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Abstract A gamma-ray glow, a minute-lasting burst of high-energy photons from a thundercloud, was
detected by ground-based apparatus at Kanazawa University, Japan, in a winter thunderstorm on 18 December
2018. The gamma-ray glow was quenched by a lightning flash within a brief time window of 40 ms. The
lightning flash produced several low-frequency (LF) E-change pulses that were temporally coincident with

the termination of the gamma-ray glow, and that were located within 0.5 km from the observation site by the
Fast Antenna Lightning Mapping Array. The LF pulses had the same polarity as a positive cloud-to-ground
current and a normal-polarity in-cloud current. Since this polarity is against the upward electric field for
producing the gamma-ray glow (accelerating electrons to the ground), we infer that the glow was terminated by
a normal-polarity in-cloud discharge activity between a middle negative layer and an upper positive layer.

Plain Language Summary Strong electric fields inside thunderclouds may accelerate electrons to
relativistic energy, and cause a burst of high-energy photons called gamma-ray glow. Gamma-ray glows are
sometimes terminated with a lightning flash as it discharges electric fields responsible for electron acceleration.
In this study, we observed the termination of a gamma-ray glow with a detailed lightning mapping observation
in the radio-frequency band. An in-cloud lightning flash between two charge layers inside a thundercloud
reduced an electric field that accelerated electrons. Radio-frequency observations of glow termination are a
powerful tool to investigate the charge structure associated with electron acceleration.

1. Introduction

Gamma-ray glows (also referred to as thunderstorm ground enhancements: TGEs when detected at the
ground) are one of the high-energy atmospheric phenomena associated with thunderstorms. They are typically
minute-lasting bursts of photons, and their energy spectra extend up to >20 MeV (e.g., Chilingarian et al., 2010;
Torii et al., 2002; Tsuchiya et al., 2007). Gamma-ray glows have been detected by aircraft (Kelley et al., 2015;
Kochkin et al., 2017, 2021; McCarthy & Parks, 1985; @stgaard et al., 2019; Parks et al., 1981), balloon (Eack
& Beasley, 2015; Eack et al., 1996), mountain-top (Bowers et al., 2019; Chilingarian, Mkrtchyan, et al., 2019;
Chilingarian et al., 2010, 2022; Chum et al., 2020; Torii et al., 2009; Tsuchiya et al., 2009, 2012), and sea-level
experiments (Hisadomi et al., 2021; Kuroda et al., 2016; Torii et al., 2002; Tsuchiya et al., 2007, 2011, 2013;
Wada et al., 2018, 2019, 2021a, 2021b). They are thought to originate from bremsstrahlung photons of elec-
trons accelerated and multiplied by strong electric fields inside thunderclouds. There are two candidate mecha-
nisms for electron acceleration. One is the relativistic runaway electron avalanche (RREA: Gurevich et al., 1992).
When a thundercloud has an electric field above the RREA threshold (284 kV m~! at sea-level: Dwyer, 2003),
energetic seed electrons can be accelerated by Wilson's runaway electron theory (Wilson, 1925), then can
produce secondary electrons. The secondary electrons can be also accelerated, then the number of electrons
exponentially increases. With specific conditions, the multiplication mechanism can be boosted by relativistic
feedback (Dwyer, 2003, 2012). The other is the modification of the cosmic-ray spectra (MOS: Chilingarian
etal., 2012, 2014; Cramer et al., 2017). Even when the strength of an electric field is below the RREA threshold,
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charged elementary particles such as electrons, positrons, and muons can gain energy, which causes a slight
increase in photon flux. While the MOS regime produces photon-flux increases by a few to a few ten percent from
the background, the RREA regime can increase fluxes by several times from the background.

One of the mysteries of gamma-ray glows is where electron acceleration and multiplication occur. In situ meas-
urements of gamma rays and electric fields with airborne equipment are straightforward to identify the position
and the strength of electric fields responsible for electron acceleration (Eack & Beasley, 2015; Eack et al., 1996).
However, they are limited due to difficulty in cost and opportunity. Instead, multiple-sensory observations such as
surface electric field, meteorological radar, and radio-frequency lightning mapping measurements are important
to examine the origin of gamma-ray glows (Chilingarian et al., 2017, 2020, 2022; @stgaard et al., 2019; Wada
et al., 2018, 2021a). Since gamma-ray glows are produced in thunderclouds, not in lightning discharges, the
lightning mapping technique is not applicable to most glows. On the other hand, it can be a powerful tool when a
gamma-ray glow is terminated with a lightning discharge.

