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Abstract— In this study, we examine the properties of radio
frequency (RF) pulses associated with TGFs in various regions of
the world. Fermi Gamma-ray Burst Monitor (GBM) provides an
unprecedentedly large TGF dataset comprising more than 4000
events allowing for detailed regional studies. We analyze TGFs
detected by the Fermi-GBM in conjunction with data from the
U.S. National Lightning Detection Network (NLDN) and the
Global Lightning Dataset (GLD360). For TGFs occurring within
the coverage region of the NLDN, we examine the peak currents
reported by the NLDN for 61 pulses that occurred within 5 ms of
the start-time of TGFs. Further, using data from the GLD360 we
examined the estimated peak currents of RF pulses occurring
almost simultaneously with TGFs in Asia, Africa, and the
Americas. Peak currents estimated by the NLDN and GLD360
can be viewed as a quantity proportional to the peak magnetic
radiation field of RF pulses, rather than their actual peak
current. The median absolute peak current in the three regions
are 87 kA, 83 kA, and 77 KA, respectively.
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L INTRODUCTION

Electric and magnetic field waveforms in the radio
frequency (RF) range associated with terrestrial gamma-ray
flashes (TGFs) have become an important tool for studying
this atmospheric phenomenon. The two-dimensional source
location of a TGF, observed by the Gamma-ray Burst Monitor
(GBM) on-board the low-earth-orbiting Fermi satellite, is
obtained by correlating the time-of-occurrence of the TGF
with that of the associated RF emission reported by a lightning
locating system (LLS) such as the Worldwide Lightning
Location Network (WWLLN) [e.g., Connaughton et al., 2010;
2013; Mezentsev et al., 2016]. This narrows down the source

location of a TGF from being anywhere within the footprint (a
circular region with a radius of 800 km) of the GBM to a
specific latitude and longitude. The uncertainty of this location
depends upon the location accuracy of the LLS, which can
range from a few to greater than 15 km for WWLLN [Mallick
et al., 2016], a global long-range LLS operating in the Very
Low Frequency (VLF) range.

Connaughton et al. [2013], examined 601 TGF pulses
reported by the Fermi-GBM in conjunction with WWLLN-
geolocated VLF pulses and found that the rate of association
between these two datasets depended strongly upon the
duration of the TGF. Short-duration (less than 200 ps) TGFs
were more likely to be associated with WWLLN RF pulses
than longer duration TGFs. These short-duration TGFs had an
average WWLLN-estimated far-field energy that was
significantly higher than that for longer-duration TGFs.
Connaughton et al. [2013] interpreted WWLLN-reported RF
pulses occurring almost simultaneously (within 200 ps) with
GBM-reported TGF photon-count peak-times to be the VLF
signature of relativistic electrons and their resulting ionization.
On the other hand, RF pulses occurring within a longer time-
window of 20 ms of the TGF peak-times were thought to be
produced by lightning occurring in the same thunderstorm
system as the TGF. According to the model developed by
Dwyer and Cummer [2013], shorter duration TGFs will
produce VLF signatures with higher radiation field peaks
which are proportional to the time derivative of the current
moment produced by the electron avalanche.

Splitt et al. [2010] qualitatively showed that TGFs occur
preferentially over coastal regions, large islands, peninsulas



and isthmuses in tropical regions where lightning occurrence
rates are high. Regional variations in TGF occurrence rates
have also been examined by Smith et al. [2010], Fuschino et al.
[2011] and Briggs et al. [2013]. In this study, we examine the
peak currents of RF pulses geolocated by the NLDN associated
with 44 TGFs reported by the Fermi-GBM between January,
2014 and July, 2016. Additionally, we examine the GLD360-
estimated peak currents of TGF-associated RF pulses for TGFs
reported by the Fermi-GBM during 2013-2017 in different
parts of the world. Note that the NLDN- and GLD360-
estimated peak current of an RF pulse is simply an indication
of its magnetic field peak amplitude.

