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Abstract we report two gamma-ray glows observed on 22 December 2023, during a winter thunderstorm in
Japan, using an array of four radiation detectors. The first glow, detected by one sensor, was quenched by a
lightning discharge. The second glow appeared 2—3 min later and was tracked by three other detectors. Radar
observations suggest both glows originated from the same thundercloud cell. However, the detection timing of
the second glow was inconsistent with simple thundercloud movement, indicating temporal variations in
intrinsic glow brightness. A three-dimensional lightning mapping observation suggests that a discharge activity
depleted the electric field that generated the first glow and that the electric field having produced the second
glow has been rapidly recovered. In addition, the radar observations also detected a descent of the thundercloud
core between the two glows, which may have developed an electrified region and the second glow enough to be
observed by the detectors. Tracking gamma-ray glows is crucial for understanding electrified regions in
thunderclouds and associated gamma-ray glows.

Plain Language Summary Gamma-ray glows are second-to-minute-duration high-energy emissions
from thunderclouds. Electrons are thought to be accelerated and multiplied by electric fields inside
thunderclouds and produce high-energy photons by bremsstrahlung. We observed two successive gamma-ray
glows by an array of four radiation detectors. The first glow terminated with a lightning discharge, and the
second one was detected with three sensors 2—3 min after the termination of the first glow. The tracking
observation of the second glow with three sensors was inconsistent with a picture that a gamma-ray glow moves
with a thundercloud with a constant brightness. Combining the gamma-ray observations with radar
observations, the second glow is suggested to have rapidly developed after the lightning discharge associated
with a descent of a thundercloud core.

1. Introduction

Thunderclouds are known to produce high-energy atmospheric phenomena, such as gamma-ray glows. Gamma-
ray glows, also known as long bursts (Torii et al., 2002, 2011; Tsuchiya et al., 2007, 2011, 2013) and thunderstorm
ground enhancements (TGEs: Chilingarian et al., 2010, 2019; Chum et al., 2020; Kudela et al., 2017), are bursts of
high-energy photons emitted from thunderclouds reaching several to tens of MeVs and typically lasting seconds
to minutes (Chilingarian et al., 2019; Kochkin et al., 2017; Tsuchiya et al., 2011; Wada, Matsumoto, et al., 2021).
The observational studies using aircraft (Kelley et al., 2015; Kochkin et al., 2017, 2021; Marisaldi et al., 2024;
McCarthy & Parks, 1985; @stgaard et al., 2019; Parks et al., 1981), balloon (Eack & Beasley, 2015; Eack
et al., 1996, 2000), and ground-based experiments (Chilingarian et al., 2010, 2019; Chum et al., 2020; Kudela
et al., 2017; Kuroda et al., 2016; Torii et al., 2002, 2011; Tsuchiya et al., 2007, 2011, 2013; Tsurumi et al., 2023;
Wada, Enoto, et al., 2021; Wada et al., 2018; Wada, Matsumoto, et al., 2021) have suggested that gamma-ray
glows originate from relativistic electrons accelerated and multiplied in highly electrified thundercloud regions
with bremsstrahlung occurring from collisions with atmospheric nuclei. The relativistic runaway electron
avalanche (RREA: A. Gurevichetal., 1992; A. V. Gurevich & Zybin, 2001; Dwyer, 2003) and the modification of
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the cosmic-ray spectrum (MOS: Chilingarian et al., 2012, 2014; Cramer et al., 2017) schemes have been proposed
for the acceleration and multiplication processes of electrons in the dense atmospheres. More efficient multi-
plication processes such as the relativistic feedback scheme may be required for brighter gamma-ray glows
(Dwyer, 2003, 2012; Kelley et al., 2015; Wada et al., 2019).

One of the biggest problems for gamma-ray glows is their life cycle; it is not well understood how a gamma-ray
glow starts, develops, and ends. The region where electron acceleration occurs, which is the source of gamma-ray
glows, is associated with strong electric fields and hence with charge accumulations inside thunderclouds
(Chilingarian & Mkrtchyan, 2012; Wada, Enoto, et al., 2021; E. Williams et al., 2022). Therefore, the life cycle of
gamma-ray glows can be linked to the charging process of thunderclouds and the development of thundercloud
cells. The only clearly observed part of the life cycle is the termination by lightning discharges (Chilingarian
etal., 2017, 2020; Kelley et al., 2015; Tsuchiya et al., 2013; Tsurumi et al., 2023; Wada et al., 2018, 2019; Wada,
Wu, et al., 2023). This occurs when strong electric-field regions accelerating electrons in the thunderclouds are
neutralized by lightning discharges and the acceleration ends. In recent years, lightning discharges associated with
glow terminations have been monitored in the radio-frequency band. Two-dimensional or three-dimensional
lightning observations lead to discussions on the type and process of lightning discharges, charge distributions
inside thunderstorms, and the relation between lightning initiations and glows (Hisadomi et al., 2021; Tsurumi
et al., 2023; Wada et al., 2018, 2019; Wada, Wu, et al., 2023). In addition, tracking observations using multiple
detectors have revealed that gamma-ray glows move along with thunderclouds (Torii et al., 2011; Tsurumi
et al., 2023; Wada et al., 2019; Yuasa et al., 2020).

