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Highly dynamic gamma-ray emissions are
commonintropical thunderclouds
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Thunderstorms emit fluxes of gamma rays known as gamma-ray glows'?, sporadically

observed by aircraft*”, balloons

8and from the ground™ '8, Observations report

increased gamma-ray emissions by tens of percent up to two orders of magnitude

above the background, sometimes abruptly terminated by lightning discharges

1,3-5

Glows are produced by the acceleration of energetic electrons in high-electric-field
regions within thunderclouds® and contribute to charge dissipation®. Glows had been
considered as quasi-stationary phenomena>>2, with durations up to a few tens of
seconds and spatial scales up to 10-20 km. However, no measurements of the full
extension in space and time of agamma-ray-glow region and their occurring
frequency have been reported so far. Here we show that tropical thunderclouds over
ocean and coastal regions commonly emit gamma rays for hours overareasuptoa
few thousand square kilometres. Emission is associated with deep convective cores; it
isnot uniform and continuous but shows characteristic timescales of 1-10 s and even
subsecond for individual glows. The dynamics of gamma-glowing thunderclouds
strongly contradicts the quasi-stationary picture of glows and instead resembles that
of ahuge gamma-glowing ‘boiling pot’ in both pattern and behaviour.

Duringthe Airborne Lightning Observatory for FEGS and TGFs (ALOFT)
aircraft campaign over the Caribbean and Central America in the
summer of 2023, the simplistic picture of localized and uniformly
gamma-ray-glowing thunderclouds was overridden. Owing to a new
mission concept,in which 1-s-resolution data were downlinked during
flight, gamma-ray-glowing clouds could be identified in real time and
the pilot was instructed to return to the same location until the thun-
dercloud stopped glowing. ALOFT detected more than 5001-10-s-long
individualgamma-ray glows during nine of the ten flights, all over ocean
or coastal regions (see Extended Data Table 1), showing that thunder-
clouds can emit gammarays for hours and over huge regions.

Figure 1a shows the flight path on 24 July 2023 above a very active
mesoscale convective system over southern Campeche Bay. Glows with
fluxes up toabout 12 times the background level (on1-stimescales) were
detected during almost all of the 3 h spent on target (Fig. 1b). Glows
were detected repeatedly following consecutive passages over the
same thundercloud system (see crossing trajectories and black dotsin
Fig.1a). The overall regionincluding the cyan and magentatrajectories
in Fig. 1a was glowing for at least the 3 h we stayed on target, starting
at 05:15 UT. We do not know whether the thundercloud was glowing

before we arrived and after we had to leave. The glowing region cor-
responds to an area of more than 9,000 km?.

Our glow observations show notable temporal variability down to
the 10-ms timescale, overriding the previous picture of quasi-steady
smoothly varying glows. Figure 2 shows successively zoomed-in
observations of the gamma-ray count rate during an 8-min-long pass
and glow sequence, labelled G1 and highlighted in magentain Fig. 1
(about100 km aircraft flight distance). Figure 2c,e shows theindividual
few-second-long glows (<2 km aircraft flight distance). Figure 2f shows
a‘glow burst’ with brightening by a factor of about 3 over 20 ms, fol-
lowed by a gradual flux reduction to the previous level on the same
timescale. On a 1-ms timescale, this corresponds to an enhancement
above the background by afactor of about 30. A duration of afew tens
of millisecondsis three orders of magnitude lower than the typical dura-
tionof glows reported from previous observations (tens of seconds to
minutes), yetis much longer than that of terrestrial gamma-ray flashes
(TGFs) (roughly 10-100 ps), which are bright, very short transients
usually associated with lightning discharges' % Transients tens of mil-
liseconds long have been presented® and have been related to positron
clouds. Theglowburst presented here does not show any evidence foran

'Department of Physics and Technology, University of Bergen, Bergen, Norway. 2Astrophysics and Space Science Observatory of Bologna, National Institute for Astrophysics, Bologna, Italy.
3NASA Marshall Space Flight Center, Huntsville, AL, USA. “U.S. Naval Research Laboratory, Washington, DC, USA. °NASA Goddard Space Flight Center, Greenbelt, MD, USA. °New Mexico Institute
of Mining and Technology, NM, Socorro, USA. "'Department of Atmospheric Science, Earth System Science Center, University of Alabama in Huntsville, Huntsville, AL, USA. ®Universities Space
Research Association, Huntsville, AL, USA. °Duke University, Durham, NC, USA. ©Instituto de Ciencias de la Atmdsfera y Cambio Climatico, National Autonomous University of Mexico (UNAM),
Mexico City, Mexico. "University of Bath, Bath, UK. ?Georgia Institute of Technology, Atlanta, GA, USA. ®Polytechnic University of Catalonia, Barcelona, Spain. “Universidad Nacional de Colombia,
Bogota, Colombia. ®e-mail: Martino.Marisaldi@uib.no; Nikolai.Ostgaard@uib.no; Andrey.Mezentsev@uib.no

