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Highly dynamic gamma-ray emissions are 
common in tropical thunderclouds

M. Marisaldi1,2 ✉, N. Østgaard1 ✉, A. Mezentsev1 ✉, T. Lang3, J. E. Grove4, D. Shy4, 
G. M. Heymsfield5, P. Krehbiel6, R. J. Thomas6, M. Stanley6, D. Sarria1, C. Schultz3, 
R. Blakeslee3, M. G. Quick3, H. Christian7, I. Adams5, R. Kroodsma5, N. Lehtinen1, K. Ullaland1, 
S. Yang1, B. Hasan Qureshi1, J. Søndergaard1, B. Husa1, D. Walker7, M. Bateman7, D. Mach8, 
S. Cummer9, M. Pazos10, Y. Pu9, P. Bitzer7, M. Fullekrug11, M. Cohen12, J. Montanya13, 
C. Younes14, O. van der Velde13, J. A. Roncancio13, J. A. Lopez13, M. Urbani13 & A. Santos14

Thunderstorms emit fluxes of gamma rays known as gamma-ray glows1,2, sporadically 
observed by aircraft1,3–7, balloons8–11 and from the ground12–18. Observations report 
increased gamma-ray emissions by tens of percent up to two orders of magnitude 
above the background, sometimes abruptly terminated by lightning discharges1,3–5. 
Glows are produced by the acceleration of energetic electrons in high-electric-field 
regions within thunderclouds8 and contribute to charge dissipation3. Glows had been 
considered as quasi-stationary phenomena3,5,12, 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 a gamma-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 over areas up to a 
few thousand square kilometres. Emission is associated with deep convective cores; it 
is not 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 a huge gamma-glowing ‘boiling pot’ in both pattern and behaviour.

During the 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 500 1–10-s-long 
individual gamma-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 gamma rays 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 to about 12 times the background level (on 1-s timescales) 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 dots in 
Fig. 1a). The overall region including the cyan and magenta trajectories 
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 km2.

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 magenta in Fig. 1 
(about 100 km aircraft flight distance). Figure 2c,e shows the individual 
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 a factor of about 30. A duration of a few tens 
of milliseconds is three orders of magnitude lower than the typical dura-
tion of glows reported from previous observations (tens of seconds to 
minutes), yet is much longer than that of terrestrial gamma-ray flashes 
(TGFs) (roughly 10–100 μs), which are bright, very short transients 
usually associated with lightning discharges19–22. Transients tens of mil
liseconds long have been presented23 and have been related to positron 
clouds. The glow burst presented here does not show any evidence for an  
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enhanced positron annihilation line at 511 keV (see spectral analysis in 
Methods section ‘Glow spectral analysis’ and Extended Data Fig. 9b) and 
therefore must be considered as a new phenomenon. Figure 2d shows 
another glow that evolved into repetitive behaviour termed a flickering 
gamma-ray flash (FGF)24, in which the intensity is modulated in a succes-
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 G2 in Fig. 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. 3c). Together, the 
observations clearly indicate three convective cores producing high 
radar reflectivity, each 20–25 km in horizontal extent, with cloud tops 
extending up to approximately 16.5 km altitude. This implies large 
liquid and ice contents as well as strong convective updrafts at high alti-
tudes in the cores. The upward-pointing electric field vectors (Fig. 3c) 
are consistent with the charge structure of thunderclouds typically hav-
ing an upper positive charge layer, which is also supported by ground 
observations for the flight on 29 July 2023 over Florida (see Methods 
section ‘Flight on 29 July 2023: comparison with lightning activity 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 

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 a few 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 s). 
This scenario is a common 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 
by an increase in the local rate of electrical discharges detected by the 
Electric Field Change Meter (EFCM) (see Extended Data Figs. 2 and 4 
and Methods section ‘Instrumentation’).

To summarize, we can state with certainty that a thundercloud 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 this was only a 2% increase above background over a 
1-min time bin, not even close to or comparable with the glows we report 
here with increases 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 (1 to 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. 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 
magenta trajectory corresponds to the glow episodes plotted in Fig. 2b, also 
marked as G1 in panel b. The cyan trajectory corresponds to the glow episodes 

plotted in Fig. 3, also marked as G2 in panel b. For both trajectories, the direction 
of motion of the plane is from left to right. The brightness temperature cloud 
image corresponds to time 07:24:251 UT, close to the maximum emission in the 
cyan region. b, BGO count rate. Time on target: 05:00–08:20 UT.
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compact regions within the cores. Monte Carlo simulations suggest an 
effective range for glow observations of 2.0 to about 4.5 km, depending 
on production altitude (see Methods section ‘Attenuation with radial 

