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Key Points:

+ Using the timing alignment of multi-wavelength observations and estimates of thun-
derstorm charging altitudes we estimate the likely altitude of the TGF to be 7.5
km.

¢ The minimum luminosity estimate for a downward TGF at 7.5 km to be detected
by Fermi/GBM via the reverse beam is 2x10'® photons above 1 MeV.

+ We found the e-folding attenuation length in grammage for the reverse beam com-
ponent of a TGF to be 58 g/cm?.
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Abstract

We provide an updated analysis of the gamma ray signature of a terrestrial gamma ray
flash (TGF) detected by the Fermi Gamma-ray Burst Monitor first reported by Pu et

al. (2020). A TGF produced 3 ms prior to a negative cloud-to-ground return stroke was
close to simultaneous with an isolated low frequency radio pulse during the leader’s prop-
agation, with a polarity indicating downward moving negative charge. In previous ob-
servations this 'slow’ low frequency signal has been strongly correlated with upward di-
rected (opposite polarity) TGF events (Pu et al., 2019; Cummer et al., 2011), leading
the authors to conclude that the Fermi gamma ray observation is actually the result of

a reverse positron beam generating upward directed gamma rays. We investigate the fea-
sibility of this scenario and determine a lower limit on the luminosity of the downward
TGF from the perspective of gamma ray timing uncertainties, TGF Monte Carlo sim-
ulations, and meteorological analysis of a model storm cell and its possible charge struc-
ture altitudes. We determined that the most likely source altitude of the TGF reverse
beam was 7.5 km + 2.6 km, just below an estimated negative charge center at 8 km. At
that altitude the Monte Carlo simulations indicate a lower luminosity limit of 2x10'®
photons above 1 MeV for the main downward beam of the TGF, making the reverse beam
detectable by the Fermi Gamma-ray Burst Monitor.

1 Introduction

It is widely accepted that terrestrial gamma ray flashes (TGFs) are the result of
bremsstrahlung interactions of large populations of highly energetic electrons with at-
mospheric molecules. These relativistic electrons are driven by thunderstorm electric field
activity consisting of a combination of the background electric field strength of the storm
cell and enhancements to that field by transient electric fields associated with lightning
leaders (J. Dwyer et al., 2012). The analysis of the first observations of TGFs (Fishman
et al., 1994) misjudged the depth of the source altitude and consequently the intrinsic
brightness was underestimated. It was initially proposed that the source altitude of TGF's

must be high in the stratosphere connected with the runaway breakdown of sprites (Taranenko

& Roussel-Dupré, 1996). Later, the analysis of the cumulative energy spectra of TGFs
observed by the Reuven Ramaty High Energy Solar Spectroscopic Imager (RHESSI) low-
ered the source altitude estimate by at least 30 km. Using the relativistic runaway elec-
tron avalanche (RREA) model (Gurevich et al., 1992; Dwyer, 2003a), it was shown that
the production altitudes of the RHESSI TGF observations were consistent with 15-21
km, conventional thunderstorm altitudes, and with intrinsic brightness estimates as high
as 107 gammas above 1 MeV (Dwyer & Smith, 2005). This analysis, along with work
linking TGF's to the lightning discharge process (Cummer et al., 2005; Stanley et al., 2006;
Lu et al., 2010; Cummer et al., 2014; Lindanger et al., 2021), confirmed that TGFs oc-
cur lower in Earth’s atmosphere and at intensities much brighter than previously con-
sidered.