Winter thunderstorms frequently occur along the coast of the Sea of Japan (Brook et al., 1982; Kitagawa, 1992;
Kitagawa & Michimoto, 1994; Michimoto, 1991, 1993). Gamma-ray glows can be detected at sea-level in winter
thunderstorms because they have a lower charge center than summer ones, and hence gamma rays are less
attenuated before reaching the ground. In contrast, glow observations in summer thunderstorms are limited to
aircraft, balloon, and high-altitude experiments. To investigate the life cycle of gamma-ray glows, it is necessary
to track a gamma-ray glow for several kilometers by multiple detectors or a mobile detector. Although attempted
recently with an aircraft (Marisaldi et al., 2024), tracking observations of gamma-ray glows by aircraft and
balloons are technically and financially challenging. High-altitude experiments are more feasible for the tracking
observations but are still subject to some constraints such as power sources and location conditions.

The Hokuriku region facing the Sea of Japan is an ideal experimental site as an observation network can be built in
urban areas where power sources are secured. In fact, several groups have developed observation networks aiming
at winter thunderstorms and succeeded in detecting gamma-ray glows with multiple points (Hisadomi et al., 2021;
Torii et al., 2011; Tsurumi et al., 2023; Wada et al., 2019; Yuasa et al., 2020). In this paper, we report a tracking
observation of gamma-ray glows with an observation network in Kanazawa, one of the urban areas in the
Hokuriku region. The life cycle of the gamma-ray glows is discussed based on radar, radio-frequency, and surface
electric-field observations. Hereafter, time is described in the Coordinated Universal Time (UTC) unless
otherwise noted.

2. Observation

We are operating an observation network in Kanazawa aiming to detect gamma-ray glows in winter thunder-
storms (Yuasa et al., 2020). Since November 2020, six radiation detectors have been deployed in an east-west
direction as shown in Figure 1. Winter thunderclouds around Kanazawa typically move with westerly or west-
southwest winds (Wada, Matsumoto, et al., 2021; Wada, Tsurumi, et al., 2023), and hence it is possible to
track gamma-ray glows by multiple detectors arranged in an east-west direction. Detectors A, B, C, and D are
installed on the roofs of Kanazawa Institute of Technology Nonoichi Campus (N36.531°, E136.629°), Kanazawa
Izumigaoka High School (N36.538°, E136.649°), Kanazawa Nisui High School (N36.541°, E136.658°), and
Kanazawa University High School (N36.539°, E136.664°), respectively. Detectors E and F are installed at two
locations (N36.544°, E136.705° and N36.546° E136.709°) on the Kakuma Campus of Kanazawa University
(Wada, Kamogawa, et al., 2023). Each radiation detector is equipped with a 25 X 8 X 2.5-cm bismuth germanate
(Bi4Ge30,,: BGO) scintillator (Yuasa et al., 2020). It means that all the radiation detectors have the same
detection efficiency to photons. The energy range is set to 0.4-20 MeV. In the present analysis, we only utilize the
energy range above 3 MeV. The range above 3 MeV is dominated by secondary cosmic-ray components and does
not show major fluctuations due to washout of radon series such as >'*Bi.
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Figure 1. A map of Kanazawa. Blue stars show the location of radiation detectors. The green star shows the location of the
Noumi X-band radar site. The red-solid line shows a possible trajectory of the gamma-ray glow moving with a thundercloud.
The orange-dashed lines show the position of east-west cross sections of radar observations in Figure 4. The background
image is provided by the Geospatial Information Authority of Japan.

Detectors B and D are also equipped with electric-field monitors (field mills Boltek EFM-100) to measure surface
electric fields. Plane-surface calibration has not been performed, and only relative values of surface electric fields
can be obtained. The field mills are mounted facing upwards and can be affected by charges of precipitation
particles.

