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Abstract Terrestrial gamma ray flashes (TGFs) are brief bursts of energetic gammy-ray photons generated
during thunderstorms, which have been detected almost exclusively by satellite-based instruments. Here we
present three lines of evidence which includes the three out of three simultaneously observed pairs, the same
occurrence contexts, and the consistent estimated occurrence rate, which indicate a direct relationship
between a subset of TGFs and a class of energetic radio signal easily detectable by ground-based sensors.
This connection indicates that these gamma ray and radio emissions are two views of the same phenomenon
and further enable detection of these TGFs from ground distant radio signals alone. Besides dramatically
increasing the detection rate of TGFs, this ground detection approach can identify TGFs in continental and
coastal areas that are at latitudes too high for present TGF-detecting satellites and will provide more insights
into the mechanism of TGF production.

1. Introduction

Terrestrial gamma ray flashes (TGFs) are one of themost impressive recently discovered phenomena during thun-
derstorms [Fishman et al., 1994]. They are one of the highest-energy natural photon emissions on Earth, but the
mechanism for creating 1017 to 1018 high-energy electrons in the source region [Dwyer and Smith, 2005; Cummer
et al., 2014] still remains unclear [Dwyer, 2012; Pasko, 2014]. At present, almost all of the thousands of reported
TGFs have been detected by spaced-based gamma ray photon detectors [Fishman et al., 1994; Smith et al.,
2005; Briggs et al., 2010; Marisaldi et al., 2010] (four TGF photon observations at ground level [Dwyer et al.,
2004, 2012; Tran et al., 2015; Hare et al., 2016] and one by aircraft [Smith et al., 2011] have been reported).
Ground-based gamma ray photon observations from TGFs are inherently challenging due to the strong atmo-
spheric gamma ray attenuation from the low-altitude atmosphere, and the geometry-driven short horizontal
detection range (a few kilometers on the ground), in contrast to a few hundred kilometers in low-altitude orbit.

Recent observational [Cummer et al., 2011, 2014; Connaughton et al., 2013] and theoretical [Dwyer, 2012;
Dwyer and Cummer, 2013] developments indicate that the TGF-generating process also produces simulta-
neous radio emissions (as reviewed by Dwyer and Uman [2013, and references therein]). Some TGFs produce
such high-amplitude electromagnetic pulses that their peak amplitude is comparable to conventional light-
ning with a peak current of hundreds of kiloamperes and can be measured by ground-based radio sensors
deployed hundreds and even thousands of kilometers away [Cummer et al., 2014]. These TGF-associated
radio pulses are essentially identical in pulse shape and occurrence context to the recently identified positive
polarity energetic in-cloud pulses (+EIPs) [Lyu et al., 2015], suggesting a possible connection between these
two distinct phenomena.
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+EIPs were identified through lightning events reported by the National Lightning Detection Network (NLDN)
as in-cloud high peak current that also met the low-frequency waveform conditions [Lyu et al., 2015]. They
produce slow low-frequency radio signal (pulse duration of ~50μs) and occur during the ascending negative
leaders, which is distinct to the phenomenology of narrow bipolar events. In this work we attempt to define
the relationship between a subset of TGFs and +EIPs. Three independent lines of evidence are presented.
First, we find that of the three +EIPs solely identified through lightning data within 500 km range of Fermi
footprints, three TGFs were simultaneously detected. Additionally, from 12 +EIP-generating lightning leaders
well mapped by lightning mapping array instruments [Rison et al., 1999; Thomas et al., 2004], the altitude
progression of all 12 leaders matches that measured for three known TGFs [Cummer et al., 2015]. Lastly,
the independent occurrence rates of +EIPs and the subset of EIP-producing TGFs are in close agreement
within our study period and space region. This evidence strongly indicates that +EIPs and the subset of
TGFs are two views of the same phenomenon, and thus, +EIPs can serve as a proxy for ground detection
of TGFs from distant electromagnetic radio signals.