Wada et al. (2018) previously reported a gamma-ray glow terminated by an intercloud/intracloud discharge with
a lightning mapping system in the broadband low-frequency (LF) band. The glow was terminated by a horizontal
in-cloud leader progression passing nearby the gamma-ray detector. Kochkin et al. (2018) reported an aircraft
observation of a gamma-ray glow termination. The termination was also investigated by the Colorado Light-
ning Mapping Array, and the lightning location was 12 km ahead of the aircraft. Chilingarian et al. (2017) and
Chilingarian, Soghomonyan, et al. (2019) investigated the polarity of in-cloud and cloud-to-ground discharges
that terminated TGEs with field-mill measurements (although their method may evaluate the lightning type
of irrelevant thundercloud cells to TGEs). On the other hand, the investigation of glow termination with light-
ning mapping is still limited due to the limited number of glow termination events and dedicated observation
campaigns. Here we report another case of glow termination with a broadband LF lightning mapping. The condi-
tion of the observation campaign and the detected event is of higher quality than what was reported in Wada
et al. (2018).

2. Observation

Winter thunderstorms in the coastal region facing the Sea of Japan are one of the best targets to investigate
high-energy atmospheric phenomena. Due to the low-charge-center structure of thunderclouds (Kitagawa &
Michimoto, 1994; Michimoto, 1991), high-energy photons are less attenuated in winter thunderstorms than in
summer ones before reaching the ground. Therefore, it is possible to detect high-energy atmospheric phenomena
at sea level, including gamma-ray glows. In 2016, the Gamma-Ray Observation of Winter Thunderclouds collab-
oration launched a mapping observation campaign, with multiple gamma-ray detectors distributed in Ishikawa
Prefecture, Japan (Yuasa et al., 2020).

Wada et al. (2021b) reported 70 gamma-ray glows from October 2016 to March 2020. Nineteen of the seventy
events are categorized to be the lightning-terminated type. Among the lightning-terminated events, one at 14:51:48,
18 December 2018, in the coordinated universal time (UTC), has the second largest count rate at the moment
of termination (labeled “Event 50” in Wada et al. (2021b)). This event was detected at Kanazawa University
(N36.546°, E136.709°), and also was reported in Wada, et al. (2021a) for radar investigations of glow-producing
thunderclouds. The detection was made by our portable-size gamma-ray monitor with a bismuth-germanate crys-
tal of 25.0 x 8.0 x 2.5 cm® (Yuasa et al., 2020). In the present paper, we focus on this event. Note that another
lightning-terminated event at 17:54:50 UTC, 9 January 2018 (labeled “Event 25” in Wada et al. (2021b)) had
the largest count rate at the termination, but it is not suitable for the investigation of glow termination because it
coincided with a downward terrestrial gamma-ray flash (TGF) (Wada et al., 2019). The exact timing of the glow
termination cannot be determined because of the overlap of the downward TGF, a succeeding TGF afterglow by
photonuclear reaction, and the glow termination.

The lightning-terminated event on 18 December 2018, was also monitored by the Fast Antenna Lightning Mapping
Array (FALMA: Wu et al., 2018, 2020), and by an X-band dual-polarimetric meteorological radar of the Ministry
of Land, Infrastructure, Transport and Tourism of Japan. FALMA is an array of flat-plate antennae sensitive to
a broadband LF band (0.5-500 kHz) to locate LF pulses from lightning flashes by the time-of-arrival technique.
At that time, FALMA consisted of 14 stations and covered around the detection site (Wu et al., 2020). FALMA
has the ability to locate LF pulses three-dimensionally, but we utilize only two-dimensional results because the
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Figure 1. Count-rate histories of the lightning-terminated glow at 14:51:48,
18 December 2018. Upper: Above 0.35 MeV with 1-s binning. Middle: Above
3.0 MeV with 2-s binning. Lower: The expansion around the termination,
above 0.35 MeV with 0.04-s binning. The binning origin is set to 190 ms from
14:51:48 UTC, which is shown by the red-dashed lines. The best-fit Gaussian
function is overlaid by the magenta-dashed line in the middle panel.

means that the binning origin is shifted by 0.002 s every trial. The average
termination timing of the 20 trials is 14:51:48.190 with a standard deviation
of 0.006 s. Also, the y? fitting error is around 0.006 s. The standard devia-
tion and the fitting error are smaller than half the bin width (0.02 s). There-
fore, the termination timing is determined to be 14:51:48.190 + 0.020. In the
lower panel of Figure 1, the binning origin is set to 14:51:48.190 UTC. The
count rates quickly (less than 40 ms) dropped to the background level.