Ground observations of lightning-associated high energy radiation events need to
be classified according to their spectral, temporal, and luminosity characteristics. For
instance, low-luminosity events associated with lightning-stepped leaders have fast time
profiles on the order of us and lack higher energy counts above 1-2MeV (Moore et al.,
2001; Dwyer et al., 2004b; J. Dwyer et al., 2005). On the other hand, ground observa-
tions of TGFs are characterized by broad time profiles 10s-100s of us, high-energy counts
in the 10s of MeV and luminosities equivalent to those of TGFs reported from space (Dwyer
et al., 2004b; Tran et al., 2015; Hare et al., 2016; Bowers et al., 2017; Enoto et al., 2017,
Abbasi et al., 2022; Wada et al., 2022; Kereszy et al., 2022). There are also ground-based
observations that are referred to in the literature as TGFs that are lower in luminosity
and ’spiky’ in time profile similar to stepped-leader X-rays but with a harder spectrum,
like those observed from space (Abbasi et al., 2017, 2018). With these characteristics in
mind, we have seen that TGFs can occur at any altitude where thunderstorm charging
and lightning initiation take place.
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As a general statement, space based observations detect upward directed TGFs,
while ground based observations are of downward directed TGFs. However, this does
not rule out the possibility of TGF detection when observed from the opposite view point,
e.g. detecting an upward directed TGF from the ground. High-energy gamma rays can
generate positrons through pair production; and if produced while still within the avalanche
region will run away in the opposite direction of the electrons (A. Gurevich et al., 2000).
Runaway positrons, though smaller in number and unable to avalanche like their elec-
tron counterparts, will still produce their own gamma rays via bremsstrahlung (Dwyer,
2003a). This reverse beam component of the TGF has previously been observed by the
Airborne Detector for Energetic Lightning Emissions (ADELE) when flying through the
eye-wall of Hurricane Patricia aboard the National Oceanic and Atmospheric Admin-
istration’s Hurricane Hunter WP-3D Orion (Bowers et al., 2018). Modeling work by Ortberg
et al. (2020) suggests that upward TGFs observable from space can theoretically be co-
observed from the ground if the ground observation point is at sufficient altitude, say
a mountaintop.

But what about detecting a downward TGF from orbit? Pu et al. (2020) published
a Fermi TGF that took place at 02:23:12.82895 UT on 25 July 2019. It consisted of eight
counts in the two bismuth germanate (BGO) detectors. The BGO detectors have an en-
ergy range of 200 keV to 40 MeV and a combined effective area of 322 cm?. They found
that the TGF was unambiguously associated with a negative CG lightning flash, i.e. a
lightning leader with a polarity that would move negative charge towards the ground.
They arrived at this conclusion using observational data from the Fermi Gamma-ray Burst
Monitor (GBM) and simultaneous ground-based radio measurements of lightning from
a network of very low frequency (VLF) and low frequency (LF) magnetic sensors run by
Duke University.

Research done in the last decade has shown a relationship between TGFs and sev-
eral types of low-frequency radio emissions from lightning (Cummer et al., 2011; Lyu et
al., 2015, 2016, 2021; Pu et al., 2019). Of these unique radio pulses simultaneous to TGF
production, the ”slow pulse” (Cummer et al., 2011) is characterized by a distinct slow
temporal signature (50-100 us). The pulse comes in the midst of initial breakdown pulses
(IBPs), which are typically less than 10 us in duration. Dwyer and Cummer (2013) demon-
strated how this slow pulse can be interpreted as an observable current moment of the
TGF electron avalanche process itself. The Fermi TGF in question (Pu et al., 2020) was
simultaneous to a distinct slow pulse (120 ps) that is consistent with slow low-frequency
pulses that have previously been associated with TGFs produced by IC leaders (Cummer
et al., 2011; Dstgaard et al., 2013; Pu et al., 2019). The authors make clear that the po-
larity of this slow pulse is opposite to that for upward TGFs produced by IC leaders and
is the same as that for a downward TGF produced by a rocket-triggered upward pos-
itive leader (Hare et al., 2016). The conclusion drawn is that the TGF must be directed
downwards and the Fermi observation is consequently of the reverse beam (positron ini-
tiated) gamma-rays.

Using a timing alignment procedure detailed in Pu et al. (2019) and location data
from the National Lightning Detection Network (NLDN), Pu et al. (2020) determined
the source altitude for the TGF to be from 5.4-6.7 km. The slow-pulse event occurs roughly
3 ms after the initial breakdown pulses signaling the initiation of the downward nega-
tive leader, and roughly 3 ms prior to the return stroke. Assuming a leader propagation
speed of 10° m/s (Zhu et al., 2016) this puts the initiation altitude of the leader nom-
inally at 6 km, leading the authors to argue a scenario in which the TGF was produced
ahead of the positive polarity end of a bidirectional CG leader. Such a scenario does lend
support for the TGF to be unusually bright. A recent modeling paper by Dwyer (2021)
found that for a downward TGF produced at the tip of a positive leader the gamma ray
burst can be much more intense than those produced at the tips of negative leaders.

