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Abstract Terrestrial Gamma‐ray Flashes (TGFs) are ten‐to‐hundreds of microsecond bursts of gamma‐rays
produced when electrons in strong electric fields in thunderclouds are accelerated to relativistic energies. Space
instruments have observed TGFs with source photon brightness down to ∼1017–1016. Based on space and
aircraft observations, TGFs have been considered rare phenomena produced in association with very few
lightning discharges. Space observations associated with lightning ground observations in the radio band have
indicated that there exists a population of dimmer TGFs. Here we show observations of TGFs from aircraft
altitude that were not detected by a space instrument viewing the same area. The TGFs were found through
Monte Carlo modeling to be associated with 1015–1012 photons at source, which is several orders of magnitude
below what can be seen from space. Our results suggest that there exists a significant population of TGFs that
are too weak to be observed from space.

Plain Language Summary Terrestrial Gamma‐ray Flashes (TGFs) are short bursts of gamma‐rays
produced in the strong electric fields in thunderclouds. Based on space and aircraft observations, TGFs have
been considered a rare phenomena. In this paper, we present observations of TGFs from an aircraft campaign
that were not detected by a space instrument viewing the same area. Our results reveal that these TGFs were too
weak to be observed from space, indicating a significant population of TGFs that are undetectable by space
instruments.

1. Introduction
Most statistical studies on Terrestrial Gamma‐ray Flashes (TGFs) are based on observations from space. Dwyer
and Smith (2005) demonstrated, using Monte Carlo simulations, that for a satellite at 600 km altitude to observe
TGFs produced at 15 km altitude, there would have to be an average of ∼1017 high‐energy (>1 MeV) runaway
electrons at source. Since then, Albrechtsen et al. (2018) explored whether there exists a TGF population below
the lower threshold used to identify TGFs in the RHESSI data, and found that there are at least TGFs with fluence
10 times weaker than previously reported.

Since TGFs were first observed in the mid‐1990s (Fishman et al., 1994), there have also been several aircraft
campaigns aimed at monitoring thunderstorms and observing TGFs. Flying closer to the source one would
expect to see weaker TGFs if they exist. However, the ILDAS flight campaigns (2014 and 2016), flying at up to
∼12 km altitude, did not observe any TGFs (Kochkin et al., 2015, 2017), and the 2009 flight campaign
ADELE, flying at 14 km altitude, detected only one TGF during 37 flight hours (Smith et al., 2011b, 2016).
Based on the observations from this campaign, Smith et al. (2011a) argued that there does not exist any
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significant population of TGFs weaker than those observed from space. This was supported by McTague
et al. (2015), who found no new weak TGFs in a lightning‐based search through Fermi data. However, this was
challenged by Østgaard et al. (2012), who pointed out that based on the limited sensitivity of space instruments,
one could not rule out that there exists TGFs with a source fluence down to at least 1012 runaway electrons at
source. The existence of a population of weak TGFs was also supported by Østgaard et al. (2015) and
Albrechtsen et al. (2018), who identified a population of weak TGFs in the RHESSI data. Furthermore, Abbasi
et al. (2018) reported observations by ground‐based detectors of downward TGFs with estimated source fluence
of 1012–1014 photons. Belz et al. (2020) argued that similar discharge processes could be involved for both
downward and upward TGFs.

With the Airborne Lightning Observatory for Fly's Eye GLMSimulator and TGFs (ALOFT, GLM: Geostationary
Lightning Mapper), conducted during July 2023, these earlier claims should be revised. During 10 flights and 60
flight hours total, flying at 20 km altitude, well above the thunderstorms in the Gulf of Mexico and the Caribbean,
ALOFT observed >130 transient gamma‐ray events.

During a flight on July 24th, the ALOFT ER‐2 aircraft and the International Space Station (ISS) passed over the
same geographic area during a brief time window. During this overpass, ALOFT detected six TGFs that were not
detected by the Atmosphere‐Space Interactions Monitor (ASIM) instrument onboard the ISS. In this paper, we
present these six TGFs, and explore why they were not detected by ASIM. For three of the TGFs we have
associated lightning sferic detections by the GLD360 lightning network, as well as optical measurement, giving
us a reliable source location. This enables us to constrain the source fluence estimates based on Monte Carlo
modeling.

