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Abstract The low-frequency (LF) lightning sferics associated with terrestrial gamma-ray flashes (TGFs)
detected by Fermi Gamma-ray Burst Monitor over equatorial thunderstorms have been recorded at a station
in Melaka, Malaysia, since 2017. We examine the LF sferics of two Fermi TGFs, including one
TGF-associated lightning discharge at only about 28 km range. Both TGFs are related to the strongest pulse
during the initial stage of their parent intracloud (IC) lightning, while in both cases, the light curve of
gamma-ray photon lags the major lightning pulse by approximately 100 us. TGF occurred about 3 ms after
the lightning initiation when the initial upward negative leader has ascended for about 2 km to reach the
height of 10-11 km. Our analyses on a statistical basis show that TGF-related lightning is mostly located in
the strong convection of equatorial thunderstorms at the mature stage, and nearly half TGFs are not
produced in the strongest convection region.

Plain Language Summary As one of the effects caused by tropospheric lightning in the
near-Earth space, terrestrial gamma-ray flashes (TGFs) have been registered as worldwide phenomenon
typically associated with deep convection of thunderstorms. Although the equatorial regions appear to be
one of the hot spots for the spaceborne observations of TGFs, the ground-based measurements of
TGF-associated lightning sferics have not been conducted so far near equator. Since the summer of 2017, a
low-frequency (LF) magnetic field sensor has been installed on the campus of Universiti Teknikal Malaysia
Melaka to record the radio frequency lightning signal associated with TGFs detected by Fermi. Due to the
apparent proximity to the active region of TGF observations, the TGF-associated lightning signals have been
recorded within 200 km for several cases during 2 year operation, including one recorded at a distance as
close as 28 km. For another case with TGF-associated sferics recorded at 270 km range, the progression of
negative upward leader can be tracked by examining the sequence of lightning pulses along with their
ionospheric reflection. Through individual analysis and statistical research, the types, stages of TGF-related
thunderstorms, and the positions of lightning source relative to storms are discussed in this paper.

1. Introduction

Terrestrial gamma-ray flashes (TGFs) are brief bursts of gamma-ray emissions with photon energies typically
exceeding 1 MeV that are predominantly observed by spaceborne detectors on the low Earth orbit (Briggs
et al., 2010; Marisaldi et al., 2010; Smith et al., 2005). The connection between TGFs and tropospheric thun-
derstorms was almost immediately established upon their discovery (Fishman et al., 1994). Lightning sferics
measured at varying ranges are used to determine the relationship between TGFs and lightning (Cohen
et al., 2010; Cummer et al., 2005, 2011; Stanley et al., 2006) and characterize electrical properties of
TGF-related lightning discharges (Lu et al., 2011, 2019). More and more observations are reported to
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Lu et al., 2011, 2019; Lyu et al., 2015). Besides, downward TGFs were also
observed on the ground in association with rocket-triggered lightning
(Dwyer et al., 2004; Hare et al., 2016) and natural cloud-to-ground light-
ning (Abbasi et al., 2018; Tran et al., 2015; Wada et al., 2020).

The global distribution of TGFs detected from space resembles that of
lightning by demonstrating three high distributions in Africa, Americas,
and Southeast Asia, respectively (Grefenstette et al., 2009; Splitt
et al., 2010). However, the examinations of TGF-associated lightning sfe-
rics predominantly regard events observed at middle latitudes (Cummer
et al., 2011; Lu et al., 2010; Lyu et al., 2018), with limited studies on
TGFs produced by tropical thunderstorms (e.g., @stgaard et al., 2013).

