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Two different hard-radiation phenomenaare known to originate from thunderclouds:
terrestrial gamma-ray flashes (TGFs)' and gamma-ray glows?. Both involve an avalanche
of electrons accelerated torelativistic energies but are otherwise different. Glows are

known to last for one to hundreds of seconds, have moderate intensities and originate

from quasi-stationary thundercloud fields*>. TGFs exhibit high intensities and have
characteristic durations of tens to hundreds of microseconds®®. TGFs often show a

close association with an emission of strong radio signals

197 and optical pulses'® %,

whichindicates the involvement of lightning leaders in their generation. Here we
report unique observations of a different phenomenon, which we call flickering
gamma-ray flashes (FGFs). FGFs resemble the usual multi-pulse TGFs*>2* but have
more pulses and each pulse has alonger duration than ordinary TGFs. FGF durations
span from 20 to 250 ms, which reaches the lower boundary of the gamma-ray glow
duration. FGFs are radio and optically silent, which makes them distinct from normal
TGFs. An FGF starts as an ordinary gamma-ray glow, then suddenly increases
exponentially inintensity and turns into an unstable, ‘flickering’ mode with a sequence
of pulses. FGFs could be the missing link between the gamma-ray glows and
conventional TGFs, whose absence has been puzzling the atmospheric electricity
community for two decades.

The unexpected detection of a remarkable class of gamma-ray event,
flickeringgamma-ray flashes (FGFs), occurred during the Airborne Light-
ning Observatory for FEGS and TGFs (ALOFT) aircraft campaign, where
FEGSisthe Fly’s Eye GLM Simulator, GLMis the geostationary lightning
mapper and TGFs are terrestrial gamma-ray flashes. The aircraft flew at
analtitude of 20 km over thunderstormsin the Caribbean and Central
AmericainjJuly 2023. For ALOFT,aNASA high-altitude aircraft, ER-2, was
outfitted with an array of gamma-ray, optical, radio and electric-field
instruments designed to study energetic emissions and lightning pro-
cesses inthunderstorms (‘Instrument description’ in Methods).

One of two bright FGFs observed while the aircraft was passing over
a gamma-glowing thundercloud® off the western coast of El Salva-
doris shown in Fig. 1a. This FGF has 17 pulses, of which eight pulses
(2-9) were so bright that the large bismuth-germanate (BGO) gamma
detector (225 cm?) experienced saturation (Fig. 1a, inset), whereas the
lutetium yttrium orthosilicate (LYSO) detector (Fig. 1a, inset) was not
saturated because of its much smaller detector area (1 cm?) (‘Instrument
description’and ‘Instrument performance of the gamma detectors’in

Methods). The high fluence observed by bothBGO and LYSO indicates
clearly that the source’s radial distance to the foot point was within
5 kmrange (‘Instrument description’, ‘Spectral characteristics and flu-
ence estimates’ and ‘Flux values for glows, FGFs and TGFs at 20 km’in
Methods). Thefirst pulses had durations and interpulse times of several
milliseconds. The intensity of the pulses thenincreased and their dura-
tion decreased (down to1-2 ms) until the pulse intensity decreased and
the separation between pulses became longer (up to 20 ms). The total
duration of the FGF shown in Fig. 1 was approximately 50 ms.

The FEGS instrument onboard the aircraft did not show any opti-
cal signals at 337 and 777 nm, which would be related to streamers
and leaders (‘No detectable electrical or radio signals from FGFs’ in
Methods), during the pulses of the FGF (Fig. 1b). The FEGS field of view
(FOV) was 10 km x 10 km square (+5 km x +5 km from the aircraft foot
point for a cloud top at 15 km), which was significantly smaller than
the FOV of the bismuth-germanate instrument from the University
of Bergen (UIB-BGO), which is circular with an approximately 20 km
radius (‘Instrument description’in Methods), but in this case, the FGF
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Fig.1|Flickering gamma-ray flashes from 05:01:12.44 uT to 05:01:12.64 UT
on 8July2023. a, Gamma emissions measured by BGO and LYSO. Theinsetis an
enlargement of the FGF timeinterval. b, FEGS optical emissions at 777 nm (red)

source was well within the FEGS FOV (‘Spectral characteristics and
fluence estimates’ in Methods).

Theelectric-field change meter (EFCM) onboard the aircraft, which
records close-range, low-frequency, electric-field variations, found no
detectable signatures of electric activity during the pulses. A rather
strong narrow bipolar event (NBE) occurred 9 ms after the last pulse,
which was followed by continuous lightning activity, as seen in both
radio and optical data (Fig. 1b, Extended Data Figs.1and 4).

