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Abstract In this study, we analyze 44 terrestrial gamma-ray flashes (TGFs) detected by the Fermi
Gamma-ray Burst Monitor (GBM) occurring in 2014-2016 in conjunction with data from the U.S. National
Lightning Detection Network (NLDN). We examine the characteristics of magnetic field waveforms measured
by NLDN sensors for 61 pulses that occurred within 5 ms of the start-time of the TGF photon flux. For 21
(out of 44) TGFs, the associated NLDN pulse occurred almost simultaneously with (that is, within 200 ps of)
the TGF. One TGF had two NLDN pulses within 200 ps. The median absolute time interval between the
beginning of these near-simultaneous pulses and the TGF flux start-time is 50 pus. We speculate that these RF
pulses are signatures of either TGF-associated relativistic electron avalanches or currents traveling in
conducting paths “preconditioned” by TGF-associated electron beams. Compared to pulses that were not
simultaneous with TGFs (but within 5 ms of one), simultaneous pulses had higher median absolute peak
current (26 kA versus 11 kA), longer median threshold-to-peak rise time (14 ps versus 2.8 us), and longer
median peak-to-zero time (15 pus versus 5.5 ps). A majority (77%) of our simultaneous RF pulses had
NLDN-estimated peak currents less than 50 kA indicating that TGF emissions can be associated with
moderate-peak-amplitude processes. The lightning flash associated with one of the TGFs in our data set was
observed by a Lightning Mapping Array, which reported a relatively high-power source at an altitude of

25 km occurring 101 ps after the GBM-reported TGF discovery-bin start-time.

1. Introduction

Thunderstorms can produce bursts of gamma-rays, known as Terrestrial Gamma-ray Flashes (TGFs). TGFs are
typically detected worldwide by satellite-based instruments (e.g., Briggs et al., 2010; Fishman et al., 1994;
Marisaldi et al., 2010; Smith et al.,, 2005), but several ground-based (e.g., Bowers et al., 2017; Dwyer et al.,
2004, 2012; Enoto et al,, 2017; Hare et al.,, 2016; Tran et al,, 2015) and one aircraft-based (Smith et al., 2011)
observations have been made. Initially, TGFs were thought to be a high-altitude phenomenon occurring at
30-50 km associated with positive cloud-to-ground (CG) lightning (e.g., Fishman et al,, 1994; Inan et al,,
1996; Inan & Lehtinen, 2005). However, spectral analyses of TGFs revealed that their source altitudes are typi-
cally below 20 km (e.g., Dwyer & Smith, 2005; Mailyan et al., 2016). Also, studies have shown that TGFs can be
associated with intracloud (IC) lightning (e.g., Cummer et al., 2005; Shao et al.,, 2010; Stanley et al., 2006;
Williams et al., 2006).

The exact mechanism by which TGFs are produced is still a subject of debate. A leading hypothesis is that
TGFs are produced by the Relativistic Runaway Electron Avalanche (RREA) (e.g., Dwyer, 2003; Gurevich
etal, 1992) process with consequent bremsstrahlung photon emission occurring in the presence of thunder-
cloud electric fields. However, key details of the physical processes associated with TGFs such as the size of
the particle-acceleration region, the source of the energetic seed particles required by RREA, and current
and charge-transfer characteristics remain unknown. Some models assume that particle acceleration takes
place at the tips of lightning leaders (e.g., Carlson et al., 2009; Celestin & Pasko, 2011), while others consider
the acceleration to occur in large-scale electric fields in thunderclouds (e.g., Dwyer, 2012; Moss et al., 2006).

Electric and magnetic field waveforms in the radio frequency (RF) range associated with TGFs have become
an important tool for studying this atmospheric phenomenon. The two-dimensional source location of a TGF,
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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 light-
ning 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 any-
where 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., 2014), a global long-range LLS operating in the
very low frequency (VLF) range.

Connaughton et al. (2013) examined 601 TGFs reported by the Fermi-GBM in conjunction with WWLLN-
geolocated VLF pulses and found that the rate of association between these two data sets depended strongly
upon the duration of a 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. 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. 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 “related IC discharges”
(Connaughton et al,, 2013) occurring in the same thunderstorm system as the TGF. Such pulses could prob-
ably also be directly associated with the TGFs (e.g., Smith et al.,, 2016), but the exact nature of the relationship
remains unknown.

Lu et al. (2010) examined Lightning Mapping Array (LMA) data for a TGF observed by the Reuven Ramaty
High Energy Solar Spectroscopic Imager (RHESSI) spacecraft and showed that the gamma-rays were pro-
duced during the initial stage of an IC flash. The 2-ms timing uncertainty of RHESSI complicated the analysis.
However, after taking this uncertainty into account, a high power LMA source was observed to occur a few
milliseconds before the TGF. Cummer et al. (2011) examined two GBM-detected TGFs along with associated
magnetic field signatures measured by sensors of the U.S. National Lightning Detection Network (NLDN) and
VLF sensors installed in Durham, North Carolina (Duke University), and Melbourne, Florida (Florida Tech). The
magnetic field pulse started 50 us (£17 ps) before the start of one TGF, and in case of the other TGF, there
were a pair of field pulses starting 10 us (18 us) and 50 ps (£18 ps) after the TGF start-time. The timing uncer-
tainties were mostly due to the unknown TGF source altitude. Cummer et al. (2014) analyzed two TGFs
reported by the Fermi-GBM having durations of 44 and 34 ps, with the durations of the corresponding RF
pulses reported by the NLDN being 46 and 33 ps, respectively. Both TGFs occurred within 10 ps of the
start-time of these RF pulses. The TGFs and RF pulses were considered to be effectively simultaneous after
taking into account uncertainties associated with the source locations of the TGFs. The NLDN-reported peak
current for the first TGF was 120 kA. Cummer et al. (2014) estimated the peak current for the other TGF to be
greater than 500 kA. They concluded that the high peak currents of these events could indicate that they
were produced during the TGF-generating electron acceleration by the RREA process rather than during tra-
ditional lightning processes.