We utilize the Noumi radar to observe thunderstorms. The Noumi radar is an X-band (9.785 GHz) dual-polarized
meteorological radar with a beam width of 1.2°, installed southwest of Kanazawa (N36.459°, E136.551°), and is a
part of the eXtended RAdar Information Network (XRAIN) operated by the Ministry of Land, Infrastructure,
Transport and Tourism. The Noumi radar completes 30 plan-position indicator (PPI) scans covering 12 elevation
angles in 10 min; it observes low elevation angles (1.7° and 3.6°) five times, whereas the other 10 angles (1.0°,
2.6° 4.8°, 6.1°, 7.5° 9.0°, 10.6°, 12.3°, 14.1°, and 16.0°) are observed twice. Therefore, a volume scan is
compteted within 5 min. The 3.6° elevation angle corresponds to an altitude of 670 m above Detector A.
Attenuation correction for reflectivity is applied based on the dual-polarization parameters (Maesaka et al., 2011).

Lightning discharges around Kanazawa are monitored by the fast antenna lightning mapping array (FALMA: Wu
et al. (2018)) and the discone antenna lightning mapping array (DALMA: Wang et al., 2022), both operated by
Gifu University. FALMA is an observation network using fast antennas, with 14 stations recording the broadband
low-frequency (LF) band below 500 kHz. DALMA is an observation network using discone antennas, with 12
stations recording the medium- to high-frequency bands below 12 MHz. By applying the time-of-arrival method,
FALMA and DALMA can locate the source of radio-frequency pulses associated with lightning discharges in two
dimensions and three dimensions, respectively. In this paper, we mainly use the 3D location results of DALMA,
and also refer to the LF waveforms recorded by FALMA stations.
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Figure 2. Count-rate histories above 3 MeV recorded by radiation detectors (upper) and surface electric fields recorded by field mills (lower). EFM stands for electric-
field monitor or field mills. The field mills are not plane-surface calibrated and only relative values of surface electric fields are available.

3. Results

From 02:46 to 02:51 UTC on 22 December 2023 (11:46-11:51 Japan Standard Time: JST/UTC+9), multiple
radiation detectors recorded gamma-ray glows. Figure 2 shows a count-rate history recorded by the radiation
detectors with the energy range above 3 MeV. First, Detector A, installed at the westernmost location, detected a
gamma-ray glow around 02:47. This gamma-ray glow shows a sudden decrease in count rates to the background
level at 02:47:16. From 02:49 to 02:51, Detectors B, C, and D, located east of Detector A, detected another
gamma-ray glow. The peak count rate was highest in Detector C, whereas Detector B recorded a similar peak to
Detector D. The peak time is determined by fitting the count-rate histories with a Gaussian function to be
02:49:42.6 £ 1.65,02:49:51.1 £ 0.5 s, and 02:50:08.4 + 1.6 s for Detectors B, C, and D, respectively. No gamma-
ray glows were recorded by Detectors E and F around this period.

The lower panel of Figure 2 shows the surface electric fields measured by the field mills beside Detectors B and D.
We employ the sign convention of atmospheric electricity for the polarity of electric field; the polarity of the
electric field is positive (negative) when a downward (upward) electric field is applied between the ground and the
thundercloud. At the moment when the gamma-ray glow recorded by Detector A suddenly terminated both field
mills recorded a steep change in the electric fields. This is caused by a lightning discharge, and hence the gamma-
ray glow is categorized to be the lightning-terminated type (Wada, Matsumoto, et al., 2021). Before the lightning
discharge, the electric field at Detector B was negative, while that at Detector D was positive. At the moment of
the lightning discharge, the electric field at Detector B changed from negative to positive, and that at Detector D
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Figure 3. Plan-position indicator (PPI) scans of reflectivity at an elevation angle of 3.6° obtained by the Noumi X-band radar. The black stars show the position of the
radiation detectors. The radar echoes moved from west-southwest to east-northeast, and the direction is indicated by the black arrows.

changed from positive to near zero by the lightning discharge. Then, both field mills recorded negative electric
fields during the gamma-ray glow recorded by Detectors B-D, whereas the negative peaks of the surface electric
fields did not correspond to the count-rate peaks recorded by Detectors B and D. This is consistent with our
previous report (Wada, Kamogawa, et al., 2023).