distance’ and Extended Data Fig. 7). Therefore, active regions must be 
located within the cores. The typical rise time (2–4 s) and fall time (<1 s) 
of individual glows are too short compared with the characteristic times 
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Fig. 2 | Gamma-ray-glow temporal variability. a, BGO (black) and iSTORM 
(red) count rates (1-s bin) for 24 July 23. b, Zoomed view (100-ms bin) for the 
10-min time interval highlighted in black in panel a, corresponding to time 

interval G1 highlighted in magenta in Fig. 1. c,e, Zoomed view (10-ms bin) for the 
8-s time intervals highlighted in black in panel b. d,f, Zoomed view (1-ms bin) for 
the 1-s time intervals highlighted in black in panels c and e, respectively.
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Fig. 3 | Sequence of glows with simultaneous electric-field and cloud- 
characterization data. Time interval G2 on 24 July 2023 highlighted in  
cyan in Fig. 1. a, BGO count rate. b, Brightness temperature (TB) from the 
Advanced Microwave Precipitation Radiometer (AMPR) 85.5 GHz Channel A. 
Sweep index 0 (49) corresponds to scan direction 45° from nadir towards 
starboard (port). c, Vertical radar reflectivity profile from the X-band  

radar (EXRAD). Black vectors are the Exz component of the electric field from 
the Lightning Instrument Package (LIP), in which the x axis is the direction of 
motion and the z axis is the upward-pointing vertical direction. AMPR, EXRAD 
and LIP (see Methods section ‘Instrumentation’) data are not shown if the roll 
angle is larger than 2° (aircraft manoeuvring). a.s.l., above sea level.
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expected from aircraft motion towards a stationary source (see Meth-
ods section ‘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, which reflects 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 
fall time to be associated with electric-field reduction owing to 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. 2c,e). We cannot state 
whether this is because of a partial discharge followed by a recharging 
of the 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 overall gamma-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-
tions26,27, 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 
on in previous studies, ranging from their effects on cloud discharge3, 
alteration of the local environment owing to isotope production28 and 
potential effect on cloud chemistry and dynamics.

Online content
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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 
Base in Tampa, Florida, USA. A total of ten flights (3–8 h each) at 20-km 
altitude were performed. Each flight spent 3–4 h above active thunder-
storms. Extended Data Table 1 shows an overview of the flight dates, 
durations, target locations 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 
radio receivers 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 cm2, to provide four orders 
of magnitude dynamic range in flux. In fact, modelling work29 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 source to the aircraft. The three BGO/PMT detectors are similar in 
design and readout architecture to one of the four High-Energy Detec-
tor modules of the Modular X- and Gamma-ray Sensor (MXGS)30 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 cm2, are sensitive in the energy range 300 keV 
to >30 MeV and have a 28-ns time-tagging accuracy. In this work, we use 
only data from the BGO detectors. Further information on UIB-BGO 
can be found in the companion paper24.

The in-Situ Thunderstorm Observer for Radiation Mechanisms 
(iSTORM). iSTORM is a gamma-ray spectrometer designed and built 
by the U.S. Naval Research Laboratory for the measurement of bright, 
fast transients in the energy range approximately 300 keV to >5 MeV). 
iSTORM consists of an array of 32 1-inch-diameter CeBr3 scintillating 
crystals with silicon photomultiplier (SiPM) readout, with temporal 
resolution <1 μs, for a total geometrical area of 157 cm2. 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 paper24.

The Advanced Microwave Precipitation Radiometer (AMPR). The 
AMPR is a cross-track scanning radiometer that passively measures 
total power at 10.7 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 into its feedhorns. This causes the polarization of the incoming 

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

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 retrievals31. However, 
during the ALOFT flight campaign, it was found that, owing to the large 
amount of ice scattering observed in these storms, a linear 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 
correction also reproduced 85-GHz brightness temperatures that were 
within approximately ±10 K of previous AMPR observations of intense 
convection32,33 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) 
precipitation radar and scatterometer that flies in the ER-2 nose and it 
is used for measuring both the 3D precipitation structure 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 flown in 
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 a beamwidth of approximately 
0.6 km at 10-km altitude and 1.2 km at the surface. EXRAD calibration 
is performed using the ocean surface and current Doppler processing 
includes non-uniform beam-filling corrections for artefacts caused by 
the aircraft motion. Calibration accuracy is better than 1 dBZ for reflec-
tivity and <1 ms−1 for Doppler. More details on the EXRAD hardware and 
processing can be found in ref. 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 (Ex, 
Ey, Ez) generated by cloud charging and lightning discharges35–38. 
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 
mills is ±1.75 V m−1 to 920 kV m−1. Properly calibrated on the aircraft, 
the LIP can reliably measure fields lower than 1 V m−1 and as high as 
512 kV m−1 with 0.1-s temporal resolution. Effects on the derived vertical 
electric field resulting from aircraft charging are generally 5% or less, 
with a maximum upper 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.
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The Electric Field Change Meter (EFCM). 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 is designed to isolate 
the radiative component of the lightning discharge field, whereas the 
slow channel is 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 
in 10 s. This is because an EFCM trigger implies acquisition of 1-s data 
around the trigger time. Such a rate is therefore the maximum trigger 
rate possible, implying nearly continuous data recording. The real 
discharge rate may be much higher. Further information on the EFCM 
can be found in the companion paper24.