In this paper, we examine the characteristics of RF pulses geolocated by the NLDN associated with 44 TGFs
reported by the Fermi-GBM between January 2014 and July 2016. Additionally, for one of these TGFs, we ana-
lyze in detail data from the Kennedy Space Center (KSC) LMA, NLDN, and NEXRAD (Next-Generation Radar)
weather surveillance radar.

2. Instrumentation and Data

The GBM is an auxiliary instrument on-board the Fermi Gamma-ray Space Telescope comprising of two bis-
muth germanate (BGO) and 12 sodium iodide (Nal) detectors (Meegan et al., 2009). Particles with effective
energy ranges of 10-1,000 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 microse-
conds. The broad energy range of the BGO detectors along with a low dead-time of 2.6 pus makes them well
suited for studying submillisecond TGFs with energies of up to tens of MeV. The Fermi-GBM is capable of
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measuring TGFs within a horizontal distance of up to about 800 km from the spacecraft’s footprint (Briggs
et al, 2013). 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 observa-
tory (Briggs et al., 2013). The Fermi-GBM TGF catalog (e.g., Roberts et al., 2018) provides the photon counts
per 2 us for each of the two BGO detectors, cumulative photon counts for the 12 Nal detectors per 2 ps
(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). The TGF start-time in the catalog is defined as the start-time of this discovery-bin. The
discovery-bin start-time is generally a reasonable approximation for the TGF photon flux start-time, as shown
in Figures S1 to S21 in the supporting information for a subset of 21 TGFs in our data set that occurred simul-
taneously (see section 3) with NLDN RF pulses.

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 & Murphy, 2009; Nag et al., 2015). Note that while the frequency range of NLDN sensors overlaps
with the ultralow frequency (ULF), VLF, LF, and medium-frequency (MF) domains, for simplicity, in this paper
we refer to the signatures measured by these sensors as “LF signatures” or “LF pulses.” In some cases, other
types of atmospheric electrical discharges such as TGFs that may produce relatively high-amplitude LF signa-
tures 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. lonospheric reflections of pulses are identified
and rejected by the NLDN's geolocation algorithm. Only sensors within 775 km of the location of a pulse-
source are used in estimating the pulse’s peak current. The NLDN'’s geolocation algorithm does not mix pulses
of opposite polarities when it groups sensor data to geolocate a pulse-source. So all sensors, including the
ones at longer distances from the source, have to report the same initial polarity for a particular pulse for them
to be used in the geolocation of the pulse. 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 net-
work 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 & Nag, 2015). The detection efficiency for
negative first strokes in the Gainesville, Florida, region was reported to be about 98%; the IC flash and CG
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 polar-
ity estimation accuracy of the NLDN for lightning electromagnetic pulses 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.

As noted above, the NLDN reports various magnetic field waveform characteristics including the initial polarity
of RF pulses measured by its sensors. The NLDN sensors sample lightning magnetic field waveforms at a
variable sampling rate above the sensor threshold so that all the waveform details and parameters relevant
to geolocation, lightning type classification, and other applications are retained in the waveforms (Cummins
etal.,, 2012; Honma et al., 2013). Fine structures of lightning waveforms are retained for the initial rising portions
of pulses (up to the initial peak or up to the last significant peak of the same polarity following the initial peak).
Fine waveform features occurring after this are not necessarily retained unless their amplitudes are a signifi-
cant fraction of the peak value. Also, data between the zero crossing of one polarity and sensor threshold of
the opposite polarity are not measured (Hare et al., 2016). After the useful features are extracted from the wave-
forms, the waveforms are generally not stored and hence are not available for detailed visual inspection at a
later time. Furthermore, the RF signatures associated with TGFs (e.g., Lyu et al., 2018) can be complicated
and are not well characterized. So it is possible that the initial-polarity estimation for such signatures provided
by the NLDN is affected by its measurement system. For example, a pulse with positive initial polarity followed
by a relatively large negative polarity overshoot could be reported by the NLDN to be negative due to the initial
positive-polarity peak being below the detection threshold of the reporting sensors. In this study, we note the
percentage of negative polarity TGF-associated RF pulses that were reported by the NLDN. Further discussion
on the interpretation of the polarity of TGF-associated RF pulses is found in section 5.
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Figure 1. Map showing locations of 61 NLDN-reported events (RF pulses) that occurred within 5 ms of 44 TGFs reported by the Fermi-GBM. The green dots (NLDN-
reported simultaneous events) indicate the locations of 22 pulses occurring within 200 ps of 21 TGFs. The pink dots (NLDN-reported nonsimultaneous events)
indicate the locations of 39 pulses occurring in the 200-ps to 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.

The Fermi spacecraft has a low-Earth circular orbit. Its orbital inclination, which is the northernmost and
southernmost latitude over which Fermi’s footprint passes, is 25.6°. 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 ps) with 21
TGFs. Note that, two NLDN-reported pulses occurred 5.0 ps before and 22 ps after the start-time of one of
the TGFs (TGF09 in Table 1).

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. See section 5 for further discussion. The altitude of
the TGF sources is assumed to be 12 km. Then the distance between the TGF source locations and the space-
craft 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 two primary sources of error in the TGF-times computed using the above technique are (1) the assump-
tion of a fixed TGF source altitude at 12 km and (2) the uncertainty associated with the two-dimensional
NLDN-computed locations. These two errors are independent of each other. Assuming that TGF source loca-
tions can be at any altitude between 9 and 15 km, and using the 50% confidence (or error) ellipse semimajor
and semiminor axis lengths computed by the NLDN, we estimate the median error range for the TGF-times
computed by us to be about £10 ps.

