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A B S T R A C T

We examine the broadband (< 1 Hz to 400 kHz) electromagnetic lightning signals associated with Terrestrial
Gamma-ray Flashes (TGFs) detected by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI)
and the Gamma-ray Burst Monitor (GBM) on the Fermi Gamma-ray Space Telescope during 2010/2011. The
TGF-associated lightning sferics are mainly recorded at two stations located near National Cheng-Kung
University in Taiwan and near Duke University in the United States, respectively. The general features exhibited
by the TGF-associated lightning sferics are consistent with previous findings that gamma-rays in TGFs are ty-
pically produced during a slow process that creates a considerable (but not necessarily) charge moment change
within several milliseconds. In some cases, this slow process can be attributed to the upward negative leader
during the initial stage of normal intra-cloud (IC) lightning, and it is usually punctuated by one or several fast
discharges, the major one of which (i.e. TGF-related discharge) is closely involved in the gamma-ray production.
The equivalent peak current of TGF-related discharges could be as high as>+500 kA, and the associated
charge transfer is also considerable (typically>+20 C km). The observed complexity of TGF-associated
lightning emissions can also be interpreted in the context of the initial development of normal IC lightning
flashes, where the upward negative leader drives the millisecond-scale current and may also provide the seed
electrons for avalanche multiplication in the upper part of active thunderstorms. Our analyses show that the
thunderstorms in the land area of South China produce TGFs that can be readily observed by Fermi/GBM, and
the future ground-based coordinated observations in this area would be rather promising to gain more insights
into the physical mechanism of TGFs.

1. Introduction

Measurements of radio frequency lightning emissions (sferics) pro-
vide the compelling evidence that sub-millisecond bursts of hard X-
rays/gamma-rays observed by space-borne detectors residing in low-
Earth orbits (Fishman et al., 1994, 2011; Smith et al., 2005; Briggs
et al., 2010, 2013; Roberts et al., 2018), termed as Terrestrial Gamma-

ray Flashes (TGFs), are linked to lightning activity of tropospheric
thunderstorms (Inan et al., 1996; Cummer et al., 2005; Stanley et al.,
2006; Shao et al., 2010). TGFs have also been occasionally observed at
ground level (Dwyer et al., 2004, 2012) and from the airplane flying at
∼14 km altitude near the thunderstorm (Smith et al., 2011). The un-
derlying mechanism is that the avalanche multiplication of seed elec-
trons in strong electric fields yields a population of relativistic electrons
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(with energies ∼20–40MeV) that give off high-energy photons (via
bremsstrahlung) upon the collision with nuclei of air molecules
(Gurevich et al., 1992; Smith et al., 2005; Marisaldi et al., 2010); the
source of seed electrons and driving electric fields vary among theories.
Most TGFs comprise such photons that escape into space; a small
fraction (< 10%) of TGFs consist of secondary electrons/positrons
created by these photons through the upper atmosphere, which are
called Terrestrial Electron Beams (TEBs) or Terrestrial Energetic-elec-
tron Flashes (TEFs) (e.g., Cohen et al., 2010a). TEBs or TEFs usually
have a longer duration (typically a few ms) than TGFs; such charged
energetic particles generated at> 40 km altitudes are trapped by the
geomagnetic field and can also be observed by detectors passing the
conjugate point (Dwyer, 2008; Briggs et al., 2011).

Lightning sferics measured at a range of hundreds to several thou-
sand kilometers have been used to examine the temporal relationship
between TGFs and associated lightning discharges (Inan et al., 1996;
Stanley et al., 2006; Cohen et al., 2010b; Connaughton et al., 2010;
Cummer et al., 2005, 2011) and characterize electrical properties of
TGF-associated lightning (Inan et al., 2006; Shao et al., 2010; Lu et al.,
2011; Marshall et al., 2013; Cummer et al., 2014; Lyu et al., 2015). The
majority of TGFs originate from sources below 21 km altitude (Dwyer
and Smith, 2005; Carlson et al., 2007; Hazelton et al., 2009) located
within 500 km of the sub-satellite point, and gamma-ray production is
usually correlated in time with a fast discharge that might be registered
by lightning detection networks. The nature of this fast discharge is not
understood yet, while case studies of several TGFs observed by the
Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) with
lightning mapping observations or similar measurements suggest a
connection with upward negative leaders early in ordinary intra-cloud
(IC) lightning (Lu et al., 2010; Shao et al., 2010), as suggested in theory
(Moss et al., 2006; Williams et al., 2006; Dwyer, 2008; Carlson et al.,

