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Abstract

Terrestrial Gamma-ray Flashes (TGFs) are short flashes of high energy photons, produced by thunderstorms. When interacting

with the atmosphere, they produce relativistic electrons and positrons, and a part gets bounded to geomagnetic field lines

and travels large distances in space. This phenomenon is called a Terrestrial Electron Beam (TEB). The Atmosphere-Space

Interactions Monitor (ASIM) mounted on-board the International Space Station detected a new TEB event on March 24, 2019,

originating from the tropical cyclone Johanina. Using ASIM’s low energy detector, the TEB energy spectrum is resolved down

to 50 keV. We provide a method to constrain the TGF source spectrum based on the detected TEB spectrum. Applied to

this event, it shows that only fully developed RREA spectra are compatible with the observation. More specifically, assuming

a TGF spectrum [?] 1/E exp(-E/ε), the compatible models have ε [?] 6.5 MeV (E is the photon energy and ε is the cut-off

energy). We could not exclude models with ε of 8 and 10 MeV.
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Abstract20

Terrestrial Gamma-ray Flashes (TGFs) are short flashes of high energy photons,21

produced by thunderstorms. When interacting with the atmosphere, they produce rel-22

ativistic electrons and positrons, and a part gets bounded to geomagnetic field lines and23

travels large distances in space. This phenomenon is called a Terrestrial Electron Beam24

(TEB). The Atmosphere-Space Interactions Monitor (ASIM) mounted on-board the In-25

ternational Space Station detected a new TEB event on March 24, 2019, originating from26

the tropical cyclone Johanina. Using ASIM’s low energy detector, the TEB energy spec-27

trum is resolved down to 50 keV. We provide a method to constrain the TGF source spec-28

trum based on the detected TEB spectrum. Applied to this event, it shows that only fully29

developed RREA spectra are compatible with the observation. More specifically, assum-30

ing a TGF spectrum ∝ E−1 exp (−E/ε), the compatible models have ε ≥ 6.5 MeV (E31

is the photon energy and ε is the cut-off energy). We could not exclude models with ε32

of 8 and 10 MeV.33

Plain Language Summary34

Terrestrial Gamma-ray Flashes (TGF), originating from thunderstorms, are the high-35

est energy natural particle acceleration phenomena occurring on Earth. The production36

mechanism of TGFs is not very well understood. When interacting with the atmosphere,37

TGFs produce secondary electrons and positrons, and a part gets bounded to Earth’s38

magnetic field lines, and travels large distances in space. They can be detected by in-39

struments on-board satellites located at the right place (in a window of about 40 km)40

at the right time (in a window of a few milliseconds). This phenomenon is called a Ter-41

restrial Electron Beam (TEB). By detecting the TEB, we can retrieve information about42

the TGF that produced it. In this article we present the first TEB originating from a43

tropical cyclone, and with the lowest energies ever recorded (down to 50 keV). We also44

provide a method to infer properties of the energy distribution of the TGF (producing45

the TEB) based on the energy spectrum of the TEB. Applied to this event, it shows that46

only TGF energy spectra among the most energetic that were proposed are compatible,47

and we cannot exclude even more energetic events.48
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1 Introduction49

Terrestrial Gamma-ray Flashes (TGFs) are short bursts of high energy (< 40 MeV)50

photons, produced during thunderstorms. A review of TGFs theory and observations is51

presented by Dwyer et al. (2012). TGFs were first detected using the BATSE experiment52

on-board the CGRO spacecraft (Fishman et al., 1994). Later, TGFs were recorded by53

the satellites RHESSI (Smith et al., 2005), AGILE (Marisaldi et al., 2014), Fermi (Briggs54

et al., 2010; Roberts et al., 2018), BeppoSAX (Ursi et al., 2017) and the Atmosphere-55

Space Interactions Monitor (ASIM) (Neubert, Østgaard, Reglero, Blanc, et al., 2019).56

ASIM was successfully launched and docked to the International Space Station in April57

2018, and started science operations since June 2018. The first results from ASIM were58

presented by Østgaard, Neubert, et al. (2019); Sarria et al. (2019); Neubert, Østgaard,59

Reglero, Chanrion, et al. (2019).60

When referring to "electrons beams" in the context of TGFs, one can think of two61

different objects. The first is associated with the production process of the TGF. This62

production process takes place, at least for TGF detectable from space, between ≈10 and63

≈15 km altitude. This first type of "electron beam" consists of the Relativistic Runaway64

Electron Avalanche (RREA) producing the TGF’s high energy photons. This RREA is65

not detectable from space since it is is impossible for it to go through the atmosphere66

layer. The second type of "electron beam" is called "terrestrial electron beam" (TEB)67

and is produced higher in the atmosphere by the TGF’s photons, though the processes68

of Compton scattering and electron-positron pair production. Since electron-positron pair69

production is involved, TEBs are composed of a fraction of positrons, typically 10 % to70

30 % (see Briggs et al. (2011), table 1). A TEB is bound ("beamed") around the mag-71

netic field line intercepting the source TGF’s geographical location (Dwyer et al., 2008;72

Cohen et al., 2010; Sarria et al., 2015). Most electrons and positrons forming TEBs are73

produced above 40 km altitude, where the air collision frequency of the electrons (and74

positrons) is comparable to their gyration frequency around geomagnetic field lines. TEBs75

propagate in space and travel large distances in the magnetosphere. TEBs were first re-76

ported from measurements of the CGRO spacecraft (Dwyer et al., 2008). Later, they were77

detected by Fermi (Briggs et al., 2011; Stanbro et al., 2019), BeppoSAX (Ursi et al., 2017),78

AGILE (Lindanger et al., 2020) and ASIM (Sarria et al., 2019). RHESSI probably de-79

tected one or two TEB event(s), but it has not been 100% confirmed yet (Smith et al.,80

2006; Gjesteland, 2012). In general, TEBs are detected much less often than TGFs (e.g.81
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Fermi has a few thousand TGFs and about 30 TEBs) because the detector must be lo-82

cated inside a narrow window of less than a few tens of kilometers along the right ge-83

omagnetic field line (intercepting the TGF source position), and they last for only a few84

milliseconds.85

One of the reasons of studing TEBs is to retrieve information about the TGFs that86

produced them. Briggs et al. (2011) constrained the positron fraction to be between 1087

and 34%, based on 3 events. Positrons fractions are linked to the spectral shape of the88

source TGF, as photons with harder specturms will do more pair production. In Sarria89

et al. (2019), the beaming of the source TGF could be constrained between about 30o90

and 42o (half angle, isotropic within a cone). Another reason to study TEBs is that they91

may have an impact on the inner Van Allen radiation belt, that has not been quantified92

yet (to our knowledge). Even if it is an important question, it is not the subject of the93

present paper.94

One of the most important question regarding TGFs is their production mechanism.95

Two main models are proposed to explain the production of TGFs, and in both, the TGF’s96

photons are produced by high energy electrons through the bremsstrahlung process. These97

high energy electrons form a Relativistic Runaway Electron Avalanche (RREA) (Wilson,98

1924; Gurevich et al., 1992). In the first model, a large scale electric field within thun-99

derclouds is considered. This requires the presence of initial high energy seed electrons,100

that may be provided by cosmic-ray secondaries or background radiation. The background101

electric field is strong enough to produce RREA avalanches, but the RREA mechanism102

alone is not enough to produce bright enough TGFs (i.e. detectable from space, there-103

fore with more than 1016 photons between 50 keV and 40 MeV at source), and a x-ray104

and positron feedback mechanism is required (the "relativistic feedback"); only possi-105

ble if large potentials are available (Dwyer et al., 2003; Babich et al., 2005; Dwyer, 2012;106

Skeltved et al., 2014). This mechanism will produce a discharge of the thundercloud, that107

is of different nature than usual lightning discharges. The resulting high-energy photon108

spectrum given by this model is a so-called "fully-developed" RREA. The development109

of a RREA process can be characterized by the number of avalanche lengths that were110

achieved (that depends on the extend and magnitude of the available electric potential).111

The energy spectrum of the electrons converges to a standard shape (≈ exp(−E/7.3MeV)),112

which is fully obtained with six or more avalanche lengths, even if the total number of113

electrons keeps exponentially increasing with the number of avalanche lengths. Another114
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variant of this model uses a lightning leader to push the background (large scale) field115

above the threshold to trigger the relativistic feedback mechanism (Skeltved et al., 2017).116

The second model of TGF production requires a propagating lightning leader. It117

is sometimes referred as the "leader-streamer" model. It considers that initial seed elec-118

trons are produced by the cold runaway mechanism (Gurevich, 1961), happening in the119

streamer phase or in the leader phase (Moss et al., 2006; Dwyer, 2008; Celestin & Pasko,120

2011; Chanrion et al., 2014; Kohn & Ebert, 2015). These energetic seed electrons follow121

a specific distribution and a fraction of them are then accelerated and multiplied by a122

larger scale electric field, producing a RREA. The larger scale electric field can be the123

field induced by the leader and/or a large scale (background) field in the thunderstorm.124

In principle, leader-based TGF production models do not exclude the possibility of rel-125

ativistic feedback, that could be more or less important (Skeltved et al., 2017). A pa-126

rameter that impacts the energy spectrum of emitted photons the most is the potential127

drop in the leader tip region that is available for the acceleration of energetic electrons.128