2. Investigation Materials and Methods

Four GPS-synchronized observation tools are involved in this investigation, including (1) ground-based radio
frequency signals recorded by magnetic field sensor network, which is composed of five low-frequency (LF)
sensors deployed at Duke Forest near Duke University (DUKE), Florida Institute of Technology (FIT), University
of Oklahoma (OU), University of Mississippi (MS), and Kansas State University (KSU) one very low frequency
(VLF) sensor and one ultralow-frequency (ULF) sensor at Duke Forest; (2) lightning event parameters reported
by ground-based National Lightning Detection Network (NLDN) [Cummins et al., 1998]; (3) gamma ray data
detected by Gamma-ray Burst Monitor (GBM) instrument payload on Fermi Gamma-ray Space Telescope
[Briggs et al., 2010, 2013]; and (4) lightning images mapped by ground-based lightning mapping array
networks operating at very high frequency (VHF) regime [Rison et al., 1999; Thomas et al., 2004].

2.1. +EIPs Identified From NLDN Report and Ground Electromagnetic Radio Signals

Our goal in this study is to investigate the relationship between +EIPs and TGFs, so we started with a relatively
large data set of +EIPs. In the same procedure as Lyu et al. [2015], +EIPs are selected from NLDN lightning
reports, which provide the event time, event type, estimated peak current, and geographic location
[Cummins et al., 1998]. First, all the NLDN IC events having NLDN-reported peak current greater than a
threshold and within 1000 km of any one of our five LF sensors were selected. Then further analysis on the
LF radio waveforms of those NLDN IC events was applied to filter out those events that are not +EIPs, namely,
narrow bipolar events and misidentified CG strokes. Sixty-nine +EIPs with peak current above 200 kA
(mean peak current of 276 kA) already identified from 3 September to 16 October 2014 by Lyu et al. [2015]
and 403 +EIPs with peak current above 150 kA (mean peak current of 217 kA) newly identified from 26
March to 7 October 2015 were included in this study. It should be noted that the slightly lower peak current
threshold of 150 kA only allows more +EIPs with different amplitudes to be investigated, although there was
no difference between the radio signal features of these events and those reported by Lyu et al. [2015]. We
recognize that the precise meaning of field-scaled peak current for in-cloud events from NLDN is not defined;
however, these +EIPs are among the strongest in-cloud events that can be detected.

2.2. Fermi-GBM Gamma Ray Photon Data of +EIPs

For every +EIP in this investigation, the gamma ray data at its time detected by GBM instrument on the Fermi
satellite [Briggs et al., 2010, 2013] were processed. Fermi has a nearly circular orbit at 565 km altitude with an
inclination of 25.6° [Briggs et al., 2010, 2013]. For every +EIP, we first calculate the distance between +EIP
NLDN location and Fermi footprint at +EIPs’ time. Six +EIPs occurred within 1000 km from Fermi, but
Fermi-GBM time-tagged events data mode was not operating during two of them. An additional event
occurred at 773 km from Fermi, which is slightly too far from the effective detection range of Fermi [Briggs
et al., 2010, 2013]. Thus, there are three +EIPs within 500 km from Fermi footprint with photon data found
(500 km is also the effective detection range for Fermi). They occurred at 337 km, 263 km, and 416 km from
Fermi footprints, respectively. The source time of +EIPs and Fermi-GBM photons were obtained by shifting
the LF signal of +EIP recorded by LF sensors and photons of TGF recorded by Fermi-GBM back to the +EIP
source position. Note that the first two TGF events (TGF140921450 and TGF141001240) are also included
in the latest TGF catalog.
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2.3. Lightning Mapping Array-Observed +EIPs

The occurrence contexts of +EIPs were investigated from the progression of the +EIP-producing leaders
within the detecting range of lightning mapping array (LMA). LMA locates the 3-D position of very high fre-
quency (VHF) sources during lightning development [Rison et al., 1999; Thomas et al., 2004]. A search of NLDN
data near six LMAs deployed in Alabama (NALMA), Washington, D.C. (DCLMA), Texas (WTLMA), Colorado
(COLMA), New Mexico (NMTLMA), and Florida (KSCLMA) found 19 +EIPs that occurred in 200 km range of
the LMA center, which is a typical effective detection range of an LMA. LMA images were then created using
sources detected by more than six LMA sensors with chi-square smaller than 1.0. Three of these 19 +EIPs did
not have any available LMA data, and another four +EIP-producing flashes were mapped with too few
sources to determine anything about the flash structure. However, LMA images of all 12 remaining +EIPs
showed that +EIPs occurred during the initial upward leader stage of intracloud flashes. Three LMA-observed
+EIPs at 137 km from WTLMA center and 124 km and 176 km from KSCLMA center and having the largest
number of LMA sources among the 12 events are presented in the following section to demonstrate the
occurrence context of +EIPs. Note that the characteristics of the LMA images of all 12 events are completely
consistent with the three presented in detail.