2010).
An effort dedicated to detail the TGF-lightning correlation has been

made possible by the observation of the Gamma-ray Burst Monitor
(GBM) on the Fermi Gamma-ray Space Telescope with unprecedented
timing accuracy (Briggs et al., 2010; Fishman et al., 2011). Comparison
of GBM observations with lightning detections from the World Wide
Lightning Location Network (WWLLN) indicates that gamma-ray pro-
duction in most TGFs peaks within 40 μs of a WWLLN discharge
(Connaughton et al., 2010; Roberts et al., 2018). This simultaneity is
enriched by matching TGF light curves in association with time-re-
solved current moments of lightning discharges that are detected by the
U.S. National Lightning Detection Network (NLDN) (Cummer et al.,
2011). Both WWLLN and NLDN are ground-based networks that are
specialized in detecting intense lightning discharges with considerable
timing and spatial accuracy (Cummins et al., 1998; Lay et al., 2004),
but they provide limited clues with respect to the context of gamma-ray
production that can be possibly inferred from the measured sferic sig-
nals.

Here we report the comparative analysis of broadband lightning
sferics associated with TGFs observed during 2010/2011, including 149
events in Asia and 290 events in Americas. In addition to the mea-
surements (recorded near Duke University) examined in our previous
analysis of RHESSI TGFs in 2004–2009 (Lu et al., 2011), new sensors
are deployed in several states of the United States to record low-fre-
quency lightning emissions, which makes it possible to identify the
detailed lightning sequence linked to individual TGFs (e.g., Cummer
et al., 2014, 2015). Also, as one step to investigate TGF genesis on a
global basis, we extend the analysis to TGFs in Asia where broadband
lightning signals are recorded near National Cheng Kung University
(NCKU) in south of Taiwan. This analysis will be helpful for better
planning the future investigation of TGFs and its physical connection to

Fig. 1. Sub-satellite positions of terres-
trial gamma-ray flashes (TGFs) ob-
served by the Fermi GBM in trigger/
ground-search mode (panels a–d) and
by RHESSI (panels e–f) over Americas
(left column) and Asia (right column).
In each panel, the figure after and be-
fore the slash line respectively refers to
the number of TGFs detected (indicated
by black asterisks) and that (red aster-
isks) associated with lightning signals
recorded by the very low-frequency
(VLF) sensor near Duke University or
National Cheng-Kung University
(NCKU). Green ‘+’s in Fig. 1a mark the
position of LF sensors deployed in the
United States, including one on the
campus of Florida Institute of Tech-
nology (FIT).
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lightning with coordinated ground observations to be implemented in
South China.

2. Data and measurements

The major dataset examined here is from the Fermi GBM observa-
tions during 2010/2011. Orbiting at ∼560 km altitude with an in-
clination of 25.6°, the Fermi satellite mainly observes TGFs over tro-
pical thunderstorms. GBM detectors measure photon energies from
∼8 keV to ∼45MeV with absolute timing accuracy better than 10 μs
(Briggs et al., 2010). TGFs are found by means of onboard trigger al-
gorithms programmed to identify large rate increases or through a
ground-based search for relatively small enhancements (e.g., Roberts
et al., 2018). Observations in 2010/2011 indicate that the ground-
search mode is capable of finding many faint TGFs below the pre-
defined trigger level. Sub-satellite positions of GBM TGFs detected in
trigger mode over Americas and Asia are plotted in Fig. 1a and b, re-
spectively. Approximately 70% of these TGFs are associated with clear
lightning signals whose registered time was within 2ms of the arrival
time for a lightning signal from a source located at the satellite foot-
print, and the signal strength is at least five times the noise level of
measurement (e.g., Cummer et al., 2005; Lu et al., 2011). These fea-
tures will be discussed with specific examples in sections 3 and 4. The
boost in TGF detections through the ground-search mode is particularly
notable in Americas (Fig. 1c), where the number of TGF observations is
boosted by a factor of ∼11, and the lightning-correlation ratio remains
significant (∼52%). Lightning data for the ground-search GBM TGFs
were only recorded near NCKU in 2011; although the exploration was
only implemented for a relatively small geographic region within
3000 km of NCKU, the collected measurements also suggest improved
TGF detections, and the correlation of clear lightning signals is ap-
proximately 61% (Fig. 1d).