2. Instruments and Data
The ER‐2 aircraft containing ALOFT flew at ∼20 km altitude, whereas the ISS (containing ASIM) has an orbit at
an altitude of ∼417 km.

2.1. ALOFT

ALOFT carried a suite of instruments, enabling observations of TGFs and gamma‐ray glows, as well as optical
and radio emissions from thunderclouds. For observing TGFs and gamma‐ray glows, it contained three Bismuth‐
Germanate (BGO) detectors, as well as three small LYSO detectors (25, 1 and 0.09 cm2 geometrical areas). Only
detections by the BGOs will be shown here. The BGOs had the capability to detect gamma‐rays with energies
300 keV‐40 MeV, and each BGO had a size of 15 × 5 × 3.2 cm3. The three BGOs have a total geometric area of
225 cm2. The maximum effective area is ∼160 cm2 for events at 0° nadir angle, assuming a standard RREA
spectrum from a source at 15 km altitude. Based on modeling (Hansen et al., 2013) the BGOs should be able to
detect TGFs out to ∼20 km from the ALOFT footpoint, given a source fluence of 1017. In addition to BGO and
LYSO detectors, ALOFT was equipped with the in‐Situ Thunderstorm Observer for Radiation Mechanism
(iSTORM), which is a spectrometer covering an energy range from ∼300 keV to >5 MeV and has a geometric
area of 157 cm2 (Marisaldi et al., 2024; Østgaard et al., 2024). The BGO and iSTORM data acquisition systems
were completely independent.

For detecting optical emissions from lightning, ALOFT was equipped with a Fly's Eye GLM Simulator (FEGS),
which is an array of multi‐spectral radiometers (Quick et al., 2020). FEGS contains 30 radiometers, observing
emissions in a range of wavelengths, with a temporal resolution of 10 μs and a field‐of‐view (FOV) extending up
to ∼5–10 km from the footpoint, depending on the cloud top height (Quick et al., 2020). FEGS contains a 5 × 5
grid of radiometers for observing emissions at 777.4 nm (corresponding to emissions from hot lightning leaders)
with each radiometer being tilted at different angles, combining to form an image of the cloud top (Chanrion
et al., 2019; Quick et al., 2020). Each radiometer has a square FOV with 9.46° viewing angle, and they are
separated by 18° in the x‐ and y‐direction. FEGS also includes a radiometer for observing emissions at 337 nm
(corresponding mainly to streamer emissions), oriented to view in nadir direction. For the events discussed in this
paper the cloud top was at 17 km, giving an approximate − 3 to +3 km “square” FOV for FEGS. ALOFT also
included electric field change meters, microwave radiometers and radar systems.
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2.2. ASIM

The ASIM payload has been mounted on the Columbus module of the ISS since April 2018, and consists of the
two instruments Modular X‐ and Gamma‐ray Sensor (MXGS) (Østgaard, Balling, et al., 2019) and the Modular
Multi‐spectral Imaging Array (MMIA) (Chanrion et al., 2019). MXGS detects TGFs and MMIA observes optical
signals from lightning and Transient Luminous Events (TLEs). MXGS consists of a High‐Energy Detector (HED)
and a Low‐Energy Detector (LED). The HED contains 12 BGOs (identical to those on ALOFT), each coupled to a
photomultiplier tube (PMT), and detects gamma‐rays in the energy range 300 keV to >30 MeV. ASIM was
initially mounted on the lower deck of the Columbus module facing nadir, with an effective area of ∼650 cm2 at
1 MeV. ASIM was since re‐positioned (January 2022), with the MMIA instruments facing toward the limb. With
the new configuration, the maximum effective area of MXGS is reduced by a factor of ∼5 for events at 0° nadir.
The effective area for both ALOFT and ASIM for each of the events discussed in this paper are given in Table 1
(columns 8 and 13).

The MXGS and MMIA instruments can both trigger individually and cross‐trigger (Østgaard, Neubert,
et al., 2019). When one instrument is triggered, 2 seconds of data are captured, and a cross‐trigger is sent to the
other instrument. MXGS triggers when the number of counts detected within a specific time window exceeds a
threshold value (representing a background value). As outlined in Østgaard, Balling, et al. (2019), MXGS
operates with three short trigger windows (300 μs, 1 and 3 ms) and one long trigger window (25 ms).