Resulting TGF energy spectra for several leader potential drops are presented in Celestin129

et al. (2015), figure 3. They actually correspond to a more or less developed RREA pro-130

cess. Celestin et al. (2012) also showed that energy spectra harder than this character-131

istic fully-developed RREA spectrum could be achieved by involving non-equilibrium ac-132

celeration of electrons. One significant advantage of leader-based TGF models is that133

they propose an unified approach to explain TGF’s X/gamma-ray production, as well134

as x-ray (i.e. softer) emissions from lightning propagating leaders, that were observed135

from ground, balloons and aircraft (Dwyer et al., 2003, 2004, 2005, 2011). Mailyan et136

al. (2019) presented the first study that confronted leader models to TGFs recorded by137

the Fermi space telescope, with tested potential drops ≤ 200 MV. They found that light-138

ning leader models with potentials of 200 MV and tilted beams gave the best fit to the139

data in most of the analyzed TGF events. However, the range of compatible models is140

found to be quite wide.141

In this article, we report the second TEB event detected by ASIM on 24 March 2019.142

Compared to the previous event (presented in Sarria et al. (2019)), data from the two143

detectors are available: the pixelated Low-Energy detector (50-400 keV) and the High144

Energy Detector (300 keV-30 MeV), that permits an unprecedented spectral analysis of145

a TEB event. In section 2, we present the instruments that were used. In section 3 we146
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present the event. In section 4 we present the methods and models we use for the spec-147

tral analysis. In section 5 we show the results of the analysis. We conclude in section 6.148

2 Instruments149

The ASIM payload (Neubert, Østgaard, Reglero, Blanc, et al., 2019) consists of two150

main instruments, the Modular X- and Gamma-ray Sensor (MXGS) (Østgaard, Balling,151

et al., 2019) and the Modular Multi-spectral Imaging Array (MMIA) (Chanrion et al.,152

2019). ASIM is mounted on the International Space Station (ISS) orbiting the Earth at153

about 400 kilometers altitude with an inclination of 51.6o. MXGS consists of two detec-154

tors for detecting X- and gamma-rays. The MXGS Low-Energy Detector (LED) is layer155

of 16384 pixels of Cadmium-Zink-Telluride (CZT) detector crystals, sensitive to photons156

with energies from 50 keV to about 400 keV. The MXGS High Energy Detector (HED)157

comprises 12 Bismuth-Germanium-Oxide (BGO) detector modules coupled to photomul-158

tiplier tubes (PMT), sensitive in the energy range of 300 keV to about 40 MeV.159

GLD360 (VAISALA) is a network of ground-based lightning sensors (1 kHz-350 kHz)160

detecting both Cloud-to-Groung and Intra-Cloud lightning. The GLD360 sensors use a161

combination of magnetic direction finding and time-of-arrival calculations (from 4 sta-162

tions or more) to geolocate the lightning source (see acknowledgments for more details).163

The typical uncertainty on location is about 2.5 km and it can vary a lot with geograph-164

ical location (Rudlosky et al., 2017).165

We also present data provided by the Meteosat-11 geostationary satellite, that pro-166

vides regular scans of cloud coverage at several wavelengths (used data comes from band167

4, at 3.9 µm, with a 3 km spatial resolution). See acknowledgments for more informa-168

tion.169

3 Observation170

Figure 1 shows a map of the event together with Satellite imagery that was pro-171

vided by the geostationary satellite Meteosat-11. The ASIM trigger UTC time is 2019-172

Mar-24 00:31:53.135444 and the ISS was located at latitude of φ = 0.157o, longitude173

of λ = 55.301o and altitude of h = 408.6 km, that is above the Indian ocean, close to174

Madagascar. The ASIM clock has a -20 to 30 ms absolute timing uncertainty with re-175

spect to GPS UTC time. A VAISALA (GLD360) discharge event with a UTC time of176
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2019-03-24 00:31:53.134000 (∆t = 1.44 ms) was found very close to the southern mag-177

netic line footpoint (at 45 km altitude) intercepting the ISS position : [φGLD360 = −7.049o,178

λGLD360 = 55.912o] and [φmag,s = −7.007o, λmag,s = 55.923o] that gives ∆r = 4.82 km.179

Note that the GLD360 location uncertainty can be up to 20 km for this event, and the180

uncertainty in the ISS position is of the same order. The northern magnetic field line181

footpoint is located at [φmag,n = 20.524o, λmag,n = 55.099o], but no lightning activ-182

ity was observed close to it. No lightning activity was detected by GLD360 below the183

ISS, within 540 km and ±1 second around the trigger time. The MMIA photometers did184

not detect any lightning activity below the ISS as well.185

From satellite imagery (figure 1), it appears that the southern magnetic field line186

footpoint is located in the rainbands of a tropical cyclone, named "Joaninha". It is the187

first time that the detection of a TEB associated to a TGF produced in a cyclone is re-188

ported.189

Figure 2.a shows the recorded lightcurves for LED and HED, as well as a model-190

ing result. The latter is obtained using what will be referred as the "consensus model",191

that assumes a source TGF located at the southern magnetic footpoint, at 12 km alti-192

tude, with an angular distribution following a Gaussian distribution with σθ = 20o (cen-193

tered on zenith), and with an energy spectrum ∝ E−1 exp(−E/7.3 MeV) (maximum194

energy set to 40 MeV). More information about the modeling is presented in the next195

section. The consensus model gives a very good fit to the data (see figure label). Fig-196

ure 2.b shows the spectra recorded by the MXGS instrument for LED and HED. There197

is a total of 168 counts in HED and 307 counts in LED. The error bars are 1-σ (≈68 %198

interval) assuming Poisson statistics on the count values given by the model. The spec-199

trum shows a strong line at 511 keV, that is expected because the electron beams con-200

tains a significant fraction of positrons. The consensus model gives a very good fit to the201

spectral data as well (see figure label), and a positron to electron ratio of 16.1 %. This202

value is comparable to previous results (Briggs et al., 2011).203

4 Method to constrain the source TGF spectrum204

As presented in the introduction, for any considered TGF production scenario, the205

spectral shape for the TGF is governed by the RREA process that produces high-energy206

photons through the bremsstrahlung process. A RREA can be more or less developed207
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depending on how many avalanches lengths have been achieved, that depends on the avail-208

able potential (in the leader and/or background electric field) and the extend of the elec-209

tric field(s). When the RREA process is close to being fully developed, the resulting TGF210

photon energy spectrum can be well approximated with equation 1:211

f(E) ∝ E−1 exp (−E/ε) ,with E < Em (1)

Where E is the energy, ε is a cut-off energy and Em is the maximum allowed en-212

ergy. TGF energy spectra from fully-developed RREA are excepted to have ε ≥ 5 MeV213

(Dwyer, 2012; Skeltved et al., 2014; Sarria et al., 2018). Typical TGFs spectra used in214

the literature have ε = 6.5 to 7.3 MeV, with Em of 30 to 40 MeV. TGF production mod-215

els based on a propagating lightning leader can, in theory, produce bright TGFs (i.e. de-216

tectable from space, therefore with more than 1016 photons at source) but that shows217

a partially developed RREA spectrum. This is because, for these models, typically 1012218

(or more) energetic electrons are initially provided by the cold runaway mechanism. Leader219

models with potential drops as low as ≈ 160 MV could potentially produce bright TGFs220

(see Celestin et al. (2015), table 1). By "potential drop", it is meant the potential dif-221

ference between the tip of the lightning leader and the ambient potential.222

Equation 1 can fit a fully-developed RREA (using ε ≥ 5 MeV, Em = 40 MeV),223

as well as partially developped RREA energy spectra resulting from leader models. The224

leader 300 MV model from Celestin et al. (2015) (figure 3) can be fit by equation 1 with225

ε = 4.7 MeV and Em = 30 MeV as it is close to a fully-developed RREA spectrum.226

The 160 MV leader model can be fit by equation 1 using ε = 4.3 MeV and Em = 20 MeV.227

In the cases of potential drops of 160 and 300 MV, the initial electron’s positions are set228

at 2 meter and 3.5 meter from the leader tip, respectively, because of the shielding of the229

electric field (Skeltved et al., 2017). The corresponding effective electric potential drops230

(i.e. that the energetic electrons can use) are respectively 28 MV, and 53 MV (Celestin231

et al., 2015).232

In addition to the 160 and 300 MV leader spectra, we chose to test spectra with233

ε equal to 6.5 MeV, 7.3 MeV, 8 MeV and 10 MeV (all using Em = 40 MeV). The first234

two values correspond to values used in the literature (Dwyer et al., 2012; Bowers et al.,235

2017; Sarria et al., 2018; Xu et al., 2019). After looking at the preliminary results us-236

ing these two values, we decided to add ε = 8 MeV and ε = 10 MeV. These last two237
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values were primarily added on an ad hoc basis, but a physical justification is that, in238

theory, non-uniform electric fields in leader models can also produce TGF spectra harder239

than typical fully-developed RREA if non-uniform electric fields are involved (Celestin240

et al., 2012). We decided not to go above ε =10 MeV and Em = 40 MeV, since such241

high energies are irrelevant for TGFs.242

To generate a simulated ASIM spectrum, we proceeded to forward modeling of the243

recorded spectrum, using a two stage simulation. In the first stage, a TGF is started at244

12 km altitude, assuming one of the initial energy spectra models, and is propagated to245

the ISS altitude using the Geant4-based Monte-Carlo model presented in Sarria et al.246