Considering that a TGF would experience considerable absorption from a source
altitude of 6 km, and that the reverse beam TGF is understood to be roughly 1% the
brightness of the main forward beam (Ortberg et al., 2020) is this observation under these
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Figure 1. Qualitative depiction of the proposed TGF scenario. Altitude values are determined by
the methods in Sections 3 and 4. The model storm cell analysis estimates a negative charge center at 8
km and a positive charge center at 6 km. A bi-directional CG leader initiates at roughly 6-7 km. The
negative-polarity leader (blue) propagates towards ground resulting in a return stroke 6 ms later. The
positive-polarity end of the leader (red) propagates upward, initiating a downward TGF (yellow) 3 ms
after leader initiation at roughly 7.5 km, just below the negative charge center. The resulting TGF beam-
ing angle is such that the reverse beam (purple) is closely aligned (within a 50 km annulus) with the
Fermi/GBM satellite. Fermi/GBM observes a small count rate TGF (purple) produced simultaneous to
the resulting radio sferic observation (green) created by the current moment associated with the electron
avalanche (RREA) responsible for the TGF.

circumstances possible? Can a reverse beam TGF be seen from space from so deep in
the atmosphere, and how bright would the main (downward) TGF need to be? In this
paper we use Monte Carlo simulations to estimate the brightness required for a reverse
beam TGF to be observed at orbital altitudes. We will attempt to further constrain the
likely source altitude using a charge structure analysis of the storm cell and provide a
new source altitude estimate with updated timing alignment analysis.

2 Refined Altitude Estimate

The altitude estimate is derived from the relative timing of radio and gamma-ray
signals. In Pu et al. (2020) the only source of uncertainty was the uncertainty in the NLDN
position. Here, we summarize the timing alignment analysis and associated error and
propose a more likely source altitude for the TGF. We will also introduce additional terms
of uncertainty due to both an unaccounted for positive leader propagation and the lim-
ited statistics of the gamma-ray signal.

The timing alignment method demonstrated by Pu et al. (2019) used the assumed
simultaneity between the TGF electron avalanche and subsequent gamma-ray observa-
tions with the slow-pulse observed in the LF and VLF sensors. Using the two-dimensional
(geographic) NLDN location the arrival times of each signal were corrected for time of
flight and the time difference between the centroids of each was determined. The alti-
tude that minimized this time difference gave the best estimate for the TGF source al-
titude. The quoted uncertainty in the analysis of Pu et al. (2020) came from the NLDN
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error ellipse, which surrounds the best location of the lightning event. The ellipse rep-
resents the 95% confidence interval of the triangulated location using the NLDN LF sen-
sor suite. Locations along the perimeter of the ellipse are used to determine a minimized
delta time between arrival times by adjusting the altitude up or down from the source
altitude derived from the NLDN location. As you move around the ellipse there is one
location that requires the altitude estimate to be moved up the most and one location
that requires it to be moved down the most. In this way you get a range of altitude er-
ror for the particular NLDN location and altitude estimate. This alignment procedure
was done for the reverse beam observation published in Pu et al. (2020) and is the jus-
tification for the 6+£0.4 km TGF source altitude estimate.

The original analysis uses the NLDN location for the return stroke of the -CG event.
As described in Pu et al. (2020) the slow pulse occurs 3 ms prior to the return stroke
with the initial breakdown pulses (IBP) occurring 3 ms prior to that. Using a typical
-CG leader progression speed of 10° m/s and a time from the IBPs to the return stroke
of roughly 6 ms, the negative leader tip would have been at an altitude of 3 km when
the Fermi reported TGF occurred. Considering that the leader tip would further travel
less than 1 km from the ground when the return stroke occurred Pu et al. (2020) argues
that the most likely scenario is that the TGF was produced nearer to the initiation point,
possibly associated with the positive polarity end of a bidirectional CG leader. See Fig-
ure 1 for a qualitative description of our proposed scenario. NLDN recorded a signal at
02:23:12.824 UT on 25 July 2019. This signal is roughly 6 ms prior to the return stroke
signal with a significantly smaller peak current and horizontal distance of 1.7 km from
the return stroke. We believe this signal to be the initial breakdown pulses (IBPs) of a
single lightning event. The NLDN location is given as 26.6378 latitude and -77.2002 lon-
gitude. This is our best estimate for the location of the TGF though the positive polar-
ity leader may have traveled some distance horizontally from this location within the 3
ms time difference between the IBPs and TGF. Redoing the timing alignment analysis
described earlier with this new location results in an estimated source altitude of 7.5km
with an error of +0.75 km derived from the NLDN error ellipse described previously.