2.3. GLD360

For getting an accurate source location for the TGFs detected by ALOFT during the ISS overpass, we used data
from the global ground‐based lightning location network GLD360. The network uses sensors in the 500 Hz‐
50 kHz range, and employs a time of arrival technique, as well as magnetic direction finding for geo‐locating
strokes (Said & Murphy, 2016). GLD360's median location accuracy is ∼2 km, and an uncertainty ellipse is
provided for each stroke location (Rudlosky et al., 2017; Said & Murphy, 2016).

3. Observations
Within less than 2 min following 06:44 UTC on the 24th of July, ALOFT detected six TGFs within 360 km from
the ISS footpoint (exact values are given in Table 1). The distances between the ISS footpoint and the ALOFT
location at the time of TGF detection are shown in Figure 1. The first event was detected in front of the ISS,
whereas the other five were detected behind the ISS. The counts detected by the BGOs and iSTORM for TGFs 1–6
are presented in panels a–f in Figure 2 and in Table 1. For TGF 6, iSTORMwas in a periodic, system‐induced dead
interval. The TGFs had Tcore90 durations between 30 and 280 μs, and between 64 and 134 counts were detected by
the BGOs for the TGFs. The Tcore90 duration (the shortest interval including 90% of the counts) was determined by
using a similar approach as Lindanger et al. (2021), Bjørge‐Engeland et al. (2022) and Skeie et al. (2022).

3.1. GLD Associations and FEGS Signals

GLD360 detected sferics (radio emissions from lightning discharges) close in time and location to TGFs 1, 4 and
6. The radial distance between the GLD detections and ALOFT, as well as the peak currents reported by GLD360
are listed in Table 1.

Table 1
Properties of the Six TGFs

TGF Time [UTC] Lat Lon dISS [km] Tcore90 [μs] BGO counts ALOFTarea [cm
a] Cnts/cma dGLD [km] dFEGS PC [kA] ASIMarea [cm

a]

1 06:44:09.774 19.1899 − 93.7270 329b 280 134 95 1.41 12.5 ‐ 32 126

2 06:45:27.586 19.0964 − 93.6179 212a 70 64 153 0.42 ‐ 3 ± 3 ‐ 159

3 06:45:28.422 19.0954 − 93.6167 218a 180 102 157 0.65 ‐ 1 ± 1 ‐ 158

4 06:45:38.618 19.0832 − 93.6028 288b 50 68 128 0.53 3.0 ‐ 5 168

5 06:45:39.205 19.0825 − 93.6020 292a 60 87 153 0.57 ‐ 3 ± 3 ‐ 169

6 06:45:48.174 19.0717 − 93.5897 354b 30 72 144 0.50 5.2 ‐ 7 172
adISS represents the distance between the ISS and the ALOFT location.

bdISS represents the distance between the ISS and the sferic location.
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Panels g–l in Figure 2 show the FOVs of the FEGS photometers projected onto the cloud top, found to be at 17 km
from ALOFT radar data, for each of the six TGFs. In panels g, j and l, the blue marker denotes the location of the
lightning stroke detected by GLD360, while the ellipse represents the uncertainty of this location. The brightest
part of the grid indicates the strongest incoming signal. Only the first TGF had a source location clearly outside
the FEGS FOV, with a GLD360 location at 12.5 km radial distance and no clear optical signals were detected.
However, considering the uncertainty ellipse, the actual location of the GLD could be 11–15 km from the
footpoint.

The radial distance between the sferic association to TGF 4 and the ER‐2 footpoint was just 3 km, and most
FEGS photometers detected strong signals. For TGF 6, only a few photometers detected strong signals. As
shown in Figure 2l, the projected photometer FOVs right of the aircraft are brighter than those closer to the
source location detected by GLD360. Since the sferic detection fits well with respect to both time and location
relative to ALOFT, this could be attributed to scattering within the cloud and different parts of the cloud being
illuminated. There were no associated GLD locations for TGFs 2, 3 and 5, but the distance between the source
and the ER‐2 footpoint can be estimated from FEGS images. For TGF 3, the location from FEGS images is
∼1 ± 1 km. For TGFs 2 and 5 the location appears to be at the edge of the FEGS FOV (∼3 km from the
footpoint). Assuming the optical signal from a source within the cloud would scatter to cover ±3 km at the
cloud top, these TGFs have a source 3 ± 3 km from the aircraft. All the distances from the aircraft footpoint to
GLD and FEGS locations are given in Table 1.

