadir of Fermi are essentially the same, ≤100 km.

3.4. Pairs 8 and 10
Pair 8 (141028731 and 141028732) is the only pair with its members having a separation distance >30 km.
Therefore, this pair is unlikely to originate from the same thunderstorm cell. These two TGFs most likely
originate from different cells, as shown in Figure 11. However, based on the localizations, the TGFs are
within uncertainties from originating from the the same cell. Regardless, this pair is not used in additional
interpretations in this paper.

4. Discussion

As stated in section 2, Figure 2 shows many enhancements of TGF pairs within a day. The large enhance-
ments at the start and end are interpreted as TGF pairs from the same thunderstorm system. The lack of large
enhancements between the start and end of the day is due to lightning’s dependency on local solar time
(Roberts et al., 2018) and Fermi’s orbital path no longer intersecting the storm due to precession and Earth’s
rotation. However, numerous weaker enhancements are seen at and between integer multiples of orbits cor-
recting for precession and Earth’s rotation (∼102 min). The enhancements at integer multiples of orbits are
interpreted as TGF pairs from the same thunderstorm system, similar to the large enhancements. However,
the peaks in between orbital periods are due to active thunderstorm regions along Fermi’s orbital path, shown
in Figure 3.
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Figure A1. Figures A1 to A3 are all similar. (red) very low frequency radio azimuthal magnetic field from Duke University.
(magenta) Gamma rays from Fermi Gamma Ray Burst Monitor. The start time of the TGF detected by Fermi is identified
by a dashed black line. Both sets of data are corrected for travel time. TGFs 120705943 (top) and 120705944 (bottom).
TGF = terrestrial gamma ray flash.

Our data set consists of 51 TGF pairs with VLF associations from both members, but only 11 pairs are within
40 km of each other. Therefore, over 80% of our sampled TGFs are due to different cells from a thunderstorm
system. The 11 pairs of TGFs studied in detail originate from cells with varying sizes and lightning frequencies.
Since this study uses TGFs originating from the same thunderstorm cell, we discuss a physical process based
on the separation time of TGFs from the same source region.

Large-scale electric field models predict the field will discharge below a breakdown threshold of ∼300 keV/m
when a TGF is created. If this was not the case, TGFs would be much longer than observed because such mod-
els are self-sustaining (Dwyer et al., 2012b). As the field is discharged, a recharge time can be constrained by
measuring the waiting period between consecutive TGFs originating from the same cell. The thunderstorm
cell can still be active between TGF production, so the recharge time of the thunderstorm cell is constrained
to be the waiting period between TGFs or shorter. Lightning may continue to occur within the same thunder-
storm cell after the initial TGF. This lightning relieves some electrical stress from the electric field. In addition,
radio networks do not detect IC lightning as well as CG (Virts et al., 2013), and so not every strike is detected.
Therefore, the recharge time calculated here is only a constraint to the actual interval, which may be shorter.

For small-scale electric field models, the energy of emitted runaway electrons is related to the electric poten-
tial distribution within the streamer head and lightning leader tip (Celestin & Pasko, 2012; Moss et al., 2006).
The electric field strength within these zones are directly related to the electric field strength in the cloud
(Rakov & Uman, 2003). While the TGF itself may not decrease the large-scale electric field, the lightning, which
created the TGF, will discharge the large-scale electric field. Since the small-scale electric field is dependent
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Figure A2. Azimuthal magnetic field data for Pair 4 consisting of TGFs 130506347a (top) and 130506347b (bottom).
TGF = terrestrial gamma ray flash.

on the large-scale electric field, a recharge time may be required before another +IC lightning that is capable
of producing a TGF can form. Therefore, the calculated constraint on recharge time calculated below applies
for all TGF production models discussed in this paper.

Due to Pair 8 members most likely originating from separate cells, 10 TGF pairs detailed in this paper are used
to constrain the minimum recharge time required for the large-scale electric field to produce consecutive
TGFs. The typical separation time between our pairs, such as Pair 1, is between 60 and 80 s. This corresponds
to a typical recharge time of the large-scale electric field to produce an additional TGF is roughly a minute.