Figure 2 shows the two-dimensional lightning mapping of the lightning flash
at 14:51:48 UTC, obtained by FALMA. The determined glow-termination
timing is presented by the magenta areas in panels (b) and (c). The lightning
pulses are distributed along a belt-like strong radar echo from south-southeast

to north-northwest, as in panel (d). The lightning flash initiated 2.9 km northwest of the gamma-ray detector at

171.6 ms from 14:51:48.

The top panel of Figure 3 shows an entire waveform of the lightning flash, recorded by one of the FALMA
stations (at N36.894°, E136.779°: 39.16 km from the gamma-ray detector). From the initiation to ~185 ms, there
are relatively large in-cloud pulses that are preliminary breakdown (PB) pulses, and following stroke-like pulses.
At first, the PB pulses formed an eastward negative leader (NL1 in Figure 2), and then formed a north-eastward
negative leader (NL2). After NL1 and NL2, several pulses were located close to the detection site, within the
determined time window of the glow termination.

We then extract the LF pulses closely connected to the termination. The criteria are (a) within the time window
of the glow termination (14:51:48.170-14:51:48.210) and (b) within 2 km from the gamma-ray detector. These
distance criteria are justified as photons in MeV energies are attenuated within ~1 km in the atmosphere at sea
level. A total of 6 FALMA-located pulses meet the criteria. Their waveforms and locations are shown in Figure 3.
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Figure 2. The two-dimensional positions and the time evolution of a lightning flash at 14:51:48 UTC, obtained by Fast
Antenna Lightning Mapping Array. (a): Two-dimensional distributions of lightning pulses. The colors of the dots show
timing. The magenta-dashed lines indicate the position of the gamma-ray detector. (b) and (c): Timing evolution of the
lightning pulses for north-south and west-east directions, respectively. The magenta regions indicate the timing of the glow
termination. The blue arrows and circle show negative leaders. The red circles show a possible positive leader and recoil
leader. (d) Two-dimensional distributions of lightning pulses on a plan-position-indicator (PPI) image obtained by the X-band
radar. The elevation angle of the PPI scan is 3.6°. The background image is provided by the Geospatial Information Authority
of Japan.

The waveform of FALMA is recorded in the conventional sign of atmospheric electricity; pulses with positive
onsets have the same polarity as a negative cloud-to-ground (CG) current. Pulses 1, 2, 3, and 6 are located within
0.5 km, and Pulses 4 and 5 are ~1.5 km from the gamma-ray detector. Besides the selected pulses, an LF pulse
with the largest amplitude in this flash (+18.0 kA) was identified at 189.93 ms, 3.0 km far from the gamma-ray
detector.

Figures 4a—4c show vertical cross-sections of multiple plan-position-indicator (PPI) scans by the X-band radar,
along the west-east direction. At the moment of the glow detection, the wind blew from west to east with a speed
of 11.9 + 1.0 m s~!, derived by the pattern-matching technique with low-altitude PPI images (Wada et al., 2021b).
A radar echo was found at ~3-km altitude 10 min before the glow detection, and was extending downward 5 min
before the detection. At the moment of glow detection, the strong radar echo reached the ground and exhibited
a tall and convective structure above the detection site, as previously reported in Wada et al. (2021a). Panel (d)
shows the altitudes at 0°C, —10°C, and —20°C, calculated with the mesoscale model (MSM) of the Japan Mete-
orological Agency. The initial analysis data of MSM at N36.6°, E136.625° and at 15:00 UTC is utilized.