Figure 1. Map of the ALOFT detections (green markers) with respect to the ISS path, using an image from the Advanced
Baseline Imager instrument, channel 13 (longwave IR), onboard the GOES‐18 satellite (at 06:44 UTC) of the brightness
temperature of the cloud system. The white path marks the aircraft trajectory from 06:40 to 06:50 UTC. Red markers
highlight the distance between the ISS path and ALOFT locations at the time of TGF detections (exact values given in
Table 1).
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3.2. Observations by ASIM

ASIM triggered 46 times between 06:42 and 06:46 UTC on July 24th between latitudes 26° and 15°. Nearly all
these triggers were MMIA triggers. With MMIA viewing toward the limb, the lightning strokes that triggered
MMIA were far away from the ALOFT FOV. Coincidentally, one of the ALOFT TGFs (TGF 2 in Table 1) was
detected within the time interval covered by anMMIA trigger. As outlined in Section 2.2, if MXGS coincidentally
detected a TGF during the 2 s of data already being captured due to the MMIA trigger, MXGS itself would not
trigger again on the event. There was an increase in the number of counts detected by the MXGS BGOs within
[‐40, 40] ms (taking into account the absolute timing uncertainty of ASIM) around the ALOFT detection time for

Figure 2. TGFs detected by ALOFT BGOs during the ISS overpass. Panels a–f show counts detected by ALOFT BGOs and iSTORM for TGFs 1–6 (Table 1), as well as
the maximum 777 nm signal detected by FEGS, with zero on the x‐axis representing the onset of the TGF detection by ALOFT BGOs. Panels g–l show projections of
FEGS observations onto the cloud top for TGFs 1–6. The aircraft is moving from left to right. Each box in the grid represents the FOV of one of the 777 nm photometers.
The brightest boxes represent the photometers detecting the strongest signals. Notice that the colorscales used in panels g–l for the optical brightness differ by up to two
orders of magnitude (ADC units with background subtracted). For TGF 1, no clear signals were detected by any photometers. The blue crosses in panels g (TGF 1), j
(TGF 4) and l (TGF 6) represent the GLD location of the lightning stroke, and blue ellipses represent the uncertainty in these locations.
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TGF 2, which was also prominent when using a sliding window corresponding to the MXGS trigger windows
(Figure S1 in Supporting Information S1). However, the counts causing a peak in the detected number of counts
occurred within 1 μs of each other, implying that they originated from incoming cosmic particles rather than the
event below ALOFT (Figure S2 in Supporting Information S1). For these types of events MXGS also would not
trigger.

4. Discussion
To explore why the six TGFs were not observed by ASIM, we used a Monte Carlo model to find the
number of photons at source corresponding to the observed fluence on the ALOFT BGOs. We used 15 km
as a reference source altitude, a Gaussian angular distribution of 30°, and a RREA spectrum to estimate
expected fluence (counts/cm2) at 20 km as a function of radial distance from source with fluences 1017–1012,
shown in Figure 3. Knowing the source location (determined from FEGS and GLD360), we calculated the

Figure 3. Modeled fluence on ALOFT BGOs for sources at radial distances indicated by the x‐axis for different numbers of
photons at source (at 15 km), at observation altitude 20 km. We assume a vertical and upward TGF with a RREA spectrum
and a Gaussian 30° angular distribution. Source energy minimum and maximum thresholds were 100 keV and 40 MeV,
respectively, and the recorded energy minimum and maximum thresholds were 300 keV and 40 MeV. The horizontal lines
correspond to the fluence on ALOFT BGOs and the text displayed above indicates the ALOFT BGO effective areas for the
events. The arrows indicate the minimum and maximum source photon brightness. The extent of the horizontal lines
corresponds to the uncertainty in the distance from the ALOFT footpoint to the GLD location for TGFs 1, 4 and 6 (see
uncertainty ellipses in Figure 2, panels g, j and l) and the uncertainty in the location given by FEGS detections for TGFs 2, 3
and 5.
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effective detection area for each event (Table 1), and got the measured fluence as counts/cm2, shown for all
six events as horizontal lines in Figure 3. The extent of the horizontal lines corresponds to the possible
aircraft‐source distances, given by the uncertainty in the GLD360 and FEGS‐determined locations. For TGFs
2–6, the source fluence is between ∼6.6 × 1011 and 1015, which is 2–5 orders of magnitude lower than what
can be detected from space, if we assume 1017 photons at 15 km to be the required brightness to be observed
from space. As Dwyer and Smith (2005) found that there must be on average ∼1017 runaway electrons at a
source of 15 km for the TGF to be observed by RHESSI at 600 km altitude, and ASIM has a larger effective
area (before repositioning to the limb viewing position), we would expect ASIM to be able to observe TGFs
with a source photon brightness of ∼1016. However, with the current configuration of MXGS, the effective
area is significantly reduced in the nadir direction. The fluence and source‐aircraft radial distance for TGF 1
correspond to the largest number of photons at source (5.6 × 1015–1.8 × 1017), indicating that this TGF
could have been seen from space.