Ground-based low-frequency radio data from the closest campaign
radio receiver, which was 920 km away in Sisal, Mexico, are shown in
Fig.1c. These data confirm that no radio signals that can be associated
with the FGF pulses are seen, including the first few FGF pulses not
captured by the EFCM. From this range, the background noise was
equivalentin amplitude to lightning signals with a very weak 1 kA peak
current (‘No detectable electrical signals or radio signals from FGFs’
in Methods and Extended Data Fig. 2). Although there are numerous
lightning pulses in the data window shown, most arrived at the sen-
sor from a different direction than the known direction to the ER-2.
The two-axis orthogonal measurements were rotated so that a signal
originating from that direction had a large azimuthal B, component
(blue curve) and anegligible radial B, component (red curve). The pulse
at12.474 s had a large B, component and originated from a lightning
source 725 kmwest of the ER-2, according to the Global Lightning Detec-
tion Network. The NBE seen by EFCM was also seen at alow frequency
in Mexico (Fig. 1c).
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Time (s)
and 337 nm (blue) and the electric-field variability (AE) measured by the

EFCM.a.u., arbitrary units. ¢, Low-frequency magnetic-field radio emissions
from Sisal, Mexico, showing the radial (B,) and azimuthal (B,) components.

24 FGFs were observed during five of the ten flights, each of which
spent 2-3 h above active gamma-glowing thunderclouds®. Figure 2
shows all the FGFs observed by the BGO detectors, with the in-situ
thunderstorm observer for radiation mechanisms (iISTORM) data over-
laid for 21 of them. The count rates measured by iSTORM were about a
half to two-thirds of what BGO measured, consistent with the smaller
geometricareaof the detector (157 cm?versus 225 cm?) and the smaller
energy range (up to 5 MeV versus 30 MeV). The iSTORM data acquisi-
tionsystemwas fullyindependent from that of the BGO. Despite some
small differences (‘Instrument performance of the gamma detectors’
inMethods), thetwoindependent detector systems confirm that FGFs
areareal phenomenon and cannot be the result of instrumental effects.

The FGFs were observed east of Yucatan, on the western coast of El
Salvador, the coast of the Mexican states of Tabasco and Veracruz, and
on the east coast of Florida. All the FGFs were observed over coastal
regions and above gamma-glowing thunderclouds. The typical duration
of apulse was1-2 ms. They were separated by 1-20 ms, and the whole
FGF lasted for tens to several hundreds of milliseconds. An FGF typically
started withacouple of less intense but longer pulses (5-20 ms), which
was followed by a train of shorter, intense pulses (0.4-4 ms). Towards
the end of the FGF, the pulse intensity decreased and the separation
between pulses became longer.

We have low-frequency radio recordings for all 24 FGFs, EFCM data
for three of them and optical data for 22 of them. No detectable radio
signals or optical pulses that could be associated with the pulses of the
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Fig.2|24 FGFsseenby ALOFT. The BGO dataare showninblack (counts per
millisecond) and blue (counts per100 ps). iSTORM data (for 21 of them) are
overlaidin red with corresponding time bins. The valuesin the upper right

FGFswere observed. Accordingto our observations, FGFs arebothradio
and optically silent (‘No detectable electrical signals or radio signals
from FGFs”and ‘No detectable electrical or radio signals from FGFs’in
Methods), in contrast to normal lightning-related TGFs.

Multi-TGFs with a few pulses and associated radio signals have been
observed by several spacecraft?*?*, but only the Compton Gamma-Ray
Observatory/Burst and Transient Source Experiment (CGRO/BATSE)?,
withits very large detector area (16,000 cm?), has observed multi-TGFs
thatresemblethe FGFs wereport here. Atthetime, they were identified
and explained asjust anatypical formof lightning-related TGFs"?. A few
models have managed to reproduce the main features of the multi-TGFs
observed by CGRO/BATSE*?. In these models, amulti-TGF isinitiated
by a lightning discharge and should be accompanied by significant
charge moment changes and strong currents?%, None of these features
was observed during the FGFs we report here. Our observations show
very clearly that there were no detectable radio signals, even when
the aircraft was only 5-10 km away from the source, and there was no
optical signal from any lightning leader, as should have been seen in
the 777 and 337 nm bands.

Another notable feature is that for 17 of the 24 observations, the FGF
was followed by an NBE, notimmediately afterwards (microseconds)®
but afew to tens of milliseconds after the last observed FGF pulse. The
NBE was followed by continuous lightning activity for hundreds of mil-
liseconds, asseeninboth radio and optical data (‘No detectable electrical
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corner (inred) are the time interval in millisecond shownin each plot. The
numberinginthe upper left corneristheeventID, which correspondstothe
datesand times of each event givenin Extended Data Table 5.

signals or radio signals from FGFs’ and ‘No detectable electrical or radio
signals from FGFs’ in Methods and Extended Data Figs.1and 4). This
raises the intriguing possibility that gamma-rays generated by thun-
derstorms, in the form of FGFs, play a role at least in some lightning
initiation, whichis a process that remains at best poorly understood.

During the ten flights of the campaign, we observed 130 transient
gamma-ray events: 24 FGFs, 96 TGFs and ten glow bursts (less than
100 ms)?. All the TGFs and FGFs were observed when the aircraft was
passing over gamma-glowing thunderclouds. Only a few of the TGFs
(three or four) had intensities bright enough to be seen from space,
which meansthat, atleastinthe Caribbean and Central Americaduring
summer, the thunderclouds produce almost 2 orders of magnitude more
gamma-ray flashes than can be detected from space. This questions the
‘rarity’ of TGFs**°, Our findings are broadly consistent with those from
the Telescope Array in Utah, which has found many weak downward
TGFsassociated with cloud-to-ground lightning flash development, in
showing that gamma-ray generation by thunderstorms is much more
common and takes many more forms than we previously knew?.