Nature | Vol 634 | 3 October 2024 | 57


https://doi.org/10.1038/s41586-024-07936-6
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-07936-6&domain=pdf
mailto:Martino.Marisaldi@uib.no
mailto:Nikolai.Ostgaard@uib.no
mailto:Andrey.Mezentsev@uib.no

Article

a
Z 300
"2
20.00° N | o
280
T,
19.75° N -
<
QO
19.50° N 260 5
©
g
-~ B
19.25° N - £
¥ l2a0 &
a3
()
19.00° N . <
Ky
2
L220 5
18.75° N
18.50° N \ % L 200
95.5° W 95.0° W 94.5° W 94.0° W 93.5° W l
b
30,000
G1 G2
=)
C
o
o § 20,000
“@‘ 7]
o [}
Q5
@ £ 10,000
o
= An .J L W] At
05:00 05:30 06:00 06:30 07:00 07:30 08:00 08:30
Time (UT)

Fig.1|Map and gamma-ray sequence for the flight on 24 July 2023. a, Flight
trajectory (grey) overlaid on GOES-18 infrared temperatures, along with marked
gamma-ray fluxes exceeding 25% above the background level (black dots). The
magentatrajectory corresponds to the glow episodes plotted in Fig.2b, also
marked as Glin panelb. The cyantrajectory corresponds to the glow episodes

enhanced positron annihilationline at 511 keV (see spectral analysisin
Methods section ‘Glow spectral analysis’and Extended Data Fig. 9b) and
therefore must be considered as anew phenomenon. Figure 2d shows
another glow that evolvedintorepetitive behaviour termedaflickering
gamma-ray flash (FGF)*,inwhich the intensity is modulated in asucces-
sion of millisecond-duration spikes, separated by tens of milliseconds.
Both the occurrence of FGFs and glow bursts lasting only a few tens of
milliseconds contradict the canonical picture of glows as quasi-static
phenomena well separated from the very short transient TGFs, rather
suggesting a more complex scenario linking these two phenomena.

Figure 3 shows how the glow episodes of a typical pass (in this case,
the cyan-highlighted episode G2inFig.1) are related to the storm struc-
ture, as determined by the planar cloud-top brightness temperature
(Fig. 3b) and the vertical reflectivity profile (Fig. 3¢c). Together, the
observations clearly indicate three convective cores producing high
radar reflectivity, each 20-25 kmin horizontal extent, with cloud tops
extending up to approximately 16.5 km altitude. This implies large
liquid andice contents as well as strong convective updrafts at high alti-
tudesinthe cores. The upward-pointing electric field vectors (Fig. 3¢c)
are consistent with the charge structure of thunderclouds typically hav-
ing an upper positive charge layer, whichis also supported by ground
observations for the flight on 29 July 2023 over Florida (see Methods
section ‘Flight on 29 July 2023: comparison with lightningactivity and
storm charge structure’ and Extended Data Figs. 5 and 6).

The above correlations pertain to episode G2 of the 24 July 2023
observations, but similar correlations are obtained for episode G1
and overflights of other storms, as seen in Extended Data Fig. 2 for
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plottedinFig.3,also marked as G2in panelb. For both trajectories, the direction
of motion ofthe planeis fromleft toright. The brightness temperature cloud
image corresponds to time 07:24:251 UT, close to the maximum emissionin the
cyanregion.b,BGO countrate. Time on target: 05:00-08:20 UT.

an earlier 6 July 2023 Campeche Bay storm and Extended Data Fig. 4
for the 29 July 2023 Florida storm. In each case, the gamma-ray-glow
activity is markedly temporally aligned with the overpass of successive
cores, with an overall modulation in maximum intensity qualitatively
consistent with the cloud-top altitude. Gamma-ray episodes over cores
consisted of several (up to afew tens) individual glows, often partially
overlapping. The temporal profile of individual glows is typically asym-
metric, with a slow rise lasting a few seconds and a fast decay (<1 ).
This scenarioisacommon pattern observed throughout the campaign
(nine of ten flights); see Methods section ‘Duration and extension of
gamma-ray-glow activity’. Each glow episode (a passage over a convec-
tive core, encompassing many individual glows) is also accompanied
byanincreaseinthelocal rate of electrical discharges detected by the
Electric Field Change Meter (EFCM) (see Extended Data Figs. 2 and 4
and Methods section ‘Instrumentation’).

