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Abstract We report on the mountain top observation of three terrestrial gamma-ray flashes (TGFs) that
occurred during the summer storm season of 2021. To our knowledge, these are the first TGFs observed in a
mountaintop environment and the first published European TGFs observed from the ground. A gamma-ray
sensitive detector was located at the base of the Séntis Tower in Switzerland and observed three unique TGF
events with coincident radio sferic data characteristic of TGFs seen from space. We will show an example of

a “slow pulse” radio signature (Cummer et al., 2011, https://doi.org/10.1029/2011GL048099; Lu et al., 2011,
https://doi.org/10.1029/2010JA016141; Pu et al., 2019, https://doi.org/10.1029/2019GL082743; Pu et al., 2020,
https://doi.org/10.1029/2020GL089427), a —EIP (Lyu et al., 2016, https://doi.org/10.1002/2016GL070154; Lyu
et al., 2021, https://doi.org/10.1029/2021GL093627; Wada et al., 2020, https://doi.org/10.1029/2019JD031730),
and a double peak TGF associated with an extraordinarily powerful and complicated positive-polarity sferic,
where each TGF peak is possibly preceded by a short burst of stepped leader emission.

Plain Language Summary We present the first report of mountain top observations of terrestrial
gamma-ray flashes (TGFs) that occurred during the summer storm season of 2021. A gamma-ray sensitive
detector was placed at the base of the Séntis Tower in Switzerland and detected three distinct TGF events.
Each event is associated with a coincident lightning flash. We analyze the radio emission of the associated
lightning flash and make comparisons with previously published associations between TGFs and certain radio
sferics. Additionally, one of the observed TGFs is likely a two-pulse event where each gamma-ray peak may be
preceded in time by a brief burst of X-ray stepped leader emission.

1. Introduction

Terrestrial gamma ray flashes (TGFs) are submillisecond bursts of radiation (up to 10s of MeV) generated in thun-
derstorms and closely associated with lightning (Briggs et al., 2010; Cummer et al., 2005; Fishman et al., 1994;
Smith et al., 2005; Stanley et al., 2006). The source of the gamma ray production, via the bremsstrahlung mech-
anism, is understood to be an exponentially growing population of relativistic electrons or relativistic runaway
electron avalanches (RREA) within the electric fields associated with the lightning leader process and possibly
to an unknown extent the local ambient field (Dwyer, 2003; Dwyer et al., 2012; Gurevich et al., 1992; Lehtinen
et al., 1996; Wilson, 1925). However, the mechanism of the TGF and its connection to lightning leader propaga-
tion is not fully understood. This has led to a recent focus on multi-wavelength observations which can shed light
on the temporal relationship between TGFs and radio signatures of different lightning processes.

The last decade has seen some compelling multi-wavelength observations in lightning leader radio emission that
have linked a subset of TGF satellite observations with two specific types of radio waveforms during lightning
leader propagation. “Slow pulse” events (Cummer et al., 2011; Lu et al., 2011; Pu et al., 2019, 2020), observed
in the midst of initial breakdown pulses (IBPs) of relatively small peak current lightning events, are characterized
by a distinct slow temporal signature that matches the durration of the associated TGF and is near-simultaneous
(within a few microseconds) with the mean of gamma ray arrival times. Dwyer and Cummer (2013) showed how
this slow pulse can be interpreted as an observable current moment of the TGF electron avalanche process itself.
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Figure 1. Earth Networks Total Lightning Network geo-locations (yellow markers) for each event and distance from the
Séntis Tower (red marker).

The second kind of characteristic pulse, energetic in-cloud pulses (EIPs) (Cummer et al., 2017; Lyu
et al., 2016, 2021), are high peak current sferics associated with negative leaders in positive intra-cloud (+1C)
lightning. They are complicated and are longer in duration compared to narrow bipolar events, the other kind
of powerful IC sferic. TGFs have been found to be time aligned (within about 10 ps) with +EIP sferics tens to
hundreds of microseconds long (Cummer et al., 2011; Lu et al., 2011).