(2019) and publicly available (see acknowledgments). Energy, 3D-momentum, and times247

of electrons/positrons reaching the ISS within a radius of 80 km (at ISS altitude) are saved.248

At the end of this stage, at least 1 million particle records are required for each tested249

source TGF spectrum model.250

In the second stage, the recorded electrons/positrons are used as input of the ASIM251

mass model to simulate the response of the instrument. It includes a local geomagnetic252

field, and a rotation of frame of reference (Earth to ISS) is applied. The used mass model253

includes the ASIM detectors (MXGS, MMIA), the instrument platform, as well as non-254

negligible surrounding elements (e.g. the Columbus module). The energy deposition on255

the detectors can be direct, i.e. electrons/positrons hitting directly a CZT or BGO crys-256

tal, or indirect. In the indirect case, electrons/positrons emit bremsstrahlung photons257

by interaction with the surrounding material that hit at least one crystal. Photons can258

also come from annihilating positrons, with specific energy of 511 keV. For HED, because259

of the shielding, about 98 % of the energy deposition is due to indirect hits into the BGO260

crystals. For LED, direct hits are more important: about 72 % of the energy deposition.261

This explains why the effective area of LED is larger than HED when considering inci-262

dent electrons/positrons. The effective area is calculated as the geometrical area (≈ 900263

cm2 for HED and ≈ 1024 cm2 for LED) multiplied by the probability of an incident TEB264

electron to deposit more than 300 keV into at least one BGO crystal (for HED), or more265

than 50 keV into at least one CZT pixel (for LED).266

At the end of the second stage, a simulation data set in the form of a list of detected267

time and energy counts is generated. To be able to completely neglect the simulation noise,268

it is required to have at least 1,000,000 counts on each detector to build each energy spec-269
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trum and calculate the effective areas. The final modeled spectra also include a back-270

ground component build from real background data.271

A key feature of performing spectral analysis on the TEB, instead of TGF, is that272

the energy spectrum of the constituting electrons and positrons above 100 km altitude273

is only weakly dependent on the following parameters:274

• the radial distance between the TEB center and the ISS. The concept of radial275

is presented more precisely in the supporting information, Figure A.1.276

• the beaming and the tilt angles of the source TGF.277

• the source altitude of the TGF, if set between 10 and 15 km.278

Actually, we found that the spectrum of the source TGF mostly affects the spec-279

trum of the detected TEB. This permit a substantial simplification of the problem as280

it reduces drastically the number of free parameters to include in the analysis. Since these281

three points are crucial for this analysis, we provide in the supporting information doc-282

ument more detailed arguments and simulation results supporting those three points.283

It includes the results of the procedure described below if applied to source TGF alti-284

tudes of 10 and 15 km, and various opening angle distribution and tilt angles. The ef-285

fect of the source TGF altitude is small and does not affect significantly the results pre-286

sented next (this issue discussed into details in the supporting information, section B).287

In the following, we fix the model to the "consensus" source altitude to 12 km, the an-288

gular distribution to σ = 20o, and the tilt angle to 0o.289

The simulated spectra are evaluated with respect to the observation, separately for290

the LED (50 to 370 keV) and the HED (0.3 to 40 MeV), and with both detectors together.291

To compare the modeling results to the observation, we use a likelihood analysis, a χ2
292

analysis (Eadie et al., 1971; Martin, 1971; Lyons, 1986), and the effective LED/HED area293

ratio. Note that these three methods are not independent as they used on the same datasets:294

the list of measured and simulated energy by HED and LED, taken together or separately.295

For the likelihood analysis, a value of −2 ln(L), the Negative Log-Likelihood, is cal-296

culated. The model with the lowest value of −2 ln(L) is considered being the best de-297

scription of the observation. Models are considered to be also possible if their −2 ln(L)298

values have a difference that is less than a threshold value τ . We calculated that τ ≈299

5 for a confidence level of about 99%, similar to the one used by Mailyan et al. (2016)300
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for Fermi-GBM observations. This value assumes that −2 ln(L) evolves following approx-301

imately a normal (a.k.a. Gaussian) distribution with respect to the free parameter(s).302

In the following, we present the values ∆mle, that are the values of −2 ln(L) subtracted303

by the value of −2 ln(L) for the best model. Therefore the best model has ∆mle = 0304

and compatible models have ∆mle ≤ τ . A verification if a given model was found not305

better than another just because of random fluctuations ("by chance") is also performed.306

For completeness, we also provide a reduced χ2 value, noted χ2
r. If χ2

r is below a307

critical value, the model is considered compatible with the measurement, and above the308

model is considered incompatible. The Pearson’s χ2 method is affected by choice of bin-309

ning (i.e. energy intervals chosen to built the spectra). To mitigate this effect, we chose310

a binning with at least 7 measurement counts on each bin for HED, and at least 10 for311

LED. These two binnings are used to make the spectra presented in Figure 2.b. Given312

the used binning, the critical value χ2
r,c is 1.94 (8 degrees of freedom) for LED, 1.75 for313

HED (12 degrees of freedom) and 1.57 for the combination of both (20 degrees of free-314

dom).315

Compared to the Pearson’s χ2, the maximum likelihood analysis presents the ad-316

vantage of not relying on a bining of the measurement data: it keeps all its granularity,317

i.e. no information is lost by binning the measurements. The maximum likelihood anal-318

ysis is better suited than the χ2 to estimate which model is the best description of the319

observation (see, for example, Hauschild and Jentschel (2001))320

5 Results and discussion321

Table 1 summarizes the results of this study. The models are sorted according the322

prevalence of high energies (also called "hardness") or, equivalently, by decreasing LED/HED323

effective area ratio. As indicated in the previous section, three main evaluation criteria324

are presented: the reduced Pearson’s χ2
r, the maximum likelihood, and the LED/HED325

effective area ratio.326

Concerning the LED spectral fits (table 1), all the models give good fits, using the327

χ2
r or the Maximum likelihood analysis. We interpret this as the energy range of 50 keV328

to 370 keV being too narrow to discriminate between the models. Concerning the HED329

spectral fits, looking at the χ2
r values, only the 160 MV leader model is found incompat-330

ible. This criterion gives similar conclusions when LED and HED spectra are combined.331
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The maximum likelihood analysis on the HED spectrum indicates that the best model332

is for ε = 8 MeV. The fit for ε = 7.3 MeV is also very close. It indicates that the leader333

300 MV model and harder spectra are also possible explanations. If LED and HED spec-334

tra are combined, the best model is then ε = 10 MeV (but ε = 8 MeV is a very close335

fit here as well), and only models with ε = 6.5 MeV or greater are compatible.336

Since 307 counts are observed for LED (> 50 keV) and 168 for HED (> 300 keV),337

the observed ratio is 1.83. Considering that the two count numbers individually follow338

a Poisson statistic (but the ratio does not), the uncertainty on the ratio is ±0.35 (95%339

interval). It implies that, using this criterion, the two leader-based source TGF spectral340

models (160 MV and 300 MV) are incompatible. The effective area ratio analysis indi-341

cates that the models with ε ≥ 6.5 MeV are compatible. In particular we cannot ex-342

clude ε = 8 and ε = 10 MeV. A similar conclusion is obtained with the maximum like-343

lihood analysis (see last paragraph).344

For this event, TGF spectra harder than previously expected are possible. AGILE345

did report observations of TGF surprisingly hard (up to 100 MeV), but they were later346

found explainable from instrumental effects (Marisaldi et al., 2019). It does not exclude347

that the mechanism presented in (Celestin et al., 2012), used first to explain TGF spec-348

tra up to 100 MeV, could not be responsible for producing TGFs with a bit harder en-349

ergy spectra than fully-developed RREA.350

The results presented in this article are also only valid for a single event, and it does351

not imply that leader models with potentials of 300 MV or less could explain other TGF352

(and TEB) events. It is also possible that because our method relies on the detection353

of a TEB, we are biased towards a population of strong TGFs, necessitating fully-developed354

RREAs. TGFs that could originate from non-fully-developed RREAs (leader models)355

may never (or very rarely) produce a detectable TEB. This question could be address-356

able in the future, by applying this analysis to more TEB events. We list possibilities357

of new studies in the next section.358

Finally, table 1 also indicates the positron/electron ratio. The model giving the best359

fit (ε = 10 MeV) gives a ratio of 18.3%, and the range of compatible models give a ra-360

tio ranging from 15.2% to 18.3%. This range is compatible with estimations from the361

Fermi space telescope team (Briggs et al., 2011).362
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6 Conclusions and future work363

We reported the observation of a Terrestrial Electron Beam by ASIM on March 24,364

2019, originating from the rainbands of the tropical cyclone Johanina. The associated365

lightning stroke was detected by the GLD360 network (VAISALA) in close temporal as-366

sociation and very close to the ISS’s south magnetic field line footpoint. The TEB spec-367

trum was resolved down to 50 keV for the first time, using ASIM’s low energy detector.368

A method to constrain the TGF source energy spectrum based on the TEB detection369

was presented. It relies on a key reduction of the number of free parameters (altitude,370

angular distribution, radial distance) possible due to TEB’s properties. Comprehensive371

Monte-Carlo simulations were performed to reproduce the observation, assuming sev-372

eral (energy) spectral shapes of the source TGF. Using three criteria to evaluate the sim-373

ulation results with respect to the observation (Maximum likelihood, Pearson’s χ2
r and374