102 104 106 108 110 112 Previous studies indicate that TGFs are usually related to the deep convec-

Longitude (degrees) tion of parent thunderstorms (Smith et al., 2010; Splitt et al., 2010) with

relatively high hydrometeor concentrations and convective available

Figure 1. Schematic diagram of TGF observations in the geographic region potential energy (CAPE) (Barnes et al., 2015; Fabré et al., 2015), whose

centered at MALA station, detected by Fermi during May 2017 to December
2018 (black "X"s, while gray "X"s show all TGFs from 2008). The

top typically reaches above 15 km (Chronis et al., 2016). As the tropopause

footprints of Events A and B and their related lightning locations given by 18 typically higher in the tropical areas (Fu, 2015), will the TGF-producing
GLD360 analyzed in section 3 are marked as blue "®"s and green "V's. Pink  thunderstorms there develop a much higher top? If so, will the

"(’"s represent the weather radiosonde sounding sites, and red "V"s TGF-producing lightning bear some different features from that in subtro-

represent the 17 TGF-related lightning locations given by GLD360, which
were within 300 km of MALA station, and the sounding data near TGF
time were available (connected with their footprints by pink lines).

pical areas? Some analyses showed that the tropopause altitude seems to
be important but not primordial for TGF production (Smith et al., 2010),
and there are no privileged thunderstorm conditions for TGF production
(Chronis et al., 2016). Therefore, more efforts are desired to investigate
TGFs and their parent lightning produced by tropical thunderstorms.

Nevertheless, TGFs produced by equatorial thunderstorms are most frequently observed by spaceborne
detectors, and there is a much higher chance to acquire close observations and therefore more insight into
the mechanism of TGF production with the measurement of broadband lightning signals in equatorial areas.
In this paper, we summarize the measurement of radio frequency lightning sferics in 2017-2018 at a station
located in Melaka, Malaysia, for TGFs detected by Fermi Gamma-ray Burst Monitor (GBM) (Briggs
et al., 2010). In particular, we examine the sferics associated with two TGF from lightning sources at the
range of 28 and 270 km, respectively. The parent thunderstorms are also examined to reveal whether tropical
thunderstorms bear favorable feathers for TGF production.

2. Measurements and Data

In order to characterize the lightning sferics associated with TGFs produced by equatorial thunderstorms, a
broadband magnetic sensor composed of two orthogonal induction coils (e.g., Cummer et al., 2011) was
installed on the campus of Universiti Teknikal Malaysia Melaka (UTeM) (referred to as MALA station here-
inafter). Since the installation in May of 2017, the lightning signals in the frequency range of 10 to 400 kHz
were continuously recorded at 1 MHz (with time accuracy better than 1 us) for TGFs detected by Fermi orbit-
ing at ~560 km altitude with an inclination of 25.6° (Briggs et al., 2013). Figure 1 shows the Fermi footprint of
TGFs around MALA station during May 2017 to December 2018, and there are totally 65 TGFs (black "X"s)
detected over the footprint within 1,000 km of MALA station. (All Fermi TGFs detected prior to May of 2017
are shown as gray "X"s in Figure 1, demonstrating the occurrence of more TGFs near MALA station.)

Since the initial operation in summer of 2017, the low-frequency (LF) sferics with relatively high signal-to-
noise ratio (SNR > 10) have been recorded for nearly 100 Fermi TGFs. Among the 65 events with Fermi foot-
print within 1,000 km range, the lightning discharge associated with 27 TGFs can be identified in the detec-
tion of either the World Wide Lightning Location Network (WWLLN) and/or Vaisala's Global Lightning
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Figure 2. (a) Event A: TBB data at 10 UTC from Fengyun-2G satellite, overlapping with TGF source location (green "V")
and 366 flashes (grouped from 977 lightning pulses location) between 1008 and 1020 UTC (black points). (b) Same as (a)
but for Event B, TBB data at 22 UTC and 173 flashes (309 pulses) between 2152 and 2204 UTC. (c) Lightning
frequency (over 6 min bin) during the parent thunderstorm on 18 September 2017. (d) Same as (c) but for

the parent thunderstorm of Event B on 8 August 2017.

Dataset (GLD360). Here we apply the criteria of 5 ms offset after subtracting the propagation delay and
800 km distance between Fermi footprint and lightning location (e.g., Connaughton et al., 2010). Two
events (referred to Event A and Event B, respectively, blue "®"s in Figure 1) are of our particular interest
and are examined in section 3: The first case (Event A) was measured at a range of about 28 km from
MALA station, which is the closest case ever reported for TGFs observed from space, although sferic
measurements at even closer distances have been reported for downward TGFs observed on the ground
surface (e.g., Tran et al., 2015); for the second case (Event B), the LF sferics measured at 270 km range
exhibit multiple groups of ionosphere reflection, making it possible to investigate the progressing feature
of TGF-producing lightning.

