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1 Parameter reduction for the energy spectrum analysis

In this section, we provide detailed justifications on why when performing spectral analysis on the Terrestrial
Electron Beam (TEB), the shape of the recorded energy spectrum above 100 km altitude is only weakly

dependent on the following parameters:
e the radial distance between the TEB center and the ISS, see section 1.1
e the altitude, if set between 10 and 15 km, see section 1.2
e the opening and the tilt angles, see section 1.3

This permits an essential parameter reduction to be able to perform a more constrained spectral analysis for
the source TGF spectrum (producing the TEB), see the main text. However, these four parameters can have
dramatic effect on the fluence (particles per cm?) of the TEB, but this is not considered here because it only
corresponds to a scale factor and has no effect on the spectral shape and hence the spectral analysis. Note

also that this scale factor corresponds to the brightness of the source TGF and is a free parameter.

This key feature permits a big simplification of the problem as it reduces drastically the number of free
parameters to include in the analysis. However, compared to TGF-only simulations, TGF+TEB simulations
also present some disadvantages:
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e they require more computation time, as accounting for electron/positron propagating in a large scale
(Earth) magnetic field is much more computationally expensive than simulating only photon propaga-

tion.

e no detector response matrix can be used (this is only possible for incident photons) hence simulations
using the full mass model must be performed for each source TGF spectrum, that is also computationally

much more expensive.

In the following we present several simulated TEB energy spectrums at satellite altitude (about 400 km for
the ISS). They would be similar if detected anywhere between 100 km altitude and the satellite’s altitude,
because the remaining atmosphere above ~100 km is very thin and cannot affect significantly the energetic
electrons/positrons (> 400 keV). The presented spectrums are also shown with a minimal energy of 400
keV, because electrons with lower energies are not expected to be detected by ASIM. Positrons with energies
< 400 keV will only produce pairs of 511 keV photons after losing all their kinetic energy in the material
surrounding the detectors. For all the simulations presented in this supporting information, the source TGF

is assumed to have a standard RREA spectrum o 1/E exp (—E/¢), e = 7.3 MeV .

1.1 Effect of the radial distance between detector and TEB’s center

For clarity, figure 1 presents a sketch to define the concept of radial distance. Figure 2 shows simulations
results of TEB electron energy spectrums (at satellite altitude) inside several radial distance rings between
the center of the TEB and the detector. The spectrum of a TEB only weakly varies if the radial distance
between the TEB center and the detector. This is because electrons/positrons produced at a similar altitude,
80 km apart, have similar energy distribution. In addition the gyration motion of electrons/positrons along
field lines also shuffles their positions. Above a radial distance of 80 km, we may observe a more significant
difference (though we did not reach enough statistics in our simulations to check this precisely). That far
from the center, the fluence (particles/cm?) is about 25 times lower than in the center (point 0), hence it is

much less likely that the TEB could be detected.

Confidential Manuscript submitted to Geophysical Research Letters. 2
Sarria et al. 2020: Constraining TGF models from TEB.



Plane at detection altitude
(here 408 km)

Figure 1: Illustration of the concept of radial distance. The 0 is the center of the electron beam. The radial
distance in the distance between this 0 and another point in the plane. The black dots represent the positions
of electrons or positrons (there are millions of particles in the actual simulation data). The red rings are
radial distance intervals at which electrons are collected. The spectrums presented in Figure 2 are build at
given radial distance intervals.
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Figure 2: TEB electron energy spectrum inside several radial distance rings between the center of the electron
beam and the detector. The radial distance bins (i.e. intervals) and the energy bins are chosen to contain a
similar number of particles. We observe very minor differences for any of the tested radial distances.
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1.2 Effect of the altitude of the source TGF

The high energy part of the TGF spectrum (> 4 MeV) is affecting the production of energetic electrons and
positrons (able to escape the atmosphere). This part of the spectrum remains similar after propagation to
~ 100 km (and therefore higher altitudes since the effect of the atmosphere becomes negligible above) if the
TGF source is placed from 10 km to 15 km altitude. In the main text, an altitude of 12 km is set. However,
we may observe a more important variability for a broader altitude range but it is not relevant for TGFs.
To justify qualitatively the previous statements, we performed extensive Monte-Carlo simulations. Figure 3

presents the results. The resulting TEB spectrums are indeed similar.
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Figure 3: Simulation results. The energy bins are chosen to contain a similar number of particles. TEB energy
spectrum at satellite altitude, assuming different source TGF altitudes. Small differences are observed.

1.3 Effect of the beaming and tilt angles of the source TGF

TGFs photons are forming a beam that is parameterized by an angle oy (the source TGF is assumed to be
beamed as a cone to make the discussion easier) and a tilt angle p with respect to the local vertical. We define
the tilt angle p as follow: consider a plane defined by the TGF beam (center) direction, the local magnetic
field direction and the TGF source (point) location. The tilt angle p as the angle the center of TGF beam is

making with the local vertical (upwards), in the previous plane.

For this event, the angle between the direction of the local magnetic field and the local vertical is 58°. Usual
tilt angles associated to intra-cloud lightning leaders (attributed to TGF, at least the ones detected from

space) are between +5 and +40 degrees with respect to the local vertical (Lyu et al., 2016; Mailyan et al.,
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2019). Figure 1.3 is an illustration of qualitative arguments to justify why the TEB energy spectrum is not
significantly affected by both the opening angle of the TGF and its tilt. The electrons/positrons that will
be ultimately detected are only the ones that are produced, between ~ 40 and ~ 100 km altitude (Sarria
et al., 2015), inside a geomagnetic field line “tube” that extends to the satellite. The energy spectrum of these
electrons has no reason to change if the opening angle of the source TGF is increased or decreased. It has
also no reason to change if the source TGF is slightly tilted (0° to 5°). If the source TGF is tilted towards
the field line with larger angles, than the electron/position spectrum has no reason to change. If the beam
is tilted largely away from the magnetic field “tube”, then the TEB will not be detected by the satellite. For
intermediate tilt angles (5° to 40°) we cannot provide qualitative arguments, but the potential effect was
tested using simulations. We show in Figure 1.3 and 1.3 results of Monte-Carlo simulation assuming several
opening angle values (o = 5°,12°2,20°,30°) and tilt angles (p = —40°, —20°, —10°, —5°,0°,5°,10°,20°, 40°).
These simulations results confirm that the effect of varying oy or p has indeed a very weak effect on the TEB

energy spectrum.
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Figure 4: Illustration of the effect of the angular distribution of the source TGF (a.k.a. beaming), i.e. when
increasing the opening angle or tilting the photon beam. The source TGF is assumed to be beamed as a cone
for simplicity. The electrons that are going to be eventually detected are produced between 40 and 100 km
altitude along a specific geomagnetic field line tube. The energy spectrum of these electrons has no reason
to change if the beaming is wider or tilted. If the tilt angle is too large, but in this case no (or very little)
electrons are produced within the required area. The energy bins are chosen to contain a similar number of
particles.
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Figure 5: Simulation results. The energy bins are chosen to contain a similar number of particles. TEB
energy spectrum at satellite altitude, assuming different source TGF opening angles (op). All the tested
values do not show significant difference.
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Figure 6: Simulation results. The energy bins are chosen to contain a similar number of particles. TEB
energy spectrum at satellite altitude, assuming different source TGF tilt angles (p) with respect to the local
vertical. No significant difference is observed for any value.
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