It is important however to account for the possible horizontal propagation of the
positive leader in the 3ms between the IBPs and the slow pulse/TGF signals. If we take
the extreme case that the positive leader traveled purely horizontally during those 3 ms
and use a propagation speed of 10° m/s (Biagi et al., 2011; Wang et al., 2016; Kotovsky
et al., 2019), then the maximum horizontal distance the positive leader could have trav-
eled from the NLDN IBP location would be 300 meters. We can again make use of the
assumption of simultaneity between the arrival times of the gamma rays and the slow
pulse signal to determine the extent a horizontal shift of 300 meters would make to the
source altitude estimate. We draw a circle around the NLDN location of radius 300 me-
ters. At each point on that circle the source altitude would need to be adjusted to keep
the arrival time difference of the two signals near zero. Similarly to the NLDN error el-
lipse, as you move around the circle, there is one location on the circumference that re-
quires the altitude to be moved up from 7.5km to a maximum and one point that requires
it to be moved down to a minimum. The maximum altitude to maintain signal simul-
taneity for a point 300 meters from the NLDN location is 7.77 km and the minimum al-
titude is 7.15 km, giving a source altitude error of +0.31 km.

Lastly, there is an uncertainty in the gamma ray arrival times at the Fermi/GBM
that was not taken into account in the original analysis. The 8 counts incident on the
BGO detectors should be considered a random sample from an unknown parent distri-
bution, the mean of which will vary with respect to the sample mean. Assuming a Gaus-
sian parent distribution, the standard deviation of the mean (centroid) of the BGO counts
is the standard deviation s of the sample population divided by the square root of the
number of counts N in the sample population or iN The error in the centroid of the
arrival times of the gamma rays is &+ 8.2 ps. This timing uncertainty At can be converted
into an altitude uncertainty Ah. The propagation time of the gamma ray signal is de-
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where L is the distance between the TGF source and Fermi as a function of A, the as-
sumed altitude of the TGF.

t = v/(116km)2 + (530km — h)2/c

The horizontal offset between the NLDN location and the nadir of Fermi is 116 km. The
altitude of Fermi is 530 km. By taking the derivative of ¢ with respect to h, we can solve
for the error in h,

Ah = At(cy/(116km)? 4 (530km — h)2)/(530km — h)

where At is the standard deviation of the mean of the GBM signal (8.2 us). When h=7.5
km the calculation results in an uncertainty in the altitude of the source, from the un-
certainty in the arrival times of the gamma rays, of & 2.5 km. When we add the three
uncertainties in quadrature,

Ahiotal = \/Ah?VLDN + Ah?’ositiveleader + Ah?]flmma

we get an error in our altitude estimate of 7.5 £2.63 km, with the gamma ray timing un-
certainty dominating.

Figure 2. Composite reflectivity of the HRRR model over the Bahamas Islands at 02:00:00 UT
(roughly 23 minutes prior to the TGF). Range rings in 50 km increments are centered at the July 25
event (26.6378,-77.2002). Our chosen model cell is close to land, similar to the TGF location, but near an
adjacent island.

3 Meteorology

To determine whether the source altitude estimate derived in Section 2 is consis-
tent with where we might expect the charge centers of the storm cell to be, we use the
High-Resolution Rapid Refresh (HRRR) model (Dowell et al., 2022) of a nearby storm
cell. The HRRR model is a convection-allowing numerical model with hourly data as-
similation that covers the conterminous United States and runs in real time at the NOAA /National
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Centers for Environmental Prediction (NCEP). HRRR initialization is designed for op-
timal short-range forecasting skills with a particular focus on the evolution of precipi-
tating systems. The model forecast includes many atmospheric variables, including those
of hydrometeor types and quantities, which are relevant for discussions of cloud charg-
ing in convective systems. Note that while weather radar data are used to help initial-

ize this model, it is unclear whether they would have had the Bahamas radar for inclu-
sion. As the data assimilation is hourly, meaning that we only have model data on the
hour, e.g. 0200, 0300 etc., we use model data for the closest storm cell of equivalent evo-
lution for the hour nearest to the TGF event. The TGF event was observed by Fermi

at 02:23:12.82895 UT on 25 July 2019. The modeled storm cell was located 150 km from
and just prior (02:00:00 UT) to the July 25 event. In Figure 2 you can see that the model
cell is close to land, similar to the TGF location, but close to an adjacent island. Fig-

ure 3 shows a scatter plot of all NLDN lightning event peak currents that occurred within
20 minutes and 10 km of the event associated with the TGF (red). NLDN events are iden-
tified as either CG (black) or IC (blue). There is a clear dominance of -CG events dur-
ing this period, suggesting a tripole charge structure where the lower positive charge cen-
ter is relatively weak or nonexistent.
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Figure 3. Peak current of all NLDN lightning events (CG in black +. IC in blue x) within 20 min-
utes and 10 km of the -CG flash associated with the TGF (red +).