Both TGFs and FGFs have a spectral shape that would be expected from
the relativistic runaway electron avalanche (RREA) process (‘Spectral
characteristics and fluence estimates’ in Methods). This means that
bothphenomenarequirelarge potentials (hundreds of megavolts) and
electric fieldsabove the RREA threshold (280 kV m™ surface equivalent)
over large distances to accelerate electrons to relativistic energies and
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Table 1| Characteristics of glows, FGFs and TGFs observed at
20km altitude

Event Event Peak flux (cm?s)™" Optical Radio Spectra Related
duration toglows

Glow 1-100s 2-90° No No RREA®  Yes®

FGF 10-100ms  1.8x10%-6.0x10*® No No RREA®  Yes®

total

TGF 10-1,000us 5.6x10°-108° Yes? Yes® RREA®  Yes®

2From the ALOFT campaign.

PMaximum peak flux measured by the BGO for a single pulse in a FGF, when saturation was
accounted for (‘Flux values for glows, FGFs and TGFs at 20km’ in Methods).

°ASIM TGFs mapped down to 20km.

YWhen optical measurements are available.

°Some TGFs have no detectable radio signals.

subsequently produce high-energy gamma photons. Our observations
show that the continuous RREA spectra of the FGFs extend to at least
31MeV.Althoughtheelectronsinthe TGFs were accelerated by the strong
transientelectric fields associated with lightning'® ™, the FGFs reported
here are not associated with the electric field of lightning discharges.

When opticalmeasurements are available’® %, TGFs are always associ-
ated with optical pulses simultaneous or slightly delayed to the TGF,
whereas no optical pulses were associated with the FGFs, indicating
that leaders are involved in generating TGFs but not FGFs. TGFs also
show a close association with radio emissions'°™, whereas there were
no detectable radio signals from the FGFs (‘No detectable electrical
signals or radio signals from FGFs’in Methods). None of the FGFs were
accompanied by TGFs.

Compared to gamma-ray glows, which are also radio and optically
silent, the FGFs had a much shorter duration and higher intensities.
Like both TGFs and FGFs, the spectrum from gamma-ray glows also
has the shape expected from the RREA process*. The FGFs started as
anordinary gamma-ray glow, then experienced asudden exponential
increase, turned into an unstable, ‘flickering’ mode before falling into
separate pulses.

The durations of the pulses in the FGFs were significantly longer
(more than 1 ms) than that of the TGFs (approximately 10-100 ps)®™°.
By scaling the flux values of TGFs seen from space down to 20 km
altitude, we found that the brightest pulse in an FGF is just below the
lower threshold that can be identified from space, consistent with the
non-detection of FGFs by current space-borneinstruments®® (‘Spectral
characteristics and fluence estimates’ and ‘Flux values for glows, FGFs
and TGFs at 20 km from measurements’ in Methods). The character-
istics of gamma-ray glows, FGFs and TGFs are compared in Table 1.

Both observationally and phenomenologically, the FGFs differ from
both TGFs and gamma-ray glows but have features of both. Both in
pulse duration and total duration and intensities, the FGFs fill the gap
in the distribution of gamma emission phenomena from thunder-
clouds, being between gamma-ray glows on one side and TGFs on the
other (Table1). We, therefore, suggest that they can be the missinglink
between the two phenomena.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
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Methods

The campaign: overview and mission strategy

During July 2023, the ALOFT aircraft campaign over thunderstorms
in the Caribbean and Central America was conducted with the NASA
ER-2aircraft. There were ten flights (3-8 heach) at 20 km altitude. Each
flight spent 3-4 habove active thunderstorms.

The scientific target of the ALOFT campaign was to observe TGFs
and gamma-ray glows from thunderstorms and the possible con-
nection between the two. The aircraft was equipped with five inde-
pendent gamma-ray detectors, 30 photometers, seven electric-field
sensors, two radars and two microwave radiometer systems. In addi-
tion, nine ground-based radio receivers operated during the cam-
paign, covering very low frequencies and low frequencies, as did two
very-high-frequency (VHF) interferometers. The instruments used in
this study will be described below.

Taking advantage of the mission concept, in which1s resolution
data were downlinked in real-time, gamma-glowing clouds could be
identified inreal time, and the pilot was instructed to return to the
same location as long as the thundercloud was glowing. During these
tenflights, we observed a total of 130 transient gamma-ray events, ten
glowbursts (less than 100 ms)*, 96 TGFs and 24 FGFs, which we found
to be a fundamentally different type of hard radiation from thunder-
clouds than the TGFs.