LED/HED count ratio), we showed that source TGF with, at least, a fully-developed375

RREA spectrum ∝ E−1 exp (−E/ε) (with ε ≥ 6.5 MeV, Em = 40 MeV) is compatible376

with the observation. We could not exclude harder models with ε = 8 MeV (Em = 40 MeV)377

and 10 MeV (Em = 40 MeV), that could potentially be explained by non-equilibrium378

acceleration of energetic electrons in lightning (Celestin et al., 2012).379

In the future, we expect that a larger number of events will be processed using the380

method presented in this article. For ASIM, it will not be possible before several more381

years of data gathering, since it currently detects about 4 TEB a year, and not all of them382

present LED data (only turned ON during the night time of the ISS) or enough counts383

on LED and HED. In principle, the method presented in this article could also be ap-384

plied/translated to events from the Fermi GBM TGF/TEB catalog (Roberts et al., 2018),385

that currently contains about 30 TEB events. Fermi GBM has and high energy (BGO-386

based) detectors that covers an energy range of ≈ 150 keV to ≈ 30 MeV. GBM’s NaI387

detectors could also be used in principle (with an energy range of a few keV to 1 MeV)388

but no TEB spectrum using it was reported yet. Since TEB events present lower fluxes389

(counts per second) than TGFs (typically 20 times), it makes the spectral analysis much390

less challenging than for TGF events. Instrumental effects (dead-time, pile-up), affect-391

ing TGF analysis, can be mostly (if not totally) ignored for TEB spectral analysis.392
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Model
Effective area

in cm2

Effective

area ratio

Maximum

likelihood analysis

result ∆mle

Pearson’s

χ2
r

e+/e−

ratio

LED HED LED HED Co. LED HED Co.

“Leader 160 MV”

ε = 4.3MeV

Em = 19.2 MeV

122.0 43.7 2.79 0 19.0 22.5 0.84 1.97 1.66 10.3 %

“Leader 300 MV”

ε = 4.7MeV

Em = 32 MeV

141.5 61.0 2.32 0 3.4 7.1 0.88 1.04 1.31 13.3 %

ε = 6.5MeV

Em = 40 MeV
156.0 74.4 2.10 0.2 0.8 3.1 0.89 0.87 1.27 15.2 %

ε = 7.3MeV

Em = 40 MeV
162.2 80.4 2.02 0.3 0.2 1.9 0.88 0.85 1.28 16.1 %

ε = 8MeV

Em = 40 MeV
168.4 85.5 1.97 0.5 0 1.1 0.89 0.84 1.29 16.8 %

ε = 10MeV

Em = 40 MeV
177.8 94.7 1.88 0.5 1.0 0 0.90 0.83 1.30 18.3 %

Compatibility

range

n.a. 1.82±0.35 ≤ 5 ≤ 1.94 ≤ 1.75 ≤ 1.57 n.a.

Table 1. Table summarizing the comparison of the tested spectral models with the mea-

surement. Three main criteria are presented: the LED/HED effective area ratio, the maximum

likelihood and the Pearson’s χ2
r. “Co.” stands for the LED and HED combination. The compat-

ibility range for the different criteria are also indicated. Bold values indicate compatible models

for the given criteria (column).
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Figure 1. Image from geostationary satellite Meteosat-11 around 00:30 UTC, about 1 minute

and 53 seconds before the ASIM trigger. The image comes from the optical band 4 (3.9� m, 3

km resolution). The tropical cyclone Joaninha can be seen in the south-east part of the picture

and extends over a thousand of kilometers. The positions of the International Space Station

(ISS), the GLD360 match (V), and the magnetic �eld line footpoint (M) are indicated. The

track of the Earth's magnetic �eld line (blue dashed line) and of ISS trajectory (green dashed

line) are also showed. Point V is very close to M in both location ( � r = 4 :82 km) and time

(� t = 1 :44 ms), and is located in the north-western rainbands of the cyclone.
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Abstract20

Terrestrial Gamma-ray Flashes (TGFs) are short flashes of high energy photons,21

produced by thunderstorms. When interacting with the atmosphere, they produce rel-22

ativistic electrons and positrons, and a part gets bounded to geomagnetic field lines and23

travels large distances in space. This phenomenon is called a Terrestrial Electron Beam24

(TEB). The Atmosphere-Space Interactions Monitor (ASIM) mounted on-board the In-25

ternational Space Station detected a new TEB event on March 24, 2019, originating from26

the tropical cyclone Johanina. Using ASIM’s low energy detector, the TEB energy spec-27

trum is resolved down to 50 keV. We provide a method to constrain the TGF source spec-28

trum based on the detected TEB spectrum. Applied to this event, it shows that only fully29

developed RREA spectra are compatible with the observation. More specifically, assum-30

ing a TGF spectrum ∝ E−1 exp (−E/ε), the compatible models have ε ≥ 6.5 MeV (E31

is the photon energy and ε is the cut-off energy). We could not exclude models with ε32

of 8 and 10 MeV.33

Plain Language Summary34

Terrestrial Gamma-ray Flashes (TGF), originating from thunderstorms, are the high-35

est energy natural particle acceleration phenomena occurring on Earth. The production36

mechanism of TGFs is not very well understood. When interacting with the atmosphere,37

TGFs produce secondary electrons and positrons, and a part gets bounded to Earth’s38

magnetic field lines, and travels large distances in space. They can be detected by in-39

struments on-board satellites located at the right place (in a window of about 40 km)40

at the right time (in a window of a few milliseconds). This phenomenon is called a Ter-41

restrial Electron Beam (TEB). By detecting the TEB, we can retrieve information about42

the TGF that produced it. In this article we present the first TEB originating from a43

tropical cyclone, and with the lowest energies ever recorded (down to 50 keV). We also44

provide a method to infer properties of the energy distribution of the TGF (producing45

the TEB) based on the energy spectrum of the TEB. Applied to this event, it shows that46

only TGF energy spectra among the most energetic that were proposed are compatible,47

and we cannot exclude even more energetic events.48
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1 Introduction49

Terrestrial Gamma-ray Flashes (TGFs) are short bursts of high energy (< 40 MeV)50

photons, produced during thunderstorms. A review of TGFs theory and observations is51

presented by Dwyer et al. (2012). TGFs were first detected using the BATSE experiment52

on-board the CGRO spacecraft (Fishman et al., 1994). Later, TGFs were recorded by53

the satellites RHESSI (Smith et al., 2005), AGILE (Marisaldi et al., 2014), Fermi (Briggs54

et al., 2010; Roberts et al., 2018), BeppoSAX (Ursi et al., 2017) and the Atmosphere-55

Space Interactions Monitor (ASIM) (Neubert, Østgaard, Reglero, Blanc, et al., 2019).56

ASIM was successfully launched and docked to the International Space Station in April57

2018, and started science operations since June 2018. The first results from ASIM were58

presented by Østgaard, Neubert, et al. (2019); Sarria et al. (2019); Neubert, Østgaard,59

Reglero, Chanrion, et al. (2019).60

When referring to "electrons beams" in the context of TGFs, one can think of two61

different objects. The first is associated with the production process of the TGF. This62

production process takes place, at least for TGF detectable from space, between ≈10 and63

≈15 km altitude. This first type of "electron beam" consists of the Relativistic Runaway64

Electron Avalanche (RREA) producing the TGF’s high energy photons. This RREA is65

not detectable from space since it is is impossible for it to go through the atmosphere66

layer. The second type of "electron beam" is called "terrestrial electron beam" (TEB)67

and is produced higher in the atmosphere by the TGF’s photons, though the processes68

of Compton scattering and electron-positron pair production. Since electron-positron pair69

production is involved, TEBs are composed of a fraction of positrons, typically 10 % to70

30 % (see Briggs et al. (2011), table 1). A TEB is bound ("beamed") around the mag-71

netic field line intercepting the source TGF’s geographical location (Dwyer et al., 2008;72

Cohen et al., 2010; Sarria et al., 2015). Most electrons and positrons forming TEBs are73

produced above 40 km altitude, where the air collision frequency of the electrons (and74

positrons) is comparable to their gyration frequency around geomagnetic field lines. TEBs75

propagate in space and travel large distances in the magnetosphere. TEBs were first re-76

ported from measurements of the CGRO spacecraft (Dwyer et al., 2008). Later, they were77

detected by Fermi (Briggs et al., 2011; Stanbro et al., 2019), BeppoSAX (Ursi et al., 2017),78

AGILE (Lindanger et al., 2020) and ASIM (Sarria et al., 2019). RHESSI probably de-79

tected one or two TEB event(s), but it has not been 100% confirmed yet (Smith et al.,80

2006; Gjesteland, 2012). In general, TEBs are detected much less often than TGFs (e.g.81
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Fermi has a few thousand TGFs and about 30 TEBs) because the detector must be lo-82

cated inside a narrow window of less than a few tens of kilometers along the right ge-83

omagnetic field line (intercepting the TGF source position), and they last for only a few84

milliseconds.85

One of the reasons of studing TEBs is to retrieve information about the TGFs that86

produced them. Briggs et al. (2011) constrained the positron fraction to be between 1087

and 34%, based on 3 events. Positrons fractions are linked to the spectral shape of the88

source TGF, as photons with harder specturms will do more pair production. In Sarria89

et al. (2019), the beaming of the source TGF could be constrained between about 30o90

and 42o (half angle, isotropic within a cone). Another reason to study TEBs is that they91

may have an impact on the inner Van Allen radiation belt, that has not been quantified92

yet (to our knowledge). Even if it is an important question, it is not the subject of the93

present paper.94

One of the most important question regarding TGFs is their production mechanism.95