Hydrometeor mixing ratios were used to assess non-inductive charging of the model
cell as a function of cloud water content, ice crystal content, graupel content and tem-
perature (Takahashi, 1978; Jayaratne, 1983). When ice crystals collide with graupel in
the presence of supercooled water droplets, charge is transferred between these ice par-
ticles so that they are left with either a surplus or deficit of electrons following the col-
lision. The vertical profile of the 02:00:00 UT model cell is plotted in Figure 4. The al-
titude range between 6 km and 8 km is where liquid water content (purple), graupel (red),
and ice crystals (green) are substantially present and non-inductive charging would be
expected. The direction of charge exchange is heavily dependent on temperature and wa-
ter content. Luque et al. (2020) shows that the temperature at which charge exchange
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Figure 4. Mixing ratios are plotted with respect to altitude, with graupel in red, snow in orange,
cloud water in purple, cloud ice in green but multiplied by 100 to be visible on plot, and rain water in
blue. Air temperature as a function of altitude is plotted in black. The altitude range with highest per-
centages of cloud water content (Purple), ice crystals (green) and graupel (red) is between 6 km and 8
km denoting the likely range of maximum charge separation. The -15°C ’reversal temperature’ (dotted
black line)is just above 7000 m with positive charging occurring below this altitude and negative charging

above.

reverses is -15C. Below the -15C reversal temperature and where graupel (red) has its
peak around 6 km there is a high probability for positive charging (positively charged
graupel). Above the -15C temperature altitude where the snow mixture (orange) peaks

at 8 km, there are strong indications for negative charging. Considering that the model
storm cell was part of the same weather system, close in time, location, and similar in
terms of the development stage to the cell that produced the TGF the model values are
considered fairly representative and indicate that the TGF producing cell developed an
electric field roughly between 6 and 8 km directed upward, consistent with a bi-directional
CG leader moving negative charge downward. Though the source altitude uncertainty
from Section 2 extends up to 10 km, the charging analysis suggests that TGF source al-
titude estimates above 8 km become less likely as electron avalanches in that altitude
range would be directed upward away from the negative charge center and toward an
upper positive, which would be a scenario unsupported by the Duke University radio data.

4 Monte Carlo Simulations

To determine a lower limit of TGF luminosity, we performed several Monte Carlo
simulations using Geant4 (Agostinelli et al., 2003; Allison et al., 2006, 2016). Assum-
ing an RREA production mechanism we compared the number of photons incident on
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the two Fermi/GBM bismuth germanate (BGO) detectors, as published in Pu et al. (2020),
to the simulated gamma ray fluence from the reverse beam component of a downward
directed TGF. Our GEANT4 atmospheric simulation consists of stacked cylindrical slabs,
2000 km in radius and each 0.5 km in height. Each slab was filled with an atmosphere
that depended on the characteristic temperature, pressure, and density of its midpoint.
The temperature, pressure, and density values were sourced from the U.S. Standard At-
mosphere (1976). In each simulation, a photon distribution was released and propagated
upward through the mass model of the atmosphere. A boundary was set at 530 km such
that all particles passing the boundary with a positive (upward) Z-axis momentum were

noted. As a result, the radiation field generated at an orbital altitude of 530 km was recorded.

We performed simulations for various TGF source altitudes by inputting the photon dis-
tribution at altitudes from 6 km to 12 km. The entire simulation code is included in the
public data release.

The input photon distribution comes from TGF simulations using the relativistic
electron avalanche model (REAM) discussed in Dwyer (2003a); Dwyer (2007) and Dwyer
and Smith (2005). The REAM simulation is initiated by injecting a single high-energy
seed electron into the top of a high field region of -400 kV/m. The seed electron repre-
sents a possible knock-off electron produced by a cosmic-ray muon. This results in an
exponential increase in relativistic electrons or relativistic electron avalanches. The en-
ergy distribution of the electrons can be approximated by the exponential e~ #/7-3MeV
(J. Dwyer et al., 2012). The subsequent bremsstrahlung gamma rays from electron and
positron interactions with atmospheric molecules are tracked and recorded with energy,
position, and direction information. Photons with z-component momentum aligned with
the electric field direction, i.e. the reverse beam, are used as the input photon distribu-
tion in the previously mentioned atmospheric simulation.
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Figure 5. Black: Reverse beam gamma ray fluence of an 8 km source altitude TGF simulation scaled
to a 1.5x10'® main beam intensity binned in 5 km wide annuli. Red: Same, binned in 50km wide annuli.
Right vertical axis is fluence in counts per cm?. Left vertical axis is the total counts expected in both

BGO detectors combined using a total effective area of 322 cm?.