Instrumentation and dataacquisition

Instrument description. The bismuth-germanate instrument from
the University of Bergen. This instrument had four independent
gamma detectors: one BGO detector, with three independent pairs
of BGO scintillators read out by photomultiplier tubes (PMTs), and
three LYSO detectors, all with fast read-out electronics and with dif-
ferentgeometricareas ranging from 0.09 to 225 cm? From modelling
work®, it was expected that the count rate could increase by 4 orders
of magnitude, depending on how close to the source the aircraft was.
Consequently, we designed our detectors to cover 4 orders of magni-
tudeincount rates. The geometric areas, energy ranges and time reso-
lutions for the four detectors are given in Extended Data Table 1. The
three BGO/PMT detectors were similar to one of the four high-energy
detector modules of the modular X- and gamma-ray sensor** that is
part of the atmosphere space interaction monitor (ASIM) on the Inter-
national Space Station. At 20 km altitude the BGO detectors are able to
see events up to approximately 20 kmradius from the foot point of the
aircraft®. The three BGO/PMT detectors and the medium LYSO/PMT
detector used the same read-out electronics, whereas the two other
LYSO/silicon photomultiplier detectors had aseparate read-out system.
iSTORM. iSTORM isagamma-ray spectrometer optimized to make sen-
sitive measurements of bright, fast transients in the nuclear gamma-ray
band (approximately 300 keV to over 5 MeV). It was designed and built
by the US Naval Research Laboratory. TheiSTORMinstrumentis a highly
segmented array of fast, high-resolution, inorganic scintillators. The
large total geometric area (157 cm?) provides high sensitivity, whereas
the high segmentation and fast scintillation decay time preserves that
large area for bright TGFs, which would paralyse a single detector of
equal area. With its slightly smaller detector geometric area (157 cm?
versus 225 cm?) and smaller energy range (up to 5 MeV versus 30 MeV),
theiSTORM sensitivity and range are slightly smaller than those of the
BGO. The specification of theiSTORM instrument s listed in Extended
Data Table 2.

FEGS. FEGS is an airborne array of multi-spectral radiometers opti-
mized to measure the optical emission from lightning. These radio-
meters observe spectral emission from a variety of temperature
regimes. The specification of FEGS is given in Extended Data Table 3.
With 25 photometers centred at 780 nm, FEGS provides images of the
7774 nmemissions from lightning leaders over anominal spatial foot-
print of 10 x 10 km?with a spatial resolution of 2 x 2 km?*for a cloud top

at15km. The FOV of the other photometers was 2 x 2 km?, which was
aligned with the centre photometer of the 780 nm band. All photom-
eters sampled with atemporal resolution of 10 ps.

The electric-field change meter. The EFCM is a two-channel (fast
and slow) antenna that measures the derivative of the electric-field
impulse produced by lightning. The fast channel was designed toisolate
theradiative component of the lightning discharge field, whereas the
slow channel was optimized to observe the electrostatic field com-
ponent. The EFCM has several sensitivity ranges that are selectable
during flight. It samples with 16-bit resolution. The sample rate and
decay time constant for EFCM are givenin Extended Data Table 4. The
EFCMis atriggered system.

Low-frequency radio receiversinMexico and Florida. Low-frequency
magnetic-field radio emissions (30-300 kHz) were recorded in Sisal,
Mexico (21.16° N latitude and —90.05° E longitude), and in Florida,
USA (28.06° N latitude and —80.62° E longitude). The sensors had
a flat frequency response from 100 to 200 kHz and a frequency-
proportional response from 1to 100 kHz. These sensors measured
two orthogonal horizontal magnetic-field components and, thus,
also measured the direction of signal arrival. An absolute amplitude
calibration was obtained from both laboratory measurements and
in-field cross-calibration with other magnetic sensors. The signals
weresampled at1MS s™. GPS timing ensured that the absolute timing
accuracy was better than1 ps. The low-frequency radio measurements
were sensitive to electric current pulses with atimescale of 5 psto1 ms.
The noise level varied somewhat in time because of anthropogenic
sources, and the sensitivity to a fixed amplitude current pulse varied
with distance to the signal source.

The VHF interferometer. The VHF interferometer was at the Townes
Institute Science and Technology Experimentation Facility of the Uni-
versity of Central Florida within the Kennedy Space Center, Florida
(28.465163° N, —80.651996° E). VHF radio emissions of 1-160 MHz
were recorded at 360 MHz from three sensitive inverted-V VHF anten-
nasarrangedinanearright triangle with baseline lengths of24.1,25.4
and 33.4 m. Electric-field change waveforms obtained from a fast
antenna having approximately 30 ns rise time and 100 ps decay time
were simultaneously recorded with the VHF. Trigger lengths were
typically 0.75 sin length with 0.25 s of pre-trigger before a triggering
broadband VHF pulse.