These distinct classes of sferics give a unique perspective into the behavior of the TGF mechanism not possible
with gamma-ray observations alone. Although the observation of —EIPs and negative polarity slow pulses have
been inferred to correspond with downward TGFs, thus far there have only been two published observations that
directly make this connection, Pu et al. (2020) and Wada et al. (2020) which reported on a negative slow pulse
and —EIP, respectively.

In addition to these two associations we report on the mountaintop observation of three TGF events, to our knowl-
edge the first TGFs observed in a mountaintop environment. We will present multi-wavelength measurements
making direct associations between two of the TGFs observed and low frequency (LF) radio sferic data of both
a slow pulse event and a —EIP. A third TGF observation appears to be a double pulse event coincident with a
very strong and complex high peak current radio sferic, and was close enough to the tower to observe the neutron
afterglow (Bowers et al., 2017; Enoto et al., 2017; Wada et al., 2019a, 2019b).

2. Instrumentation

A gamma-ray sensitive detector consisting of a 5 X 5” plastic scintillator mounted to a conventional photomulti-
plier (PMT) tube was located at the base of the Séntis Tower on Mt. Sintis, Switzerland at an elevation of 2.5 km.
The average effective area of the plastic detector is 45 cm?. The analog output of the PMT was routed to a Bridge-
port Instruments eMorpho MCA. The MCA uses an 80 MHz ADC and provides a time-tagged photon event list
mode with the integrated pulse area (with 16-bit resolution) and arrival time (with 32-bit/12.5 ns resolution).
Earth Networks Total Lightning Network (ENTLN) provided geolocation of individual lightning flashes using an
array of ground-based sensors located throughout the European continent using LF radio sferic data.

3. Measurement and Analysis

On the 9 June 2021 two TGFs were observed during a series of thunderstorm cells passing over Mt. Séntis. Event
1 was a roughly 150 ps duration flash of gamma photons coincident with a —IC (—10 kA) lightning leader at
15:25:21.165148 UTC with an ENTLN location of 3.2 km from the Séntis Tower. Event 2 was a double pulse
gamma ray flash lasting 400 ps in total. This second event was coincident with a strong (100 kA) and unusually
complex +IC sferic at 17:48:17.847036 UTC located 1 km from the Séntis Tower. Event 3 occurred on the 16
August 2021 coincident with a —135 kA lightning sferic at 5:38:15.3093 UTC and 5.6 km from the Sintis Tower.
All three events and their distances relative to the Mt. Séntis Tower is displayed in Figure 1. Unfortunately, at the
time of these observations the instrument computer clock was malfunctioning, and absolute timing can only be
certain to 1-2 ms. This is sufficient to associate each event to a lightning flash but insufficient to say anything
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quantitative regarding the timing relationship between the TGF observation and the leader progression with time
alignment of the data alone.

3.1. Event 1

Event 1 is associated with an ENTLN radio sferic on 9 June 2021 at 15:25:21.165148 UTC and 3.2 km from the
Tower. The gamma ray observation was roughly 150 ps in duration and produced 60 counts in the detector with an
energy range of 100 keV to 9 MeV. Unfortunately, there was significant pileup in the detector electronics during
the brightest portion of the TGF resulting in a loss of counts and systematically giving the few recorded counts
during the brightest portion artificially large energies. The sferic shows a slow pulse signal with negative polarity.
The same as that described in Pu et al. (2019) but of opposite polarity indicating the movement of negative charge
downward.

The pulse comes in the midst of short (<10 ps) IBPs and is similar in duration to the gamma-ray signal. If this
radio sferic slow pulse is a signature of the current moment of the RREA mechanism then the gamma ray duration
should match the slow pulse duration. To determine this we follow the example of Pu et al. (2019) by attempting
to fit the arrival time distribution of the gamma rays to a Gaussian under the assumption that the RREA current
moment follows a normal distribution. The Earth Networks sensors have a frequency response that is proportional
to the radiative far-field electric field which is proportional to the derivative of the source current dI/dt. Assum-
ing that the current pulse created by the RREA mechanism is Gaussian, the first derivative of the gamma ray
arrival time distribution should be comparable to the slow pulse in the Earth Networks sensor data.