In 2010/2011, we continued recording broadband lightning sferics
for TGFs observed by RHESSI (e.g., Grefenstette et al., 2009), which
underwent a second anneal in April of 2010to compensate the radiation
damage from energetic particles in Earth's radiation belt and thus to
recover the TGF detection capability. Since then, a total of 44 TGFs
were observed by RHESSI when its footprint was within 5000 km of
Duke University (Fig. 1e), and considerably more (69) were detected
within 5000 km of NCKU (Fig. 1f). A lightning-correlation ratio of
∼60% was found, which is compatible with previous analyses (e.g.,
Cummer et al., 2005; Lu et al., 2011).

Broadband lightning emissions of TGFs in Americas are recorded
with three magnetic sensors in Duke Forest (35.975°N, 79.100°W)
where the background noise is relatively low. Fig. 2a shows the fre-
quency response of these sensors, which are synchronized with a GPS
clock to record lightning signals in the<1Hz to ∼400 kHz frequency
range with 20-μs timing accuracy. Data from two of these sensors have
been examined to characterize TGF-associated lightning signals below
30 kHz (Lu et al., 2011). We refer to these sensors as the ULF and VLF
sensor that are specialized in capturing the ultra-low-frequency (ULF,
300 Hz to 3 kHz) and very-low-frequency (VLF, 3–30 kHz) component
of typical TGF sferics, respectively. In 2010/2011, new sensors were
installed in several states of the continental United States to record low-
frequency (LF, 25 kHz–400 kHz) lightning emissions, making it possible
to detail the lightning sequence in source regions and triangulate weak
TGF-associated lightning missed by other networks. LF data acquired on
the campus (28.062°N, 80.624°W) of Florida Institute of Technology
(FIT) are especially important due to a close range from the region of
Fermi TGF observations. Once the lightning location is appropriately
constrained, we can assess the temporal TGF-lightning relationship
under the assumption that gamma-rays are produced at 15 km altitude
(above mean sea level, msl) in the proximity of TGF-associated light-
ning (e.g., Connaughton et al., 2010). LF data recorded at sufficiently
close range can also be used to reconstruct the current moment wave-
form of lightning discharges directly associated with TGFs (Cummer

et al., 2011).
Fig. 2b shows the sferic measurements for a ground-search GBM

TGF, which was associated with a lightning discharge located by
WWLLN at (18.68°N, 81.48°W), about 388 km to the southeast of the
Fermi footprint (21.88°N, 82.98°W). This is a typical TGF-associated
lightning signal with a dominant fast VLF impulse and a distinct slow
magnetic pulse (of which the negative polarity indicates that negative
charge is raised at the source). The LF sferics, recorded at a distance of
1937 km from the source region, show more details about the lightning
sequence. A total of at least 4 fast discharges occurred over a 4-ms
interval, only two of which caused discernible deflections in the VLF
measurement. Also, all the fast impulses presented in the LF data have
relatively short timescales less than 0.5 ms, strongly indicative of IC
lightning discharges. The LF emissions of positive cloud-to-ground (CG)
strokes usually appear as bursts of fast impulses that last about 1ms,
probably due to the connection to the negative breakdown along the
existing channel inside the thundercloud during the impulse current
(e.g., Lu et al., 2009, 2013).

Lightning sferics associated with TGFs in Asia were recorded near
NCKU. Since January of 2010, the TGF-associated lightning signals
have been recorded for nearly 150 TGFs at< 5000 km range. The
NCKU data comprise electric/magnetic fields in 100 Hz to∼30 kHz and
horizontal magnetic fields in< 1Hz–400 Hz that are recorded with the
same acquisition system as the Duke sensors. LF sensors have not been
deployed near NCKU yet. At a relatively low latitude (23.077°N), the
NCKU sensors recorded lightning emissions for many TGFs with sub-
satellite locations within distance of 1000 km. Fig. 2c shows the sferics
also recorded for a ground-search GBM TGF (the associated lightning
discharge was not detected by WWLLN for this event), when the sub-
satellite point was only 128 km from NCKU. The major VLF impulse and
slow magnetic pulse are both evident in the measurements, similar to
that shown in Fig. 2b.