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 in a 6-MHz bandwidth 
between 60 and 66 MHz (US TV Channel 3). Each station detects the 
peak radiation event above a local threshold value in successive 80-μs 
time windows with 40-ns time resolution and uses the arrival times at 
the different sites to locate the sources of impulsive radiation sources 
in three 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 basic location of individual 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 
from the ABI instruments aboard the GOES-16 and GOES-18 geostation-
ary satellites. ABI provides radiometric measurements in 16 spectral 
bands from the visible (0.47 μm) to the infrared (13.3 μm), with spatial 
resolution from 0.5 km (visible) to about 2 km (infrared). The temporal 
resolution depends on the ABI operational mode. For seven flights out 
of ten, the ALOFT mission was granted a dedicated Mesoscale Domain 
Sector, which provides scans of a 1,000 × 1,000-km2 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 μm), which 
are then converted to brightness temperatures by applying the Planck 
function and a spectral bandpass correction according to the GOES-R 
Series Product Definition and Users’ Guide40.

Duration and extension of gamma-ray-glow activity
In this 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 
active storm on 24 July 2023, the other two case studies (shown here), as 
well as the 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. 1 and 3), which provide a 
visualization of gamma-ray data alternative to that presented in Fig. 1. 
Here the reader can match a specific glow episode with a position on the 
map based on the highlight colour. Also, we provide gamma-ray count 
rate with simultaneous electric-field and cloud-characterization data 
for selected time intervals (Extended Data Figs. 2 and 4). These figures 
show the same observation pattern presented in Fig. 3: glow episodes, 
each of them 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 
data were 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 
convection that evolved into a mesoscale 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 a gamma-ray-glowing thundercloud region. Extended Data Fig. 1 
shows six consecutive passes over the same core region, each associ-
ated with glow episodes (Extended Data Fig. 2). The total time span of 
these passes is 40 min, which represents a lower limit of the duration 
of the glow activity. The overall spatial extension of the glowing region 
is about 600 km2.

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 
cells were more localized than those of the other flights and produced 
relatively well-separated glows, as seen in Extended Data Figs. 3 and 4. 
Extended Data Fig. 3 shows seven consecutive passes over the same 
approximately 400-km2 core region, each of them resulting in notable 
glow episodes, for a total duration of about 1 h.

The strongest episode occurred at 20:30:30 UT (Extended Data 
Fig. 3b) and is shown in 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 at the time of an intracloud lightning flash in the storm. The 
glows were noticeably different from each other, with the first glow 
lasting 8 s and 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 
increasing linearly with time, as in 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  
Data Fig. 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 
about 13 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 
charge regions, whereas the second glow was observed directly above 
the core. The polarity is inferred 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 storm41.

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



spectra originate from the relativistic runaway electron avalanche 
(RREA) process. We used the Geant4 software42, which enables the 
simulation of photon, electron and positron propagation in the atmos-
phere. The simulation initiates with a point source of upward-pointing 
electrons, with a classical RREA energy spectrum up to 40 MeV at the 
source43. 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 
the aircraft; (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 
the aircraft nadir can gamma-ray glows be detected by ALOFT. We can 
safely identify dim glows that exhibit a minimum count rate increase 
of 25% above the background level (using 1-s time bin). Conversely, the 
brightest glows exhibit a count rate up to about 12 times the background 
(using 1-s time 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 0. 
The dashed horizontal line marks the detection threshold (0.02, fol-
lowing from a dynamic range of 50). Assuming that the brightest glows 
are detected from sources close to the nadir, we can see that a source 
as bright would be detectable at 25% above the background level up to 
roughly 2.0–4.5-km radial 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 
from the 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-
ation with radial distance’) to 95% of the maximum is >18 s. This is much 
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 
in Methods 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 spectra and 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.	 Start with an upward electron source at 15-km altitude, with a typical 

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 process is a good 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  
in ref. 23.

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

Code availability
References to software tools and codes for this study are given in the 
file Data_description.pdf, which is uploaded to the Zenodo repository 
at https://doi.org/10.5281/zenodo.12531291 (ref. 44).
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Extended Data Fig. 1 | Time-based colour-coded map and gamma-ray 
sequence for the flight on 6 July 2023 (Campeche Bay), 04:25–07:05 UT.  
a, Flight trajectory (grey) overlaid on GOES-18 infrared temperatures, along 
with marked gamma-ray fluxes exceeding 25% above the background level.  