II.  INSTRUMENTATION AND DATA

The GBM is an auxiliary instrument onboard the Fermi
Gamma-ray Space Telescope comprising of two bismuth
germanate (BGO) and 12 sodium iodide (Nal) detectors
[Meegan et al., 2009]. Particles with effective energy ranges
of 10-1000 keV and 0.2-40 MeV are measured by the sodium
iodide (Nal) and BGO detectors, respectively. The timing
precision of the measurements is 2 us, while absolute
accuracy is several microseconds. The broad energy range of
the BGO detectors along with a low dead time of 2.6 us make
them well-suited for studying sub-millisecond TGFs with
energies of up to tens of MeV. The Fermi-GBM is capable of
measuring TGFs within a horizontal distance of up to about
800 km from the spacecraft’s footprint [Roberts et al., 2018].
After implementation of new ground-search algorithms in
2012, the TGF detection rate improved to about 800 events
per year, making the GBM the most efficient current-
generation TGF observatory [Briggs et al., 2013]. The Fermi-
GBM TGF catalog provides the photon counts per 2 ps for
each of the two BGO detectors, cumulative photon counts for
the 12 Nal detectors per 2 us (10 ps if Nal detectors are
saturated), spacecraft position, TGF start-time measured at the
spacecraft altitude, and the duration of the discovery-bin. The
discovery-bin is the time-window in the ground-search
algorithm corresponding to the most significant joint Poisson
probability of occurrence of the identified TGF [Briggs et al.,
2013; Roberts et al., 2018]. The TGF start-time in the catalog
is defined as the start-time of this discovery-bin. The
discovery-bin start-time is a reasonable approximation for the
TGF photon flux start-time.

The U.S. NLDN uses ground-based electric and magnetic
field sensors operating in the predominantly-low-frequency
(LF) range (400 Hz to 400 kHz) to measure electromagnetic
field changes produced by lightning discharges and geolocates
these discharges using time-of-arrival and magnetic direction
finding techniques [Cummins and Murphy, 2009; Nag et al,,
2015]. In some cases, other types of atmospheric electrical
discharges such as TGFs that may produce relatively high-
amplitude LF signatures are detected and geolocated by the
NLDN. In addition to the time (the start-time of the LF pulse)
and two-dimensional location (along with an estimated
location error) of the sources of these pulses, the NLDN also
provides information on their polarity and peak current.
Magnetic field LF waveform characteristics such as rise time

and peak-to-zero time of pulses are reported by individual
sensors and geolocated events are classified by the network as
IC pulses or CG return strokes based on their waveform
characteristics. After a network-wide upgrade in 2013, the
NLDN IC flash detection efficiency is about 50% [Murphy
and Nag, 2015]. The detection efficiency for negative first
strokes in Gainesville, Florida region was reported to be about
98%, the IC flash and return-stroke classification accuracy
was reported to be 95% and 92% respectively [Zhu et al,,
2016a; 2016b]. The location accuracy for CG strokes is
expected to be about a few hundred meters [Nag et al., 2015].
The polarity estimation accuracy of the NLDN is close to
100% [Nag et al., 2015].