3. Characteristics of TGF sferics

Inspections of sferics associated with 263 TGFs detected by Fermi
GBM (and 27 by RHESSI) over Americas in 2010/2011 indicate that the
majority (> 90%) have the same features as those identified for RHESSI
TGFs in 2004–2009 (Lu et al., 2010, 2011). Fig. 3 shows the observa-
tions related to a GBM TGF on August 7, 2010. This is a ground-search
event comprising ∼40 high-energy photos incident on GBM detectors
within 150 μs. The lightning discharge associated with this TGF was
detected by both WWLLN and NLDN near a small convection cell
∼250 km to the north of the Fermi footprint (see Fig. 3a). The NEXRAD
scans from Tampa, Florida indicate that the cloud top of TGF-producing
thunderstorm developed to a height between 15 km and 16 km (msl).
Analyses below use the WWLLN location that is more consistent with
the radar observations (see inset of Fig. 3a). The analysis of Chronis
et al. (2016) shows that 24 TGFs detected by Fermi GBM are con-
sistently produced near the high-altitude regions of parent thunder-
storms.

3.1. Sequence of pulses in TGF sferics

The lightning signal associated with this TGF, measured at 1027 km
range in Duke Forest, is one of the typical TGF sferics that contain a
major sub-millisecond fast impulse superposed on a millisecond-scale
slow magnetic pulse (Fig. 3b) (Lu et al., 2011). The timing analysis
subtracting propagation delays over a curved Earth surface indicates
that the major VLF impulse is indirect association with gamma-ray
production, as shown by Lu et al. (2011) for several RHESSI TGFs
linked to lightning discharges located with considerably small un-
certainty. As shown in Fig. 3c, the LF signal measured at a distance of
171 km from the source indicates a sequence of ∼10 fast discharges
that spanned from 7ms before gamma-ray production to 4ms there-
after. Most of these discharges are not visible in the Duke VLF data, and
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none of them have a relatively long timescale (> 0.5ms) that is usually
indicative of CG strokes. Those discharges of particular interest are
indicated with numbers. The first discharge (event 1), with a short
timescale of ∼20 μs, can be classified as a narrow bipolar event (NBE),
one type of compact IC discharges that often mark the onset of IC fla-
shes (Rison et al., 1999). Although its signal is saturated at the LF
sensor, this event was not reported by either WWLLN or NLDN, and the
emission at Duke VLF sensor is equivalent to a weak lightning stroke at
the same distance. The major VLF impulse was from a +27-kA IC
discharge classified by NLDN, which also detected an earlier fast dis-
charge (event 2) whose signal is almost indiscernible in the Duke VLF
data. As shown in Fig. 3c, the major VLF impulse was actually driven by
two fast discharges (events 3 and 4) separated by a short time interval
not resolvable in the VLF measurements. Both discharges occurred

during a slow process that generated a magnetic pulse and gave rise to a
modest charge moment change of +78 C km within 2 ms. Gamma-ray
production appeared to initiate prior to event 3 (and thus early in the
slow lightning process) whose low-frequency sferic waveform is rela-
tively complicated (Fig. 3d). As shown in Fig. 3c, another NBE-like fast
discharge (event 5) occurred at 4ms after gamma-ray production.

Overall, the lightning sequence associated with this TGF is almost
the same as that derived by Lu et al. (2010) for a RHESSI TGF near the
North Alabama Lightning Mapping Array, which was produced during
the initial development of a positive-polarity (normal) IC flash. Similar
lightning sequences are also commonly observed early in IC flashes
between the mid-level negative and upper positive charge regions of
normally electrified thunderstorms (Maggio et al., 2005). The series of
fast discharges around the gamma-ray production reflects the upward

Fig. 2. (a) Frequency response of sferic
sensors deployed near Duke University
and NCKU. (b) Broadband lightning
emissions measured near Duke
University in association with a GBM
TGF observed on October 12, 2010. (c)
Broadband lightning emissions mea-
sured near NCKU associated with a
GBM TGF on October 14, 2011. Both
TGFs are identified with ground-search
procedures.