One of the TGFs in our data set (TGF09 in Table 1) occurred on 4 September 2015, and was located about
10 km south-east of Tampa, Florida. This region is covered by the KSC LMA. This LMA was installed in
2013, and in September 2015 (when TGF09 occurred) the LMA consisted of nine stations. The LMA geolocates
in three-dimensions VHF sources associated with lightning discharges and provides information on their
morphology and the thunderstorm charge structure (Krehbiel et al., 2000; Thomas et al., 2001). In addition
to the source locations, the LMA data include information such as source power and a chi-square value that
indicates the quality of a geolocation solution. Typically, for sources that are at relatively far distances (greater
than 100 km or so from the closest sensor), source-altitudes tend to be overestimated (Boccippio et al., 2001;
Thomas et al.,, 2004). We also examined NEXRAD data (e.g., Hall et al., 1984) measured at the Melbourne,
Florida, Weather Forecasting Office and available every 5 min, for this TGF. Finally, atmospheric sounding
data measured at Tampa, Florida, was analyzed to obtain information about the tropopause height. These
data are available every 12 hr.
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Table 1

Characteristics Reported by NLDN Sensors of 22 RF Pulses Occurring Simultaneously (Within 200 us) With 21 TGFs Reported by the Fermi-GBM

Ratio of initial

Opposite polarity

NLDN pulse Peak-to-zero peak to opposite  overshoot peak-
start-time— Distance to  Peak Rise time (RT)  (PTZ) time of Duration of initial  polarity overshoot to-zero time of
Date Time, UT GBM TGF NLDN current  NLDN-type of magnetic magnetic field “half-cycle” = of magnetic magnetic field

TGF ID (dd/mm/yy) (hh: mm:ss) start-time (us) sensor (km) (kA) classification  field pulse (us) pulse (us) RT + PTZ (ps) field pulse pulse (us)
TGFO1 10/5/14 7:01:02 42 498 44 CG 22 30 52 - -
TGF02 4/8/14 8:29:34 162 590 —-33 CG 12 30 42 - -
TGF03 21/9/14 10:48:38 —23 589 205 IC 28 8.8 37 - -
TGF04 24/9/14 8:35:48 —7.0 368 119 IC 23 11 34 - -
TGF05 5/10/14 0:00:59 69 183 21 IC 20 12 32 - -
TGF06 10/4/15 23:22:18 104 ° —47 CG 28 29 57 1.3 34
TGFO7 12/7/15 21:24:05 73 437 24 CG 19 15 34 1.1 35
TGF08 29/8/15 20:52:46 174 372 20 CG 4.0 17 21 0.75 52
TGF09 4/9/15 21:23:43 —5.0 501 —-13 CG 6.8 25 32 3.9 12

22 69 38 CG 20 1 31 0.70 97
TGF10 5/9/15 19:24:50 34 728 77 cG 14 8.6 23 1.1 49
TGF11 24/9/15 10:49:14 26 368 166 CG 13 8.2 21 0.69 50
TGF12 1/11/15 13:44:13 —186 481 17 CG 15 21 35 0.49 30
TGF13 1/11/15 17:5:42 38 720 22 CG 9.2 15 24 1.6 27
TGF14 29/3/16 10:18:47 105 679 —23 CG 9.4 66 76 1.1 25
TGF15 22/5/16 4:49:12 97 497 24 CG 1.8 51 53 - -
TGF16 20/6/16 10:59:10 35 143 17 IC 4.8 9.2 14 2.6 30
TGF17 8/7/16 5:40:06 60 191 128 CG 10 7.2 17 1.1 62
TGF18 15/7/16 22:58:44 13 595 31 CG 24 27 51 1.4 44
TGF19 18/7/16 23:57:41 —127 559 —15 CG 43 15 19 - -
TGF20 22/7/16 21:34:.04 200 655 —27 CG 18 27 45 0.69 35
TGF21 23/7/16 22:57:54 —21 551 22 CG 14 13 27 1.1 20
Arithmetic - - 72 465 52 - 15 21 35 13 40
Mean
Median - - 50 498 26 - 14 15 33 1.1 35
Minimum - - 34 69 205 - 1.8 7.2 14 0.49 12
Maximum - - 200 728 13 - 28 66 76 39 97

Note. Statistics for all parameters are shown at the bottom of the table. Absolute values of the NLDN-TGF-time intervals (column 4) and peak currents (column 6) have been used to compute the
respective statistics.
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Figure 2. Schematic showing an overview of the NLDN-reported RF pulses associated with TGFs in our data set.

3. TGF-Associated Radio Frequency Pulses Observed by the NLDN

Figure 2 provides an overview of the NLDN RF pulses associated with TGFs in our data set. We examined the
time interval between the NLDN-reported pulse start-time and the GBM-reported TGF start-time for 61 RF
pulses associated with 44 TGFs. For 21 (34%) of the 61 RF pulses, the NLDN-reported start-time preceded
the respective TGF's start-time reported by the GBM. The time intervals for those 21 pulses ranged from
5 us 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 us 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 nega-
tive initial polarity. For 21 (48%) of the 44 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 TGF's start-time. For
these TGFs, the median absolute time interval between the NLDN-reported pulse start-time and the respec-
tive TGF's start-time is 50 ps. Sixteen (73%) of these 22 RF pulses started after the TGF start-time. Eighteen
(82%) of these 22 pulses were classified by the NLDN as CG strokes. Six (27%) of 22 pulses had negative

initial polarity.
200 ] o e Figure 3 shows the scatter plot of the NLDN-estimated peak currents
o I for the 61 RF pulses versus the NLDN-TGF time intervals. Pulses that
150 23:1’2933;‘;“"3"‘ i'i 'ACMf’;?';:""e“t were classified by the NLDN as CG strokes are shown using black
Median: 24 kA ! al Median: 11 kA squares and those classified as IC pulses are shown using hollow cir-
< 100/ Mas: 166 kA o o cles. The NLDN-estimated peak currents can be viewed as a quantity
= N: 26 bloN:35 proportional to the peak magnetic radiation field of these pulses.
] 191 The NLDN classified 26 (43%) of the 61 pulses as CG, with the
§ 201 - i!i’ absolute values of peak currents ranging from 13 to 166 kA and
E o 0%000 om wo :'5‘, o @- " . - . the median being 24 kA. Thirty-five (57%) pulses were classified as
a 09 L o IC, with their absolute peak-currents ranging from 4 to 205 kA and
r‘ll the median being 11 kA. For the 22 RF pulses that occurred nearly
=501 L. simultaneously with TGFs (200-ps time-window between the two
i l_ vertical dashed lines in Figure 3), the absolute values of peak
-100 L1 currents ranged from 13 to 205 kA, with the median being 26 kA.