TGF luminosity observed from orbit will depend on the degree of horizontal off-
set between the spacecraft and the center of the beam. The horizontal distance between
the NLDN location and the Fermi/GBM is approximately 116 km (Pu et al., 2020). To
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estimate the minimum required intrinsic luminosity we will assume an optimally favor-
able tilt of the TGF such that the Fermi satellite falls within a 50 km radius of the re-
verse TGF beam center. Within 50 km from the beam center, the simulated fluence was
relatively constant and began to fall off outside of the 50 km radius. Figure 5 shows the
simulated reverse beam gamma ray fluence of an 8 km source altitude TGF scaled to a
1.5x10'® gamma rays >1MeV main beam intensity binned in 5 km and 50 km wide an-
nuli.

Pu et al. (2020) notes that only the counts of the two BGO detectors of the Fermi/GBM

were used in the timing alignment procedure. For a TGF-like spectrum, the effective area
of the BGO detectors is 161 cm? (Tierney et al., 2013). Multiplying the effective area

by the fluence and limiting the calculated fluence to photons greater than the lower limit
of the BGO detectors (200 keV) (Briggs et al., 2013), we derive the probable number of
simulated photons recorded by each detector.

5 Simulation Results
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Figure 6. Data points represent the averaged simulated reverse beam fluence within a disk of radius
50 km from beam center captured at an orbital altitude of 530 km. A curve is fit to data points of the
same intrinsic brightness. The horizontal dashed line indicates the number of counts incident on the two
Fermi/BGO detectors of the July 25 event. The vertical dashed red line indicates the source altitude
estimate of 7.5 km, as derived in Section 2, and the uncertainty in that estimate is marked by the two
vertical grey dashed lines. The two vertical black dashed lines indicate the likely positive and negative
charge center altitudes discussed in Section 3.

The results of the Geant4 Monte Carlo simulations are presented in Figure 6. Each
data point represents the averaged simulated reverse beam fluence (right vertical axis)
within a 50 km radial disk from beam center at 530 km as a function of source altitude
and intrinsic brightness of the main (downward) beam. The left vertical axis shows the
expected number of photons incident on Fermi’s two BGO detectors by multiplying the
combined effective area (322 cm?) by the fluence on the right. A curve is fit to data points
of the same source luminosity. The fitting was done using column density in g/cm? with
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the exponential model F' = Fpe #9, where Fj is the fluence if there was no atmosphere
between the TGF source and Fermi, and p is a mass absorption coefficient of 0.0173 cm? /g
for all curves. The x-axis has been translated from column density to altitude in km for
easier comparison of altitude estimates. The vertical dashed red line indicates the source
altitude estimate of 7.5 km as derived in Section 2. We discussed in Section 3 that even
though the altitude uncertainty (vertical grey dashed lines) is quite broad on account

of the gamma ray arrival time uncertainty, the storm cell charge structure analysis lim-

its the source altitude to below 8 km. A TGF at 7.5 km is consistent with the HRRR
analysis, locating the TGF just below the altitude estimate of negative charging in the
model storm cell. This supports the scenario of a positive polarity leader propagating
upward towards a negative charge center, resulting in a TGF (Dwyer et al., 2004a; Hare
et al., 2016; Smith et al., 2018). You can see in Figure 6 (where the red curve and the
vertical dashed red line intersect) that at an estimated source altitude of 7.5 km, the lower
limit of intrinsic brightness of the TGF, consistent with the minimum fluence required

for a Fermi/GBM detection (8 counts), is 2x1018.

—— upward main beam
—— reverse beam
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Figure 7. Transmittance (between 0-1) as a function of column density (g/cm?) for both upward
directed main beam TGF simulations (blue) and upward directed reverse beam TGF simulations (red).
The transmittance was calculated using input photons with energies greater than 1 MeV and captured

output photons with energies greater than 200 keV at 530 km.