Unfortunately as mentioned previously the gamma ray data are significantly piled up during the brightest portion
of the TGF. This makes determining an arrival time distribution challenging. We rely on a combination of
GEANT4 (Agostinelli et al., 2003; Allison et al., 2006, 2016) Monte Carlo simulations of TGFs and Python code
written to simulate the behavior of the PMT output trace and how the Bridgeport electronics processes the trace
into individual photon counts. We start with a distribution of photons that are the output of a relativistic electron
avalanche model (REAM) simulation discussed in Dwyer (2003, 2007) and Dwyer and Smith (2005). The REAM
photon distribution has a RREA energy spectrum characteristic of TGFs observed from space. The photons act
as the input to our own Geant4 code which simulates their transport through a model of the atmosphere, U.S.
Standard Atmosphere (1976), and finally through a mass model of our plastic scintillator to obtain a simulated
energy spectrum in the detector which takes into account the detector material response.

Written in python, the electronics simulation software recreates the PMT output pulse of the instrument with
the same rise and decay time characteristics. Given a specified number of interactions in the detector material
and energy distribution of those interactions, the python code creates a pulse for each count with an amplitude
scaled to the counts given energy and simulates “ADC samples” of the pulse every 12.5 ns. The pulses are than
distributed according to a Gaussian arrival time distribution and the “ADC samples” of each pulse are added to a
baseline array creating a facsimile of PMT trace data. The behavior of the instruments onboard FPGA is recreated
in the python code to generate a list mode “photon by photon” data output from the simulated trace. This takes
into account the pulse trigger threshold, integration window, dead time and pileup behavior.

We use the previously mentioned Geant4 derived detector response energy spectrum and adjust two parameters,
the width of the Gaussian time distribution and the number of photon interactions in the detector until the list
mode simulation output data matches the pile-up/dead time behavior, duration and number of counts in the TGF
data. Figure 2 shows the TGF gamma ray energies versus time scatter plot in black and the simulated TGF with
the electronics signal processing behavior accounted for in blue using a 42 us FWHM time distribution and
roughly 2,000 detector interactions. With an average effective area of 45 cm? the estimated fluence at the detector
with 2,000 counts is 45 photons/cm?. Though we don't know the actual altitude of the TGF we can estimate a
range of source luminosity as a function of possible TGF altitudes with the known horizontal distance obtained
from lightning LF sensor triangulation. For a given altitude we calculate the distance and “column density” in
grammage of atmosphere (g/cm?) between the TGF source and the instrument on Mt. Siintis. Assuming a down-
ward 180° isotropic distribution and a TGF e-folding attenuation length of 45 g/cm? (Chaffin et al., 2023; Smith
et al., 2010) the fluence at the instrument can be estimated for a given source luminosity. Figure 3 shows the lumi-
nosity (black curve) required at TGF source altitudes between 3.5 and 10.5 km for the fluence at the instrument to
agree with our estimate of 45 photons/cm? for event 1. This source luminosity range between 10'® and more than
108 photons >1 MeV is consistent with orbital TGF observations.
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Figure 2. Gamma ray energies versus time. Black data points represent a single photon count. The limited number and lack of low energy counts in the middle of the
signal is a result of pileup in the detector electronics. The high energy counts in the middle of the scatter plot are likely a sum of several lower energy photons. Blue data
points represent simulated photon counts from an electronics response simulation code using a simulated terrestrial gamma ray flashe (TGF) with temporal distribution
and number of photon interactions in the detector adjusted to match the dead time and pileup behavior of the real TGF data in black.