Figure 3 shows PPI scans of reflectivity by the Noumi X-band radar with an elevation angle of 3.6°. From 02:48 to
02:50, a developed radar echo exceeding 40 dBZ, corresponding to a thundercloud, passed above the detector
network. The PPI scans are utilized to derive the moving speed of the radar echo. First, PPI scans at an elevation
angle of 3.6°, conducted on even minutes, are converted into a 250-m mesh Cartesian coordinate system. Using a
10-km square area centered 14 km northeast of the radar site (around Detector C) as a template, pattern matching
is performed to maximize the correlation of reflectivity at four-minutes interval, and the speed and direction of the
echo over a four-minute period is estimated. This process is performed on four pairs of six data points from 02:40
to 02:50, and the statistical error is taken as the standard deviation of the four pairs. The systematic error is
determined by the mesh size of the Cartesian coordinate system and the data interval used for pattern matching.
The estimated speed and direction of the radar echo are 16.7 + 1.5 m s~! and 250° (north is 0° and clockwise),
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Figure 4. West-east vertical cross sections of reflectivity composited with 12 plan-position indicator (PPI) scans by the Noumi X-band radar. The movement of echoes
between the PPI scans is corrected. The north-south positions of the cross sections are shown in Figure 1. The black-dashed lines present the positions of the radiation
detectors. The white-dashed eclipses show the descent of the thundercloud core.

respectively. The statistic and systematic errors are 1.0 m s~! and 1.0 m s™!, respectively, and a merged error is

1.5ms™".

Figure 4 shows east-west cross sections of the radar echoes obtained by the Noumi X-band radar. These cross
sections were created by synthesizing 5-min PPI scans at 12 elevation angles. Taking into account the movement
of the radar echoes, the cross sections were corrected to be those at 02:42, 02:47, 02:52, and 02:57. The north-
south position of the cross sections was moved along the movement of the radar echoes as shown in Figure 1
so that the cross sections pass through the center of the thundercloud. Due to the limitation of scanning elevation
angles, there are unscanned regions in the upper area. At 02:42, a developed radar echo, which seems to have been
at the mature stage with strongly vertically developed convection was present at an altitude of 2—4 km southwest
of the detector network and the bottom of the echo reached the ground around 02:47. In the cross section at 02:52,
the echo can be seen descending further. Detections of gamma-ray glows associated with descending radar echoes
have been reported (Wada, Kamogawa, et al., 2023; Wada, Wu, et al., 2023; E. Williams et al., 2022, 2023).

FALMA and DALMA recorded radio-frequency emissions from the lightning discharge from 02:47:16 to
02:47:17. Figure 5 shows the 3D location result obtained with 8 DALMA stations working at this time. The
lightning discharge started at 02:47:16.896 at a point 1.7 km west-northwest of Detector A. For the next 40 ms, a
vigorous discharge activity was detected at an altitude of less than 1 km around Detector A (within 1.5 km).
Furthermore, at around 02:47:16.940, a vertically upward-going leader was observed 1 km northwest of Detector
A. This upward leader developed along with the strong echo observed in the west-east cross section obtained by
the Noumi X-band radar at 11:47. The lightning discharge lasted for 600 ms. On the other hand, since the
discharge activity located by DALMA moved away from Detector A 200 ms after the initiation, only the first
200 ms from 02:47:16.896 are shown in Figure 5 for simplicity.
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Figure 5. Three-dimensional mapping by DALMA of the lightning discharge terminating the first glow. Left top: Two-dimensional view overlaid with the PPI scan
(same as in Figure 3) by the Noumi radar at 02:47. The colors of the markers show the detection time. The white-dashed lines indicate the position of Detector A. Right
top: Temporal evolution of the lightning discharge for the north-south direction. The black-dashed line shows the latitude of Detector A (N36.531°). The gray zone
indicates the area within 1.5 km from the latitude of Detector A. Left middle: An altitude-longitude view overlaid with the west-east vertical cross section of reflectivity
(same as in Figure 4). Only the source locations within 1.5 km from N36.531° (the latitude of Detector A) are presented to emphasize the lightning activity around Detector
A. The white-dashed line shows the longitude of Detector A (E136.629°). An upward negative leader is clearly seen in the vicinity of Detector A. Right middle: Temporal
evolution of the lightning discharge for the altitude. Only the source locations within 1.5 km from N36.531° are presented. Left bottom and right bottom: the same as the
left-middle and right-middle panels but not limited to the sources located within 1.5 km from N36.531°.

4. Discussion
4.1. Comparison Between Gamma-Ray and Radar Observations

The gamma-ray glows were detected from west to east in the order of Detectors A, B, C, and D. The radar echoes
detected by the Noumi radar moved from west-southwest to east-northeast, which qualitatively matched the
detection order of the gamma-ray glows. Therefore, the gamma-ray glows observed by Detectors B, C, and D are
identical, whereas the glow observed by Detector A is another one as it terminated with the lightning discharge
before it reached Detector B. Hereafter, the terminated glow recorded by Detector A and the other one by De-
tectors B, C, and D are called first and second glows, respectively.
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The trajectory of the glow center is estimated to be the red-solid line shown in Figure 1 by assuming that (a) the
center of the second glow passed over Detector C where the largest count rate was recorded in the detection
network, and that (b) the electrified region moved with the thundercloud with the speed and direction of
16.7 = 1.5 m s~! and 250° respectively, derived from the radar observation. The closest distances to this trajectory
for Detectors A, B, D, E, and F are 0.27, 0.07, 0.45, 1.02, and 0.91 km, respectively. This suggests that the center
of the second glow could have passed within 100 m of Detector B and offset by several hundred meters to 1 km
from Detectors A, D, E, and F.