2.4. NLDN Relative Detection Efficiency of TGF-Associated +EIPs

Fermi-GBM detects TGFs effectively in an area with horizontal radius of approximately 500 km from its foot-
print [Briggs et al., 2013], which indicates that nearly all Fermi-GBM-observed TGFs originate from latitudes
lower than 30.1° (orbital inclination of 25.6°). The NLDN relative detection efficiency for TGF-associated
+EIP events in the spatial region covered by Fermi and our detection range (Fermi-NLDN region) plays a
key role in our event counting analysis and was tested by using the Fermi-GBM TGF events from the event
catalog in 2013 and 2014. The effective peak current of these events was estimated based on the method
used by Lu et al. [2011], with a standard deviation of about 30% between the estimated and NLDN-reported
peak currents. A total of nine known TGFs in the Fermi-NLDN region were associated with an estimated peak
current above +150 kA, and four of these nine were reported by NLDN. Note that this does not mean that
NLDN sensors did not record them, but instead, it might be the ambiguities caused by waveform complexity
of these energetic signals that resulted in a nondetection in the real-time processing. Thus, within our Fermi-
NLDN region, we estimate the NLDN relative detection efficiency of TGF-associated +EIPs to be 50%. This 50%
detection efficiency is used in the following part to estimate the +EIPs occurrence rate in the Fermi-
NLDN region.

3. Three Lines of Evidence on the Link Between +EIPs and TGFs

The first line of evidence shows the directly simultaneous observation of +EIPs and Fermi-GBM TGFs. The
NLDN-reported location of these +EIPs and the simultaneous Fermi footprints show that only three of all
+EIPs (EIP1, EIP2, and EIP3 in Figure 1) occurred within 500 km horizontal offset from Fermi footprints
(337 km, 263 km, and 416 km, respectively, and the next closest is 773 km) when the GBM instrument on
Fermi Gamma-ray Space Telescope was operating in time-tagged events data mode [Briggs et al., 2010,
2013]. The source times of the +EIPs and TGF photons can be compared. From the NLDN location and source
altitude of the +EIPs, their LF signals can be shifted back to their sources. The altitude of +EIPs was estimated
from the arrival time differences of LF ground wave and sky waves propagating between ionosphere and
ground [Smith et al., 2004; Lyu et al., 2015]. EIP1 and EIP2 were estimated at 11.4 km and 12.2 km, respectively.
The altitude of EIP3 could not be determined because the sky waves were not clearly identifiable, and we thus
assume that EIP3 was generated at 12.0 km altitude, a typical altitude of TGFs [Cummer et al., 2014] and +EIPs
[Lyu et al., 2015]. An independent search of the gamma ray count data at these times shows that all three nearby
+EIPs occurred essentially simultaneously with Fermi-GBM-observed TGFs (TGF140921450, TGF141001240, and
TGF150914602) within a few tens of microseconds (Figures 1b–1d). Fermi-GBM-measured photon energy is
up to 14MeV, 11MeV, and 4MeV for these three TGFs, respectively (Figures 1e–1g). A time uncertainty of
~10–20μs can be expected due to the source location uncertainty of NLDN [Nag et al., 2014], and thus,
every pair of +EIP and TGF is effectively simultaneous.

Note that these three TGFs here were found only by examining 100μs time windows defined by the radio
signal and location. The chance detection of even a single TGF by this method is extremely small. Fermi
observes approximately one TGF during every 1000 s duration pass through our target geographical region.
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Thus, the probability of a random +EIP-TGF coincidence in a given 100μs window is approximately 10�7.
Moreover, the probability of randomly and independently finding three coincident TGFs in time windows
defined by three +EIPs is thus a very small 10�21. We can thus conclude that there is a statistical relationship
between this class of lightning event (+EIPs) and TGFs.

While it is challenging to precisely quantify their relationship with only three +EIP-TGF events, we bound by
posing the question, given a +EIP, what is the probability that it is also a TGF?. Our observation that all three
+EIPs are also TGFs (and none were not TGFs) is consistent with a 100% probability that a given +EIP is also a
TGF, which is thus the upper bound. Assuming a lower bound defined by a 5% criterion, a 37% probability of
a +EIP being a TGF implies a 5% probability (0.373) of observing three out of three. We thus conclude that the
observations are consistent with a range of 37% to 100% for the probability that a given +EIP is also a TGF.
This in turn indicates that TGFs are strongly linked to the +EIP-generating process and that +EIPs and the sub-
set of TGFs are probably two views of the same basic phenomenon.