However, we have two pairs (2 and 11) with a separation time of only 10 s, setting the upper limit for the
minimum recharge time. A possible explanation for a short separation time between consecutive TGFs is due
to a partial depletion of the electric field by the initial TGF. Pairs 2 and 11 both have the initial TGF being
much weaker than the subsequent TGF (Figures 6 and 13), which supports this interpretation. This is further
supported by Pair 3. Pair 3 consists of a third consecutive TGF from the same cell, but this last TGF required a
recharge or waiting time of 80 s after the middle TGF (120724411b) of the three, which was the strongest of
the group. This 80-s recharge time is within the typical range of our pairs. The strength of the TGF may relate
to the strength of the discharge and thus the recharge time to the next TGF.

Another explanation for this short recharge time (∼10 s) is that no additional lightning occurred within the cell
to relieve the electrical stress from the field. While this seems unlikely for Pair 2, which had numerous sferics
(42) between both TGFs and in the same thunderstorm cell, no additional sferics were detected by either net-
works between TGFs 150901523a and 150901523b (Pair 11). For this pair, the lack of additional lightning could
allow the field to recover quicker to produce an additional TGF. However, lightning could have still occurred
without being detected. As explained previously, if there were undetected lightning between two TGFs, then
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Figure A3. Azimuthal magnetic field data for Pair 6 consisting of TGFs 130730276 (top) and 130730377 (bottom).
TGF = terrestrial gamma ray flash.

the actual recharge time for the electric field to be strong enough to produce another TGF is less than the
observed spacing (10 s) between the two TGFs.

5. Conclusion

In this paper, we filtered the Fermi GBM TGFs from June 2011 to January 2016 for consecutive TGFs that
originate from the same thunderstorm cell. A gap was found in the distribution of separation times of TGF
emissions, which is interpreted as evidence for different origins for the separations below and above the gap.
TGF pairs with a separation time ≤10 ms are due to multiple pulses from a single TGF event, while pairs with
separations ≥∼1 s are due to consecutive TGFs that are commonly from the same thunderstorm system and
in some cases from the same thunderstorm cell. We look for associated sferics of TGFs using WWLLN or ENTLN.
We find 51 TGF pairs with 40 pairs originating from different cells. We present detailed analysis of 11 pairs,
with 10 pairs consistent to be from the same thunderstorm cell. We found the shortest delay between TGFs
to be 10 s and the average delay to be 56 s. Assuming large-scale electric field models, this separation time
results in a constraint on the recharge time for an electric field to reach RREA threshold after discharging. The
quick recharge time of 10 s could be due to only a partial discharge of the electric field from the initial TGF.
This is supported by Pairs 2, 3, and 11, which have a weaker, initial TGF.

With 20% of our sample from the same storm, we can expect more pairs in the future as more TGFs are
detected with radio or optical networks. If every TGF in our total sample had an association, 90 pairs could pos-
sibly be from the same cell. With improving detection efficiency and localizing accuracy from radio networks,
more associations with TGFs will allow for more population characterization in future studies. As well, future
optical space missions will improve associations of TGFs with their optical counterpart. We look forward to
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optical associations with Global Lightning Mapper and studies from Atmosphere-Space Interactions Monitor,
which recently launched to the International Space Station, which also hosts LIS.

Appendix A: Supporting Information for “A Study of Consecutive Terrestrial Gamma
Ray Flashes Using the Gamma Ray Burst Monitor”

In this appendix we present additional radio azimuthal magnetic field plots from Duke University for addi-
tional pairs as shown in the paper. The gamma ray and radio data were corrected for light travel time assuming
a 12-km source altitude, and the longitude and latitudes are given in the paper.

Only three additional pairs are within range of the sensors located at Duke University. Each of these pairs are
further away from the magnetic field sensors than Pair 5, as reported in the paper. Consequently, extra care
should be taken when identifying radio characteristics. These pairs are shown in Figures A1–A3.
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