The distance between the closest point to Detectors A, B, and D on the trajectory and the Detector C is 2.75, 0.84,
and 0.44 km. Based on the speed of the thundercloud derived from the radar observation, the region which
produced the second glow is expected to have been closest to Detector A at 165 + 15 s before, Detector B at
50 £ 5 s before, and Detector D at 26 + 2 s after the peak recorded at Detector C. On the other hand, the
termination of the first glow was at 155 s before, and the peak of the second glow recorded by Detectors B and D
was at 8.5 = 1.7 s before and 17.3 + 1.7 s after derived by fitting the count-rate histories with a Gaussian function.
Figure 6 shows the count-rate histories of the glows, the actual peak times, and the expected ones predicted from
the movement of the radar echoes. The detection and termination time of the first glow at Detector A is consistent
with the expected peak time within the error. Therefore, it is indicative that the first glow and the second glow
were produced in the same region of the thundercloud. The detection times at Detectors B and D, however, are not
consistent with the expected ones. In particular, the peak time at Detector B is different by ~40 s from the ex-
pected time. These results raise two questions. One is that a gamma-ray glow can be produced in a region of a
thundercloud, which seems to be neutralized by a lightning discharge just 2-3 min ago. The other is that an
apparent movement of a gamma-ray glow observed by multiple radiation detectors does not necessarily match the
movement of thunderclouds.

4.2. Rapid Recovery of Electric Fields

Let us consider the first question. DALMA detected the lightning activity at an altitude of 0.5-1 km (Figure 5),
very close to the northwest side of Detector A (within 1 km), within 50 ms of the lightning initiation. Because of
the attenuation of gamma rays in the atmosphere, the glow-production region accelerating electrons should be
placed near the ground. For example, the mean free path of 1-MeV photons is 122 m and photons are subject to
multiple scattering in the atmosphere before reaching the ground. Hence, MeV photons can penetrate several
hundred meters in the atmosphere at 1 atm, and it is reasonable to consider that the electron acceleration region
that caused the gamma-ray glow existed at an altitude of several hundred meters to 1 km (Wada et al., 2019).
Therefore, the discharge activity at low altitude and close range to Detector A is thought to have directly
neutralized the electron acceleration region of the first glow leading to the termination.

After the activity at low altitude, an upward leader developed at 0.5-1.5 km northwest of Detector A. Figure 7
shows the time-altitude profile of the lightning discharge obtained by DALMA, and the corresponding broadband
LF waveform recorded by one of the FALMA stations at N36.553°, E136.955° (29 km from Detector A). Since
active LF emissions associated with the upward leader were recorded in the broadband LF band, not only the low
altitude below 1 km but also the upper region at 2-5 km altitude are thought to have been neutralized by the
lightning discharge. Most of the broadband LF pulses of the upward leader have a negative onset in the sign
convention of the atmospheric electricity. This indicates that this upward leader is a negative one, likely
developed from a main negative charge layer, and also suggests that the upper dipole between a main negative and
an upper positive charge layers was electrically active. Referring to the initial analysis value at 00:00 UTC of the
mesoscale model (MSM) provided by the Japan Meteorological Agency, as shown in the left panel of Figure 7,
the —10°C altitude was 1.8 km at which charge separation occurs actively. In addition, as shown in the bottom
panels of Figure 7, a lot of radio-frequency sources are located at 1-2-km altitudes by DALMA. These supports
that negative charges were accumulated at 1-2 km altitudes. Since the negative upward leader seems to have
started around an altitude of 1.5 km, the leader should have discharged an upper main dipole between the main
negative and the upper positive charge layers if the conventional tripole structure is considered (E. R. Wil-
liams, 1989). Such upward negative leaders between the main negative and upper positive layers have been
reported by Yang et al. (2025).