Two main models are proposed to explain the production of TGFs, and in both, the TGF’s96

photons are produced by high energy electrons through the bremsstrahlung process. These97

high energy electrons form a Relativistic Runaway Electron Avalanche (RREA) (Wilson,98

1924; Gurevich et al., 1992). In the first model, a large scale electric field within thun-99

derclouds is considered. This requires the presence of initial high energy seed electrons,100

that may be provided by cosmic-ray secondaries or background radiation. The background101

electric field is strong enough to produce RREA avalanches, but the RREA mechanism102

alone is not enough to produce bright enough TGFs (i.e. detectable from space, there-103

fore with more than 1016 photons between 50 keV and 40 MeV at source), and a x-ray104

and positron feedback mechanism is required (the "relativistic feedback"); only possi-105

ble if large potentials are available (Dwyer et al., 2003; Babich et al., 2005; Dwyer, 2012;106

Skeltved et al., 2014). This mechanism will produce a discharge of the thundercloud, that107

is of different nature than usual lightning discharges. The resulting high-energy photon108

spectrum given by this model is a so-called "fully-developed" RREA. The development109

of a RREA process can be characterized by the number of avalanche lengths that were110

achieved (that depends on the extend and magnitude of the available electric potential).111

The energy spectrum of the electrons converges to a standard shape (≈ exp(−E/7.3MeV)),112

which is fully obtained with six or more avalanche lengths, even if the total number of113

electrons keeps exponentially increasing with the number of avalanche lengths. Another114

–4–



manuscript submitted to Geophysical Research Letters

variant of this model uses a lightning leader to push the background (large scale) field115

above the threshold to trigger the relativistic feedback mechanism (Skeltved et al., 2017).116

The second model of TGF production requires a propagating lightning leader. It117

is sometimes referred as the "leader-streamer" model. It considers that initial seed elec-118

trons are produced by the cold runaway mechanism (Gurevich, 1961), happening in the119

streamer phase or in the leader phase (Moss et al., 2006; Dwyer, 2008; Celestin & Pasko,120

2011; Chanrion et al., 2014; Kohn & Ebert, 2015). These energetic seed electrons follow121

a specific distribution and a fraction of them are then accelerated and multiplied by a122

larger scale electric field, producing a RREA. The larger scale electric field can be the123

field induced by the leader and/or a large scale (background) field in the thunderstorm.124

In principle, leader-based TGF production models do not exclude the possibility of rel-125

ativistic feedback, that could be more or less important (Skeltved et al., 2017). A pa-126

rameter that impacts the energy spectrum of emitted photons the most is the potential127

drop in the leader tip region that is available for the acceleration of energetic electrons.128

Resulting TGF energy spectra for several leader potential drops are presented in Celestin129

et al. (2015), figure 3. They actually correspond to a more or less developed RREA pro-130

cess. Celestin et al. (2012) also showed that energy spectra harder than this character-131

istic fully-developed RREA spectrum could be achieved by involving non-equilibrium ac-132

celeration of electrons. One significant advantage of leader-based TGF models is that133

they propose an unified approach to explain TGF’s X/gamma-ray production, as well134

as x-ray (i.e. softer) emissions from lightning propagating leaders, that were observed135

from ground, balloons and aircraft (Dwyer et al., 2003, 2004, 2005, 2011). Mailyan et136

al. (2019) presented the first study that confronted leader models to TGFs recorded by137

the Fermi space telescope, with tested potential drops ≤ 200 MV. They found that light-138

ning leader models with potentials of 200 MV and tilted beams gave the best fit to the139

data in most of the analyzed TGF events. However, the range of compatible models is140

found to be quite wide.141

In this article, we report the second TEB event detected by ASIM on 24 March 2019.142

Compared to the previous event (presented in Sarria et al. (2019)), data from the two143

detectors are available: the pixelated Low-Energy detector (50-400 keV) and the High144

Energy Detector (300 keV-30 MeV), that permits an unprecedented spectral analysis of145

a TEB event. In section 2, we present the instruments that were used. In section 3 we146
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present the event. In section 4 we present the methods and models we use for the spec-147

tral analysis. In section 5 we show the results of the analysis. We conclude in section 6.148

2 Instruments149

The ASIM payload (Neubert, Østgaard, Reglero, Blanc, et al., 2019) consists of two150

main instruments, the Modular X- and Gamma-ray Sensor (MXGS) (Østgaard, Balling,151

et al., 2019) and the Modular Multi-spectral Imaging Array (MMIA) (Chanrion et al.,152

2019). ASIM is mounted on the International Space Station (ISS) orbiting the Earth at153

about 400 kilometers altitude with an inclination of 51.6o. MXGS consists of two detec-154

tors for detecting X- and gamma-rays. The MXGS Low-Energy Detector (LED) is layer155

of 16384 pixels of Cadmium-Zink-Telluride (CZT) detector crystals, sensitive to photons156

with energies from 50 keV to about 400 keV. The MXGS High Energy Detector (HED)157

comprises 12 Bismuth-Germanium-Oxide (BGO) detector modules coupled to photomul-158

tiplier tubes (PMT), sensitive in the energy range of 300 keV to about 40 MeV.159

GLD360 (VAISALA) is a network of ground-based lightning sensors (1 kHz-350 kHz)160

detecting both Cloud-to-Groung and Intra-Cloud lightning. The GLD360 sensors use a161

combination of magnetic direction finding and time-of-arrival calculations (from 4 sta-162

tions or more) to geolocate the lightning source (see acknowledgments for more details).163

The typical uncertainty on location is about 2.5 km and it can vary a lot with geograph-164

ical location (Rudlosky et al., 2017).165

We also present data provided by the Meteosat-11 geostationary satellite, that pro-166

vides regular scans of cloud coverage at several wavelengths (used data comes from band167

4, at 3.9 µm, with a 3 km spatial resolution). See acknowledgments for more informa-168

tion.169

3 Observation170

Figure 1 shows a map of the event together with Satellite imagery that was pro-171

vided by the geostationary satellite Meteosat-11. The ASIM trigger UTC time is 2019-172

Mar-24 00:31:53.135444 and the ISS was located at latitude of φ = 0.157o, longitude173

of λ = 55.301o and altitude of h = 408.6 km, that is above the Indian ocean, close to174

Madagascar. The ASIM clock has a -20 to 30 ms absolute timing uncertainty with re-175

spect to GPS UTC time. A VAISALA (GLD360) discharge event with a UTC time of176
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2019-03-24 00:31:53.134000 (∆t = 1.44 ms) was found very close to the southern mag-177

netic line footpoint (at 45 km altitude) intercepting the ISS position : [φGLD360 = −7.049o,178

λGLD360 = 55.912o] and [φmag,s = −7.007o, λmag,s = 55.923o] that gives ∆r = 4.82 km.179

Note that the GLD360 location uncertainty can be up to 20 km for this event, and the180

uncertainty in the ISS position is of the same order. The northern magnetic field line181

footpoint is located at [φmag,n = 20.524o, λmag,n = 55.099o], but no lightning activ-182

ity was observed close to it. No lightning activity was detected by GLD360 below the183

ISS, within 540 km and ±1 second around the trigger time. The MMIA photometers did184

not detect any lightning activity below the ISS as well.185

From satellite imagery (figure 1), it appears that the southern magnetic field line186

footpoint is located in the rainbands of a tropical cyclone, named "Joaninha". It is the187

first time that the detection of a TEB associated to a TGF produced in a cyclone is re-188

ported.189

Figure 2.a shows the recorded lightcurves for LED and HED, as well as a model-190

ing result. The latter is obtained using what will be referred as the "consensus model",191

that assumes a source TGF located at the southern magnetic footpoint, at 12 km alti-192

tude, with an angular distribution following a Gaussian distribution with σθ = 20o (cen-193

tered on zenith), and with an energy spectrum ∝ E−1 exp(−E/7.3 MeV) (maximum194

energy set to 40 MeV). More information about the modeling is presented in the next195

section. The consensus model gives a very good fit to the data (see figure label). Fig-196

ure 2.b shows the spectra recorded by the MXGS instrument for LED and HED. There197

is a total of 168 counts in HED and 307 counts in LED. The error bars are 1-σ (≈68 %198

interval) assuming Poisson statistics on the count values given by the model. The spec-199

trum shows a strong line at 511 keV, that is expected because the electron beams con-200

tains a significant fraction of positrons. The consensus model gives a very good fit to the201

spectral data as well (see figure label), and a positron to electron ratio of 16.1 %. This202

value is comparable to previous results (Briggs et al., 2011).203

4 Method to constrain the source TGF spectrum204

As presented in the introduction, for any considered TGF production scenario, the205

spectral shape for the TGF is governed by the RREA process that produces high-energy206

photons through the bremsstrahlung process. A RREA can be more or less developed207
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depending on how many avalanches lengths have been achieved, that depends on the avail-208

able potential (in the leader and/or background electric field) and the extend of the elec-209

tric field(s). When the RREA process is close to being fully developed, the resulting TGF210

photon energy spectrum can be well approximated with equation 1:211

f(E) ∝ E−1 exp (−E/ε) ,with E < Em (1)