Figure 4 shows two plots that use a FWHM of 42 ps for the simulated TGF Gaussian and roughly 2,000 photon
interactions in the detector. In the simulations (blue) 100 different TGFs with random energy and time samples
of this Gaussian parent distribution were used to average the curves together. The real TGF data are in orange.
The plot on the left is the average derived photon energy in each 5 ps bin, showing the effect of pileup. The plot
on the right is the number of counts in each 5 ps bin, showing the duration and the effect of dead time. To the eye
the 42 ps FWHM is a likely best fit with approximate errors of +5 ps FWHM. In Figure 5 the first derivative of a
42 ps FWHM Gaussian is over plotted on the radio sferic slow pulse data and aligned in time with the simulated
Gaussian count rate distribution. The first derivative of the Gaussian is in good agreement with the slow pulse
confirming our assumption of a Gaussian source current derived from the gamma ray temporal distribution.
Though the timing precision of the TGF observation isn't sufficient to time align the two data sets, the agreement
between the sferic slow pulse and the first derivative of the Gaussian arrival time distribution along with the
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Figure 3. Intrinsic luminosity of terrestrial gamma ray flashe (TGF) for photons >1 MeV as a function of TGF altitude.
Black curve represents Event 1 and the blue curve represents Event 3.
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Figure 4. Left: average derived photon energy in each 5-ps bin; simulations in blue and terrestrial gamma ray flashe (TGF) data in orange. Right: number of counts in
each 5-ps bin; simulations in blue and TGF data in orange.

work done by Pu et al. (2019, 2020) is compelling evidence that this slow pulse and gamma ray observation are
the result of the same physical mechanism, making this the first ground based TGF observation linked to a slow
pulse sferic.

3.2. Event 3

Event 3 took place on 16 August 2021. It was associated with an ENTLN sferic at 5:38:15.3093 UTC that was
located 5.6 km from the Sintis Tower. At that distance from the source the gamma ray observation (Figure 6
bottom) doesn't appear to suffer from pileup or deadtime but is outside the detection radius of any neutron signal.
The instrument recorded 28 counts from which we calculate a fluence of 0.62 photons/cm?. Using the same
analysis described in Section 3.1 a range of source luminosity is estimated as a function of TGF source altitude
and plotted (blue curve) in Figure 3. Again, the order of magnitude of possible TGF luminosity of Event 3 is
consistent with orbital TGF observations. The associated radio sferic (Figure 6 top) was a very high peak current
(=135 kA) —IC event. With the exceptionally large peak current, big clear pulse in the LF radio data, and clear

V/m

e Event 1 ENTLN-WNGRT 66km

~600 —400

—200 0 200 400 600
microseconds

Figure 5. Event 1 radio sferic (black) of a —IC flash of —10 kA peak current. The first derivative (blue) of a 42 us FWHM Gaussian (purple) is fit to the slow pulse
portion of the sferic. The low frequency sensor was 66 km from the Séntis Tower.
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Figure 6. Top: Event 3 radio sferic of a —IC flash with 135 kA peak current. The flash was located 5.6 km from the Sintis Tower. The radio data is from an low
frequency sensor 256 km from the flash. Bottom: terrestrial gamma ray flashe counts plotted by energy versus time. Note that the timing alignment between the radio
sferic and gamma ray data is purely speculative. We have aligned the 50 ps of gamma ray counts with the initial 50 ps of the ground wave.

negative polarity we immediately suspected this to be a —EIP. To confirm this we sought to compare a known EIP
to the waveform associated with our gamma ray signal.

When comparing LF waveforms it is crucial to make sure the comparisons are being made using sensors that
were an equal distance to the source of the signal. The reason for this is related to the propagation times of both
the ground wave and the sky wave. The closer the LF sensor is to the signal source the greater the time difference
between the arrival of each at the sensor. For instance, you can see in the top plot of Figure 6 the radio sferic of
Event 3 as recorded by a sensor 256 km from the source. You can clearly differentiate the ground wave signal
lasting roughly 100 ps followed closely by the ionospheric reflection or sky wave.

In contrast, the radio sferic of Event 3 plotted in Figure 7 is from a sensor 425 km from the source signal. The
ground wave and its reflection are too close together to differentiate making the signal appear quite different.
From a collection of unpublished EIPs confirmed by both Duke University sensors and Earth Networks we found

e e e &",’/\k" /

Event 3 ENTLN-ORAO08 425km °

Inverted +EIP_ENTLN-MNZNL-436km |

/A S

100 200 300 400 500 600

microseconds

—200 ~100 0

Figure 7. Event 3 radio sferic (black) using radio data from an low frequency sensor 425 km from the current source. Known +energetic in-cloud pulse (EIP) (blue)
from an Earth Networks Total Lightning Network sensor 436 km from its current source. The known +EIP data have been inverted and over plotted onto the Event 3

waveform for comparison.