4. Discussion

As mentioned above, the lightning flash had several LF pulses temporally and spatially associated with the glow
termination. Pulses 1, 3, and 6 in Figure 3 are located ~0.4 km from the gamma-ray detector. These pulses are
the closest to the detector among the selected pulses. On the other hand, we have to consider the movement
of the gamma-ray glow as the parent thundercloud moves with the ambient wind flow (Wada et al., 2019; Yuasa
et al., 2020). Since the wind speed is estimated to be 11.9 + 1.0 m s~, the wind direction to be eastward, and
the peak time of count rates to be 18.6 + 0.2 s before the termination, the center of the glow-emitting region
in the thundercloud could be located 221 + 19 m east of the gamma-ray detector. The possible glow center is
on the cyan dashed line shown in the lower panel of Figure 3.
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Figure 3. Upper: The entire waveform of the lightning flash, obtained by one of the Fast Antenna Lightning Mapping Array
(FALMA) stations. The propagation delay between the antenna and the gamma-ray detector is corrected. The red region
shows the determined time window of the glow termination. Middle: Expanded waveforms of the lightning pulses fulfilling
the criteria. The red-dashed lines show the detection timing of the pulses by FALMA. The text on the panels shows the

peak current and the distance to the gamma-ray detector. Lower: Location of the selected pulses located by FALMA. The
red circles indicate the positional estimation error (in root mean square). The magenta-dashed lines indicate the position

of the gamma-ray detector. The cyan-dashed line shows a possible position of the glow center at the moment of the glow
termination. The blue circle shows an estimated irradiation region of the gamma-ray glow (see the text). The white arrow
indicates the wind direction (the wind moved from west to east). The background image is provided by the Geospatial
Information Authority of Japan.
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Figure 4. (a), (b), and (c): Vertical cross sections of multiple plan-position-indicator scans by the X-band radar, along the
west-east direction. The three panels present 10 and 5 min before the termination and at the moment of the glow termination.
The origin of the X-axis is where the gamma-ray detector is installed. The movement of radar echoes by wind flow, due

to the difference in scan timing, is corrected. (d): A possible scenario of charge layers and leader progressions inside the
thunderclouds. The altitudes of 0°C, —10°C, and —20°C are calculated with the mesoscale model of the Japan Meteorological
Agency. Negative leader (NL), positive leader (PL), recoil leader (RL), and preliminary breakdown (PB) stand for NL, PL,
RL, and PB, respectively.

The horizontal extension of the glow region should be also considered. In the catalog of gamma-ray glows in
winter thunderstorms (Wada et al., 2021b), the duration of gamma-ray glows is defined as T80, the time window
containing 80% of the detected photons. When the count-rate history is reproduced by a Gaussian function, T80
(tg,) is defined by the integral equation

's0

2
- exp(—#)dtzo.& )

1
-8 2o

where o is the standard deviation of the Gaussian function. Since ¢ = 14.1 + 0.2 s in the present case, T80 is
estimated to be 36.1 s. Note that this result is different from the actual T80 reported in Wada et al. (2021b),
which includes the effect of the glow termination. The present estimation considers the condition before the glow
termination.

Then, the estimated duration is converted to a characteristic width of the gamma-ray glow, 430 m, by multiplying
the wind velocity (11.9 m s~!). When the glow center is assumed to be passing right above or closely nearby the
detector, we can consider this width as the diameter of the glow region. This assumption is justified as the peak
flux of the present case is the third highest among the 70 events in the catalog (Wada et al., 2021b).

By considering the discussion above, we obtain an estimated glow region at the moment of the termination, as
shown in the lower panel of Figure 3. This estimated region is closely associated with the electron-acceleration
region. The location of Pulse 6 with the estimation error is overlapped with the estimated glow region. Therefore,
Pulse 6 is the most plausible candidate for the LF pulse that is directly connected to the glow center.

Pulse 6 has a negative onset, which is the same polarity as positive CGs. Its peak current is estimated to be
+3.6 kA. Thus, it is probably a normal-polarity in-cloud (IC) pulse, judged from the small peak current and the
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narrow waveform. The second closest pulses such as Pulses 1, 2, and 3 have also a negative onset and small peak
current, similar to Pulse 6. Therefore, normal-polarity IC pulses were dominant around the glow region.