Tosummarize, we canstate with certainty thatathundercloud region
can glow for hours and extend over several thousands of square kilo-
metres. The longest continuous enhancement previously reported is
40 min (ref. 25), but thiswas only a2% increase above background over a
1-mintime bin, not even close to or comparable with the glows we report
here withincreases of 10-30 times the background. We can also state
that each glowing episode typically lasts for about 2 min (20-25 km
aircraft flight distance). For the individual glows (1to about 10 s dura-
tion), however, we cannot disentangle the spatial and temporal vari-
ability components from gamma-ray observations, therefore we cannot
establish the physical extent of the single-source regions, whether
they cover the full extent of the convective cores or if they are more
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Fig.2| Gamma-ray-glow temporal variability. a, BGO (black) and iSTORM
(red) countrates (1-s bin) for 24 July 23.b, Zoomed view (100-ms bin) for the
10-mintimeinterval highlighted in black in panela, correspondingto time

compactregions withinthe cores. Monte Carlo simulations suggest an
effectiverange for glow observations of 2.0 to about 4.5 km, depending
on production altitude (see Methods section ‘Attenuation with radial

UT on 24 July 2023

interval Gl highlighted in magentainFig.1.c,e, Zoomed view (10-ms bin) for the
8-stimeintervals highlighted inblackin panelb.d,f,Zoomed view (1-ms bin) for

thel-stimeintervals highlighted in blackin panels cand e, respectively.

distance’and Extended DataFig. 7). Therefore, active regions must be
located withinthe cores. The typical rise time (2-4 s) and fall time (<1s)
ofindividual glows are too short compared with the characteristic times
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Fig.3|Sequence of glows with simultaneous electric-field and cloud-
characterizationdata. Timeinterval G2 on 24 July 2023 highlighted in
cyaninFig.1.a,BGO countrate. b, Brightness temperature (TB) from the
Advanced Microwave Precipitation Radiometer (AMPR) 85.5 GHz Channel A.
Sweepindex 0 (49) corresponds to scandirection 45° from nadir towards
starboard (port). ¢, Vertical radar reflectivity profile from the X-band

radar (EXRAD). Black vectors are the £,,component of the electric field from
the Lightning Instrument Package (LIP), inwhich the x axisis the direction of
motion and the zaxis is the upward-pointing vertical direction. AMPR, EXRAD
and LIP (see Methods section ‘Instrumentation’) data are not shownif theroll

angleislargerthan2° (aircraft manoeuvring).a.s.l., above sealevel.
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expected from aircraft motion towards astationary source (see Meth-
odssection ‘Time profile resulting from aircraft motion’ and Extended
Data Fig. 8). Therefore, the temporal dynamics of individual glows is
most likely dominated by the intrinsic time variability of the gamma-ray
emission, whichreflects the variability of the underlying electric field.
We expect the rise time of glows to be associated with electric-field
increase owing to convection-driven charge build-up and the shorter
falltime to be associated with electric-field reduction owingto charge
removal following discharge processes.

In most cases, a glow flux reduction does not bring the observed
flux down to the background level but rather to an intermediate level
immediately followed by a new rise phase (Fig. 2¢,e). We cannot state
whether thisis because of a partial discharge followed by arecharging
ofthe same active region or by the superposition of fluxes coming from
nearby active regions within the same core. The overall time profile of
glow episodes, with the brightest glows typically observed passing over
the centre of the convective cores (see Fig. 3), suggests that most of the
gamma rays do not come from a large-scale, core-sized active region
but rather from one or more compact regions concentrated towards
the centre of the cores. For the subsecond glow bursts with only tens
of millisecond rise and fall times, we can—with high confidence—state
they are the result of temporal variability of the source region.

The observations suggest what we call ‘the boiling pot analogy’.
Gamma-ray-glowing regions are tightly associated to strong convec-
tive cores, with several individual cores evolving during the develop-
ment and mature phases of tropical thunderstorms. Local gamma-ray
emission follows the lifetime of the associated core, but particularly
with large multicell storms, the overallgamma-ray-glowing region can
last for hours and extend over thousands of square kilometres, tightly
matching the most active regions of the storm.