To investigate the non‐detection by ASIM of TGF 1 further, we present in Figure 4 the expected number of counts
on ASIM BGOs considering different angular distributions (Gaussian σ 10°–40°) and radial distances (based on
the uncertainty ellipse for the GLD location). For TGF 1, the effective areas of the ASIM and ALOFT BGOs were
126 and 95 cm2, respectively. The gray horizontal line represents the threshold number of counts required on the

Figure 4. Modeled number of counts on the ASIMBGOs for a source at radial distances 11–15 km fromALOFT, for different
angular distributions. The horizontal line represents the detection threshold for ASIM. The values displayed next to each red
line correspond to the source photon brightness at that source‐aircraft radial distance for an angular distribution of 30°,
assuming a point source.
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ASIM BGO detectors for MXGS to trigger in the 300 μs trigger window, given the background level. The red
lines below the threshold indicate which angular distributions and radial distances could explain the non‐detection
of TGF 1. The numbers displayed next to the red lines correspond to the model‐estimated source photon
brightness corresponding to that radial distance. Figure 4 shows that the non‐detection is consistent with a
Gaussian 20°–30° angular distribution, which is also the realistic angular distribution interval from scattering of
electrons and photons in the atmosphere. This means that the source location for TGF 1 was most likely 11–12 km
from the ER‐2 footpoint. If the source was 14 km away, with an angular distribution of 30°, ASIM BGOs should
have detected>40 counts andMXGSwould have triggered on the event. Similarly, if the source was 15 km away,
ASIM should have detected this TGF. Since ASIM did not trigger, a source distance of 11–12 km is more likely,
and the source photon brightness for TGF 1 is ∼1016. This is the only TGF for which an ASIM detection could
have been possible.

The non‐detection byASIMof the sixTGFs during the ISSoverpass indicates that there is a population of TGFs that
are tooweak to be observed from space,with a source photon brightness 2–5 orders ofmagnitude (1015–1012) lower
than what is usually attributed to TGF observations from space. This may indicate that a higher percentage of
lightning than previously thought are associated with TGFs. Using data from RHESSI, Smith et al. (2016) sug-
gested that <1% of lightning detected by the World Wide Lightning Location Network (WWLLN) are associated
with a TGF, and that there is only a small population of TGFs within 10− 4 of RHESSI's detection threshold.
Although our sample of events is limited in size, all of our events, with the exception of TGF 1, are several orders of
magnitude belowRHESSI's detection threshold, suggesting that there very likely is a larger population of TGFs that
are several orders of magnitude too weak to be observed from space. This supports the conclusions of Østgaard
et al. (2012); Gjesteland et al. (2012); Hansen et al. (2013); Abbasi et al. (2018) and Albrechtsen et al. (2018).

5. Conclusion
From the non‐detection by ASIM of TGFs observed by ALOFT during the ISS overpass we can conclude the
following.

• All but one of the TGFs observed by ALOFT during the overpass were far too weak to be observed from space
• For the TGF with the largest fluence (TGF 1), the non‐detection by ASIM can likely be explained by a 30°

Gaussian angular distribution, for a source 11–12 km from the ER‐2 footpoint
• Modeling results show that the source photon brightness for TGFs detected by ALOFT can be 2–5 orders of

magnitude (1015–1012) lower than that for TGFs observed from space
• Our results suggest that there exists a large population of TGFs that cannot be observed from space

Data Availability Statement
The data used in this study are available on Zenodo: https://doi.org/10.5281/zenodo.12636189 (Bjørge‐
Engeland, 2024).
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