In the south, the coverage region of the NLDN extends to
(going from east to west) the Bahamas, northern Mexico, and
northern Baja California, beyond which the detection
efficiency of the network decreases. The Fermi spacecraft has
a low-Earth circular orbit. Its orbital inclination, which is the
northern-most and southern-most latitude over which Fermi’s
footprint passes, is 25.6 degrees. The 25.6° N latitude is
indicated with a red line in Figure 1. TGFs that occur as far as
a few hundred kilometers north of this latitude may be
detected by the Fermi-GBM. For our analysis, we used a
region (shown in Figure 1) over which we expect the coverage
of the NLDN and the Fermi-GBM to overlap. In this region,
we identified 44 GBM-reported TGFs occurring between
January, 2014 and July, 2016 for which the NLDN geolocated
one or more “lightning events” (RF pulses) occurring within 5
ms of the start-time of the TGF discovery-bin (or TGF start-
time). There were 61 such NLDN-reported RF pulses of which
22 pulses occurred almost simultaneously (within 200 us)
with 21 TGFs. Note that two NLDN-reported pulses occurred
5 us before and 22 us after the start-time of one of the TGFs
respectively. In Figure 1, we show the NLDN-locations of the
61 RF pulses occurring within 5 ms of the TGF start-time. In
order to account for the propagation delay between the
locations of the TGF source and the spacecraft, a “light travel
time correction” is applied to the spacecraft-reported times. To
calculate this correction, we assume that the locations of these
NLDN RF pulses are the two-dimensional locations of the
TGF sources. This assumption is more robust if the RF pulses
are signatures of the TGFs themselves rather than of lightning
occurring in spatial and temporal proximity of these TGFs.
The altitude of the TGF sources is assumed to be 12 km. Then
the distance between the TGF source locations and the
spacecraft location is determined, from which the propagation
delay is calculated (e.g., Briggs et al, 2010). Note that, if this
light travel time correction is not applied timing errors of the
order of a few milliseconds can occur.

The Global Lightning Dataset (GLD360) is a global
lightning detection network, which has been in operation since
September 2009, with data being made available to users since
May 2011. The GLD360 employs VLF sensors placed at
locations around the world. The stroke locations are obtained
using both time-of-arrival and magnetic-direction-finding
methods in conjunction with a lightning waveform recognition
algorithm [Said et al., 2010]. The GLD360 also reports the
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Fig. 1. Map showing locations of 61 NLDN-reported events (RF pulses) that occurred within 5 ms of 44 TGFs reported by the Fermi-GBM. Green dots (NLDN-
reported simultaneous events) indicate the locations of 22 pulses occurring within 200 us of 21 TGFs. Purple dots (NLDN-reported non-simultaneous events)
indicate the locations of 39 pulses occurring in the 200 us — 5 ms time window before or after the other 23 TGFs. The red line indicates the 25.6° N orbital
inclination of Fermi. Note that some dots overlap with each other due to the spatial proximity of their locations.

peak current (inferred from the measured magnetic field peak)
and polarity. The latter is influenced by ionospheric reflections
and determined via the cross correlation with the bank of
“canonical” waveforms. In this study, we use five years
(2013-2017) of GLD360 data to examine TGF-associated
pulses in the different regions across the world. GLD360
reported RF pulses whose start times were within 3.5 ms of
the GBM-reported TGFs start time were included in our
analysis.

III. TGF-ASSOCIATED RADIO FREQUENCY PULSES
OBSERVED BY THE NLDN

We examined the time intervals between the NLDN-
reported pulse start-times and the GBM-reported TGF start-
times for 61 RF pulses associated with 44 TGFs. For 21 out of
the 61 (about 34%) RF pulses, the NLDN-reported start-times
preceded the respective TGEF’s start-times reported by the
GBM. The time-intervals for those 21 pulses ranged from 5 ps
to about 2.9 ms, with the median being 1.1 ms. For 40 RF
pulses (about 66%) whose start-times were after the respective
TGF’s start-time, the time-intervals ranged from 3.4 ps to 4.5
ms with the median being 401 ps. Twenty six (43%) of the 61
RF pulses were classified by the NLDN as CG strokes. Eight
(13%) pulses had negative initial polarity. For 21 out of 44
(48%) TGFs, the start-times of one or two (for TGF09 only as
mentioned in section 2) RF pulses occurred nearly
simultaneously (within 200 ps) with the respective TGEF’s
start-time. For these TGFs, the median absolute time interval
between the NLDN-reported pulse start-time and the
respective TGF’s start-time is 50 ps. 16 out of 22 (73%) RF
pulses started after the TGF start-time. Eighteen out of these
22 (about 82%) pulses were classified by the NLDN as CG
strokes. Six out of 22 (27%) of these pulses had negative
initial polarity.