—3000 —2000 —1000 O 1000 2000 3000 4000 5000

0
NLDN pulse start-time - GBM TGF start-time [s] Seventeen (77%) of these pulses had peak currents less than

50 kA. The absolute values of 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 2.4 times smaller than the median peak current of the simulta-
neous RF pulses. Eight (21%) out of 39 of these nonsimultaneous
pulses were classified by the NLDN as CG. Two (5.1%) out of 39
pulses had negative initial polarity.

Figure 3. 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 hollow circles. The vertical dashed lines indicate the 200-us time-
window within which RF pulses were considered to be essentially simultaneous
with TGFs. The arithmetic mean (AM), median, minimum (Min), and maximum
(Max) are shown for the absolute values of the peak currents.
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Figure 4. Scatter plot showing the (a) threshold-to-peak rise time (b) and peak-to-zero (PTZ) time for 59 RF pulses versus the
NLDN-TGF time intervals. Note that for 2 out of the 61 RF pulses which were associated with the 44 TGFs in our data set, the
threshold-to-peak rise times and peak-to-zero times were not available. 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 circles and squares are color-
coded by distance of pulse location from the sensor that measured the magnetic field waveform features, as indicated by
the color bar on the right of the figure. One event (a CG stroke), for which the distance to sensor was not available is shown
using a red square.

Figures 4a and 4b show the scatter plots of NLDN-reported magnetic field threshold-to-peak rise times and
peak-to-zero times, respectively, for 59 RF pulses versus the NLDN-TGF time intervals. Note that for 2 out of 61
pulses, the threshold-to-peak rise times and peak-to-zero times were not available. Pulses that were classified
by the NLDN as CG strokes are shown using squares and those classified as IC pulses are shown using circles.
Additionally, the circles and squares are color-coded by distance of the pulse location from the sensor that
measured the magnetic field waveform features, as indicated by the color bar on the right of the figure. As
can be seen from Figure 43, the threshold-to-peak rise times ranged from 1.4 to 28 us with the median being
13 ps for 26 CG strokes, and for 33 IC pulses they ranged from 1.0 to 28 ps with the median being 4 ps. For the
22 RF pulses that occur nearly simultaneously with TGFs (shown between the two vertical dashed lines in
Figure 4a), the threshold-to-peak rise times ranged from 1.8 to 28 ps, with the median being 14 ps. The
threshold-to-peak rise times for pulses that were not simultaneous with TGFs, but within 5 ms of one, ranged
from 1 to 28 ps with the median being 2.8 ps. From Figure 4b we can see that the peak-to-zero times ranged
from 3.8 to 66 ps with the median being 20 ps for 26 CG strokes, and for 33 IC pulses they ranged from 2.2 to
23 pus with the median being 5 ps. For the 22 RF pulses that occur nearly simultaneously with TGFs (shown
between the two vertical dashed lines in Figure 4b), the peak-to-zero times ranged from 7.2 to 66 ps, with
the median being 15 ps. For pulses that were not simultaneous with TGFs, but within 5 ms of one, the
peak-to-zero times ranged from 2.2 to 48 pus with the median being 5.5 ps.

From the above analysis we see that the median threshold-to-peak rise time and peak-to-zero time for NLDN-
reported RF pulses occurring nearly simultaneously with TGFs were about a factor of 4 and 3 longer, respec-
tively, than those for RF pulses that were not simultaneous with TGFs, but occurred within 5 ms of one. Since
the NLDN uses waveform parameters and peak currents to classify pulses as IC or CG, and CG strokes tend to
have longer rise times and peak-to-zero times and higher peak currents, this is likely why most RF pulses that
were simultaneous with TGFs in our data set were classified by the NLDN as CG strokes. The NLDN, of course,
assumes that all RF pulses it detects are from lightning, which is not correct for RF emissions from other
sources such as TGFs. But regardless of their source, the magnetic field waveform characteristics of these
RF pulses such as initial polarity, rise time, and peak-to-zero time measured by the NLDN sensors are still valid.
On the other hand, the NLDN-estimated peak current, which is a model-dependent parameter rather than
simply a waveform characteristic, is not valid for RF pulses emitted by sources other than CG strokes (see
section 5 for further discussion). For such RF pulses, the NLDN peak current is simply an indication of their
magnetic field peak amplitude.

The magnetic field rise times and peak-to-zero times discussed above will be affected by the propagation of
electromagnetic waves over lossy soil from the source location to the measuring sensor, even though most of
the events in our data set occurred over ocean (see Figure 1) and the propagation paths are predominantly
over salt water (which has much higher conductivity than land). The horizontal distances between source
locations and NLDN sensors that measured the waveforms were available for 58 out of 59 RF pulses for
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which rise times and peak-to-zero times were measured, and these distances ranged from 25 to 728 km with
the median being 286 km. The event for which distance to sensor was not available is a CG stroke and is
shown using a red square in Figure 4. For this data set, we did not find a strong correlation between distance
and threshold-to-peak rise time or between distance and peak-to-zero time, with the R (correlation coeffi-
cient) value in each case being 0.04 and 0.18, respectively. This can be qualitatively observed from Figure 4,
which shows both short and long rise times and peak-to-zero times being reported by sensors at farther
distances (circles and squares with darker blue color). Note that the R? values are not shown in Figure 4.