The brightness 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 
in panels a and b.
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Extended Data Fig. 2 | Gamma-ray count rate with simultaneous 
electric-field and cloud-characterization data for the flight on 6 July 2023, 
04:57–05:20 UT. a, BGO count rate (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 0 (49) corresponds to scan direction 45° from nadir 

towards starboard (port). c, Vertical radar reflectivity profile from EXRAD. 
Black vectors are the Exz component of the electric field from LIP, in which  
the x axis is the direction of motion and the z axis is the upward-pointing 
vertical direction. AMPR, EXRAD and LIP data are not shown if the roll angle  
is larger than 2° (aircraft manoeuvring).



Extended Data Fig. 3 | Time-based colour-coded map and gamma-ray 
sequence for the flight on 29 July 2023 (Florida, east coast), 19:55–21:05 UT. 
a, Flight trajectory (grey) overlaid on GOES-16 infrared temperatures, along 
with marked gamma-ray fluxes exceeding 25% above the background level.  

The brightness temperature cloud image corresponds to time 20:31:17 UT.  
b, BGO count rate. Gamma-ray fluxes exceeding 25% above the background 
level are colour-coded on the basis of time from 19:55:00 UT, correspondingly 
in panels a and b.
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Extended Data Fig. 4 | Gamma-ray count rate with simultaneous electric 
field and cloud characterization data for the flight on 29 July 2023,  
20:28–20:50 UT. a, BGO count rate (black, left vertical axis) and EFCM trigger 
rate (red, right vertical axis). EFCM data were lost between 20:45:44 and 
20:56:00 as a result of a system failure. b, Brightness temperature (TB) from 
AMPR 85.5 GHz Channel A. Sweep index 0 (49) corresponds to scan direction 

45° from nadir towards starboard (port). c, Vertical radar reflectivity profile 
from EXRAD. Black vectors are the Exz component of the electric field from LIP, 
in which the x axis is the direction of motion and the z axis is the upward-pointing 
vertical direction. AMPR, EXRAD and LIP data are not shown if the roll angle is 
larger than 2° (aircraft manoeuvring).



Extended Data Fig. 5 | LMA observations for the energetic two-pulse glow 
event at 20:30 UT on 29 July 2023. a, Temporal comparison of the 1-s averaged 
BGO count rate (blue line and red ‘+’ signs) with the occurrence of lightning in 
the storm (square dots, coloured by time). b,e, East–west and north–south 
vertical projections of the LMA sources and the spatial extent of the glows and 
the height of the ER-2 relative to the lightning. d, Plan view of the LMA sources 

and ER-2 trajectory (blue diagonal line from northeast to southwest), showing 
the location of the ER-2 at the time of the glows (horizontal arrows) relative to 
the LMA sources (black lines show coastal and inland water boundaries around 
Kennedy Space Center, green squares show locations of two LMA stations).  
c, Histogram of the source altitudes.
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Extended Data Fig. 6 | Lightning-inferred charge structure around the time 
of the 20:30 glows. Same as Extended Data Fig. 5, except showing the typical 
tripolar structure (main mid-level negative (blue) and upper positive charges 

(red–orange) and weaker lower positive charge) over a 5-min interval around 
the time of the glow sequence.



Extended Data Fig. 7 | Gamma-ray-glow detectability. Expected number  
of photons per unit area at 20-km altitude (arbitrary units, normalized to 1 at 
radial distance 0) for sources at different altitudes and radial distance from the 
aircraft. Assuming a maximum intensity of about 12 times the background for 

glows detected at radial distance 0 (the maximum observed intensity), the 
dashed horizontal line marks the detection threshold for gamma-ray glows 25% 
above the background.
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Extended Data Fig. 8 | Count-rate variability owing to aircraft motion. Relative number of counts at aircraft altitude assuming the aircraft flying towards an 
extended source (7.5-km-radius disk) at 16-km altitude for different radial offsets.



Extended Data Fig. 9 | Gamma-ray glow and glow-burst spectra.  
a, Background-subtracted differential energy spectra for four time intervals 
including several glows detected on 6 July 2023. Error bars are three standard 
deviations. The insets show the BGO count rates. The corresponding time 
intervals (start time–stop time, UT) are: glow 4, 05:00:49–05:03:07; glow 5, 

05:07:09–05:09:20; glow 7, 05:23:35–05:24:13; glow 10, 06:51:13–06:52:33.  
b, Background-subtracted differential energy spectra for the glow burst 
detected on 24 July 2024 at 06:44:59.182 UT. Error bars are three standard 
deviations.
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Overview of the flight campaign including flight dates, durations, target locations and total number of observed glow episodes and gamma-ray glows.

Extended Data Table 1 | ALOFT flights summary table
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