As shown in Figure 4, the developed radar echo at an altitude of 1-3 km at 09:47 moved eastward and descended
between 09:47 and 09:52. The echo seems to have been present above Detectors B, C, and D around 09:50 when
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Figure 6. Count-rate histories above 3 MeV recorded by Detectors A, B, C, and D. The gray-dashed lines show the actual peak time of the second glows. The colored-
dashed lines show the expected peak time derived from the movement of the radar echo.

the second glow was recorded by those detectors. Since the upward leader of the lightning discharge at 09:47:16
extended toward the developed echo, it is reasonable to consider that the region was (fully or at least partially)
neutralized 2-3 min before the detection of the second glow. In particular, the discharge activity seems to have
reduced charges in the main negative charge layer.

One of the possible reasons why the second glow was detected after the lightning discharge neutralized the glow-
producing region is that a strong electric field was restored within 2—3 min after the lightning discharge. In a
situation where strong convection continues, such as in summer thunderclouds, charge separation can occur
continuously and the electric field can be restored. In fact, Chilingarian et al. (2020) have reported that TGEs were
repeatedly restored even after they were interrupted by lightning discharges. Therefore, active convection may
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Figure 7. Left: A temperature-altitude profile extracted from the initial analysis data (at 00:00 UTC and N36.5°, E136.625°)
of the mesoscale model (MSM) provided by the Japan Meteorological Agency. Right: the time-altitude profile of the
lightning discharge obtained by DALMA and the corresponding broadband LF waveform recorded by one of the FALMA
stations at N36.553°, E136.955°. Only the source locations within 1.5 km from N36.531° (the latitude of Detector A) are
presented in the same way as the bottom-right panel of Figure 5.

cause repeated occurrences of TGEs/gamma-ray glows and interruptions by lightning discharges. On the other
hand, convection in winter thunderstorms tends to be less active than in summer ones.

To more closely diagnose the convection in the present case, a Lagrangian analysis was performed. Using the
position of Detector C at 02:47 as the reference, a composite of PPIs taken every 5 min was created in a moving
coordinate system. The east-west cross section is shown in Figure 8 (the maximum values within 1 km north and
south of the reference east-west cross section are extracted). The vertical axis is converted to the corresponding
temperature using the MSM temperature profile (the left panel of Figure 7) instead of altitude. At 02:37, no core
reaching 50 dBZ was observed at the tracking center, although the maximum observation altitude was limited by
the maximum elevation angle because the tracking center was close to the radar at this time. At 02:42, a clear core
was observed at the tracking center located between —5°C and —15°C altitude. This core was also clearly seen at
02:47 but showed little movement in the vertical direction. At 02:52, a clear core descent was observed. At 02:57,
some precipitation particles remained at the —5°C altitude, but this appears to have almost disappeared by 03:02.
Note that another core appeared about 2-3 km west of the target core at 02:52, and it appears to have developed by
02:57 and fallen by 03:02.

As shown above, a clear descent of the thundercloud core was detected from 02:47 to 02:52, when the two glows
were detected, and hence the thundercloud is thought to be in the dissipating phase, although it was in the mature
stage at 02:42 with strongly vertically developed convection. In the dissipating phase, precipitation particles
descend due to weakened updraft, and a difference in descending speed between ice crystals and graupels may
cause charge separation. A hypothesis is that separation of graupels and ice crystals associated with descent of the
thunderstorm core could have formed a strong electric field in a short time and have produced the second gamma-
ray glow, if graupels and ice crystals were in the same region at the moment of the lightning discharge and the
charge of the particles was not totally neutralized. In fact, Wada, Enoto et al. (2021) and Wada, Kamogawa,
et al. (2023) reported gamma-ray glows in winter thunderstorms associated with graupel precipitation, and also E.
Williams et al. (2022) discussed radar observations of graupels associated with TGEs in Armenia.

The surface electric fields recorded by field mills beside Detectors B and D were negative during the second glow
(Figure 2), whereas their peaks were not coincident with the count-rate peaks of gamma rays recorded by the
radiation detectors. This suggests that a dipole electric field between the main negative charge layer and the
ground surface did not produce the second glow. The main negative charge layer can create an upward electric
field between the negative charges and positive mirror charges on the surface. This upward field can accelerate
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system with the target thundercloud. The tracking center is set to the location of Detector C at 02:47. The Y-axis shows corresponding temperature instead of height. The
maximum reflectivity values within 1 km north and south of the reference east-west cross section are extracted.

electrons toward the ground. The strength of the upward electric field directly corresponds to the surface electric
field measured by field mills, and gamma-ray glows should be detected at the peak of the electric field. However,
this is not the case. Instead, a dipole between the main negative charge and a lower positive charge layers, which
could have produced by the rapid separation of graupels and ice crystals, could have contributed to the production
of the second glow, as discussed by Wada, Kamogawa, et al. (2023). Even if the lower charge layer exists, the
electric field can be negative as the amount of lower positive charges is much smaller than the main negative
charges.