6 Discussion

Is this brightness estimate reasonable? There are several examples in the litera-
ture of TGFs with luminosities of orders of magnitude similar to our estimate of 2x10'8
(Mailyan et al., 2016; Smith et al., 2020). In particular, we refer to a TGF over the Mediter-
ranean basin estimated to be as bright as 3x10'® photons with energy >1 MeV (Gjesteland
et al., 2015). The distribution of TGF intensities has been shown to be consistent with
a power law of index of —2.2 to —2.4, using RHESSI and Fermi together (OJstgaard et
al., 2012), Fermi alone (Tierney et al., 2013), and AGILE (Marisaldi et al., 2014). We
can use this index to estimate how rare a bright TGF such as the Mediterranean event
is. Dwyer et al. (2017) defines a standard TGF luminosity of 3x10'6. We’ll use this lu-
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minosity value as an approximation for the minimum detectable Fermi TGF. By tak-
ing the ratio of the integral of z=2-3 from 3x10'6 to infinity and from 3x10'® to infin-
ity we get a result of roughly one bright Mediterranean-like event in 400 or on the or-
der of 10 events in the orbital TGF catalog. In addition, our brightness estimate assumes
an optimal beaming angle. The actual angular offset between Fermi and the vertical of
the source position is only 12.5°. With an angular band corresponding to the inner 50
km annulus of approximately 5.5° the TGF would only need to be offset from vertical
by 7° to be optimally beamed. With an average angular offset of roughly 30° between
Fermi and the Fermi catalog of TGF source locations, it makes sense that the first known
orbital observation of a reverse beam TGF is one where optimal beaming is likely and
the intensity of the event falls within the upper end of the TGF luminosity distribution.

We initially thought that it would be impossible for a TGF that was deeper in the
atmosphere than any previous orbital observation, and was considered to be the reverse
beam component of the TGF, to be observed at orbital altitudes. As a check on the re-
sults of our simulation, we present two lines of argument. First, in Figure 7 we have plot-
ted the transmittance as a function of column density, in g/cm?, for both an upward-
directed TGF main beam and an upward-directed reverse beam. Transmittance is a mea-
sure of probability. In this instance, it is the probability of a photon from either a TGF
main beam or reverse beam to penetrate the atmosphere and escape to orbital altitudes.
The larger the transmittance, the greater the probability that photons will escape. Trans-
mittance was calculated using the ratio of captured output photons of energies greater
than 200 keV at 530 km to the REAM input photons of energies greater than 1 MeV.
All simulations were performed using the same Geant4 atmospheric simulation code dis-
cussed in Section 4. You can see in Figure 7 for a TGF that is sourced at any point be-
tween 6 km and 8 km (481 g/cm? and 363 g/cm? respectively), the reverse beam trans-
mittance is roughly an order of magnitude larger than the main beam. This is consis-
tent with our understanding of a reverse beam spectrum. Although the reverse beam ra-
tio to the forward beam is only 0.78% for photons greater than 1 MeV, it is higher in
average energy making it more penetrating or likely to escape. (Bowers et al., 2018; Or-
tberg et al., 2020). For electron initiated bremsstrahlung most of the electrons are pro-
duced in the last e-folding of the avalanche, i.e. they carry only a small fraction of the
total potential of the thunderstorm. Positrons do not avalanche, because a positron can
not knock another positron out of an atom. Therefore, the positrons traveled on aver-
age about half the total potential of the storm instead of just the last bit of it. So, they
have an average energy higher than that of the electrons, although there are far fewer
of them. This difference in the hardness of the spectrum between the forward and re-
verse beams is made more apparent when we calculate the average e-folding attenuation
length of each. For our upward-directed main beam TGF simulations we found an e-folding
attenuation length of 46 g/cm? which is consistent with the Smith et al. (2010) estima-
tion of 45 g/cm?. The reverse beam simulations resulted in an average e-folding atten-
uation length of 58 g/cm? calculated for depths ranging from 270 g/cm? (10km altitude)
to 481 g/cm? (6km altitude) of overlying air.

Let us assume that the reverse beam fluence at 530 km is evenly distributed over
a disk of 120km radius, which corresponds to the 12.5° angular offset between the re-
ported TGF/lightning location and Fermi. Thus, the photons are distributed in an area
4.57x10' cm?. This isn’t an unreasonable order of magnitude estimate as our simula-
tions show that 80% of the reverse beam fluence is within 150 km of beam center and
previous simulation work has also shown the reverse beam is inherently more narrowly
beamed (Bowers et al., 2018; Ortberg et al., 2020). This calculation was made by tak-
ing the ratio of the total simulated fluence at 530 km out to 150 km along the horizon-
tal projection to the total fluence at 530 km out to 2000 km along the horizontal pro-
jection. This result is noteworthy in that along with having a larger transmittance, the
beam is more concentrated, both of which increase the detection probability.