So far, modelling efforts have been on the basis of simplistic assump-
tions on the extent of the glow region and electric-field configura-
tions?*?, namely uniform and constant electric field extended over
large (several square kilometres) regions. Our observations prompt
the need to go beyond this simplistic static representation of glows.
Inhomogeneous charge structure and its temporal dynamics must be
considered in realistic simulations. The pervasiveness of gamma-ray
emission over large time and spatial scales in ocean and coastal tropi-
cal thunderclouds has a broad range of implications, barely touched
onin previous studies, ranging from their effects on cloud discharge?,
alteration of the local environment owing to isotope production®and
potential effect on cloud chemistry and dynamics.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of dataand code availability
are available at https://doi.org/10.1038/s41586-024-07936-6.
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Methods

The ALOFT flight campaign

The Airborne Lightning Observatory for FEGS (Fly’s Eye GLM Simula-
tor, in which GLM stands for Geostationary Lightning Mapper) and
TGFs (ALOFT) is an aircraft campaign conducted during the month
of July 2023 with a NASA ER-2 aircraft based at the MacDill Air Force
Basein Tampa, Florida, USA. A total of tenflights (3-8 h each) at 20-km
altitude were performed. Each flight spent 3-4 habove active thunder-
storms. Extended Data Table 1 shows an overview of the flight dates,
durations, targetlocations and total number of observed glow episodes
and gamma-ray glows.

The science goals of ALOFT were the observation of TGFs and
gamma-ray glows from thunderstorms and the study of their con-
nection. The airborne scientific payload consists of five independent
gamma-ray detectors, 30 photometers, three electric-field sensors,
two radars and two passive radiometers. Also, nine ground-based
radioreceivers were operated during the campaign, covering very low
frequencies, low frequencies (LF) and very high frequencies, includ-
ing two interferometers and one Lightning Mapping Array (LMA).
The instruments used in this study are described in Methods section
‘Instrumentation’.

A key feature of the mission was the near-real-time downlink of 1-s
time resolution gamma-ray count rates. This enabled the immediate
identification of gamma-ray-glowing thunderclouds and the pilot was
instructed to return to the same location as long as gamma-ray glows
were detected.

Instrumentation

The Bismuth-Germanium-Oxide instrument from the University
of Bergen (UIB-BGO). This instrument consists of four independent
gamma-ray detectors; one bismuth germanium oxide (BGO) detec-
tor, with three independent BGO crystals with photomultiplier tube
(PMT) readout, and three LYSO detectors. All detectors have different
geometric areas ranging from 0.09 to 225 cm?, to provide four orders
of magnitude dynamic range in flux. In fact, modelling work®’ showed
that the flux from a typical TGF observed at 20-km altitude can vary
by four orders of magnitude, depending on the radial distance from
the sourceto theaircraft. The three BGO/PMT detectors are similarin
design and readout architecture to one of the four High-Energy Detec-
tor modules of the Modular X-and Gamma-ray Sensor (MXGS)*® aboard
the Atmosphere-Space Interactions Monitor (ASIM) on the Interna-
tional Space Station (ISS). The three BGO/PMT detectors have a total
geometrical area of 225 cm?, are sensitive in the energy range 300 keV
to>30 MeV and have a 28-ns time-tagging accuracy. Inthis work, we use
only data from the BGO detectors. Further information on UIB-BGO
canbe found in the companion paper®.

The in-Situ Thunderstorm Observer for Radiation Mechanisms
(iISTORM). iISTORM is a gamma-ray spectrometer designed and built
bythe U.S. Naval Research Laboratory for the measurement of bright,
fasttransientsinthe energy range approximately 300 keV to >5 MeV).
iSTORM consists of an array of 32 1-inch-diameter CeBr; scintillating
crystals with silicon photomultiplier (SiPM) readout, with temporal
resolution <1 ps, for atotal geometrical area of 157 cm? The large area
provides high sensitivity, whereas the high segmentation and fast scin-
tillation decay time provides robustness towards potential detector
paralysis from bright TGFs. Further information on iSTORM can be
found in the companion paper?.

The Advanced Microwave Precipitation Radiometer (AMPR). The
AMPR is a cross-track scanning radiometer that passively measures
total power at10.7 GHz,19.35 GHz,37.1 GHz and 85.5 GHz (ref. 31). The
instrument uses a rotating splash plate mirror to focus microwave
energy intoits feedhorns. This causes the polarization of theincoming

signal to vary sinusoidally as a function of scan angle. The AMPR has
two orthogonally polarized channels per frequency, soit is possible to
retrieve fully vertical and fully horizontal polarizations by deconvolv-
ingthe orthogonal measurements at each frequency. At ER-2 altitudes,
theinstantaneous field-of-view resolution of the AMPR varies between
0.6 and 2.8 km, with the finest resolution associated with 85.5 GHzand
the coarsest resolution associated with 10.7 GHz. The AMPR’s swath is
about 38 kmwide when flying at 20-km altitude on the ER-2. The AMPR
completes a cross-track scanin roughly 2.5 s and, after five scans, the
instrument collects measurements of two blackbodies—a heated hot
load and anair-cooled cold load—to enable calibrated brightness tem-
peratureretrievals.