Fig. 3. Observations of a GBM TGF on
August 7, 2010. (a) The lightning dis-
charge associated with this TGF is lo-
cated by WWLLN in a small convection
cell about 250 km to the north of Fermi
footprint (the inset shows the NEXRAD
radar image from Tampa, Florida at
1918 UTC). (b) Broadband lightning
emissions measured near Duke
University show a major VLF impulse
from the TGF-associated lightning dis-
charge and a slow magnetic pulse. (c)
LF signals recorded at 171 km range on
the FIT campus indicate a sequence of
fast discharges around the gamma-ray
production. (d) Gamma-ray production
(during the 150-μs interval in pink
color) is simultaneous to a major fast
discharge within 100 μs. Propagation
delays have been subtracted from sfe-
rics measurements to reflect lightning
occurrence in the source region.
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negative leader propagation early in the IC flash. These fast discharges
are likely related to individual stepping of negative leaders, or K pro-
cesses that occur when positive leaders encounter localized con-
centrations of negative charges. Among these fast discharges, the par-
ticular one directly associated with the gamma-ray production is
characterized by the connection with a considerable charge transfer;
this process is called energetic in-cloud pulses (EIPs) by Lyu et al.
(2015). Due to short timescales (typically< 100 μs) of low-frequency
sferic waveforms, none of the TGF sferics recorded near Duke Uni-
versity seems to originate from positive CG strokes.

The sequence of sferic signal similar to that shown in Fig. 3c is not
typical for the dataset examined in this paper, primarily due to in-
creasing source-receiver distances of the LF signals that are significantly
attenuated over this range. As a matter of fact, the LF signals recorded
for the TGFs located within 200 km from the recording station usually
show the similar feature (i.e., a sequence of fast pulses with precursor
sferics and the major TGF-associated lightning pulse) (e.g., Lyu et al.,
2016, 2018), and the precursor signal has also been commonly ob-
served in TGF-associated sferics recorded at varying distances (Lu et al.,
2011).

Nevertheless, further measurements are desirable to clarify the
nature of these fast discharges, especially those linked to gamma-ray
production in TGFs. A relatively close distance is critical for identifying
the sequence of lightning discharges associated with gamma-ray pro-
duction (e.g., Cummer et al., 2011; Lyu et al., 2018). Among the dataset
for 2010/2011, there are only a few TGFs for which the continuous LF
data are recorded at sufficiently close range (e.g., within 500 km from
the FIT sensor) to identify the detailed lightning sequence. Analyses of
these events, including two cases examined by Cummer et al. (2011),
generally agree with the finding that TGFs are produced during the
initial development of normal IC lightning (e.g., Shao et al., 2010; Lu
et al., 2010; Lyu et al., 2016, 2018). Marshall et al. (2013) also ex-
amined the similar sequence of fast discharges during the initial stage of
normal IC flashes with ground-based measurement of electric-field
changes.

3.2. Equivalent peak current of TGF-associated lightning discharge

The majority of TGF-associated lightning emissions can still be
characterized on the basis of broadband (< 1Hz to 400 kHz) mea-
surements at ranges up to 5000 km. The essential component of typical
TGF sferics is a major VLF impulse appearing on the early portion of a
slow magnetic pulse (Fig. 3b). This VLF impulse typically results from
the propagation of lighting signals driven by a fast discharge in the
Earth-ionosphere waveguide. For some TGFs, the major VLF impulse
has a fine structure indicative of multiple fast discharges that occur
within a short interval, which is best shown by the LF data. With an
empirical relationship based on VLF measurements for thousands of
NLDN ground strokes (Lu et al., 2011),

= ⋅B α I r/ .p p β

At night time, we find α≈ 40.6 and β≈ 1.02, in comparison with
α≈ 127.06 and β≈ 1.23 at daytime, and α≈ 70.3 and β≈ 1.11
around sunrise and sunset. For the TGF-associated major VLF pulse
shown in Fig. 3b, the estimated peak current is +86 kA, which is about
three times that (+27 kA) given by NLDN.