4.3. Temporal Variation of Intrinsic Glow Brightness

Let us consider the second question. The second glow observed by Detectors B, C, and D clearly showed peaks in
the count rate. However, the peak time did not coincide with the time of closest approach when it was assumed
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Figure 9. A simplified schematic of the developing electric-field region producing the gamma-ray glow.

that the gamma-ray glowing region moved with the thundercloud cell. This suggests that the intrinsic brightness
of the gamma-ray glow was not constant but might have varied over time. As discussed above, it is highly likely
that the strong electric field region having produced the second glow developed rapidly within a few minutes after
the first glow ceased with the lightning discharge. The second gamma-ray glow may have correspondingly
become brighter while passing from Detector B to D especially while passing between B and C. If the gamma-ray
glow had brightened after passing over Detector B, this would explain why the peak of the gamma-ray glow
recorded by Detector B was delayed from the actual passage of the glowing region.

Also, as shown in Figure 1, the line connecting Detectors B and C is parallel to the direction of movement of the
thundercloud. Therefore, when the center of the glowing region passed right above Detector C, it also passed
almost right above Detector B. If the intrinsic brightness of the gamma-ray glow on the ground is constant, the
peak flux should be roughly the same at Detectors B and C. However, in reality, the peak gamma-ray flux is
greater at Detector C than at Detector B. This also supports the hypothesis that the second glow became brighter
while it moved from Detector B to C.

Let us consider a very simple model of a parallel plate capacitor to discuss the electric field inside the thun-
dercloud, assuming that there is a lower positive charge layer with graupels, a middle negative charge layer in the
center with ice crystals in the thundercloud related to electron acceleration. When the altitude changes in at-
mospheric pressure are ignored for simplicity, the electric-field strength between the layers E is proportional to
the amount of charge in each layer Q, and the voltage between the layers V is proportional to the product of the
amount of charge and the distance between the layers d. In other words, when the two charge layers get separated
by the different falling speed of precipitation particles, the electric-field strength between the charge layers does
not change, but the voltage increases in proportion to the distance. In the RREA model, the number of high-energy
electrons (capable of runaway) generated in the strong electric field region, N(d), is expressed as an exponential
function of the distance:

N(d) = N, exp<6EE_ Fthd) (€))]

cut

where N, is the number of high-energy seed electrons, e is the elementary charge, Fy, = 0.276 MeV m™! X nis
the threshold strength of electric field, n is the density of air with respect to that at sea level, and E,, = 7.3 MeV
is a representative energy (Dwyer et al., 2012). Namely, as the distance d between the two charge layers increases,
the amplification rate of high-energy electrons increases, and as a result, the gamma-ray glow can become
brighter. Therefore, it is possible that the difference in the falling speed of the particles caused the brightening of
the gamma-ray glow. In a realistic situation, the amount of main negative charges (—Q) should be larger than that
of lower positive charges (+Q), which is also suggested by the negative trend of the surface electric field. This
scenario is explained in Figure 9. Note that it is necessary to take into account the altitude change in atmospheric
density, so the amplification rate of high-energy electrons is expected to be more complex (Diniz et al., 2023).

Another factor to consider is the attenuation of high-energy photons by the atmosphere. Since the mean free path
of a 1 MeV photon in an atmosphere of 1 atm is 122 m, a proxy of atmospheric attenuation, an atmospheric
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Table 1
Summary of Gamma-Ray Glows Reported by Wada, Matsumoto, et al. (2021) That Were Observed by Both Detectors B and D
Detection time (UTC) Event no. Wind speed [m s7!] Wind direction [°] Actual time interval [s] Expected time interval [s]
2017-12-25 23:09-23:12 19/20 206 + 1.4 260 56.0 = 0.7 64 +£4
2018-12-08 12:08-12:12 36/37 140+ 13 250 72.8 £ 6.9 90 + 38
2018-12-17 14:14-14:18 43/44 11.3+13 280 83.3 £2.0 116 £ 13
2020-01-12 17:04-17:08 57/58 164+ 14 240 434 +£0.7 71+6
2020-02-17 12:48-12:53 62/64 150+ 12 250 99.5 + 3.1 84 +7
2020-02-17 12:51-12:55 65/66 150 £ 1.2 250 76.5 £ 0.9 84 +7

thickness of several hundred meters is critical for the high-energy photons of gamma-ray glows. As shown in
Figure 4, the thundercloud core descended by several hundred meters to 1 km in 5 min. Therefore, the descent of
the electrified region producing the glow reduced the atmospheric attenuation of high-energy photons and hence
increased the flux of gamma rays on the ground surface. The detection of the second glow on the ground surface is
therefore supported by a combination of two factors: the increase in accelerated electrons due to the development
of the electric-field region and the decrease in atmospheric attenuation of gamma rays between the electrified
region and the ground surface due to the descent of the thunderstorm core.