Instrument performance of the gamma detectors. An aircraftatan
altitude of 20 km can fly directly above a thundercloud and get close
to the radiation source (less than 10 km), so some of the FGFs (and a
few TGFs) appeared so bright that some of our gamma-ray detectors
saturated. AsshowninFig.1laand pointed out in the main text, the large
BGO detector (225 cm?) was saturated during the first eight pulses,
whereas the smaller LYSO detector (1 cm?) was not. The reason for this
saturation is that the three BGO channels and the one LYSO channel
eachhave afirst-in-first-out data buffer of depth 256. The read-out link
speed forthe three BGOs and LYSO togetherisaround 330,000 science
data packages of 48 bits per second. The link willloop around and read
outonecountatatimefromevery channel onlyifthe first-in-first-out
buffer for that channel is not empty. During a bright event with more
than 256 countsinashort period of time (plus several extra count being
read out at the same time), the first-in-first-out buffer can become full
so that the following counts are discarded by the firmware untilanew
countisread out by the link (approximately 75,000 science data pack-
ages per second). This gives the effect of a sudden drop in the count
rate toaround 7.5 counts per 100 ps. As seenin the inset of Fig. 1a, this
drop was seen duringthefirst eight pulses by BGO but notinthe LYSO
data, which, because of its much smaller detector area, never reached
this countrate.

TheiSTORM data acquisition systemis fully independent from that of
the BGO.iSTORM has acommercial CAEN A5202 64-channel front-end
electronics board intended for silicon photomultiplier read-out of
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fast scintillators. The front-end board was controlled and read out
by a BeagleBone Black single-board computer. Data were read out
in ‘spectroscopy mode’, in which individual photons were logged by
trigger number, time tag and pulse height and stored in flash mem-
ory.Inspection of theiSTORM data stream showed that the combined
front-end board and single-board computer system was subject to
regular busy times. These included dropouts with periods of 2 s and
approximately 0.67 s during which the system was unable to store
events forapproximately 1to approximately 10 ms. However, the trigger
numbers of the stored events provide adirect measure of the number
of triggers dropped during processor and front-end busy times, and
it was, therefore, possible to calculate the total count rate, including
triggers lost during these and other busy times. As configured for the
flights on 6 and 8 July, iSTORM was particularly susceptible to noise
and processor-induced dead time, and thus, it was not sensitive to the
first three FGFs shown in Fig. 2.

As pointed out in the maintext, there are afew differences between

the BGO data and the iSTORM data in Fig. 2. For event 8, dead-time
effects for iSTORM were seen during the first, fifth and sixth pulses,
whereas the BGO did not see the full signal for the seventh, eighth
or ninth pulse. The dead-time effect for iSTORM was also seen in the
fourth pulse of event 6, the twelfth pulse of event 9 and the first pulse of
event 24. For event 10, the BGO was saturated, and the first pulse
appeared as two separate pulses, whereas iISTORM clearly showed
that this was, indeed, one large pulse. Despite these differences, the
two independent detector systems confirm that the pulses we see are
real and cannot be the result of instrumental effects.
No detectable electrical or radio signals from FGFs. EFCM on ER-2.
We have EFCM recordings for three of the the 24 FGFs, low-frequency
recordings from Mexico and Florida for all of them and VHF data from
Florida for the last one (event 24). Extended Data Fig. 1 shows three
FGFswith synchronous EFCMrecordings. As thisisatriggered system,
the EFCM data do not cover the first pulses of the FGF (Extended Data
Fig.1a,c). Counts fromall three BGO detectors were binned into 100 ps
bins to form the FGF light curves (black lines). Individual pulses are
clearly visible to the very end of each FGF event. Red lines show the
electric-field variability, which was calculated by finding the logarith-
mic mean of the spectral amplitudes for each 100 ps time bin of the
signal, such that the final variability is given by:

AE=10M,

1 N
M=— z log Sk’
N & 10

where S, are the power spectral density amplitudes for the whole fre-
quency range up to 5 MHz sampled with a step of 10 kHz (each time
binwas 100 ps).

Extended Data Fig.1clearly shows the absence of anoticeableradio
signal during the three FGF events. Moreover, radio recordings for all
events show strong NBE signals (marked with black text and arrows) at
about10 msafter the final pulse of the FGFs (marked with red arrows).
Those NBEs mark the start of long-lasting periods of electromagnetic
activity (hundreds of milliseconds), which canbe seenineachred curve
after the NBE.

Low-frequency signals from Mexico and Florida. Performance details
for these sensors are described in ‘Instrument description’. Signals
for all 24 FGFs detected by the campaign were recorded by various
sensors. The closest sensors were either Sisal, Mexico, or Melbourne,
Florida.Inall cases, there was no detectable signal that originated near
the FGF location and was above the noise floor during the time of the
FGFs. The noise floor of the recorded signals enabled us to establishan
upper bound onthe strength of any radio emissions associated with the
FGFs. Extended Data Fig. 2 shows the instantaneous, low-frequency,
magnetic-field power for the horizontal magnetic-field component

maximized for the direction to the FGF location. Lightning pulses that
arrived from directions deviating by more than 20° in azimuth from
the FGF location were masked out because these could not be associ-
ated with the FGF.