We infer that peak current of TGF-associated fast discharges varies
widely between small values below 10 kA and large values above
+400 kA. Many such lightning discharges with estimated peak currents
over +40 kA have been detected by WWLLN, and analyses with GBM
TGFs observed in trigger mode imply that these discharges occur within
0.1 ms of the peak of gamma-ray production (Connaughton et al.,
2010). Furthermore, there could be multiple VLF impulses superposed
on the slow magnetic pulse, but the one linked to TGFs usually dom-
inates.

As the TGF-associated lightning discharge could also be very en-
ergetic in terms of peak current, it might also induce observable tran-
sient luminous effects in the lower ionosphere (Lyu et al., 2015). For
instance, Liu et al. (2017) simulated the generation of elves by the TGF-
associated lightning discharge. Fig. 4b shows the sferic recorded for
probably the strongest TGF-associated lightning discharge recorded
during 2010/2011 at Duke University. As shown in Fig. 4a, this dis-
charge was detected by WWLLN at a location (23.24°N, 83.45°W) about

Fig. 4. (a) Observation of a Fermi/GBM TGF at 0125:33 UTC
on September 16, 2010, when the Fermi footprint was about
2172 km from Duke University. (b) Broadband sferics re-
corded near Duke University indicates the association of this
TGF with a very strong lightning discharge. The peak current
and impulse charge moment change (iCMC) of the TGF-as-
sociated lightning discharge are estimated to be +430 kA
and +167 C km, respectively. For comparison, the time
window of TGF detection has been corrected to the “ob-
servation” at the site of sferic measurement.
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1477 km from the sferic recording site near Duke University. The
equivalent peak current estimated from the Duke VLF sferic (peaking at
about +10.2 nT) with equation (1) is about +430 kA, and the asso-
ciated impulse charge moment change is estimated to be +167 C km.
There is also a noticeable precursor signal approximately 2 ms prior to
the major TGF-associated sferic. Lyu et al. (2015) also reported the
association with an extremely high NLDN peak current (+584 kA) for a
Fermi/GBM TGF observed in 2014. Note that although the associated
lightning discharge is very strong, the TGF observed by Fermi was not
very bright, which is probably due to a relatively far distance (about
734 km) from the Fermi nadir point (16.68°N, 82.63°W). Moreover, the
VLF signal also exhibits the feature of a wave train that is typically
observed for the sferic waveforms associated with lightning strokes
producing elves (e.g., van der Velde and Montanyà, 2016).

3.3. Charge transfer in TGF-associated lightning discharges

The slow magnetic pulse essential to typical TGF sferics reflects a
millisecond-scale current that raises considerable negative charges,
resulting in a positive charge moment change (ΔMq) (e.g., Lu et al.,
2011). As shown by the histogram in Fig. 5a, the charge moment
changes estimated for 255 TGFs (including some events detected back
in 2009) detected by Fermi GBM in North America vary between
+30 C km to +320 C km, and the mean is about +90 C km. Here we
emphasize that those TGF-associated lightning discharges with the
largest ΔMq greater than +200 C km remain as IC type, as confirmed by
the low-frequency measurements. Since the distribution pattern of ΔMq

for the GBM TGFs observed in 2009–2011 is similar to that for 142
RHESSI TGFs detected near North America from 2004 to 2011 (Fig. 5b),
we combine these two datasets and estimate the average charge mo-
ment change over the duration (approximately 2ms) of individual slow
magnetic pulses. The histogram in Fig. 5c suggests that the lightning
process driving the slow magnetic pulse, presumably an upward ne-
gative leader rooted in the mid-level negative cloud region with a de-
veloped vertical length of a few km (e.g., Lu et al., 2010; Marshall et al.,
2013; Cummer et al., 2015; Lyu et al., 2018; Mailyan et al., 2018), must
carry an electric current typically on the order of 10 kA for several
milliseconds.