CHAFFIN ET AL.

60f 13

85U8017 SUOWILIOD 3AIIERID 3|qeotjdde ay} Aq peusencb are s e O ‘38N 4O S8|ni Joj ARIq1T 3UIIUO AB]1/ UO (SUOTHPUOD-PUe-SWBIALIOY A8 |ImAReIq 1 pUTIUO//:SdNL) SUORIPUOD PUe SWLB | 38U} 88S *[7202/T0/92] U0 Areiqiauluo A|im ‘anbiuonde 3 uoeluswinoog - 14d3,12q enbeyiolqig Aq T9/6€0ArE202/620T 0T/I0p/Lod A8 Areiq jutjuo'sgndnBe//sdny woiy pepeojumod ‘g ‘v20Z ‘96686912



AP | .
I Journal of Geophysical Research: Atmospheres 10.1029/20231D039761
3
e Event 2 ENTLN-BNNEY 256km
2 .
s o .
oMU P AN At st o e
=1 e = o5 e H1 - '.
vt ¥ & %
e ]
-3 T T T T T T T .
10° . Pulse 1 . Pulse 2
g T IR R
- S A L S Neutron Signature________*
- I B L y : ;
g SR S U : ‘
AR SRR cotL :
-250 0 250 500 750 1000 1250 1500 1750 2000

microseconds

Figure 8. Top: Event 2 radio sferic of an +IC flash with 100 kA peak current. The flash was located 1 km from the Santis Tower. The radio data is from an Earth
Networks Total Lightning Network low frequency sensor 256 km from the flash. Bottom: terrestrial gamma ray flashe counts plotted by energy versus time. Possible
double pulse event with a neutron afterglow starting at 400 ps. Note that the timing alignment between the radio sferic and gamma ray data is purely speculative. We
have aligned the 400 ps of gamma ray counts with the 400 ps duration of the large peak amplitude and wide pulse width radio data.

a +EIP observation from a sensor 436 km from the signal source. We inverted the polarity of the known +EIP
data and over plotted it on the Event 3 sferic from the 425 km distant sensor shown in Figure 7. The signals are
remarkably similar except for the polarity inversion of the known EIP which indicates the source currents are also
similar. We believe that the Séntis signal is consistent with a —EIP produced during a descending negative leader
or upward propagating positive leader.

3.3. Event 2

We have saved Event 2 for last as it is a more complicated gamma ray observation and sferic. ENTLN recorded
a large amplitude (100 kA) +IC radio sferic on the 9 June 2021 at 17:48:17.847036 UTC. The ENTLN location
puts the lightning flash 1 km from the Sintis Tower. The radio waveform (Figure 8 top plot) is atypical of an IC
radio sferic. It has an unusually high number of large amplitude pulses. The pulse durations of 100-150 ps are
much longer than normal IBPs and the spacing of the largest-amplitude features matches the spacing of the TGF
pulses as shown by the speculative alignment with the gamma ray data in Figure 8. The ENTLN sensor was only
256 km from the lightning location. At that distance the ground wave signal will dominate the associated sky
wave. This suggests that the equally large amplitude pulses in this sferic represent distinct current pulses in the
lightning event.

This was an extraordinarily powerful sferic compared to other flashes in the local environment. Figure 9 depicts
the 14 highest peak current events identified as +1C by the European Cooperation for Lightning Detection in the
prior year (2020) within 30 km of the Séntis Tower out of a total database of 4,598 +ICs in that distance range.
The sferic data are from the same ENTLN sensor as our TGF-associated sferic shown in red at the bottom, and the
distances between the current source and sensor vary between 245 and 291 km. Qualitatively, it is quite obvious
how distinct the TGF associated trace is compared to the sample of high peak current traces in proximity to the
Séntis Tower.