AMPR brightness temperatures are first retrieved using a simple
two-point linear method that compares scene radiometer counts to
the radiometer counts from the hot load (typically around 320 K)
and from the cold load (which can reach a minimum temperature of
about 240 K during a flight). With most meteorological scenes, this
methodology is capable of producing well-calibrated brightness tem-
peratures suitable for quantitative geophysical retrievals®. However,
during the ALOFT flight campaign, it was found that, owing to the large
amount of ice scattering observedin these storms, alinear assumption
was not suitable for the 85-GHz channels, as the scene targets were
so radiometrically cold that receiver response entered a nonlinear
regime. Thus, AMPR 85-GHz brightness temperatures were corrected
for receiver nonlinearity using a simple gain adjustment factor that
became stronger as scene counts went lower than cold load counts
and thus prevented negative brightness temperature retrievals. This
correctionalsoreproduced 85-GHz brightness temperatures that were
withinapproximately +10 K of previous AMPR observations of intense
convection®?*and that remained highly correlated with 85-GHz scene
counts (Pearson correlation coefficient > 0.9). The corrected 85-GHz
brightness temperatures are thus suitable for qualitative identification
of substantial precipitation cores and the presence of ice scattering.

The ER-2 X-band Radar (EXRAD). The EXRAD is an X-band (9.6-GHz)
precipitationradar and scatterometer that fliesin the ER-2 nose and it
isused for measuring both the 3D precipitationstructure and surface
winds. It has a fixed nadir beam and a conical scanning beam that is
tilted approximately 30° off nadir. The EXRAD measures radar reflec-
tivity, Doppler velocity and Doppler spectral width. It was first flownin
2014. The EXRAD uses a 0.66-m-diameter slotted waveguide antenna
with a single linear polarization for the scanning beam plus a second
0.66-m linear polarized slotted waveguide antenna for a nadir beam.
This approximately 3.4° beam provides abeamwidth of approximately
0.6 kmat10-km altitude and 1.2 km at the surface. EXRAD calibration
isperformed using the ocean surface and current Doppler processing
includes non-uniform beam-filling corrections for artefacts caused by
the aircraft motion. Calibration accuracyisbetter than1 dBZ for reflec-
tivity and <1 ms™ for Doppler. More details on the EXRAD hardware and
processing can be found inref. 34.

The Lightning Instrument Package (LIP). The LIP consists of seven
rotating-vane electric-field mills installed on the NASA ER-2 aircraft
to observe the total vector electric field and vector electric field (E,,
E,, E,) generated by cloud charging and lightning discharges® .
The LIP measures the vector electric field in the atmosphere and the
charge induced on the aircraft using the processing and calibration
technique in ref. 39. The individual laboratory dynamic range for the
millsis +1.75V m™ to 920 kV m™.. Properly calibrated on the aircraft,
the LIP can reliably measure fields lower than1V m™and as high as
512 kV m™with 0.1-s temporal resolution. Effects on the derived vertical
electric field resulting from aircraft charging are generally 5% or less,
withamaximumupper error of 10% (ref. 36). Both aircraft-relative and
Earth-relative frameworks are determined, and the total electric-field
magnitude is then computed from the vector components.



Article

The Electric Field Change Meter (EFCM). The EFCM is atwo-channel
(fastand slow) antenna that measures the derivative of the electric-field
impulse produced by lightning. The fast channelis designed to isolate
theradiative component of the lightning discharge field, whereas the
slow channelis optimized to observe the electrostatic-field component.
The EFCM has several sensitivity ranges that are selectable during flight
and samples with 16-bit resolution. The EFCM trigger rate shown in
Extended Data Figs. 2 and 4 is clipped at a maximum of ten triggers
in10s. This is because an EFCM trigger implies acquisition of 1-s data
around the trigger time. Such arate is therefore the maximum trigger
rate possible, implying nearly continuous data recording. The real
discharge rate may be much higher. Further information onthe EFCM
can be found in the companion paper®.

The Central Florida Lightning Mapping Array (CFLMA). The CFLMA
consisted of six widely spaced very-high frequency (VHF) stations that
receive the VHF radiation produced by lightning ina 6-MHz bandwidth
between 60 and 66 MHz (US TV Channel 3). Each station detects the
peakradiation eventabove alocal threshold valuein successive 80-ps
time windows with 40-ns time resolution and uses the arrival times at
the different sites to locate the sources of impulsive radiation sources
inthree spatial dimensions and time, as well as the VHF source powers.
Owing to logistical and sensitivity issues, a small number of events
were detected per flash, but these were sufficient both for obtaining
the basiclocation ofindividual flashes and for determining the overall
electric-charge structure of the storms. Important high-power events
were well detected and located by the network.