Figure 2 shows the scatter plot of the NLDN-estimated
peak currents for the 61 RF pulses versus the NLDN-TGF
time-intervals. Pulses that were classified by the NLDN as CG

strokes are shown using squares and those classified as IC
pulses are shown using circles. The NLDN-estimated peak
currents can be viewed as a quantity proportional to the peak
magnetic radiation field of these pulses, rather than their
actual peak current. The NLDN classified 26 of the 61 (43%)
pulses as CG, with absolute value of peak currents ranging
from 13 kA to 166 kA and the median being 24 kA. Thirty
five (57%) pulses were classified as IC, with their absolute
peak currents ranging from 4 kA to 205 kA and the median
being 11 kA. For the 22 RF pulses that occurred nearly
simultaneously with TGFs (200-us time-window between the
two vertical dashed lines in Figure 2), the absolute value of the
peak current ranged from 13 to 205 kA, with the median being
26 kA. Seventeen (about 77%) of these pulses had peak
currents less than 50 kA. The absolute value of the peak
currents for pulses that were not simultaneous with TGFs, but
within 5 ms of one, ranged from 4 to 87 kA with the median
being 11 kA. This median peak current is two-and-half times
smaller than the median peak current of the simultaneous RF
pulses. 8 out of 39 (21%) of these non-simultaneous pulses
were classified by the NLDN as CG. Two pulses out of 39
(5.1%) had negative initial polarity.

IV. TGF-ASSOCIATED RADIO FREQUENCY PULSES
OBSERVED BY THE GLD360

We examined the time intervals between the GLD360-
reported pulse start-times and the GBM-reported TGF start-
times for 2273 RF pulses associated with 2198 TGFs. Figure 3
shows the scatter plot of the GLD360-estimated peak currents
for the 2273 RF pulses versus the GLD360-TGF time-
intervals. For 442 out of the 2273 (about 20%) RF pulses, the
GLD360-reported start-times preceded the respective TGF’s
start-times reported by the GBM. The time-intervals for those
448 pulses ranged from 1 ps to about 3.4 ms, with the median
being 65 ps. For 1825 RF pulses (about 80%) whose start-
times were after the respective TGF’s start-time, the time-
intervals ranged from 1 ps to 3.5 ms with the median being 91



us. 922 (41%) pulses had negative initial polarity. For 1505
out of 2198 (68%) TGFs, the start-times of RF pulses occurred
nearly simultaneously (200-us time-window between the two
vertical dashed lines in Figure 3) with the respective TGF’s
start-time. For these TGFs, the median absolute time interval
between the GLD360-reported pulse start-time and the
respective TGF’s start-time is 55 ps. This is similar to the 50
pus RF pulse-TGF time interval for simultaneous pulses
reported by the NLDN. 1246 out of 1547 (81%) RF pulses
started after the TGF start-time. 654 out of 1547 (42%) of
these pulses had negative initial polarity.
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Fig. 2. Scatter plot showing the NLDN-estimated peak currents for 61 RF
pulses versus the NLDN-TGF time-intervals. Pulses that were classified by
the NLDN as CG strokes are shown using black squares and those classified
as IC pulses are shown using white circles. Vertical dashed lines indicate the
200-ps time window within which RF pulses were essentially simultaneous
with TGFs. The arithmetic mean (AM), median, minimum, and maximum are
shown for the absolute values of the peak currents.