The black body temperature (TBB) data with temporal resolution of 1 hr and spatial resolution of 1 km cap-
tured by Chinese geostationary satellite Fengyun-2G are examined to characterize TGF-producing thunder-
storms. We also refer to the weather sounding (http://weather.uwyo.edu/upperair/sounding.html) at several
stations nearby to obtain the temperature profile and CAPE value.

3. Case Studies

The lightning discharge associated with two events (green "V"s in Figures 1 and 2) to be examined were both
detected by GLD360 (which also gives the estimated peak current and polarity (positive means that negative
charge is raised, or equivalently, positive charge is lowered)) and WWLLN. The TBB data upon the TGF
observation show that both TGFs occurred at the mature stage of parent thunderstorm. As shown in
Figure 2, the lightning discharge associated with Event A was located almost at the center of strong convec-
tion region, while that of Event B occurred at the edge of main strong convection.

3.1. Event A on 18 September 2017

Event A was detected by Fermi GBM at 1014:08.374 UTC on 18 September 2017 when the footprint was at
(6.440°N, 104.396°E). The lightning discharge associated with this TGF was located by GLD360 at (2.567°N,
102.331°E), about 486 km from the Fermi footprint and only 28.2 km from MALA station, composing the
closest sferic measurement ever reported for TGFs observed from space. The synchronous LF signal and
photon data with time shifted back to the TGF source (similar processing with Pu et al., 2019) are shown
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Figure 3. Time-corrected photon data and the TGF-related intracloud lightning sferic measured by MALA LF station
(28.2 km away) in different time windows (a-c) of Event A. Blue line represents B field, and green "V" represents the
occurrence time of lightning discharge given by GLD360, which is slightly different from that given by WWLLN
(black "V," caused by location error). Photon data recorded by Fermi and the histogram over 20 us bin are

shown as pink "X"s in (b) and (c).

in Figure 3. Owing to a close distance, the recorded LF signals contained a long sequence of pulses over
650 ms, strongly indicating the connection with IC lightning. The strongest pulse at 8.374423 s among all
pulses of the IC is identified as the TGF-related lightning discharge (Figure 3b), whose peak current
estimated by GLD360 is +35 kA, which is rather intense for IC discharges in this thunderstorm, while the
TGF-associated pulse was not an energetic in-cloud pulse (EIP) (Lyu et al., 2015).

The photon data of Fermi shown in Figure 3c contain 25 photons over 114 ps and peak at 8 counts (over 20 us
bin), which lags the associated peak sferic about 250 us. With the location error of 1.8 km given by GLD360,
by placing the TGF source at a height of 10-12 km (e.g., Lu et al., 2010; Shao et al., 2010), the maximum
uncertainty in the temporal correlation between the light curve (i.e., the time-resolved variation of
gamma-ray counts in certain bin) and TGF-related sferic pulse is estimated to be 4.1 us. That is, even taking
the location uncertainty and the pulse duration into account, the time difference between the lightning pulse
and gamma-ray curve is over 110 us; namely, the peak lightning sferic and TGF photon are not well synchro-
nized in this particular case.

In addition to the major TGF-related signal, there are several other pulses before and after the TGF produc-
tion. The first fast bipolar pulse barely discernible at about 3.6 ms prior to the gamma-ray production is
attributed to the onset of initial breakdown (IB) stage of lightning flash. The IB stage lasted about 17 ms with
six bursts of IBPs (Marshall et al., 2013). Following that, there are tens of weaker pulses reflecting the
upward progression of initial negative leader. In general, the interpretation of sferic recorded at 28.2 km
range for Event A is similar to the measurements examined by Shao et al. (2010) and Lu et al. (2019) for
TGFs detected by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI).