Advanced Baseline Imager (ABI). This work makes use of public data
fromthe ABlinstruments aboard the GOES-16 and GOES-18 geostation-
ary satellites. ABI provides radiometric measurements in 16 spectral
bands fromthe visible (0.47 um) to the infrared (13.3 um), with spatial
resolution from 0.5 km (visible) toabout 2 km (infrared). The temporal
resolution depends on the ABl operational mode. For seven flights out
often, the ALOFT mission was granted a dedicated Mesoscale Domain
Sector, which provides scans of a1,000 x 1,000-km? box every 60 s.
For the three flights over Florida, we made use of the Continental US
(CONUS) scans, which are provided every 5 min. In this work, we use
radiance measurements in the ABI band 13 (infrared, 10.3 pm), which
arethen converted to brightness temperatures by applying the Planck
functionand aspectral bandpass correction according to the GOES-R
Series Product Definition and Users’ Guide*’.

Duration and extension of gamma-ray-glow activity

Inthis section, we present information on two other flights: 6 July 2023
over Campeche Bay and 29 July 2023 over Florida. As well as the very
activestormon 24 July 2023, the other two case studies (shown here), as
well asthe six other storms all show that the new findings of this paper
(hour-long durations, large spatial extension of gamma-ray activity,
substantial variability on second to millisecond timescales) are also
common features in less severe storms.

For all case studies, we present time-based colour-coded maps and
gamma-ray sequences (Extended Data Figs.1and 3), which provide a
visualization of gamma-ray data alternative to that presented in Fig. 1.
Here the reader can match aspecific glow episode with aposition onthe
map based onthe highlight colour. Also, we provide gamma-ray count
rate with simultaneous electric-field and cloud-characterization data
for selected timeintervals (Extended Data Figs.2and 4). These figures
show the same observation pattern presented in Fig. 3: glow episodes,
each ofthem comprising several individual glows, are observed during
the overpass of convective cores with large radar reflectivity, implying
large liquid and ice contents, as well as strong convective updrafts at
high altitudes. In all cases, the upward-pointing electric-field vectors
are consistent with the presence of an upper positive charge layer. Also,
Extended Data Figs. 2 and 4 show the EFCM trigger rate, which peaks

during the passage over gamma-ray-active convective cores. EFCM
datawere not available for the flight on 24 July 2023.

In the following, we report further information for the case-study
flights on 6 July and 29 July.

Flight on 6 July 2023. The target area showed developing multicell
convectionthatevolved into amesoscale convective system at the time
of overflight. The area is Campeche Bay, the same as for the flight on
24 July 2023 discussed in the main text. This storm represents a very
clean case illustrating the large spatial extension and long duration
of agamma-ray-glowing thundercloud region. Extended Data Fig. 1
shows six consecutive passes over the same core region, each associ-
ated withglow episodes (Extended Data Fig. 2). The total time span of
these passes is 40 min, which represents a lower limit of the duration
ofthe glow activity. The overall spatial extension of the glowing region
isabout 600 km?.

Flight on 29 July 2023: comparison with lightning activity and
storm charge structure. The flight over east-central Florida on
29 July produced observations similar to those obtained over the
Central America coastal areas but included important observations
of VHF radiation from the 3D CFLMA over the area. The Florida storm
cellsweremorelocalized than those of the other flights and produced
relatively well-separated glows, as seenin Extended Data Figs.3 and 4.
Extended Data Fig. 3 shows seven consecutive passes over the same
approximately 400-km?core region, each of themresulting in notable
glow episodes, for atotal duration of about1h.

The strongest episode occurred at 20:30:30 UT (Extended Data
Fig.3b)andisshownin detail in Extended Data Fig. 5, which compares
the glow sequence with LMA observations of the lightning activity. The
episode consisted of three glows, the last one much dimmer than the
others. Here we focus on the first two glows, each of which was rapidly
quenched atthetime ofanintracloud lightning flashinthe storm. The
glows were noticeably different from each other, with the first glow
lasting 8 sand being detected as the ER-2 entered the periphery of the
electrically active storm from the northeast (top horizontal arrow in
Extended Data Fig. 5c). By contrast, and by sheer chance, the second
glow occurred 20 s later, when the ER-2 was directly above the central
part of the storm and the flash that terminated the glow. Instead of
increasinglinearly with time, asin the first glow, the second glow grew
exponentially for 4 s to twice the count rate of the first glow (namely
to about 20,000 per second), at which point a highly energetic intra-
cloud flash was initiated that quenched the glow (red sources in the
panels of Extended Data Fig. 5, with the ER-2 location indicated by the
bottom horizontal arrow in Extended Data Fig. 5c). That the quench-
ing flash was energetic is indicated by two of the initial LMA sources
having extremely strong VHF powers of 53.9 and 52.9 dBW, or about
200 kW. (The quenching flash for the first glow had moderate source
powers and corresponded to the light-green sources in the same plan
area and altitude range as the subsequent red sources in Extended
DataFig. 5c).