The major VLF impulse in many TGF sferics is preceded by relatively
weak impulsive signals that are lacking in appreciable charge moment
changes. Such precursor signals are usually more distinct in LF data,
indicative of source discharges with very short timescales (∼10–20 μs).
It is plausible to attribute precursor signals to IC flash initiation or

subsequent fast discharges, and their presence suggests that gamma-
rays in TGFs are usually produced after flash initiation. Analyses of
GBM TGFs with excellent LF measurements indicate that the delay of
gamma-ray production relative to the inferred flash onset ranges from
∼2ms up to 13ms.

There is also evidence that gamma-ray production in a very few
GBM TGFs may precede an NBE-like lightning discharge by ∼1–3ms,
as shown by Stanley et al. (2006) and Shao et al. (2010) for several
RHESSI TGFs. In this situation, the associated charge transfer is negli-
gible as the NBE-related charge moment change is typically small (Lu
et al., 2011). The most interesting observation is associated with a GBM
event found in trigger mode at 0450:32.624 UTC on June 10, 2010. As
shown in Fig. 6b, this TGF consists of three bursts of gamma-rays in-
cident on GBM detectors within 2ms, and lightning sferics recorded in
Duke Forest and on the FIT campus indicate the correlation with a
distinct NBE that is isolated over a 20-ms interval. Both VLF and ULF
sferics do not suggest the association with noticeable impulse charge
transfer. Our analyses using any possible lightning locations as con-
strained by sferics measured at two sites (e.g., through the direction
finding of magnetic field and the hyperbolic region confined by the time
difference between the lightning signals received at two stations) and
satellite cloud images of thunderstorms around the footprint indicate
that gamma-rays in this TGF have been produced at least 1.5 ms prior to
the NBE.

4. TGF sferics measured near NCKU

The broadband lightning emissions recorded near NCKU for about
110 TGFs observed in Asia exhibit the same features as that measured
near Duke University. The major VLF impulse and associated slow
magnetic pulse are distinct in most TGF-associated sferics. Due to the
site location at relatively low latitude (23.077°N), the NCKU sensors
recorded the broadband signals for totally 14 GBM TGFs at range<
500 km from the footprint, which is more than the FIT station; even
though, six of these events were not associated with distinct lightning
signals, implying that the occurrence of TGFs may not be necessarily
associated with intense fast discharges.

Estimates of charge moment changes with the NCKU data are gen-
erally in agreement with the results obtained for the TGFs observed in
Americas. Although the lack of low-frequency data hinders the identi-
fication of detailed lightning sequence similar to that shown in Fig. 3c,
due to a relatively close distance, a precursor signal possibly related to
the flash initiation could be identified in many cases. There is also no

Fig. 5. Statistical distribution of charge moment changes (in
+20 C km bins) estimated from the slow magnetic pulse
associated with (a) 255 GBM TGFs and (b) 142 RHESSI TGFs
observed with sub-satellite positions within 5000 km range
of Duke University. (c) The histogram of average current
moment estimated for 297 GBM/RHESSI TGFs shows a log-
normal distribution.
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observation of particularly strong signals indicating the correlation of
TGFs with positive CG strokes, but the ULF data show the signal of long
continuing current for a few TGFs observed when the satellite footprint
was very close to NCKU.

On June 28, 2010, RHESSI detected a TGF at 0653 UTC when the
footprint was only about 247 km from NCKU. Lightning signals asso-
ciated with this event (not shown) indicate a correlation with a fast IC
discharge that appeared to initiate a noticeable long continuing current
lasting more than 50ms. There are similar observations for several GBM
TGFs when the sub-satellite point was within 1000 km of NCKU. All
these observations warrant further ground-based measurements in
southern Taiwan and Southeast of China in coordination with space-
borne TGF observations. Also, it is desirable to deploy LF sensors in
these regions to capture the detailed lightning sequences associated
with TGFs observed in Asia.