The TBB data from Fengyun-2G satellite at 10 UTC are shown in Figure 2a. The TBB value at the TGF source
position was about 195 K, and almost at the center of the wide range "cold” region (the area of region lower
than 220 K [pink line in Figure 2a] is about 18,000 km?, and the minimum is 194.4 K), indicating the devel-
opment of a strong convection. The TGF was almost produced in the strongest convection region (e.g.,
Chronis et al., 2016). Figure 2c shows the histogram (6 min bin) of lightning frequency during the parent
thunderstorm of Event A. When the TGF was detected, the thunderstorm was at the mature stage, and
the lightning rate was 180 flashes per 6 min.

Unfortunately, although the close distance makes it possible to see many details regarding the evolution of
TGF-associated lightning, especially during its initial stage, it also caused the waveform substantial
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Figure 4. (a) Overview of time-corrected TGF-related IC lightning sferics (at 270 km) of Event B. Blue line represents B
field, and the photon detection by Fermi is shown as pink "S"s. Six pulses (numbered as 1-6) with obvious ionosphere
reflection are marked as gray dashed line. The height of individual pulses is marked with black "x." (b) Radiosonde
sounding data at 00 UTC, 9 August, from three stations (Penan, 166 km north of the lightning location; Medan, 187 km
west; and Sepang, 193 km southeast). (c) Eight hundred microseconds of LF data showing Pulse 3 associated with TGF.
(d) Four hundred fifty microseconds of data showing Pulse 4, and its ionosphere reflection pair used to single station
locate the pulse's height.

saturation. There is no clear ionospheric reflection that can be examined with the method described by
Cummer et al. (2015) to infer the height of TGF source and other IC discharges that occur as a sequence.

3.2. Event B on 8 August 2017

Event B was recorded at 2157:41.109 UTC on 8 August 2017 when the footprint of Fermi GBM was at
(8.355°N, 95.605°E). GLD360 located the TGF-associated lightning discharge at (3.805°N, 100.403°E), which
is about 733 km from the Fermi footprint and 269.7 km from MALA station. WWLLN located the discharge
at a similar location. As shown in Figure 4, the TGF light curve contains 29 photons over 160 ps and peaks at
7 counts (over 20 us bin). At a relatively far distance, the lightning sferic shows a sequence of >10 discernible
pulses over 10 ms, resembling IBPs examined by Marshall et al. (2013). The largest pulse inferred to be asso-
ciated with TGF has a peak current of 92 kA (but GLD360 identified it as negative, probably due to overshoot
in the recorded waveform), likely an EIP (Lyu et al., 2015). The TGF-related discharge occurred about 2.5 ms
after the inferred lightning initiation.

For this event, the TGF-related signals contain clear ionosphere reflections that help to determine the height
of individual lightning pulses and therefore infer the progressing feature of lightning leader (e.g., Cummer
et al., 2015; Shao et al., 2010). The polarity of all these pulses indicates the radiation from the stepwise pro-
pagation of a negative upward leader (e.g., Cummer et al., 2015; Shao et al., 2010). As the source location of
these pulses is given by GLD360, with the time lag between the ground wave and ionospheric reflection of
each pulse, the equivalent reflection height is estimated to be 89.0 km (e.g., Zhang et al., 2016). Then, the
height and distance from MALA station are calculated for each pulse. For Pulse 4 (Figure 4d), the time
lag is 161 and 202 ps, respectively, and the height and distance are estimated (with the least squares method)
to be 11.4 km (above the mean sea level [msl]) and 271.2 km, respectively. For Pulse 3 with relatively com-
plicated waveform, the possible peaks of reflections were first identified with the roughly time lag (calcu-
lated with 2-D location and the heights between that of Pulses 2 and 4) to estimate the actual range of
time lags, and then we constrain the height in the range of 9.9 to 11.1 km. The estimated height of Pulses
1-6 (indicated in Figure 4a) indicates the upward propagation of a negative leader from about 8.6 to
12.5 km (msl). The average speed for the vertical propagation of negative leader is thus estimated to be
3.7 x 10° m/s, generally consistent with previous analyses (ranging between 0.4 x 10° and 1.0 X 10° m/s)
(e.g., Cummer et al., 2015; Shao et al., 2010). Note that for Event B, the zenith angle between TGF-related
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lightning and Fermi satellite is estimated to be 54.2°, larger than the typical value (~30-40°, Gjesteland
et al., 2011). The relatively large lateral offset might imply that the leader channel could be substantially
tilted away from vertical (e.g., Lyu et al., 2016), although this could not be revealed with the inferred hori-
zontal distance from MALA station due to the relatively large uncertainty in range estimation. In summary,
Event B is associated with the strongest pulse of IC that appeared at 2.5 ms after the lightning initiation,
when the negative leader has propagated upward for about 2 km.