Table 1 summarizes the characteristics reported by NLDN sensors of the 22 RF pulses that occurred simulta-
neously with 21 TGFs. The NLDN sensors that measured the waveforms were at horizontal distances ranging
from 69 to 728 km with the median distance being 498 km. Of the six negative initial-polarity pulses, distance-
to-sensors were available for five pulses and they ranged from 501 to 679 km. Relevant discussion on NLDN's
geolocation and polarity- and peak current-estimation techniques can be found in section 2. In addition to
the characteristics discussed above, the ratio of initial peak to opposite polarity overshoot and the opposite
polarity overshoot peak-to-zero time for magnetic field pulses were each available for 15 pulses. The values of
these parameters ranged from 0.49 to 3.9 and 12 to 97 ps, respectively, with the median values being 1.1 and
35 us, respectively. We computed the duration of the initial “half-cycle” of these pulses, which is the sum of
the threshold-to-peak rise time and the peak-to-zero time. These durations ranged from 14 to 76 pus, with the
median being 33 ps.

4. TGF Observation on 4 September 2015

The Fermi-GBM off-line search algorithm (Briggs et al., 2013) identified a TGF (TGF09 in Table 1) within a
discovery-bin of 70 us occurring on 4 September 2015 at 21:23:43 UT. For this TGF, the GBM's two identical
BGO detectors on opposite sides of the Fermi-spacecraft reported 6 and 10 photon counts, respectively, with
energies above 200 keV for this TGF. These counts are relatively low compared to the average photon count
of about 20 (Mailyan et al., 2016) for TGFs that trigger the GBM’s on-board measurement system. Note that
approximately 85% of TGFs are not initially reported by the on-board measurement system but are later iden-
tified by the off-line search algorithm. The 4 September 2015 TGF is not suitable for individual spectral ana-
lysis (e.g., Gjesteland et al., 2015; Mailyan et al.,, 2016) due to the low photon counts. However, RF emissions
from this TGF were reported by several LLSs, (WWLLN, NLDN, GLD360, and KSC LMA), as shown in Figure 5.

We now examine in detail the characteristics of the RF emissions associated with TGF09 reported by LLSs.
WWLLN reported an event about 42 us after the TGF start-time and geolocated it at 27.5778° (latitude),
and —82.0627° (longitude; shown using a star symbol in panels (a) and (d) of Figure 5), with an estimated
location error of about 6.2 km. Note that the Fermi TGF catalog uses WWLLN to geolocate TGFs as dis-
cussed in section 2. For this event WWLLN estimated a far field VLF (between 5 and 18 kHz) energy of
1.7 kJ. Connaughton et al. (2013) reported a median energy of 3.1 kJ for WWLLN events occurring within
200 ps of GBM-reported TGFs and 700 J for the events occurring within 0.2-20 ms of TGFs. Our search of
NLDN data revealed two events that were classified by the NLDN as CG strokes (shown using “x” symbols
in panels (a) and (d) of Figure 5) occurring 5.0 ps before and 22 us after the TGF-time, respectively, fol-
lowed by two NLDN-reported IC pulses (shown using triangle symbols in Figure 5d) occurring about
0.5 ms and 270 ms after the TGF-time, respectively. No other strokes or pulses were reported by the
NLDN within 10 km and 1 s of the first “CG stroke.” The NLDN-reported peak currents for the two “CG
strokes” were —13 and +38 kA, respectively, and for the two IC pulses were +11 and +2 kA, respectively.
GLD360 geolocated one event (shown using a hollow-circle symbol in Figure 5d) with an estimated loca-
tion error (given by the length of the semimajor axis of the 50% error ellipse) of 1.5 km occurring 28 ps
after the TGF start-time and with a peak current of +67 kA. Table 1 shows the characteristics of the NLDN
reported “CG strokes” associated with this TGF (TGF09), including magnetic field waveform features
reported by individual NLDN sensors. The threshold-to-peak rise time and peak-to-zero time for the first
(negative) “CG stroke,” measured by a sensor at a distance of 501 km, were 6.8 and 25 ps, respectively,
and those for the second (positive) “CG stroke,” measured by a sensor at a distance of 69 km, were 20
and 11 us, respectively. These two events were geolocated 1.9 km apart from each other with the esti-
mated NLDN location errors (given by the length of the semimajor axis of the 50% error ellipse) being 2 and
0.3 km, respectively. The time interval between the start-times of the first and second pulse is 27 pus. Both
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WWLLN. Reconstructed (using information in Table 1) “waveforms” for a (f) —13 kA and a (g) +38 kA NLDN-reported CG stroke occurring during this flash are
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with the Fermi-GBM photon counts. The time interval between the first and last photon counts is shown with a red line in (f) and (g).
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these NLDN-reported “CG strokes” overlap in time with the Fermi-GBM photon counts, as shown in Figures 5f
and 5g, using reconstructed (from NLDN-reported waveform characteristics shown in Table 1) “waveforms”
in blue and the TGF duration (time interval between first and last photon counts) shown in red. Note that
the vertical axis in panels (f) and (g) of Figure 5 is the NLDN-estimated peak current, which can be viewed
as magnetic radiation field that has been distance normalized and appropriately scaled. The second pulse
was reported to have a magnetic radiation field opposite polarity overshoot that was larger than the initial
peak. This is rather unusual for a CG stroke measured at a distance of 69 km (see, for example, Lin et al., 1979
for typical returns stroke wave shapes at different distances). Additionally, it is unlikely for two CG strokes to
occur just 1.9 km from and within 27 ps of each other. We speculate that these magnetic field pulses, clas-
sified by the NLDN as a “CG strokes,” are, in fact, parts of the RF signature of TGF09 and could be associated
with propagating relativistic electron beams generated by mechanisms discussed in Dwyer and Cummer
(2013). Another possibility is that the RF signature could be of current traveling in conducting paths “precon-
ditioned” by TGF-associated relativistic electron beams between cloud charge regions of opposite polarity.
This +38 kA pulse reported to occur 22 us after the TGF start-time by the NLDN is very likely the same one
reported by GLD360, 28 us after the TGF start-time with a peak current of +67 kA, and also by WWLLN, 42 ps
after the TGF-time. Using the LMA data as ground-truth, due to the lack of VHF sources at altitudes below
about 4 km as shown in Figure 5a, we conclude that the —13 and +38 kA pulses were actually produced
by in-cloud sources and the NLDN misclassified them as CGs. Note that WWLLN and GLD360 did not report
the —13 kA pulse preceding the TGF, likely due to the lower detection efficiencies of these long-range LLSs
relative to the NLDN.