To create a meaningful measure of sensitivity, we determined the
expected amplitude of sources with known peak current values by
establishing a correlation between the peak currents reported by the
National Lightning Detection Network and the peak fields measured
by alow-frequency sensor for asource ataknowndistance. Asanillus-
tration, when examining an FGF 75 km away from the sensor, we meas-
ured the peak low-frequency fields of events reported by the National
Lightning Detection Network that were measured at the same distance
(75-76 km) from the source. For aspecific peak current value, arange
of peak fields that spanned approximately a factor of 2 were found,
and we utilized the median value as a representative measure for the
equivalent field of that peak current.

Extended Data Fig. 2 shows the measured low-frequency signal

power during the time window of two FGF events. The first was the event
analysed in the main text from 05:01:12 uTc at 8 July 2023 (Extended
Data Fig. 2a). The closest low-frequency signal was measured in
Sisal at 922 km distance. The background noise level shows that any
FGF-associated radio signal would have to be from asource lower than
the approximately1kA equivalent peak current. The second event was
at 21:03:19 utc on 29 July 2023 (Extended Data Fig. 2b). The closest
low-frequency signal was measured in Melbourne at 75 km distance.
This is the FGF with the shortest distance to one of our low-frequency
sensors and, thus, the highest sensitivity to low signals. The back-
ground noise level shows that any FGF-associated radio signal would
have to be from asource at least x10 lower than the 1 kA peak current.
These measurements establish a strong upper bound on any possible
low-frequency radio emissions associated with FGFs. They confirm
that the FGFs initiated and developed in the absence of any typical
lightning flash processes.
VHF and fast-antenna data from Florida. VHF source azimuths as
mapped by theinterferometer withina200 msintervalaround the time
of an FGF are shownin Extended Data Fig. 3a. The raw data are superim-
posed. The FGFisshownin Extended DataFig.3b. The signalsseenat the
two azimuth angles were approximately 30 km away from the receiver,
which means that the signals coming from approximately 320° azimuth
were approximately 5 km horizontal distance from the ER-2’s location.
There was activity froma storm about 40 kmsouth of the ER-2 location
(approximately 250° azimuth), but no VHF sources were detected from
the storm near the ER-2 (approximately 320° azimuth) during the time
of the FGF, consistent with the interferometer’s fast-antenna waveform
beingsilentas well as with the EFCM (Extended Data Fig. 1, lower panel)
and low-frequency (Extended Data Fig. 2b) measurements for this
event. An NBE and subsequent intracloud (IC) flash from that storm
were detected 14.5 ms after the last FGF pulse.

No detectable optical signals from FGFs. For 22 of the of the 24 FGFs,
we have optical measurements from FEGS onboard the aircraft. The
channels that were most sensitive to lightning activity were 25 pho-
tometers centred at 780 nm and one photometer centred at 340 nm.
These two channels measured the 777.4 nm emission line from atomic
oxygen (O1) formed by disassociated molecular oxygenin the hot leader
channeland the 337.1 nm emission line from molecular nitrogen (N, 2P)
from colder streamer ionization waves.

Extended Data Fig. 4 shows all the FGFs and the accumulated optical
signals from 777.4 nm emissions (red) and 337.1 nm emissions for 22
of the events. The negative slopes in some of the panels are due to an
undershoot in the FEGS signals after the pulses. All the FGFs, except
events 20 and 21, for which the FEGS instrument was not working, were
followed by continuous lightning activity. All the panels, except two,
show that there was no optical activity within the FOV of the FEGS during
the FGFs.Inevent1, there were afew small optical pulses (seen as steps),



whichare not correlated in time with the pulses of the FGF (up to 10 ms
delayed) and are probably from a different location than the FGF. The
weak optical signals in event 5 that started before the FGF do not show
any pulsed features and are most probably unrelated to the FGF.

The FOV of FEGS was 10 km x 10 km (5-7 km to the corners and sides
for a cloud top at 15 km), but it can see scattered light from at least
10 km from the aircraft foot point. Although the sensitivity of the BGO
falls off drastically from the foot point to 20 km horizontal distance
(4 orders of magnitude)®, strong signals from 20 km still appear as
weak signals above the noise level. However, more than half of the
FGFs had intensities that indicate a source less than 5 km from the
foot point and well within the FEGS FOV. We did not see any optical
signals for any of them. See also ‘Spectral characteristics and flu-
ence estimates’ in Methods, where the radial distances for two of
these events are estimated by modelling. For the weaker FGFs (ninein
total), we cannot exclude the possibility that the gamma source was
more than10 km away, and therefore, any light associated with them
would not be seen by FEGS, but it is quite unlikely that this should
occur for all of them.

Spectral characteristics and fluence estimates. Extended DataFig. 5
shows the spectral characteristics of two of the FGFs. Data from the
BGOinstrument, which covered energies from300 keV to over 30 MeV,
show that these two FGFs are among the brightest we observed. We
have sufficient count statistics to identify the shape of their energy
spectrum and make an estimate of the fluence at source.