The photon data lag the major TGF pulse about 220 ps. Similar to Event A, with the location error of 3.6 km
given by GLD360 and the calculated height of major TGF pulse (Pulse 3), the maximum uncertainty in the
temporal correlation between the light curve and TGF-related sferic is estimated to be 6.1 us. Taking the
location uncertainty and the pulse width into account, the photon data still correspond to the small signal
about 100 us after Pulse 3, and the peak lightning sferic and TGF photon are not simultaneous to each other.

The Fengyun-2G TBB data at 22 UTC are shown in Figure 2b, overlapping with 309 pulses and 173 flashes
from 2152 to 2204 UTC. The "cold" region lower than 220 K was about 24.2 km?, and the minimum TBB was
218.5 K. The value of TGF source position is 234 K, 4 km away from the "cold” region. On the left side (25 km
away), there is a large and colder region with size of "cold" region up to 12,500 km* and minimum TBB of
193.5 K, indicating that the thunderstorm developed much stronger than the TGF-related region. Most light-
ning strokes located in the left "cold” region, with only several lightning in the right "cold” region, which
agrees with the TBB distribution. Besides, TGF occurred at the edge of right-side strong convection.
Figure 2d shows the lightning frequency (with 6 min bin) during the parent thunderstorm of Event B.
Upon the TGF observation, the thunderstorm was at the mature stage, and the lightning rate was 80 flashes
per 6 min, almost highest during the thunderstorm.

4. Discussions and Conclusions

The analyses of two Fermi TGFs in section 3 are generally consistent with the scenario that the gamma rays
are produced by the initial upward negative leader of normal bilevel IC lightning (e.g., Lu et al., 2010;
Ostgaard et al., 2013). The parent lightning of Event A lasted about 650 ms with abundant IC discharges
identified from the sferic measurement due to its close distance (28.2 km) from MALA station. For Event
B, the single-station location results show that the TGF occurred at about 10-11 km when the negative lea-
der has propagated upward about 2 km. In two cases, the gamma-ray production occurred at 3.6 and 2.5 ms,
respectively, after the lightning initiation, but the photon data of both events lag the major lightning pulse by
about 100 ps. The time lag was conformed to be an observation fact rather than caused by data error after the
analysis of other TGF data. The possible reason was inferred from the proposed TGF mechanisms: relativis-
tic feedback model (e.g., Dwyer, 2012) and the lightning leader model (e.g., Celestin & Pasko, 2011). As the
strongest pulse of the parent IC (significantly bigger than the previous pulse), the TGF-associated leader dis-
charge may produce a certain number of electrons/photons (as seeds of coming TGF), instead of producing
enough upward photons to form a Fermi-observed TGF. Then, during the time lag about 100 us, more
electrons/photons are further produced through relativistic runaway electron avalanches to form the
observed TGF under the strong electric field at the tip of leader; they could also be generated under the ambi-
ent electric field near lightning. More data and model simulation are needed to explain this phenomenon in
the future.