Figure 5a shows the time versus altitude of the LMA-reported VHF sources from the lightning flash during
which TGF09 occurred, on a 380 ms timescale. In order to remove unreliably geolocated sources, we have
excluded those that have geolocation solutions with chi-square values greater than 0.5 (Lu et al., 2010).
These VHF sources are at a distance of roughly 180 km from the LMA, which could indicate that the reported
altitude values are overestimated by about 3-4 km (Thomas et al., 2004, Figure B3). The four NLDN-reported
events are shown on the horizontal axes in Figures 5a and 5b and on the vertical axis in Figure 5e. Note that
three of these events that occur closely spaced in time toward the beginning of the flash overlap with each
other in Figure 5a. Figure 5c shows the histogram of the source altitudes for 75 LMA sources. The histogram
has two peaks at about 10 and 13.5 km with the median source altitude being 12.8 km. Note that a VHF
source (not shown in Figure 5) with a relatively high chi-square value of 1.37 and coincident in time with
the second NLDN-classified CG stroke was geolocated at a relatively-high altitude of about 25 km. The high
chi-square value could indicate that the LMA location of this source is imprecise.

Figure 6a shows the east-west distance versus altitude of LMA-reported sources, like in Figure 5b, but for 85
sources with chi-square values of less than 1.5. Figures 6b-6d show, respectively, the chi-square, the two-
dimensional distance from the NLDN-reported location of the +38 kA event (which is likely the TGF RF pulse),
and the source power of VHF sources occurring in a 20-ms time-window centered around the occurrence
time of the BGO-reported TGF-time. From Figure 6b we see that only the source geolocated by the LMA at
25 km altitude had chi-square value greater than one. This source occurred 101 ps after the BGO-reported
TGF-time (discovery-bin start-time) and 31 ps after the TGF discovery-bin end-time. Two other VHF sources
occurring 187 and 21 ps before the TGF-time were reported to have chi-square values of 0.07 and 0.24,
respectively, and their altitudes were 11.6 and 8.3 km, respectively. Also, the two-dimensional distance of
the VHF source at 25 km altitude from the location of the NLDN-reported RF pulse was 10.5 km, as seen in
Figure 6¢. Only one other VHF source in this 20-ms time-window had a distance greater than 5 km from
the RF pulse, with all other sources being relatively close (less than 2 km distance). Finally, this relatively
high-altitude VHF source had somewhat high peak radiated power of 20 dBW, compared to the median peak
radiated power of 11 dBW for all VHF sources in the flash. In summary, the LMA geolocated a relatively high-
power VHF source occurring almost simultaneously with the TGF at an altitude of 25 km, but it is likely that
the estimated location (including the altitude) is somewhat unreliable due to the flash being roughly 180 km
from the KSC LMA. If we assume that this high-power source was actually located at the preceding VHF
source, the time interval between the high-power source and the GBM-reported TGF-start-time would be
about 79 ps (versus 101 ps obtained using its original location).

We examined data from the NEXRAD dual polarization weather surveillance radar located in Melbourne,
Florida. Figure 7 shows the base reflectivity for the 5-min interval between 21:21 UT and 21:26 UT, which
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Figure 6. East-west distance versus altitude for LMA-reported sources, like in Figure 5b, but for 85 sources with chi-square
values of less than 1.5. (b) Chi-square, (c) two-dimensional distance from the NLDN-reported location of the +38 kA
event (which is likely the TGF RF pulse), and (d) source power of VHF sources occurring in a 20-ms time-window centered
around the occurrence time of the BGO-reported TGF time. The VHF source at 25 km altitude is shown in (a) and the arrow
points to that source with a chi-square of 1.37 in (b).

includes the TGF occurrence time of 21:23:43 UT. Also shown using white dots are the LMA VHF sources with
chi-square values less than 0.5. The red line indicates the vertical locus of the two-dimensional position of the
NLDN-geolocated +38 kA “CG stroke” occurring 22 us after the TGF-time. The radar reflectivity shows an
overshooting top reaching about 15 km, relatively close to where the NLDN event and VHF sources were
located. Overshooting cloud tops (not necessarily spatially close to TGFs) in TGF-producing storms were
reported by Chronis et al. (2015).

Lon -82.22 NLDN RF
pulse

Figure 7. The base reflectivity from the NEXRAD weather radar located in Melbourne, Florida for the 5-min interval
between 21:21 UT and 21:26 UT, which includes the occurrence time of TGF09 (21:23:43 UT). Also shown using white
dots are the LMA VHF sources with chi-square values less than 0.5. The red line indicates the vertical locus of the two-
dimensional position of the NLDN-geolocated +38 kA “CG stroke” occurring 22 ps after the TGF start-time.
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We also examined radiosonde data, which is available every 12 hr from the Tampa Weather Forecasting
Office (KTBW), for measurements performed on 4 September 2015 12:00 UT and 5 September 2015 00:00
UT (preceding and following the TGF-producing storm, respectively). In both cases the vertical temperature
profile showed an inversion at altitudes of 16-17 km, which we infer to be the tropopause altitude. This is
somewhat consistent with the observed VHF source altitudes which are as high as 19 km (for sources with
chi-square less than 0.5).