Extended Data Fig. 6 shows the lightning-inferred charge structure
around the time of the 20:30 glows, showing that the storm had a
normal-polarity tripolar structure, with upper positive charge between
about13 and 15 km and mid-level negative charge at about 9-12 km, and
confirming that the first glow was observed on the periphery of both
chargeregions, whereas the second glow was observed directly above
the core. The polarity isinferred by virtue of intracloud flashes produc-
ing higher-power RF-noisy negative-polarity breakdown through the
upper positive charge of the storm and less noisy positive breakdown
within the mid-level charge of the storm*.,

Monte Carlo simulations
Using Monte Carlo simulations, we can evaluate certain theoretical
characteristics of gamma-ray glows. Itis anticipated that all observed



spectra originate from the relativistic runaway electron avalanche
(RREA) process. We used the Geant4 software*?, which enables the
simulation of photon, electron and positron propagationinthe atmos-
phere. The simulationinitiates with a point source of upward-pointing
electrons, with a classical RREA energy spectrum up to 40 MeV at the
source®. The simulations follow these steps: (1) propagation, scattering
and absorption of RREA electrons in the atmosphere, along with the
generation and propagation of secondary Bremsstrahlung photons
from various altitudes (ranging from 8 to 16 km); (2) the recording of
photons at an altitude of 20 km, which corresponds to the altitude of
theaircraft; (3) these point-source simulations are extended by random
sampling to generate any extended source.

Attenuation with radial distance. Here we estimate how far away from
theaircraft nadir can gamma-ray glows be detected by ALOFT. We can
safely identify dim glows that exhibit a minimum count rate increase
of25% above the background level (using 1-s time bin). Conversely, the
brightest glows exhibit a count rate up to about 12 times the background
(using1-stime bin). We therefore detect glows with maximum intensity
spanning a dynamic range of about 50. This observed dynamic range
includes both contributions from the intrinsic glow intensity variabil-
ity and absorption owing to the source location with respect to the
aircraft. Extended Data Fig. 7 shows the expected number of photons
per unit area at 20-km altitude for sources at different altitudes and
radial distance from the aircraft, normalized to 1 at radial distance O.
The dashed horizontal line marks the detection threshold (0.02, fol-
lowing from adynamic range of 50). Assuming that the brightest glows
are detected from sources close to the nadir, we can see that asource
asbright would be detectable at 25% above the background level up to
roughly 2.0-4.5-kmradial distance, depending on the source altitude.
Considering that glows are detected while passing over convective
cores extending at high altitudes, it is likely that the sources have a
high altitude as well (see discussion of the cloud-charge structure in
Methods section ‘Flight on 29 July 2023: comparison with lightning
activity and storm charge structure’), therefore the detection range
is probably lower than about 3.5 km.

Time profile resulting from aircraft motion. Here we estimate the
observed time profile of a stationary gamma-ray glow resulting only
fromthe aircraft motion. Extended Data Fig. 8 shows the relative num-
ber of counts at aircraft altitude assuming that the aircraft is flying
towards an extended source (7.5-km radius disk) at 16-km altitude for
different radial offsets. The rise time from 2% (detection threshold
assuming the dynamic range 50 discussed in Methods section ‘Attenu-
ationwith radial distance’) to 95% of the maximum is >18 s. This ismuch
longer than the typically observed rise times (2-4 s), suggesting that
the intrinsic time variability of the source dominates the observed
time profile. This rise time further increases with increasing radial
offset from the source. The relative intensity sharply decreases when
the radial offset exceeds the physical extension of the glow region, in
agreement with the attenuation with radial distance discussed above
inMethods section ‘Attenuation with radial distance’.

Glow spectral analysis. Here we show that the energy spectra of a

sample of the detected gamma-ray glows can be well modelled by the

RREA process. Extended Data Fig. 9a presents energy spectraand light

curves for four cases detected during the flight on 6 July 2023. It also

includes the best-fit results from a RREA model, which closely matches

the observed glow spectra. The fitting procedure involved the follow-

ing steps:

1. Startwith anupward electronsource at15-km altitude, with atypical
RREA electron energy spectrum.

2. Propagating these electrons through the atmosphere and recording
Bremsstrahlung photons at 20-km altitude (only a negligible fraction
of electrons reach this altitude).