In the present case, no gamma-ray glows were observed by Detectors E and F. Considering the assumed trajectory
of the center of the glowing region shown in Figure 1, the region is thought to have been closest to Detectors E and
F around 02:54, and in fact, the radar echo passed close to Detectors E and F as shown in Figure 3. However,
Detectors E and F are offset by 1.0 and 0.9 km, respectively, from the trajectory of the estimated center of the
glowing region. Therefore, even if the gamma-ray glow continued, it may not have been detected due to the offset
of the detectors. Also, the thunderstorm core might have reached the ground surface when approaching Detectors
E and F (after 02:52), the strong electric field region might have disappeared, and the gamma-ray glow might have
ended.

4.4. Revisiting Previous Cases

Based on previous observations, we discuss whether the increase in the intrinsic brightness of the gamma-ray
glow in the present case is special or common. Wada, Matsumoto, et al. (2021) have compiled a catalog of 70
cases of gamma-ray glows in winter thunderstorms from October 2016 to March 2020. Among them, there were
six cases in which gamma-ray glows were detected simultaneously by Detectors B and D in the present paper and
in which the glow peak was observed by both detectors. Table 1 and Figure 10 provide a list and count-rate
histories of these cases, respectively. Note that Detector C was not in operation before December 2020. When
comparing the time difference of the peaks derived by a Gaussian-function fitting with the expected time dif-
ference derived from the wind direction and speed calculated with radar observations, a difference of 10 s or more
was observed in four out of six cases. The events on 8§ December 2018 (Event 36/37) and 17 February 2020 (Event
62/64) had small gamma-ray fluxes and relatively unclear peaks, and hence it is difficult to conclude that the
difference is significant. On the other hand, in particular in the cases of 17 December 2018 (Event 43/44) and 12
January 2020 (Event 57/58), the time difference was significant, 31 and 28 s, respectively. Hisadomi et al. (2021)
analyzed the case of 12 January 2020 and discussed the difference between the actual and expected peaks of the
count rate. In these events, the gamma-ray flux on the ground may have increased due to the development and/or
descent of a strong electric-field region while passing between the two points. Therefore, the present case is not
unique, and it is possible that the intrinsic brightness of gamma-ray glows may change during observations at the
two points.

5. Conclusion

We reported two successive gamma-ray glows tracked by four radiation detectors. The first one was recorded only
by Detector A and was quenched by the lightning discharge. The second was tracked by Detectors B, C, and D 2—
3 min after the termination of the first glow. The radar observations reveal that both glows were generated in the
same thundercloud core. On the other hand, the lightning discharge that terminated the first glow seems to have
neutralized electric fields in the thundercloud core. The tracking observation of the second glow provided the time
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Figure 10. Count-rate histories of gamma-ray glows reported by Wada, Matsumoto, et al. (2021) that were observed by both Detectors B and D. Blue and orange dashed

lines indicate the peak time of the count-

wind speed and direction.

rate histories recorded by Detectors B and D, respectively. The red-solid lines show the expected peak time derived from the

of count-rate peaks. However, the peak timing was not consistent with the expected one from the thundercloud
movement derived from the radar observations.

Based on the observations, we raised two questions; one is how the electric field that generated the second glow
recovered from the lightning discharge in 2-3 min. The other one is how to explain the discrepancy between an
apparent movement of the gamma-ray glow observed by multiple radiation detectors and the movement of the
thundercloud. Our result indicates that the descent of the thundercloud core may have contributed to the quick
recovery of the electric field and the brightening of the second glow. Different precipitation particles have
different falling speeds and charge polarities. During the descent of the thundercloud core, two charge layers with
opposite polarities may have gotten separated, and electron acceleration and multiplication for the second glow
may have been strengthened above Detector C as the electric-field region gained enough length for the electron
avalanches. Several gamma-ray glows at the same places previously reported by Wada, Matsumoto, et al. (2021)
and Hisadomi et al. (2021) show the same discrepancy, and the rapid brightening of gamma-ray glows above
radiation detectors is not a special case. Detecting gamma-ray glows only with one sensor cannot distinguish the
temporal development of glows, and hence tracking observations with multiple sensors are necessary to un-
derstand the development and the lifecycle of gamma-ray glows.
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