Let’s also assume a TGF main beam source luminosity of 10'” photons > 1MeV,
a transmittance (from Figure 7) for an 8km (363.54g/cm?) reverse beam of 2.35x1073,
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and a factor of 0.78% for the reverse beam ratio of luminosity to the main beam. Us-

ing these values, the fluence of the reverse beam can be estimated to be 3.92x 1072 photons/cm?.

With a Fermi/GBM effective area of 322 cm? that would be a detection of 1.26 photons.
The main beam TGF luminosity would only need to be brighter by one order of mag-
nitude or 10'® photons > 1 MeV for the reverse beam to exceed the minimum detection
threshold of the Fermi/GBM, which is 8 counts in the BGO detectors combined. This
estimate takes into account both how much more penetrating the reverse beam is com-
pared to the main beam as well as the larger relative signal due to its narrow beaming.

An alternative approach is to define a ’typical’ upward TGF from Fermi/GBM ob-
servations and compare our simulation results to that as a standard candle. We start by
defining our typical Fermi TGF as having a source altitude of 12 km, intensity on the
order of 10'7 photons >1 MeV, a median radial distance from the Fermi/GBM of 311
km (GBM Terrestrial Gamma-ray Flashes (TGF) Catalog, 2016), and having an aver-
age count of roughly 50 including both BGO detectors and the sum of the Nal detec-
tors for TGF durations less than 200 us (Briggs, 2013). The Monte Carlo Geant4 sim-
ulations, using our atmospheric model, of this typical TGF show a simulated fluence of
0.05 cm™2 at the typical 311 km annulus, consistent with previous analyses of typical
orbital TGF fluence rates on the order of 0.1 cm~2 ((stgaard et al., 2012; Dwyer et al.,
2017).
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Figure 8. Black: Gamma ray fluence captured at 530 km from a 12 km upward TGF scaled to an in-
trinsic brightness of 1017 photons >1 MeV binned in both 5 km annuli and 50 km annuli. Blue: Gamma
ray flux captured at 530 km from an 8 km reverse beam of a downward TGF scaled to an intrinsic bright-
ness of 1017 photons >1 MeV binned in both 5 km annuli and 50 km annuli.

Using the fluence values from Figure 8 we can calculate the ratio between the 50
km beam center of an upward TGF with a 12 km source altitude (0.59) and the reverse
beam of a downward TGF with an 8 km source altitude (0.0017) with the same intrin-
sic luminosity as roughly 0.59/0.0017 = 350. In other words, for the reverse beam TGF
to attain an equivalent fluence within the center of the beam at orbital altitudes to a typ-
ical 12km upward TGF at beam center the 8km downward TGF would need to be 350
times brighter or 3x10'?, well beyond any previously published estimates of observed

—13—



418 TGF luminosity. However, the fluence of the upward 12km TGF at its 311 km annulus

419 (.06) is only 35 times brighter than the reverse beam fluence at beam center of the 8km
420 downward TGF (0.0017). Meaning, the 8 km downward TGF would need to be 35 times
a1 brighter for the reverse beam with optimal beaming angle to be observed by Fermi with
PP a count rate typical of Fermi observations. Finally, the total counts for the 25 July event

23 (8 BGO counts 4+ 10 Nai counts) are roughly % our definition of a typical Fermi TGF.
224 A downward TGF at 8 km would only need to be (35x %):14 times brighter than our
s defined typical upward TGF, giving a brightness estimate of 1.4x10'® at 8 km, consis-

a6 tent with our estimate of 2x10'® for a 7.5 km downward TGF.

a7 7 Summary

a8 The proposed scenario (Pu et al., 2020) of a bi-directional CG leader initiating at

429 6-7 km resulting in a downward directed TGF from an upward propagating positive leader,
230 whose reverse beam component was observed by Fermi/GBM, seems likely. The estimated
31 negative charge center altitude at 8 km is consistent with our best estimate of the source
32 altitude of the TGF at 7.5 km. We have also shown, using Monte Carlo simulations, that
433 the reverse beam of this TGF is detectable from orbit under ideal beaming conditions

434 in large part due to the hardness of the reverse beam spectrum. Our estimate for the

a3 lower limit of intrinsic brightness of 2x10'8 is bright, but not without precedent.
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