Where E is the energy, ε is a cut-off energy and Em is the maximum allowed en-212

ergy. TGF energy spectra from fully-developed RREA are excepted to have ε ≥ 5 MeV213

(Dwyer, 2012; Skeltved et al., 2014; Sarria et al., 2018). Typical TGFs spectra used in214

the literature have ε = 6.5 to 7.3 MeV, with Em of 30 to 40 MeV. TGF production mod-215

els based on a propagating lightning leader can, in theory, produce bright TGFs (i.e. de-216

tectable from space, therefore with more than 1016 photons at source) but that shows217

a partially developed RREA spectrum. This is because, for these models, typically 1012218

(or more) energetic electrons are initially provided by the cold runaway mechanism. Leader219

models with potential drops as low as ≈ 160 MV could potentially produce bright TGFs220

(see Celestin et al. (2015), table 1). By "potential drop", it is meant the potential dif-221

ference between the tip of the lightning leader and the ambient potential.222

Equation 1 can fit a fully-developed RREA (using ε ≥ 5 MeV, Em = 40 MeV),223

as well as partially developped RREA energy spectra resulting from leader models. The224

leader 300 MV model from Celestin et al. (2015) (figure 3) can be fit by equation 1 with225

ε = 4.7 MeV and Em = 30 MeV as it is close to a fully-developed RREA spectrum.226

The 160 MV leader model can be fit by equation 1 using ε = 4.3 MeV and Em = 20 MeV.227

In the cases of potential drops of 160 and 300 MV, the initial electron’s positions are set228

at 2 meter and 3.5 meter from the leader tip, respectively, because of the shielding of the229

electric field (Skeltved et al., 2017). The corresponding effective electric potential drops230

(i.e. that the energetic electrons can use) are respectively 28 MV, and 53 MV (Celestin231

et al., 2015).232

In addition to the 160 and 300 MV leader spectra, we chose to test spectra with233

ε equal to 6.5 MeV, 7.3 MeV, 8 MeV and 10 MeV (all using Em = 40 MeV). The first234

two values correspond to values used in the literature (Dwyer et al., 2012; Bowers et al.,235

2017; Sarria et al., 2018; Xu et al., 2019). After looking at the preliminary results us-236

ing these two values, we decided to add ε = 8 MeV and ε = 10 MeV. These last two237
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values were primarily added on an ad hoc basis, but a physical justification is that, in238

theory, non-uniform electric fields in leader models can also produce TGF spectra harder239

than typical fully-developed RREA if non-uniform electric fields are involved (Celestin240

et al., 2012). We decided not to go above ε =10 MeV and Em = 40 MeV, since such241

high energies are irrelevant for TGFs.242

To generate a simulated ASIM spectrum, we proceeded to forward modeling of the243

recorded spectrum, using a two stage simulation. In the first stage, a TGF is started at244

12 km altitude, assuming one of the initial energy spectra models, and is propagated to245

the ISS altitude using the Geant4-based Monte-Carlo model presented in Sarria et al.246

(2019) and publicly available (see acknowledgments). Energy, 3D-momentum, and times247

of electrons/positrons reaching the ISS within a radius of 80 km (at ISS altitude) are saved.248

At the end of this stage, at least 1 million particle records are required for each tested249

source TGF spectrum model.250

In the second stage, the recorded electrons/positrons are used as input of the ASIM251

mass model to simulate the response of the instrument. It includes a local geomagnetic252

field, and a rotation of frame of reference (Earth to ISS) is applied. The used mass model253

includes the ASIM detectors (MXGS, MMIA), the instrument platform, as well as non-254

negligible surrounding elements (e.g. the Columbus module). The energy deposition on255

the detectors can be direct, i.e. electrons/positrons hitting directly a CZT or BGO crys-256

tal, or indirect. In the indirect case, electrons/positrons emit bremsstrahlung photons257

by interaction with the surrounding material that hit at least one crystal. Photons can258

also come from annihilating positrons, with specific energy of 511 keV. For HED, because259

of the shielding, about 98 % of the energy deposition is due to indirect hits into the BGO260

crystals. For LED, direct hits are more important: about 72 % of the energy deposition.261

This explains why the effective area of LED is larger than HED when considering inci-262

dent electrons/positrons. The effective area is calculated as the geometrical area (≈ 900263

cm2 for HED and ≈ 1024 cm2 for LED) multiplied by the probability of an incident TEB264

electron to deposit more than 300 keV into at least one BGO crystal (for HED), or more265

than 50 keV into at least one CZT pixel (for LED).266

At the end of the second stage, a simulation data set in the form of a list of detected267

time and energy counts is generated. To be able to completely neglect the simulation noise,268

it is required to have at least 1,000,000 counts on each detector to build each energy spec-269
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trum and calculate the effective areas. The final modeled spectra also include a back-270

ground component build from real background data.271

A key feature of performing spectral analysis on the TEB, instead of TGF, is that272

the energy spectrum of the constituting electrons and positrons above 100 km altitude273

is only weakly dependent on the following parameters:274

• the radial distance between the TEB center and the ISS. The concept of radial275

is presented more precisely in the supporting information, Figure A.1.276

• the beaming and the tilt angles of the source TGF.277

• the source altitude of the TGF, if set between 10 and 15 km.278

Actually, we found that the spectrum of the source TGF mostly affects the spec-279

trum of the detected TEB. This permit a substantial simplification of the problem as280

it reduces drastically the number of free parameters to include in the analysis. Since these281

three points are crucial for this analysis, we provide in the supporting information doc-282

ument more detailed arguments and simulation results supporting those three points.283

It includes the results of the procedure described below if applied to source TGF alti-284

tudes of 10 and 15 km, and various opening angle distribution and tilt angles. The ef-285

fect of the source TGF altitude is small and does not affect significantly the results pre-286

sented next (this issue discussed into details in the supporting information, section B).287

In the following, we fix the model to the "consensus" source altitude to 12 km, the an-288

gular distribution to σ = 20o, and the tilt angle to 0o.289

The simulated spectra are evaluated with respect to the observation, separately for290

the LED (50 to 370 keV) and the HED (0.3 to 40 MeV), and with both detectors together.291

To compare the modeling results to the observation, we use a likelihood analysis, a χ2
292

analysis (Eadie et al., 1971; Martin, 1971; Lyons, 1986), and the effective LED/HED area293

ratio. Note that these three methods are not independent as they used on the same datasets:294

the list of measured and simulated energy by HED and LED, taken together or separately.295

For the likelihood analysis, a value of −2 ln(L), the Negative Log-Likelihood, is cal-296

culated. The model with the lowest value of −2 ln(L) is considered being the best de-297

scription of the observation. Models are considered to be also possible if their −2 ln(L)298

values have a difference that is less than a threshold value τ . We calculated that τ ≈299

5 for a confidence level of about 99%, similar to the one used by Mailyan et al. (2016)300
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for Fermi-GBM observations. This value assumes that −2 ln(L) evolves following approx-301

imately a normal (a.k.a. Gaussian) distribution with respect to the free parameter(s).302

In the following, we present the values ∆mle, that are the values of −2 ln(L) subtracted303

by the value of −2 ln(L) for the best model. Therefore the best model has ∆mle = 0304

and compatible models have ∆mle ≤ τ . A verification if a given model was found not305

better than another just because of random fluctuations ("by chance") is also performed.306

For completeness, we also provide a reduced χ2 value, noted χ2
r. If χ2

r is below a307

critical value, the model is considered compatible with the measurement, and above the308

model is considered incompatible. The Pearson’s χ2 method is affected by choice of bin-309

ning (i.e. energy intervals chosen to built the spectra). To mitigate this effect, we chose310

a binning with at least 7 measurement counts on each bin for HED, and at least 10 for311

LED. These two binnings are used to make the spectra presented in Figure 2.b. Given312

the used binning, the critical value χ2
r,c is 1.94 (8 degrees of freedom) for LED, 1.75 for313

HED (12 degrees of freedom) and 1.57 for the combination of both (20 degrees of free-314

dom).315

Compared to the Pearson’s χ2, the maximum likelihood analysis presents the ad-316

vantage of not relying on a bining of the measurement data: it keeps all its granularity,317

i.e. no information is lost by binning the measurements. The maximum likelihood anal-318

ysis is better suited than the χ2 to estimate which model is the best description of the319

observation (see, for example, Hauschild and Jentschel (2001))320

5 Results and discussion321

Table 1 summarizes the results of this study. The models are sorted according the322

prevalence of high energies (also called "hardness") or, equivalently, by decreasing LED/HED323

effective area ratio. As indicated in the previous section, three main evaluation criteria324

are presented: the reduced Pearson’s χ2
r, the maximum likelihood, and the LED/HED325

effective area ratio.326

Concerning the LED spectral fits (table 1), all the models give good fits, using the327

χ2
r or the Maximum likelihood analysis. We interpret this as the energy range of 50 keV328

to 370 keV being too narrow to discriminate between the models. Concerning the HED329

spectral fits, looking at the χ2
r values, only the 160 MV leader model is found incompat-330

ible. This criterion gives similar conclusions when LED and HED spectra are combined.331
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The maximum likelihood analysis on the HED spectrum indicates that the best model332

is for ε = 8 MeV. The fit for ε = 7.3 MeV is also very close. It indicates that the leader333