An interesting feature of the reflectivity profile shown in Figure 7 is the relatively tall region with reflectivities
of 30-40 dBZ (shown in green) between 6-12 km mean sea level (MSL) altitude. Generally speaking, this
reflectivity range is typically characteristic of graupel at these altitudes, which were all above the environ-
mental 0°C level at 4.9 km MSL (taken from the KTBW soundings at 12:00 and 00:00 UTC). The hydrometeor
classification algorithm that is used with the dual-polarization NEXRAD data (described in Park et al., 2009)
indicated mainly dry snow, rather than graupel, at altitudes above about 8 km (which corresponds to the
2.4° tilt angle of the radar) in this particular storm. A mixture of graupel and dry snow was indicated at the
next lower tilt angle of 1.8°, which was roughly 6-7 km altitude in the vicinity of this storm. We do note, how-
ever, that the decision boundary between graupel and dry snow lies in the low to mid-30s of dBZ in reflec-
tivity wherever the differential reflectivity is less than or equal to 1.5 dB and the horizontal-vertical
correlation coefficient is at least 0.9, conditions that apply to the high reflectivity column in this storm (except
in areas of range folding, which were indicated at higher tilts from the KMLB radar data near this storm). Also,
dry snow is not very reflective unless large aggregates of it are present, which is not very likely in a strongly
convective, highly electrified storm. Thus, it is likely that at least a portion of the high-reflectivity column
between roughly 8-12 km in Figure 7, in fact, is graupel.

The dominant charge on this column of graupel/dry snow is expected to be determined by the noninductive,
relative growth rate charging mechanism, which has been extensively reviewed by Saunders (2008). The
laboratory charging studies reviewed by Saunders indicate that graupel receives negative charge at tempera-
tures lower than about —10 to —15°C, depending on the effective water content of the cloud and the condi-
tions in which the small ice crystals grow. In the KTBW soundings from this storm, those temperatures
corresponded to altitudes between approximately 6.5 and 7.5 km MSL. Thus, it is reasonable to suggest that
the high-reflectivity column, at least for altitudes 7.5 km and above in Figure 7, was probably dominated by
negative charge. This is supported by the vertical distribution of the LMA data shown in Figure 5c¢. Noisier VHF
emissions tend to occur when negative-polarity breakdown processes reach into positive charge regions ver-
sus positive breakdown processes reaching into negative charge regions, and thus, higher concentrations of
VHF sources are typically observed in positive charge regions (e.g., Thomas et al., 2001; Wiens et al., 2005). In
Figure 5¢c, we note that the higher concentration of LMA sources is seen between approximately 12-14 km
altitude, with a lower concentration at altitudes of 8-12 km. The altitudes of the lower concentration of
LMA sources thus coincide with the high-reflectivity column shown in Figure 7, suggesting that the high-
reflectivity column is composed of negatively charged graupel. From the above discussion we conclude that
this TGF occurred temporally and spatially very close to the beginning of a flash in which a negatively
charged leader extended upward from the main negative to the upper positive cloud charge region.
Based on the available data, we cannot, however, confirm whether any CG strokes occurred during this flash.

5. Discussion

In some previous studies (e.g., Briggs et al., 2010; Connaughton et al., 2010, 2013) that examine TGFs and
associated RF pulses reported by WWLLN, the TGF peak-time is used rather than the start-time when corre-
lating with RF pulses because WWLLN reports the time of the peak radiated power of sferics (Connaughton
etal,, 2010). In this study we use the TGF's start-time because the start-time of TGF-associated RF pulses was
available from the NLDN. As discussed in section 3, the RF pulses that occurred almost simultaneously with
TGFs in our data set had median NLDN-estimated peak current that was significantly higher, and median rise
time and peak-to-zero time that were significantly longer than the corresponding median values of these
parameters for RF pulses that were not simultaneous with TGFs (but occurred within 5 ms of one).
Additionally, from Table 1, we see that the majority (16 out of 22 or 73%) of these pulses had start-times that
followed the corresponding TGF's photon flux start-time. We speculate that these RF pulses are signatures of
either the relativistic electron avalanches associated with TGFs or currents traveling in conductive paths
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preconditioned by TGF-associated relativistic electron beams between cloud charge regions of opposite
polarity. Interestingly, the latter hypothesis is consistent with the observation that most NLDN-reported RF
pulses in our relatively small data set start after the Fermi-reported TGF photon flux. Finally, the ratio of
the initial peak to opposite polarity overshoot for the magnetic radiation field pulses ranged from 0.49 to
3.9, indicating their bipolar wave shape. This measure of the pulse shape, in conjunction with parameters
such as current propagation speed, can be used to make inferences about the characteristics of the path
of the source current. For example, in the case of compact intracloud discharges (CIDs) the bipolar radiation
field pulse is likely due to a unipolar source current traveling over a relatively short channel length of few hun-
dred meters (e.g., Nag, Rakov, & Cramer, 2011; Nag & Rakov, 2010).

Regardless of the origin of these pulses, the direction and polarity of the charge transferred during the tran-
sient process would determine the initial polarity of the RF-pulse radiation field waveform measured at
ground. All previous studies (e.g., Cummer et al., 2005; Shao et al., 2010; Stanley et al., 2006), to the best of
our knowledge, have reported the polarity of TGF-associated IC or CG lightning to be positive. For the
TGFs in our data set, 27% had simultaneous RF pulses with NLDN-reported negative-initial polarity. As dis-
cussed in section 2, it is possible that the initial-polarity estimation for TGF RF signatures provided by the
NLDN is affected by its measurement system and hence not indicative of the direction of charge motion.
Alternatively, negative initial-polarity pulses associated with TGFs could indicate that these TGFs are due to
downward electron avalanches, which are being detected by the GBM from above. In this case, their GBM-
recorded signatures are expected to be much weaker than those of the upward directed TGFs, which pro-
duce positive RF pulses. In our data, we find that the GBM photon counts range from 9 to 34 with a median
of 17 for TGFs with positive polarity NLDN pulses and from 11 to 19 with a median of 13 for TGFs with nega-
tive polarity NLDN pulses. However, our data set is not large enough to provide statistically reliable confirma-
tion of photon-count differences between NLDN-reported positive versus negative polarity events. Of course,
the TGF “brightness” at spacecraft altitude strongly depends on the horizontal distance between the TGF-
source and the spacecraft-nadir and also the TGF source-altitude. If downward directed TGFs occur between
the negative screening layer and upper positive cloud charge region, they will be at altitudes above upward
directed TGFs and hence at shorter distances from the GBM. This might contribute, at least in part, toward
“compensating” their signal strengths (relative to upward directed TGFs) detected by the GBM. In our data
set, the median NLDN-estimated peak current for positive initial-polarity RF pulses occurring simultaneously
with TGFs is 31 kA versus 25 kA for negative initial-polarity pulses. The median threshold-to-peak rise time is
14 us for positive pulses versus 11 ps for negative pulses. Our data set is not large enough to make robust
conclusions about the differences in characteristics of RF pulses occurring simultaneously with TGFs having
positive versus negative initial-polarities. A detailed characterization of TGF-associated RF pulse signatures
measured using wideband measurement systems is needed to shed more light on the issue of polarity of
TGF-associated RF pulses.