A second line of evidence supporting the hypothesis that +EIPs and TGFs are fundamentally linked builds on
the occurrence contexts of each. It has been established that at least some TGFs are produced in the middle
of an ascending initial in-cloud lightning leader [Cummer et al., 2015]. Lightning leader processes produce
VHF impulse emissions that can be located by LMA [Rison et al., 1999; Thomas et al., 2004] and mapped into
the spatiotemporal structure of the lightning flash. A search of available LMA data finds that 19 +EIPs
occurred in the range of 200 km from the center of six different LMA networks, and 12 of these yielded
enough LMA sources that showed the occurrence context of the +EIPs. All of them occurred during the initial
upward leaders of intracloud flashes, and these +EIP-producing leaders were negative leaders propagating
upward in a downward electric field between main negative charge layer and upper positive charge layer
[Rison et al., 1999]. Interestingly, two of the +EIP-producing leaders began with high peak power LMA sources
(38.5 and 34.5 dBW or 7.1 and 2.8 kW) that are very likely narrow bipolar events (NBEs) associated with fast
positive breakdown [Rison et al., 2016]. Note that both TGFs and +EIPs were previously observed during
the NBE-initiating IC leaders [Lu et al., 2010; Lyu et al., 2015]. Although these LMA-observed +EIPs were too
far from Fermi footprints for the gamma ray detection by Fermi-GBM (with a nearest distance of 1311 km

Figure 1. The geolocation, low-frequency (LF) radio signal, and TGF photons of the three +EIP-TGF. (a) Geolocation of three
+EIPs (EIP1, EIP2, and EIP3, marked as crosses) and the Fermi footprints (Fermi1, Fermi2, and Fermi3, marked as circles) at
the +EIP time and three LF sensors (DUKE, FIT, and MS marked as pluses); the three different colors of +EIPs and Fermi
footprints illustrate each pair of them. (b–d) LF radio signals of +EIPs (peak current of 205 kA, 228 kA, and 161 kA, respec-
tively) recorded by FIT sensor and the time of Fermi-GBM photons (GPS time converted to coordinated universal time
(UTC)); all times were shifted to the +EIPs source positions, and TGFs are marked by the boxes on the photons time in each
figure. (e–g) Energy distribution of the three Fermi-GBM TGFs with GBM names of TGF140921450, TGF141001240, and
TGF150914602, respectively. Note that Fermi-GBM gamma ray data from two bismuth germanate (BGO) scintillator
detectors were used in the plot.
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and the next closest is 2350 km), this is
exactly the same lightning development
context in which TGFs have been
observed [Stanley et al., 2006; Lu et al.,
2010; Shao et al., 2010; Cummer et al.,
2011, 2015; Østgaard et al., 2013].

Figure 2 shows the LMA measurements
of three +EIP-producing leaders to show
the consistency of the LF radio signal
sequences and source progression. The
negative leaders were initiated at a
lower altitude and propagated upward
to ~12 km in the first ~8ms. These three
+EIPs occurred in the first ~3ms of lea-
der ascent. Although very few or no
VHF sources were mapped around the
+EIPs time, these three +EIPs appear to
have been generated when the leader
was between 9 and 11 km altitude, again
much like similar measurements during
TGFs [Cummer et al., 2015]. This consis-
tency of occurrence contexts between
+EIPs and TGFs is another piece of
evidence suggesting their connection.

The final line of evidence concerns the
occurrence frequency of +EIPs and TGFs,
as our hypothesis predicts a relationship
between two independent quantities. In
the area of overlap between the NLDN
detection range and Fermi’s field of view
(latitudes lower than 30.1°), a total of 51
+EIPs in 2014 and 214 +EIPs in 2015 were
found during our 240day survey window.

Note that +EIPs in 2014were identified through an NLDN peak current above 200 kA. Based on the peak current
distribution of +EIPs in 2015, ~51 more +EIPs would have been found in 2014 with the lower peak current
threshold of 150 kA that was used in 2015. We thus estimate that a total of 316 NLDN-reported +EIPs (with a
150 kA threshold) occurred within the Fermi-NLDN overlap region during the 240day study period. Note that
this is a lower bound as the NLDN detection efficiency of +EIPs is not 100%, although it should be high due
to the high signal amplitudes. Using the 50% NLDN relative detection efficiency for this class of lightning event
in this region, a better estimate of the number +EIPs is approximately 630.