Figures 4 and 5 show the histogram of the GLD360-
estimated peak currents for RF pulses that were simultaneous
and non-simultaneous (occurring in the 200 us to 3.5 ms time-
window before or after TGFs) with TGFs, respectively. The
GLD360-estimated peak currents can be viewed as a quantity
proportional to the peak magnetic radiation field of these
pulses, rather than their actual peak current. For the positive
polarity pulses, GLD360-estimated peak currents ranged from
3 kA to 756 kA with the median being 55 kA. The peak
currents for negative polarity pulses ranged from 4 kA to 914
kA with the median being 59 kA. For the 1547 RF pulses that
occurred nearly simultaneously with TGFs, the absolute value
of the peak currents ranged from 3 to 914 kA, with the median
being 82 kA. 438 (28%) of these pulses had peak currents less
than 50 kA. 1160 out of 1547 (75%) RF pulses had peak
currents with absolute values less than 150 kA. The absolute
value of the peak currents for 726 pulses that were not
simultaneous with TGFs, but within 3.5 ms of one, ranged
from 4 to 435 kA with the median being 26 kA. This median
peak current is roughly three times smaller than the median
peak current of the simultaneous RF pulses. 268 out of 726
(37%) of these non-simultaneous pulses had negative initial
polarity.

Figures 6, 7, and 8 show the histograms of peak currents
of RF pulses that occurred simultaneously with TGFs in three
different regions: Asia (60° E to 180° E), Africa (30° W to 60°
E), and the Americas (180° W to 30° W), respectively. The
latitudinal limits for each of our regions was 30° N to 30° S.
The median absolute peak current in the three regions are 87
kA, 83 kA, and 77 kA, respectively. It appears that there is not
much difference in the peak currents of TGF-associated RF
pulses between the different regions.
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Fig. 3. Scatter plot showing the GLD360-estimated peak currents for RF
pulses versus the pulse-start-to-TGF-start time-intervals. Vertical dashed lines
indicate the 200-us time window within which RF pulses were essentially
simultaneous with TGFs. The arithmetic mean (AM), median, minimum, and
maximum are shown for the absolute values of the peak currents.
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Fig. 4. Histogram of GLD360-estimated peak currents of RF pulses
occurring simultaneously with TGFs during 2013-2017.

V. DISSCUSSION AND SUMMARY

We examined the peak current and polarity of RF pulses
geolocated by the NLDN associated with 44 TGFs reported by
the Fermi-GBM between January, 2014 and July, 2016. There
were 61 such NLDN-reported RF pulses of which 22 pulses



occurred almost simultaneously (within 200 ps) with 21
TGFs. The median peak currents for pulses that were
simultaneous with TGFs was 26 kA versus 11 kA for pulses
that were not simultaneous with TGFs (but occurred within 5
ms of one. While the majority of the simultaneous RF pulses
had positive initial polarity, 27% had negative initial polarity.
To the best of our knowledge, all previous studies have
reported the polarity of TGF-associated IC or CG lightning to
be positive. This indicates that negative charge can move in
either upward or downward directions during TGFs. We
speculate that these RF pulses are signatures of either the
relativistic electron avalanches associated with TGFs or
currents traveling in conductive paths “pre-conditioned” by
TGF-associated relativistic electron beams between cloud
charge regions of opposite polarity.

We examined the GLD360-estimated peak currents of
TGF-associated RF pulses for TGFs reported by the Fermi-
GBM during 2013-2017 in different parts of the world. For the
1547 RF pulses that occurred nearly simultaneously with
TGFs, the absolute value of the peak currents ranged from 3 to
914 kA, with the median being 82 kA. 42% of these pulses
had negative initial polarity. It appears that there is not much
difference in the peak currents of TGF-associated RF pulses
between the Asian, African, and American regions examined
in this study.
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Fig. 5. Histogram of GLD360-estimated peak currents of RF pulses
occurring non-simultaneously with TGFs during 2013-2017.
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Fig. 6. Histogram of GLD360-estimated peak currents of RF pulses
occurring simultaneously with TGFs in the Asian region during 2013-2017.
Note that the horizontal axis is truncated at 600 kA because only six pulses
has peak current above that limit.
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