On September 18, 2010, Fermi GBM detected a TGF at 0859:49 UTC
when the nadir point of satellite was near the coast of Fujian Province,
China, approximately 312 km from the NCKU campus. WWLLN did not
detect the lightning discharge in association, and thus it is difficult to
confine the source region of this TGF. As shown in Fig. 7a, upon the
observation of this TGF, there was a tropical cyclone (Typhoon Fanapi)
that was approaching Taiwan from east. Although it has been observed
that TGFs could be produced in the outer rainbands of hurricanes and
severe tropical cyclones (Roberts et al., 2017), the simultaneous sferic
signal (Fig. 7b, fetched by presuming that the lightning location is at
the satellite footprint) recorded near NCKU indicates that this TGF was
actually produced in a relatively small thunderstorm near the coast of
Fujian Province, China. Approximately 10ms prior to the major VLF
pulse that was simultaneous to the TGF within 1ms, there was a small
VLF pulse (as indicated for the E-field data in Fig. 7b) that might be
attributed to the precursor sferic signal related to the onset of an or-
dinary IC lightning flash. In general, the broadband sferics recorded at
the sites of NCKU are generally consistent with that TGFs are produced
shortly after the initiation of normal IC lightning flashes.

5. Conclusions

In order to provide guidance for the future studies on TGFs as one of
the thunderstorm and lightning-induced effects observed at the low-
Earth orbit to be conducted in south of China where the thunderstorms
and lightning activity are relatively frequent, we implement a com-
parative investigation on the broadband lightning sferics recorded
within 5000 km range in association with TGFs observed on the space-
borne platforms during 2010/2011 in Asia and Americas, respectively.
Generally speaking, the ground-based measurement in southern pro-
vinces of China, such as Guangdong and Hainan, is very likely to pro-
vide the valuable concurrent data for the TGFs observed by Fermi GBM
as one major platform for the TGF research.

Broadband (< 1Hz to 400 kHz) lightning emissions associated with
∼370 TGFs detected by Fermi GBM and 68 by RHESSI over Americas/
Asia in 2010/2011 confirmed our previous finding that gamma-rays in
TGFs are usually produced during a slow process that drives a milli-
second-scale current by raising considerable negative charges (Lu et al.,
2010, 2011). The gamma-ray production is connected to a major fast
discharge early in this slow process and this discharge usually dom-
inates the sequence of fast discharges at the source. Despite frequent
correlations with considerably large charge moment changes, nearly all
the TGF-associated fast discharges are intra-cloud type, as indicated by
the measurements of low-frequency lightning emissions. More ob-
servations are reported to show that the TGFs were produced during the
initial stage of ordinary IC lightning, when the initial negative leader
propagates upward (Østgaard et al., 2013; Cummer et al., 2015; Lyu
et al., 2018; Mailyan et al., 2018).

Low-frequency data recorded at appropriate range (e.g., < 1000 km
so that the precursor signal can be readily discerned) also provide more
observations in favor of gamma-ray production during the initial up-
ward negative leader progression of normal IC lightning, typically more
than 2ms after flash initiation when the leader has prolonged to hun-
dreds of meters. Large negative charge (mainly electrons) concentration
at the leader tip driven by the background electric field could enhance
electric fields to critical values, or provide seed electrons for avalanche
multiplication between charge regions in thunderclouds, or both.

Fig. 6. (a) Observation of a Fermi/GBM TGF at 0450:32 UTC
on June 10, 2010, when the Fermi footprint was about
2705 km from Duke University (indicated by blue cross), and
about 1792 km from FIT (green cross). The time difference
between the lightning signals received at two stations con-
fines the lighting source in the given hyperbolic region. (b)
Broadband TGF-associated lightning signal recorded near
Duke University with magnetic sensors of different frequency
ranges, showing the signal from a narrow bipolar event
(NBE) that occurred within a few ms after the gamma-ray
production.
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Several fast discharges might occur in series during the leader propa-
gation, but the one linked to gamma-ray production usually dominates
by releasing the most very low-frequency energy. It is not clear whether
this discharge is the cause or the consequence of gamma-ray produc-
tion, and more observations are necessary to reveal the nature of TGF-
associated fast discharges.

In conclusion, our observations in both Americas and Asia are
qualitatively consistent with theory that associates TGFs with nega-
tively charged lightning leaders that propagate upward following the
lightning initiation (e.g., Moss et al., 2006; Dwyer, 2008; Carlson et al.,
2010). Several observations have been reported to show that TGFs are
produced by the initial upward negative leader of normal intra-cloud
lightning flashes (e.g, Lu et al., 2010; Shao et al., 2010; Østgaard et al.,
2013).
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