In this same time and space window, Fermi-GBM detected 30 TGFs, and five of them were associated with
+EIP radio signals (including the three +EIP-TGFs presented in Figure 1 which are reported by NLDN and
another two not reported by NLDN). In addition, in a previous report on the estimated peak current distribu-
tion of TGF-associated lightning signals, five events above 150 kA out of 54 TGFs were found [Lu et al., 2011].
These fractions are consistent, given the modest event numbers, and together indicate that roughly 12% of
all TGFs are associated with +EIPs, and we use this 12% estimate in the following analysis. An investigation on
Fermi orbit footprints point shows that Fermi spends 1.0% of its total observing time (887 of 86,506 footprints
of its orbit per day) in our detection area. From the comparison between the area covered by each pass of
Fermi and the Fermi-NLDN overlap region, we assume that it views on average about one half of our detec-
tion region during each pass (estimated using the 500 km detection radius of Fermi). This indicates that the
Fermi-GBM-observed 30 TGFs during our investigation period are about 1/200 of the TGFs that occur in this
region. This in turn implies that a total of approximately 6000 TGFs occurred in the time and space window of
our study. Using the 12% estimated +EIP-TGF fraction, the Fermi-GBM data thus suggest that approximately

Figure 2. LMA observations of three +EIP-producing leader progressions.
(a–c) Illustrated three different +EIPs. EIP4 was located at 137 km from
WTLMA and 550 km from OU LF sensor, and EIP5 and EIP6 were located
at 124 km and 176 km from KSCLMA and 181 km and 202 km from FIT LF
sensor, respectively. LF radio signals were shifted back to the NLDN
source location. The arrows in each figure point to the main LF radio
signals of +EIPs. The dot colors from blue to red indicate the temporal
progression of the sources. The amplitude of the LF azimuthal magnetic
field signal and the altitude of the LMA sources are labeled as left blue
axis and right black axis, respectively.
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720 +EIP-associated TGFs should
have occurred in this window. This is
in good agreement with the inde-
pendently estimated 630 +EIPs in
the same time and space window
and further supports our hypothesis
that at least most and perhaps all
+EIPs above this 150 kA NLDN peak
current threshold are also, in fact,
another view of the high peak
current-producing TGFs.

4. Implication and Summary

In this paper, we presented three
independent lines of evidence which
includes the three out of three simul-
taneously observed +EIP-TGF pairs,
the same occurrence contexts, and
the consistent estimated rate of +EIP
and TGFs that strongly indicate that
+EIPs and a subset of TGFs are intrin-
sically linked and thus two facets of

the same phenomenon. One important implication of this is the ability to reliably identify TGFs from contin-
uous ground-based radio observations alone, and thus, +EIPs can serve as a candidate for the search of EIP-
producing TGFs from the ground-observed radio signals. This not only enables the ground detection of TGFs
from distant radio signals but also offers the possibility of detecting many more TGFs than possible via satel-
lite: consider the 316 +EIP-TGFs in the space/time analysis window, compared to 30 Fermi-GBM-detected
TGFs (and only five of those associated with +EIP radio signals, although two of them were not reported
by NLDN). This ground-based approach can also identify TGFs in higher-latitude regions both on land and
ocean that are beyond the limits of current satellite-based detectors. For reference, Figure 3 shows the
geolocation of the full 472 +EIPs identified in 9months of data, including 107 events too far north to be
detected by Fermi-GBM.

As illustrated in Figure 3, +EIPs occur predominantly over the ocean, while TGFs as a whole preferentially
occur near coastal regions. This suggests the possibility that the 12% of all TGFs that are associated with
EIPs may have a more oceanic distribution, and this is currently under investigation. Furthermore, it is
interesting that roughly 25% of these +EIPs occurred over land, primarily in the southern and midwestern
U.S.. Many of these are within range of extensive meteorological and lightning measurements, and their
locations offer guidance into possible locations for ground-based gamma ray measurements. Our finding
thus offers the possibility of more supporting measurements of thunderstorm development and lightning
processes associated with TGFs and consequently deeper insight into the physics of TGF production.
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