300 MV model and harder spectra are also possible explanations. If LED and HED spec-334

tra are combined, the best model is then ε = 10 MeV (but ε = 8 MeV is a very close335

fit here as well), and only models with ε = 6.5 MeV or greater are compatible.336

Since 307 counts are observed for LED (> 50 keV) and 168 for HED (> 300 keV),337

the observed ratio is 1.83. Considering that the two count numbers individually follow338

a Poisson statistic (but the ratio does not), the uncertainty on the ratio is ±0.35 (95%339

interval). It implies that, using this criterion, the two leader-based source TGF spectral340

models (160 MV and 300 MV) are incompatible. The effective area ratio analysis indi-341

cates that the models with ε ≥ 6.5 MeV are compatible. In particular we cannot ex-342

clude ε = 8 and ε = 10 MeV. A similar conclusion is obtained with the maximum like-343

lihood analysis (see last paragraph).344

For this event, TGF spectra harder than previously expected are possible. AGILE345

did report observations of TGF surprisingly hard (up to 100 MeV), but they were later346

found explainable from instrumental effects (Marisaldi et al., 2019). It does not exclude347

that the mechanism presented in (Celestin et al., 2012), used first to explain TGF spec-348

tra up to 100 MeV, could not be responsible for producing TGFs with a bit harder en-349

ergy spectra than fully-developed RREA.350

The results presented in this article are also only valid for a single event, and it does351

not imply that leader models with potentials of 300 MV or less could explain other TGF352

(and TEB) events. It is also possible that because our method relies on the detection353

of a TEB, we are biased towards a population of strong TGFs, necessitating fully-developed354

RREAs. TGFs that could originate from non-fully-developed RREAs (leader models)355

may never (or very rarely) produce a detectable TEB. This question could be address-356

able in the future, by applying this analysis to more TEB events. We list possibilities357

of new studies in the next section.358

Finally, table 1 also indicates the positron/electron ratio. The model giving the best359

fit (ε = 10 MeV) gives a ratio of 18.3%, and the range of compatible models give a ra-360

tio ranging from 15.2% to 18.3%. This range is compatible with estimations from the361

Fermi space telescope team (Briggs et al., 2011).362
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6 Conclusions and future work363

We reported the observation of a Terrestrial Electron Beam by ASIM on March 24,364

2019, originating from the rainbands of the tropical cyclone Johanina. The associated365

lightning stroke was detected by the GLD360 network (VAISALA) in close temporal as-366

sociation and very close to the ISS’s south magnetic field line footpoint. The TEB spec-367

trum was resolved down to 50 keV for the first time, using ASIM’s low energy detector.368

A method to constrain the TGF source energy spectrum based on the TEB detection369

was presented. It relies on a key reduction of the number of free parameters (altitude,370

angular distribution, radial distance) possible due to TEB’s properties. Comprehensive371

Monte-Carlo simulations were performed to reproduce the observation, assuming sev-372

eral (energy) spectral shapes of the source TGF. Using three criteria to evaluate the sim-373

ulation results with respect to the observation (Maximum likelihood, Pearson’s χ2
r and374

LED/HED count ratio), we showed that source TGF with, at least, a fully-developed375

RREA spectrum ∝ E−1 exp (−E/ε) (with ε ≥ 6.5 MeV, Em = 40 MeV) is compatible376

with the observation. We could not exclude harder models with ε = 8 MeV (Em = 40 MeV)377

and 10 MeV (Em = 40 MeV), that could potentially be explained by non-equilibrium378

acceleration of energetic electrons in lightning (Celestin et al., 2012).379

In the future, we expect that a larger number of events will be processed using the380

method presented in this article. For ASIM, it will not be possible before several more381

years of data gathering, since it currently detects about 4 TEB a year, and not all of them382

present LED data (only turned ON during the night time of the ISS) or enough counts383

on LED and HED. In principle, the method presented in this article could also be ap-384

plied/translated to events from the Fermi GBM TGF/TEB catalog (Roberts et al., 2018),385

that currently contains about 30 TEB events. Fermi GBM has and high energy (BGO-386

based) detectors that covers an energy range of ≈ 150 keV to ≈ 30 MeV. GBM’s NaI387

detectors could also be used in principle (with an energy range of a few keV to 1 MeV)388

but no TEB spectrum using it was reported yet. Since TEB events present lower fluxes389

(counts per second) than TGFs (typically 20 times), it makes the spectral analysis much390

less challenging than for TGF events. Instrumental effects (dead-time, pile-up), affect-391

ing TGF analysis, can be mostly (if not totally) ignored for TEB spectral analysis.392
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Model
Effective area

in cm2

Effective

area ratio

Maximum

likelihood analysis

result ∆mle

Pearson’s

χ2
r

e+/e−

ratio

LED HED LED HED Co. LED HED Co.

“Leader 160 MV”

ε = 4.3MeV

Em = 19.2 MeV

122.0 43.7 2.79 0 19.0 22.5 0.84 1.97 1.66 10.3 %

“Leader 300 MV”

ε = 4.7MeV

Em = 32 MeV

141.5 61.0 2.32 0 3.4 7.1 0.88 1.04 1.31 13.3 %

ε = 6.5MeV

Em = 40 MeV
156.0 74.4 2.10 0.2 0.8 3.1 0.89 0.87 1.27 15.2 %

ε = 7.3MeV

Em = 40 MeV
162.2 80.4 2.02 0.3 0.2 1.9 0.88 0.85 1.28 16.1 %

ε = 8MeV

Em = 40 MeV
168.4 85.5 1.97 0.5 0 1.1 0.89 0.84 1.29 16.8 %

ε = 10MeV

Em = 40 MeV
177.8 94.7 1.88 0.5 1.0 0 0.90 0.83 1.30 18.3 %

Compatibility

range

n.a. 1.82±0.35 ≤ 5 ≤ 1.94 ≤ 1.75 ≤ 1.57 n.a.

Table 1. Table summarizing the comparison of the tested spectral models with the mea-

surement. Three main criteria are presented: the LED/HED effective area ratio, the maximum

likelihood and the Pearson’s χ2
r. “Co.” stands for the LED and HED combination. The compat-

ibility range for the different criteria are also indicated. Bold values indicate compatible models

for the given criteria (column).
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Figure 1. Image from geostationary satellite Meteosat-11 around 00:30 UTC, about 1 minute

and 53 seconds before the ASIM trigger. The image comes from the optical band 4 (3.9� m, 3

km resolution). The tropical cyclone Joaninha can be seen in the south-east part of the picture

and extends over a thousand of kilometers. The positions of the International Space Station

(ISS), the GLD360 match (V), and the magnetic �eld line footpoint (M) are indicated. The

track of the Earth's magnetic �eld line (blue dashed line) and of ISS trajectory (green dashed

line) are also showed. Point V is very close to M in both location ( � r = 4 :82 km) and time

(� t = 1 :44 ms), and is located in the north-western rainbands of the cyclone.
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(if set between 10 and 15 km), (3) the opening and the tilt angles of the source TGF. In section A, we present16

simulation results of the TEB energy spectra for the different set of parameters (radial distance, altitude,17

opening and tilt angles). Since the dependence on the TGF source altitude is the most noticeable (even if18

weak), we present in Section B the resulting tables of the full spectral analysis, but for TGF source altitudes19

of 10 and 15 km (the case of 12 km is considered in the main article). It demonstrate that the effect of the20

altitude is indeed weak . In section C, we present the binned energy spectra for LED and HED (and the21

combination) used to calculate the χ2
r values in the main text.22

A Parameter reduction for the energy spectrum analysis23

In this section, we provide detailed justifications on why when performing spectral analysis on the Terrestrial24

Electron Beam (TEB), the shape of the recorded energy spectrum above 100 km altitude is only weakly25
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dependent on the following parameters:26

• the radial distance between the TEB center and the ISS, see section A.127

• the altitude, if set between 10 and 15 km, see section A.228

• the opening and the tilt angles, see section A.329

This permits an essential parameter reduction to be able to perform a more constrained spectral analysis30

for the source TGF spectrum (producing the TEB), see the main text. However, these four parameters can31

have dramatic effect on the fluence (particles per cm2) of the TEB, but this is not considered here because32

it only corresponds to a scale factor and has no effect on the spectral shape and the spectral analysis. Note33

also that this scale factor corresponds to the brightness of the source TGF and is a free parameter.34

This key feature permits a big simplification of the problem as it reduces drastically the number of free35

parameters to include in the analysis. However, compared to TGF-only simulations, TGF+TEB simulations36

also present some disadvantages:37

• they require more computation time, as accounting for electron/positron propagating in a large scale38

(Earth) magnetic field is much more computationally expensive than simulating only photon propaga-39

tion.40

• no detector response matrix can be used (this is only possible for incident photons) hence simulations41

using the full mass model must be performed for each source TGF spectrum, that is also computationally42

much more expensive.43

In the following we present several simulated TEB energy spectra at satellite altitude (about 400 km for44

the ISS). They would be similar if detected anywhere between 100 km altitude and the satellite’s altitude,45

because the remaining atmosphere above ≈100 km is very thin and cannot affect significantly the energetic46

electrons/positrons (> 400 keV). The presented spectra are also shown with a minimal energy of 400 keV,47

because electrons with lower energies are not expected to be detected by ASIM. Positrons with energies < 40048

keV will produce pairs of 511 keV photons after annihilating after losing all their kinetic energy in the material49

surrounding the detectors. For all the simulations presented in this supporting information, the source TGF is50

assumed to have a standard fully-developed RREA spectrum ∝ 1/E exp (−E/ε) , ε = 7.3 MeV. Throughout51

the document, the energy spectrum curves are normalized to be equal to 1 at 1 MeV. Note that the choice52

of normalization does not really matter as it can be arbitrary, depending on the source brightness, that has53

a large range possible values (∼ 1016 to ∼ 1020).54
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A.1 Effect of the radial distance between detector and TEB’s center55

For clarity, Figure A.1 presents a sketch to define the concept of radial distance. Figure A.2 shows simulations56

results of TEB electron energy spectra (at satellite altitude) inside several radial distance rings between the57

center of the TEB and the detector. The spectrum of a TEB only weakly varies with the radial distance58

between the TEB center and the detector. This is because electrons/positrons produced at a similar altitude,59

80 km apart, have similar energy distribution. In addition the gyration motion of electrons/positrons along60

field lines also shuffles their positions. Above a radial distance of 80 km, we may observe a more significant61

difference (though we did not reach enough statistics in our simulations to check this precisely). In addition,62

80 km from the center, the fluence (particles/cm2) is about 25 times lower than in the center (point 0)63

and decreases even more with increasing radial distance, hence it is much less likely that the TEB could be64

detected from there.65

Figure A.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 spectra presented in Figure A.2 are
built at given radial distance intervals.
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Figure A.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.