In our data set, 77% of the simultaneous RF pulses had NLDN-estimated peak currents less than 50 kA and
50% had peak currents less than 25 kA. The minimum and median peak currents were 13 and 26 kA, respec-
tively. This indicates that TGF emissions can be associated with moderate peak current (or peak amplitude)
processes. For comparison, the median peak current for first return strokes in natural CG lightning is around
30 kA (Rakov & Uman, 2003). Shao et al. (2010) measured RF pulses (sferics) using the Los Alamos Sferic
Array (LASA) for nine TGFs reported by RHESSI and estimated the peak currents of these events to range
from 3 to 19 kA, which is mostly lower than the peak currents in our data set. Of course, a subset of TGFs
are associated with discharges having very high (>150 kA) NLDN-estimated peak currents such as those
reported by Lyu et al. (2016) and can produce “energetic in-cloud pulses”. Only one 4% of our TGF-
associated pulses had peak current greater than 200 kA, and four (17%) had peak currents greater than
100 kA. Note that, the NLDN uses an empirical field-to-current conversion equation calibrated to the
transmission line model for CG return strokes to estimate peak currents (see e.g., Nag, Rakov, & Cramer,
2011). The median error of these peak current estimates obtained using rocket-triggered lightning peak cur-
rents as ground-truth is around 15% (e.g., Nag, Mallick, et al.,, 2011). These estimates are valid for return
strokes with vertical lightning channels that are several kilometers long and are likely to be underestimates
for discharges with smaller spatial extents. For example, Nag, Rakov, and Crame (2011) show, using a
Hertzian dipole approximation for (CID) channels, that the NLDN underestimated the peak currents for
CIDs in their data set, on average by a factor of about 2 to 5, depending upon the length of the CID
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channels. Hence, assuming that the spatial extents of the TGF-associated discharges that produce these RF
pulses are relatively small (about a kilometer or less), it is likely that their NLDN-estimated peak currents
are underestimates.

We observed that TGF09 (discussed in section 4) occurred toward the beginning of a flash that later trans-
ferred charge between the main negative and upper positive charge regions. While the NLDN reported
two “CG strokes” very close in time to this TGF, the LMA data do not show any VHF sources below about
4 km altitude. Observations of TGFs following CG strokes in rocket-triggered lightning have been reported
by Dwyer et al. (2004) and Hare et al. (2016) and in natural lightning by Tran et al. (2015). TGFs have also been
observed to occur during the initial stage of cloud lightning flashes (e.g., Lu et al.,, 2010; Shao et al., 2010).

Finally, the LMA geolocated a relatively high-power (20 dBW) VHF source at an altitude of 25 km occurring
101 ps after the start-time of TGF09 reported by GBM. This characteristic of TGF09 was also reported by
Mailyan et al. (2017) and Lyu et al. (2017, 2018). The poor LMA-geolocation-quality of this high-power
source could indicate that it was nonimpulsive and produced continuous VHF radiation, causing different
LMA stations to detect slightly different peaks in the VHF signal, resulting in mislocation. High-power
sources associated with other TGFs have not been reported before with microsecond precision. It is cur-
rently unknown whether all TGFs are associated with high-power VHF radiation. In this regard, it is interest-
ing to note that CIDs produce relatively short duration (typically 10-30 pus) RF pulses along with high-power
VHF radiation (e.g., Nag et al,, 2010). CIDs with LMA-estimated peak VHF powers of about 50 dBW have
been reported by Rison et al. (2016), which is 30 dBW larger than the peak power of the VHF source
accompanying TGF09.

6. Summary

We examined the characteristics of magnetic field waveforms of RF pulses geolocated by the NLDN asso-
ciated with 44 TGFs reported by the Fermi-GBM between January 2014 and July 2016. There were 61 such
NLDN-reported RF pulses of which 23 pulses occurred almost simultaneously (within 200 ps) with 22 TGFs.
Note that two NLDN-reported pulses occurred 5.0 ps before and 22 ps after the start-time of one of the
TGFs. The median peak current 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). The medians of the threshold-to-
peak rise time and peak-to-zero time for the simultaneous pulses were about a factor of 4 and 3 longer,
respectively, than those for nonsimultaneous pulses. 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. The exact nature of these
NLDN-reported negative polarity RF signatures remains unknown, and a detailed characterization of TGF-
associated RF pulse signatures measured using wideband measurement systems is needed to address this
issue. We speculate that these RF pulses are signatures of either the relativistic electron avalanches associated
with TGFs or currents traveling in conductive paths preconditioned by TGF-associated relativistic electron
beams between cloud charge regions of opposite polarity.

One of the TGFs in our data set that occurred on 4 September 2015 was located about 10 km south-east of
Tampa, Florida, a region covered by the KSC LMA. From our analysis of LMA, NLDN, and NEXRAD data we
concluded that this TGF occurred temporally and spatially very close to the beginning of a flash in which a
negatively leader extended upward from the main negative to the upper positive charge region. The LMA
geolocated a relatively high-power (20 dBW) VHF source occurring 101 ps after the TGF start-time at an alti-
tude of 25 km, but it is likely that the LMA estimated location (including the altitude) is somewhat unreliable
due to the TGF-associated flash being relatively far (roughly 180 km) from the KSC LMA and also due to the
probably continuous (nonimpulsive) VHF radiation from this source.
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