The thunderstorm generally develops a higher cloud top at lower latitude; namely, the height of equatorial
thunderstorm is typically higher than other regions (Fu, 2015). However, as analyzed in section 3.2, the
source height of Event B is located at 9.9-11.1 km, which is similar to the results at middle latitudes
(Cummer et al., 2014; Pu et al., 2019; Shao et al., 2010). Meteorological sounding data could provide the
developing height of thunderstorms and typical temperature layers, which is closely connected to the charge
layers in thundercloud. As shown in Figure 5a, the sounding results of 17 TGFs within 300 km of MALA sta-
tion are quite similar, and the red points representing the heights of four temperature layers (0°C, —10°C,
—20°C, and —30°C) are at similar height (varies within 1 km). In contrast, the sounding data of 17 TGFs
occurred in south China (with latitude ranging from 20.2°N to 25.7°N) are shown in Figure 5b. The profiles
in equatorial regions and southern China exhibit almost same features; even those at higher latitudes are
slightly higher (about 600 m), which may be caused by the larger CAPE as shown in Figures 5a and 5b.
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Figure 5. (a) Temperature profiles from the radiosonde sounding for 17 equatorial Fermi TGFs (red "V"s in Figure 1).
Heights of four-temperature layer (0°C, —10°C, —20°C, and —30°C) of each profile are marked as red points. The

inset is the CAPE box plot of 17 TGF cases. (b) Similar to (a) but for 17 TGFs related to lightning discharges in south
China (with latitude between 20.2°N and 25.7°N), showing similar temperature profiles to equatorial regions. (c)
Comparison between the TBB value at the source location of 50 TGFs and the minimum value of TGF-producing
thunderstorms. The circle size represents the peak current of TGF-related lightning, and the color means the area of
thunderstorms where TBB < 220 K.

Therefore, the heights of TGF production in equatorial thunderstorms appear not to be considerably differ-
ent from the cases in south China.

The parent thunderstorms of two TGFs are similar in several aspects. Both occurred at the mature stage of
parent thunderstorm. For Event A, it was located almost at the center of strong convection, while Event B
was produced at the edge of strong convection. The analyses of TBB data for 50 TGFs produced by equatorial
thunderstorms (94°E to 110°E, —4°N to 8°N) indicate that the size of these storms varies over a wide range
from 1,500 to 280,000 km? (defined with the 220 K contour line, Figure 5c), which is consisted with Splitt
et al. (2010), and the TGFs mostly occurred at the mature stage of thunderstorms (Ursi et al., 2019). The peak
current of these TGFs reported by GLD360 also ranges widely from +27 to +507 kKA. In comparison with nor-
mal IC discharges, the TGF-associated discharges often carry higher peak current (e.g., Lu et al., 2011, 2019).
Figure 5c shows the TBB data at the TGF source location and the TBB minimum of parent thunderstorms for
50 TGFs. The TBB minimum ranges from 188.3 to 219.1 K, with average 197.3 K, while TBB source position
ranges from 191.0-253.0 K with average 206.5 K. Therefore, almost all TGFs (48/50) are located in the rela-
tively "cold"” region of parent thunderstorms, with 25 events (52%) near the center of "cold” region and 23
(48%) at the edge. We also analyzed 13 TGFs detected over the mainland of China with TBB and weather
radar data available, finding that seven TGFs (54%) occurred at the edge of "cold” region from the TBB data,
while 11 TGFs (85%) were at the edge of convection (radar data are more reliable). The difference of
center/edge ratio between TBB and radar data may be due to the relatively low spatial/temporal resolution
of TBB data and incomplete correspondence between TBB and radar. However, the results at least suggest
that TGFs are not always produced at the center of "cold” region, and nearly half TGFs occur in the strong,
but not the strongest convection region of parent thunderstorms.
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We also examine the LF signals of lightning discharges within 5 min in the vicinity of two TGF-associated
discharges that were in the detection range (about 800 km) of Fermi GBM. There is no additional lightning
discharge found corresponding to photon pulse, even some IC discharges with higher current (including one
IC with similar characteristics to Event A). Therefore, it is still unclear why some lightning could produce
TGFs, which might be answered by closer TGFs with comprehensive measurements. In the future, the
TGF detections by Fermi, Atmosphere-Space Interaction Monitor (ASIM) (Neubert et al., 2019), and
Chinese Hard X-ray Modulation Telescope (Insight-HXMT) (Zhang et al., 2020) will be examined with coor-
dinated measurements to obtain a comprehensive understanding on the TGF production in equatorial
thunderstorms.
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