A.2 Effect of the altitude of the source TGF66

The high energy part of the TGF spectrum (> 4 MeV) is affecting the production of energetic electrons and67

positrons (able to escape the atmosphere). This part of the spectrum remains similar after propagation to68

≈ 100 km (and therefore higher altitudes since the effect of the atmosphere becomes negligible above) if the69

TGF source is placed from 10 km to 15 km altitude (in the main text, an altitude of 12 km is set). However,70

we may observe a more important variability for a broader altitude range but it is not relevant for TGFs.71

To justify qualitatively the previous statements, we performed extensive Monte-Carlo simulations. Figure72

A.3 presents the results, together with a quantification of the differences (lower panel). The resulting TEB73

spectra show a relative difference of less than 20% (absolute value) for most of the energy range, with an74

average of about 12% (absolute value). With only this information, we concede that it is not obvious that75

the source altitude will have only a weak effect on the results of the spectral analysis. This is why we also76

proceeded to the full spectral analysis for source TGF altitudes of 10 and 15 km, and built tables like Table77

1 but for these source TGF altitudes. They are shown as Tables B.1 and B.2 (Table in the main text 1 is for78

12 km). By looking at these tables, we can confirm that the TGF source altitude has only a weak effect on79

the results of the spectral analysis.80
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Figure A.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. Relatively small differences
are observed.

A.3 Effect of the beaming and tilt angles of the source TGF81

TGFs photons are forming a beam that is parameterized by an angle σθ (the source TGF is assumed to be82

beamed as a cone to make the discussion easier) and a tilt angle ρ with respect to the local vertical. We define83

the tilt angle ρ as follow: consider a plane defined by the TGF beam (center) direction, the local magnetic84

field direction and the TGF source (point) location. The tilt angle ρ as the angle the center of TGF beam is85

making with the local vertical (upwards), in the previous plane.86

For this event, the angle between the direction of the local magnetic field and the local vertical is 58o. Usual87

tilt angles associated to intra-cloud lightning leaders (attributed to TGF, at least the ones detected from88

space) are between ±5 and ±40 degrees with respect to the local vertical (Lyu et al., 2016; Mailyan et al.,89
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2019). Figure A.4 is an illustration of qualitative arguments to justify why the TEB energy spectrum is not90

significantly affected by both the opening angle of the TGF and its tilt. The electrons/positrons that will91

be ultimately detected are only the ones that are produced between ≈ 40 and ≈ 100 km altitude (Sarria92

et al., 2015), inside a geomagnetic field line “tube” that extends to the satellite. The energy spectrum of these93

electrons has no reason to change if the opening angle of the source TGF is increased or decreased. It has94

also no reason to change if the source TGF is slightly tilted (0o to 5o). If the source TGF is tilted towards95

the field line with larger angles, than the electron/position spectrum has no reason to change. If the beam96

is tilted largely away from the magnetic field “tube”, then the TEB will not be detected by the satellite. For97

intermediate tilt angles (5o to 40o) we cannot provide qualitative arguments, but the effect was evaluated98

using simulations. We show in Figure A.5 and A.6 results of Monte-Carlo simulation assuming several opening99

angle values (σ = 5o, 12o, 20o, 30o) and tilt angles (ρ = −40o,−20o,−10o,−5o, 0o, 5o, 10o, 20o, 40o). These100

simulations results confirm that the effect of varying σθ or ρ has indeed a very weak effect on the TEB energy101

spectrum.102

Figure A.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 A.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 (σθ). All the tested
values do not show significant difference.
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Figure A.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 (ρ) with respect to the local
vertical. No significant difference is observed between the different parameters.
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B Result Tables for a TGF source at 10 and 15 km altitude103

In this section we present result tables of the the comparison of the tested spectral models with the measure-104

ment. In the main article, the table for a source TGF altitude of 12 km is presented, and here we present105

tables for a source at 10 and 15 km. We provide these tables because it is not obvious if the effect of the106

source TGF altitude on the TEB spectrum is weak or not, just based the TEB energy spectrum (Figure A.3).107

We can see that for both tables B.1 and B.2, the conclusions are the same as for the table for the 12 km case108

(that is Table 1 in the main article). This result confirms that the effect of the TGF source altitude is weak109

between 10 and 15 km and does not affect our conclusions in the main article.110

Model
Effective area

in cm2 Effective
area ratio

Maximum
likelihood analysis

result ∆mle

Pearson’s
χ2
r

e+/e−

ratio
LED HED LED HED Co. LED HED Co.

“Leader 160 MV”
ε = 4.3MeV

Em = 19.2 MeV
122.7 46.8 2.62 0 17.51 21.65 0.87 1.77 1.61 11.1%

“Leader 300 MV”
ε = 4.7MeV
Em = 32 MeV

147.5 67.6 2.18 0 2.20 6.78 0.90 0.97 1.29 14.6%

ε = 6.5MeV
Em = 40 MeV

160.8 81.0 1.98 0.06 0.18 2.98 0.90 0.81 1.26 15.9%

ε = 7.3MeV
Em = 40 MeV

163.5 86.0 1.90 0.56 0 1.79 0.91 0.80 1.27 16.9%

ε = 8MeV
Em = 40 MeV

167.3 89.9 1.86 0.17 0.21 0.99 0.90 0.81 1.27 17.4%

ε = 10MeV
Em = 40 MeV

177.7 100.3 1.77 0 2.66 0 0.94 0.81 1.31 19.3%

Compatibility
range

n.a. 1.82±0.35 ≤ 5 ≤ 1.94 ≤ 1.75 ≤ 1.57 n.a.

Table B.1: For a TGF source altitude of 10 km. Table summarizing the comparison of the tested
spectral models with the measurement. Three main criteria are presented: the LED/HED effective area
ratio, the maximum likelihood and the Pearson’s χ2

r. “Co.” stands for the LED and HED combination. The
compatibility range for the different criteria are also indicated. Bold values indicate compatible models for
the given criterion.
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Model
Effective area

in cm2 Effective
area ratio

Maximum
likelihood analysis

result ∆mle

Pearson’s
χ2
r

e+/e−

ratio
LED HED LED HED Co. LED HED Co.

“Leader 160 MV”
ε = 4.3MeV

Em = 19.2 MeV
127.7 43.8 2.92 0.06 20.28 23.00 0.86 1.91 1.63 9.3%

“Leader 300 MV”
ε = 4.7MeV
Em = 32 MeV

149.12 61.8 2.41 0.34 4.33 7.50 0.86 1.00 1.27 12.0%

ε = 6.5MeV
Em = 40 MeV

157.4 73.5 2.14 0.18 1.29 3.29 0.88 0.90 1.26 13.9%

ε = 7.3MeV
Em = 40 MeV

165.8 78.4 2.11 0.37 0.51 1.97 0.89 0.83 1.25 14.6%

ε = 8MeV
Em = 40 MeV

169.9 83.6 2.03 0.05 0.12 1.09 0.90 0.84 1.28 15.7%

ε = 10MeV
Em = 40 MeV

187.7 98.6 1.90 0 0.50 0 0.91 0.81 1.29 17.3%

Compatibility
range

n.a. 1.82±0.35 ≤ 5 ≤ 1.94 ≤ 1.75 ≤ 1.57 n.a.

Table B.2: For a TGF source altitude of 15 km. Table summarizing the comparison of the tested
spectral models with the measurement. Three main criteria are presented: the LED/HED effective area
ratio, the maximum likelihood and the Pearson’s χ2

r. “Co.” stands for the LED and HED combination. The
compatibility range for the different criteria are also indicated. Bold values indicate compatible models for
the given criterion.

C Spectrum comparison plot111

In this section, we present the plot the spectra of the different models used to calculate the χ2
r values in Table112

1 of the main article. The source TGF is at an altitude of 12 km, has a Gaussian angular distribution with113

σ = 20o and no tilt angle (like in the main article). The showed energy binning for LED and HED is the114

same as the one used to calculate the χ2
r. The results of the χ2

r analysis are discussed in the main text.115
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