In order to quantify the uniqueness of this sferic we calculated the sum of the square of the E-field values, a
measure of total radiated energy, that were recorded for each trace and plotted those values against each trace's
peak current as shown in Figure 10. The peak current is calculated by ENTLN from the single largest amplitude
pulse (E-field measurement data point) in a trace. The TGF-associated event has a Y E? that is five times as large
as its nearest competitor while the rest are clustered together. This does a nice job of capturing the unusualness
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Figure 9. Earth Networks Total Lightning Network (ENTLN) radio data of the 14 largest peak current lightning events,
within 30 km of the Séntis Tower from October 2019 to April 2021, and the Event 2 waveform in red. All traces are from the
same ENTLN sensor at similar distances from the current source.
of the event. Not just that it reaches a high peak current, and not just that it has many pulses, but that it has many
pulses at an equally high peak current.
From the gamma ray data (see Figure 8 bottom plot) the TGF appears to be a two peak event, but with significant
pile-up and possible periods of detector paralysis. The trailing counts post-TGF of about 1.5 ms in duration indi-
cate a neutron signature. Downward TGFs during winter thunderstorms in Japan have been shown to produce a
number of neutrons via photonuclear reactions in the atmosphere (Bowers et al., 2017; Enoto et al., 2017; Wada
etal., 2019a, 2019b). The thermalized neutrons with time scales on the order of milliseconds (Babich et al., 2007)
interact in our plastic detector material and undergo neutron capture with hydrogen resulting in the hydrogen
isotope deuterium in an excited state. The excited deuterium immediately relaxes to its ground state emitting a
CHAFFIN ET AL. 8of 13
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electric field data for each trace in Figure 9 plotted with respect to each event's

peak current. The 14 highest peak current events are plotted in black and

roughly clustered in the same region of the plot, whereas the Event 2 trace is

plotted in red.

2.2 MeV gamma in our detector. The 2.2 MeV gamma deposits only a portion
of its energy via Compton scattering before leaving the detector material
resulting in a Compton shoulder at roughly 2 MeV. The background count
rate of the instrument is roughly 500 counts/second which is equivalent to
a count every 2 ms. During the 1.5 ms after the TGF the count rate exceeds
the background expectation by a factor of 20 and the counts also appear to
indicate a 2 MeV Compton shoulder.

We offer an alternative analysis of the gamma-ray arrival time data in Figure 8.
Figure 11 shows roughly 400 ps of the double pulse TGF. It is possible that
there are actually four distinct signals. The first signal is a short-duration
burst of apparent low-energy counts. This burst could be stepped leader emis-
sion that precedes the initial TGF by about 60 ps. The TGF is about 150 ps
in duration and the data exhibit detector paralysis and pulse pileup behavior,
a period of no low-energy counts (not real), as the count rate increased. As
we begin to see lower energy counts again, we assume that the count rate is
decreasing. This is followed by a 20 ps gap before a second short burst of
low-energy photons (stepped leader emission?) that precedes the second TGF
pulse by 120 ps. If these isolated low energy counts are indeed stepped leader
X-ray bursts their parent energy distribution would be inconsistent with an
RREA energy spectrum and should exhibit a softer or lower average energy.
To test this hypothesis we compare the average energy of the two possible
X-ray burst counts to the average energies of 1 million equivalent sized
samples of an RREA energy spectrum convolved with the detector response
as shown in Figure 12. The RREA spectrum is rejected with a confidence
of 98.58% for both bursts 1 and 2. This indicates that the parent distribution
of the “X-ray bursts” may be softer and thus inconsistent with RREA. To

definitively say if the gaps between these signals and the two main pulses are real or merely periods of instrument

dead-time due to extremely high count rates, the ADC sampled output of the PMT would need to be analyzed.

Unfortunately, the instrument does not have the capability to save PMT trace data. Lacking data to confirm instru-

ment behavior, this interpretation remains speculative, but possibly very important.