We expected that all the observed spectra were from a RREA. To
assess whether a typical RREA spectrum had been detected, we used
the GEANT4 software®, which enabled us to simulate photon, electron
and positron propagation in any medium (here, the atmosphere, the
detectors and surrounding structures). We tested a classical RREA
photonspectrum of 1/E x exp (-E/7.3 MeV) up to 40 MeV at source and
asimple power law 1/E, which would be just an enhancement of the
background spectrum, termed a modification of the spectrum (MOS)*.

To perform the spectral analysis and find the best model fits, the
following steps were performed: (1) We calculated the propagation,
scattering and absorption of gamma photons in the atmosphere as
well as the production of secondary electrons and positrons from 15 km
altitude to the aircraftaltitude at 20 km. (2) We determined the energy
response matrix of the BGO instrument, including scattering in the air-
craftbody, the housing of the instrument and the other instrumentsin
theaircraft podinthe wing of the aircraft. (3) We used a maximum likeli-
hood analysis to find the best parameter fits using the same method as
inref. 37 based on the statistical approach presented by ref. 38.

Extended Data Fig. 5 shows spectral fits for event 2 at 05:01:12.451
UT on 8 July 2023 and event 9 at 06:56:07.270 UT on 24 July 2023. In
both cases, all the pulses, 17 (Fig. 1) and 16 (Fig. 2), respectively, were
included. For both cases, the RREA model was asignificantly better fit
compared to the 1/E power law. This is shown by the negative log likeli-
hood values, for which a lower value means a better fit. The negative
log likelihoods for the model fits are listed in Extended Data Table 6.
These results demonstrate that a RREA process is the most probable
explanation of the observed spectra. The spectral fits also give us the
best-fitting radial distances (horizontal distance between the FGF
source and the aircraft). For these two FGFs, the best radial distances
were 3 km and 5 km, respectively, which supports our claim that the
sources of these bright FGFs were close to the aircraft foot point. These
estimates were for asource altitude of 15 km.

By combining all pulses for each event, we estimated the number of
source photons (above 400 keV) to be 1.5 x 10" (event 2) and 7 x 10*¢
(event 9), assuming a source altitude at 15 km, whichwe used as a
reference altitude to compare with ASIM detections from the same
assumed altitude. For event 9, half of these photons were from the
first 50-ms-long pulse, so the total number of photons for all the short
1-2-ms-long pulses was of the order of 10", which would give about 10%

photonsineach pulse at15 km. We emphasize that these estimates are
for the pulses in two of the brightest FGFs we observed. The majority
of FGFs have a lower fluence than these two. Of current space-borne
gamma detectors, ASIM has the highest sensitivity and can identify
gamma events with more than 5.6 x 10° peak flux at 20 km (Table 1)
fromasourceat15 kmwithinits trigger windows of 300 ps, 1 ms, 3 ms
or 20 ms. Pulses with approximately 10 photons are just below the
detection threshold of ASIM and are consistent with the non-detec-
tion of FGFs by any of the current space-borne detectors (Table 1and
‘Flux values for glows, FGFs and TGFs at 20 km from measurements’
in Methods).

Flux values for glows, FGFs and TGFs at 20km. Here we explain how
the flux values givenin Table1for glows, FGFs and TGFs at 20 kmaltitude
were obtained. A glow was identified when the background of 2,000
counts per second increased by 25% (500 counts per second), which
then defined the lower flux limit for glows. The most intense glow we
saw was approximately x10 background (20,000 counts per second).
Withadetector area of 225 cm?, we had arange of 2-90 (cm?s) ™.

For several FGFs, the BGO was saturated but the LYSO was not. This
wasthe case for FGFs 2, 8,14 and 21, which were the four brightest FGFs
we observed. Using the light curve from the unsaturated LYSO data, we
estimated what the peak fluxin BGO should have been. These estimates
arelisted in Extended Data Table 7. The largest estimate we found was
for the first pulse in event 21, such that the measured flux should be
increased to 1,358 counts per100 ps (afactor of 3.5). The lowest maxi-
mum peak flux we observed during a FGF was the third pulse of event
10 (approximately 40 counts per millisecond). With adetector area of
225 cm?, this gave us a range of 1.8 x 10?-6.0 x 10* (cm?s) .

For TGFs, we give the flux range based on the ASIM measurements
mapped down to 20 km altitude, assuming a production altitude at
15 km. The weakest TGF that can be identified in the ASIM data had
approximately 10 counts per millisecond and the brightest had
approximately 1,000 counts per 500 ps. The area of the high-energy
detector detector of the ASIM modular X- and gamma-ray sensor was
approximately 900 cm?. Combining the absorption from20t0400 km
(afactor of 8 obtained from the GEANT simulation) and the 1/7* effect
(factor of 6,400), the total scaling factor between 400 km and 20 km
was approximately 50,000. Taking both the detector area and the total
scaling factor into account, this gives a range of 5.6 x 10°-10° (cm?s)™!
for ASIMTGFs mapped down to 20 km. Only afew (three or four) of the
96 TGFs seen during the ALOFT campaign had fluxes above this lower
limit and so could have been seen from space. The brightest peak flux
of asingle pulse in the FGFs we observed (first pulse of event 21) was
just below the lower threshold and would probably not be identified
in data from any current space-borne detector.
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(green) and raw VHF data (cyan). Sources are color-coded according to VHF microsecond bins.
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Extended DataFig.4 |Optical measurements for 22 of the 24 FGFs. Blackand
blue curves are the FGFs with bins of cnts/ms and cnts/100ps, respectively. The
accumulated optical signalsare showninred (777.4 nm emissions) and blue