Let us consider which charge region was discharged and quenched the gamma-ray glow. To emit gamma rays
toward the ground, electrons should be accelerated toward the ground. Therefore, an upward electric field is
needed for the gamma-ray glow. So far, several charge structures have been discussed to produce upward electric
fields. In the conventional tripole structure (Takahashi, 1978; E. R. Williams, 1989), the electric field between
the lower positive and the middle negative layers can accelerate electrons downward. E. Williams et al. (2022)
discussed this possibility with surface electric-field and radar observations for TGEs at Mt. Aragats in summer
thunderstorms. In the normal dipole structure, similar to the conventional tripole but without the lower positive
charge, an upward electric field can be formed between the middle negative layer and the image positive charge
layer on the ground. In the inverted charge structure (Saunders & Peck, 1998), the electric field between the
lower positive layer and the upper negative layer can do. In fact, Zheng et al. (2019) demonstrated various types
of charge structures in winter thunderstorms.

At the beginning of the lightning flash, FALMA detected two NLs, NL1 and NL2 shown in Figure 2. NL1
consists of positive-polarity LF pulses, indicating a negative upward leader progression. The beginning of NL2
consists of positive-polarity LF pulses, and later of mixed-polarity pulses. It indicates that NL2 was at first going
upward, and then turned into the horizontal direction. The speed of NL1 and NL2 is almost the same, estimated
to be 5.4 x 10° m s~!. Both NL1 and NL2 suggest that the PB happened in a strong negative charge region,
then the two leaders were going upward to an upper positive charge layer. Therefore, the entire charge structure
of the thundercloud is likely the conventional tripole or the normal dipole structure with the main negative and
upper positive layers, not the inverted structure. The schematics are shown in Figure 4d. The gamma-ray glow
should have been produced in a strong electric-field region between the main negative charge and the lower posi-
tive charge layers (tripole) or between the main negative and the image positive layers (dipole).

How was the strong upward electric field corresponding to the glow depleted? If the upward electric fields are
directly discharged, the discharge type should be an inverted polarity IC for the tripole structure, which is the
same polarity as a negative CG, or a negative CG stroke for the normal dipole structure. However, the LF pulses
associated with the glow termination has the same polarity as a normal-polarity IC. Therefore, the lightning
current is likely not to run between the two charge layers forming the upward electric field.

The termination-associated LF pulses occurred immediately after NL1 and NL2. Due to the positive polarity,
they possibly originate from a downward positive leader (PL) and a subsequent recoil reader. While FALMA did
not capture clearly, it is possible that a positive downward leader was branched from the PB region, going toward
the glow-producing region, and finally negative charges above the detection site were depleted, as presented in
Figure 4d. In general, positive leaders are less radiative in the LF band than negative ones, and hence hard to
detect. On the other hand, a PL could be detected as a recoil leader (RL), when a leader reaches a negative
charge region and a lightning current traces the leader channels toward the flash origin (Mazur, 1989; Rakov
& Uman, 2003; Rison et al., 1999). When assuming that the PL was initiated simultaneously with the NLs, its
speed is estimated to be 1.4 X 103 m s~!, slower than the NLs. Therefore, the most plausible scenario is that the
downward PL and the RL in the main negative charge region reduced the upward electric field between the main
negative and lower positive layers (tripole), or between the main negative and the image positive layers (dipole).
It triggered the glow termination.

We consider not all glows are terminated by such a normal-polarity IC current. For example, Wada et al. (2019)
reported a gamma-ray glow terminated with a TGF. While the exact timing of the termination was not determined
because the TGF and the following TGF afterglow overlapped, an LF pulse associated with the TGF was located
close to the glow center. The LF pulse seems to be a powerful negative return stroke (Wada et al., 2022; Wu
et al., 2021) with a peak current of —197 kA, and it is possible that the electric field for the glow production was
directly discharged by the negative return stroke.

In conclusion, we presented the termination of a gamma-ray glow by a lightning flash at 190 + 20 ms from
14:51:48 UTC, 18 December 2018, detected at Kanazawa University. The reduction in gamma-ray fluxes was
clearly seen in the count-rate history with 40-ms binning, thus the termination was completed within 40 ms.
The lightning flash was monitored by the LF network FALMA. The lightning flash consisted of several pulses
that were temporally coincident with the termination, and that were also located within 2 km from the detection
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site. These pulses were possibly from a downward PL and a RL in the main negative charge layer. Therefore, the
upward electric field responsible for downward electron acceleration was reduced by the PL activity in the middle
negative layer inside the thundercloud.
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