3. Applying the response matrix of the BGO instrument to simulate the
spectrum and subsequently comparing it with the observed data.

For the best fit, we used an averaged spectrum derived from all the
observations shown. A key parameter optimized in this modelling
was the extent of the RREA region. The best fit was achieved with a
source region larger than 8-km spatial extent, determined using a
maximum-likelihood approach. Although the approach is poten-
tially mixing sources with different characteristics, it shows that the
RREA processisagood explanation for the observed gamma-ray-glow
spectra.

With the same procedure, we also performed spectral analy-
sis of the glow burst detected on 24 July 2024 at 06:44:59.182 UT
and presented in Fig. 2f. Extended Data Fig. 9b presents the energy
spectrum for this event. The spectrum can be well fit with a RREA
model and does not show any evidence of enhanced features at the
511-keV positron annihilation line. Therefore, we conclude that this
event is intrinsically different from the positron bursts presented
inref. 23.

Data availability

All the data used in this study are available on the Zenodo repository
at https://doi.org/10.5281/zen0do0.12531291 (ref. 44). The description
ofthe formats is uploaded in the file Data_description.pdf.

Code availability
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Extended DataFig.1| Time-based colour-coded map and gamma-ray
sequence for theflight on 6 July 2023 (Campeche Bay), 04:25-07:05UT.
a, Flight trajectory (grey) overlaid on GOES-18 infrared temperatures, along
with marked gamma-ray fluxes exceeding 25% above the background level.

time (UT)

Thebrightness temperature cloud image corresponds to time 05:00:30 UT.

b, BGO count rate. Gamma-ray fluxes exceeding 25% above the background
level are colour-coded on the basis of time from 04:25:00 UT, correspondingly
inpanelsaandb.
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Extended DataFig.2|Gamma-ray countrate with simultaneous
electric-field and cloud-characterization data for the flight on 6 July 2023,
04:57-05:20 UT. a, BGO countrate (black, left vertical axis) and EFCM trigger
rate (red, right vertical axis). b, Brightness temperature (TB) from AMPR 85.5 GHz
Channel A. Sweep index O (49) corresponds to scan direction 45° from nadir

towards starboard (port). ¢, Vertical radar reflectivity profile from EXRAD.
Black vectors are the £,,component of the electric field from LIP, in which
thexaxisis thedirection of motion and the zaxis is the upward-pointing
vertical direction. AMPR, EXRAD and LIP data are not showniftherollangle
islarger than 2° (aircraft manoeuvring).
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Extended DataFig.7| Gamma-ray-glow detectability. Expected number glows detected at radial distance O (the maximum observed intensity), the
of photons per unitarea at 20-km altitude (arbitrary units, normalized to1at dashed horizontal line marks the detection threshold for gamma-ray glows 25%

radialdistance O) for sources at different altitudes and radial distance from the abovethe background.
aircraft. Assuming amaximumintensity of about 12 times the background for
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extended source (7.5-km-radius disk) at 16-km altitude for different radial offsets.
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Extended DataFig. 9| Gamma-ray glow and glow-burstspectra. 05:07:09-05:09:20; glow 7,05:23:35-05:24:13; glow 10, 06:51:13-06:52:33.
a, Background-subtracted differential energy spectra for four time intervals b, Background-subtracted differential energy spectrafor the glow burst
including several glows detected on 6 July 2023. Error bars are three standard detected on24July 2024 at 06:44:59.182 UT. Error bars are three standard
deviations. Theinsets show the BGO countrates. The corresponding time deviations.

intervals (start time-stop time, UT) are: glow 4, 05:00:49-05:03:07; glow S,
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Extended Data Table 1| ALOFT flights summary table

Flight n. Flight date, time Duration Region N. of glow N. of glows
(hours) episodes
1 3-4 July 2023, 2100-0300 UT 6 Yucatan 3 15
2 6 July 2023, 0200-1000 UT 8 Campeche Bay 14 87
3 8 July 2023, 0200-1000 UT 8 El Salvador 5 17
4 12-13 July 2023, 2300-0200 UT 3 Florida 0 0
5 16 July 2023, 1200-1900 UT 7 San Andrés 4 10
6 20-21 July 2023, 2100-0100 UT 4 Florida 4 10
7 24 July 2023, 0300-1100 UT 8 Campeche Bay 34 392
8 25-26 July 2023, 2300-0700 UT 8 Inland Mexico 7 37
9 28 July 2023, 1300-2100 UT 8 San Andrés 2
10 29 July 2023, 1800-2300 UT 5 Florida 10 38

Overview of the flight campaign including flight dates, durations, target locations and total number of observed glow episodes and gamma-ray glows.
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