A possible explanation for the unusualness of the Event 2 waveform may be directly connected to the multi-pulse
TGF observation just described. Could this be a multi-pulse +EIP? We know Event 3 to be an example of a
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Figure 11. Event 2 double pulse terrestrial gamma ray flashe (TGF) listmode gamma ray data. Speculative interpretation of
four separate X- and gamma-ray emissions within the 400 ps duration of the event. Two possible stepped leader bursts each

preceding one of the two TGFs.
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Figure 12. Blue: Histogram of the average energy of 1 million sample sets (sample size 7) of an relativistic runaway electron
avalanches (RREA) energy distribution. Red line: Denotes the average energy of the first possible X-ray burst. Black dashed
line: Denotes the average energy of the second possible X-ray burst. The RREA spectrum is rejected with a confidence of
98.58% for bursts 1 and 2.

confirmed —EIP observed by the same radio sensor as Event 2 and from an equivalent distance from the source.
We compare the Event 2 waveform to the Event 3 —EIP by inverting the Event 3 sferic and summing two versions
of the inverted data but separated in time. In Figure 13 the green dashed lines are separated by 210 ps. This
appears to be the time separation between the most piledup/paralyzed moments in each TGF pulse. This comes
earlier for the second pulse, which is why it is shorter than the delay between the starts of the pulses. Top panel
is Event 3 inverted. Middle panel has two “Event 3s” spaced by 210 ps and summed. The bottom panel is Event 2.
It is of course speculative but the behavior appears to have similarities and may explain Event 2's multiple pulses
at equally high peak current.

The final enigma of Event 2 is its clear positive polarity. The ENTLN sensors classified this lightning event as
being a +1C, which describes an intra-cloud leader channel moving negative charge upward. Depending on the
source altitude of the TGF, which is unknown, this could be a reverse beam observation from the ground as first
modeled in Ortberg et al. (2020). It is also possible that the event was lateral to or lower in altitude with respect
to the observation point (2.5 km) making the main beam visible to the tower and instrument. A detailed meteor-
ological analysis of the storm and its possible charge structure and altitudes would need to be done to begin to
answer this question.

4. Conclusion

The vast majority of TGFs have been detected by spaced-based instruments (Briggs et al., 2010; Fishman
et al., 1994; Marisaldi et al., 2010; Neubert et al., 2020; Bstgaard et al., 2019; Smith et al., 2005) and are domi-
nated by associations with positive IC lightning leaders. TGFs however have turned out to be linked to a wide
variety of lightning types and atmospheric conditions, as evidenced by these unique Mt. Séntis events and the
numerous ground based observations of downward directed TGFs (Abbasi et al., 2022; Bowers et al., 2017;
Colalillo, 2017; Dwyer & Cummer, 2013; Dwyer et al., 2003, 2004a, 2004b; Enoto et al., 2017; Hare et al., 2016;
Smith et al., 2018; Tran et al., 2015; Wada et al., 2022). As challenging as ground observations are, the potential
to observe the finer details of the relationship between the gamma ray fluence and the lightning leader current
fluctuations cannot be overstated. Though orbital observations have provided large data sets and continue to
contribute to our understanding of the TGF mechanism there are clear advantages to observations made within
a few km of the TGF source. They include the ability to observe the varied particle physics associated with
TGFs such as photo-neutrons (Bowers et al., 2017), positrons, and certain radioactive decay elements (Enoto
et al., 2017). As speculated in this paper it may also be possible to observe stepped leader emissions that precede
and are possibly integral to the TGF mechanism.

A further possibility of ground or airborne observations is obtaining photon arrival time distributions unaffected
by the 100s of km of atmospheric transport between storm cloud altitudes and orbital spacecraft with sufficient
numbers of counts to be statistically robust. These in situ observations could help determine whether there is
an underlying behavior of discrete bursts of emission in the overall TGF time profile. As of November 2021
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Figure 13. Top: Event 3 waveform inverted. Middle: Two inverted Event 3 waveforms separated by 210 ps and summed.
Bottom: Event 2 waveform.
one of the six THOR instruments developed by the high energy atmospheric physics group at the University of
California Santa Cruz has been deployed to the base of the Séntis Tower and the other five have been deployed
elsewhere around the globe including Japan, New Mexico and Florida. We hope that over the next few years the
observations made by these instruments, along with radio sferic data, will contribute to a greater understanding
of the lightning-TGF relationship.
Data Availability Statement
The data files used in this work are available at Chaffin (2023).
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