(337.1nmemissions). For event#20 and #21the FEGS instrument was not working.
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Thevaluesintheupperrightcorner (inred) are the time interval in millisecond
shownineach plot. The numberingin the upperleft corneristheeventID,
which corresponds to dates and times of each event that are givenin Extended

DataTableS5.
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Extended DataFig.5|Spectral measurements and fits for two bright FGFs. A) #2 B) #9. Negative log-likelihood (NLL) values for the spectral fits are givenin

Extended DataTable 6.
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Extended Data Table 1| Specification for the UIB-BGO detectors

Detector Area (cm?) Energy range Time resolution
BGO/PMT! 225 300 keV to > 30 MeV 28 ns
LYSO/SiPM? 25 1 MeV to >30 MeV 16 ns
LYSO/PMT! 1 >100 keV 28 ns
LYSO/SiPM? 0.09 >300 keV 16 ns

'Photo-Multiplier Tube.

2Silicon PhotoMultiplier (Data from these LYSO/SiPM detectors are not used in this paper).




Extended Data Table 2 | Specification for the iSTORM detectors

Detector Quantity Size Energy range Time resolution
CeBr3/SiPM 32 2.5 x 2.5 cm’” ~300keV —5MeV | <1 us
Plastic/SiPM 1 IxIx1lcem? >100 keV <1 us
SiPM array 1 2.50 cm n/a <1 s

" Total area of all CeBr, is 157 cm?
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Extended Data Table 3 | Specification for FEGS

Center Wavelength (nm) | Quantity | Emission (nm) FWHM (nm) | Species
340! 1 337.1 10 N2

500! 1 500.5 10 NII
750! 1 Broadband (400-1100) 800 multiple
780! 252 777.4 10 )

870! 1 868.3 10 NI
1570! 1 multiple 130 NI

'All photometers have sample rate of 10 ps.
2Provides images of 10 x10km?, with a spatial resolution of 2 x2km?.




Extended Data Table 4 | Specification for EFCM

Channel Sample rate (MHz) Decay time constant

Fast 10 100 ps

Slow 1 100 ms
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Extended Data Table 5 | Date, time and ER-2 location for the 24 FGF events

ID Date Time Latitude Longitude
01 2023-07-06 05:08:47.300 19.2000 -94.4382
02 2023-07-08 05:01:12.451 12.8908 -89.3482
03 2023-07-08 05:26:21.493 12.9497 -89.4361
04 2023-07-24 05:45:49.238 19.1567 -94.6887
05 2023-07-24 06:09:27.970 19.3632 -94.4779
06 2023-07-24 06:43:19.640 19.2486 -93.7970
07 2023-07-24 06:55:21.650 19.2618 -94.0376
08 2023-07-24 06:55:28.868 19.2721 -94.0474
09 2023-07-24 06:56:07.270 19.3268 -94.0992
10 2023-07-24 07:02:22.725 19.2813 -94.1986
11 2023-07-24 07:02:41.534 19.2739 -94.1643
12 2023-07-24 07:03:14.041 19.2610 -94.1062
13 2023-07-24 07:03:41.869 19.2501 -94.0569
14 2023-07-24 07:04:10.215 19.2387 -94.0061
15 2023-07-24 07:06:18.667 19.1862 -93.7735
16 2023-07-24 07:12:41.068 19.2708 -94.0431
17 2023-07-24 07:13:20.208 19.3299 -94.0921
18 2023-07-24 07:13:42.197 19.3624 -94.1190
19 2023-07-24 07:13:52.156 19.3769 -94.1310
20 2023-07-24 07:41:32.440 19.2368 -93.8473
21 2023-07-24 07:43:00.805 19.1793 -93.6992
22 2023-07-26 01:41:04.633 17.4054 -94.1734
23 2023-07-26 03:10:27.115 17.6995 -94.8623
24 2023-07-29 21:03:19.950 28.6903 -80.8939




Extended Data Table 6 | Parameters for the spectral fit in Extended Data Fig. 5

Spectral shape

NLL values — Extended Data Fig SA

NLL values — Extended Data Fig 5B

RREA

2.9

5.8

Power law (1/E)

4.6

22.8




Article

Extended Data Table 7 | Estimated maximum peak flux of saturated pulses

Saturated Last unsaturated BGO flux | Saturation factor based on | Estimated peak flux in BGO

FGF pulses measurement in the unsaturated LYSO when saturation is accounted
maximum peak measurements for
[ents/100 us] [ents/100 us]

#2, 4" pulse 183 7.0 1281

#8, 3" pulse 292 24 700

#14, 3" pulse 256 2.5 640

#21, 1% pulse 388 3.5 1358
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