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Abstract 

The Gamma-ray Observation of Winter Thunderclouds collaboration has detected 70 gamma-ray glows, a high-
energy phenomenon associated with thunderstorms, from October 2016 to March 2020 in Kanazawa and Komatsu, 
Ishikawa Prefecture, a central part of Japan facing the Sea of Japan. Based on surface and 500 hPa analyses, numerical 
prediction models, and surface and satellite observations, we classify their synoptic meteorological conditions into 
mainly three types. Most of the glow-detection cases were in west or west-southwest winds around the detection 
sites. Over half of the cases took place when a convex structure of surface pressure, often associated with a trough 
at 500 hPa, was formed along the coast of the Sea of Japan. Besides, we extract non-detection cases during winter 
thunderstorms in Kanazawa to compare with the glow-detection cases. While some of the non-detection cases have 
similar meteorological conditions as the glow-detection cases, most of the non-detection cases exhibited higher 
temperatures at the surface and 850 hPa, and higher − 10 ◦ C altitudes, which indicates that electrification occurs at 
higher altitudes than the glow-detection cases. Therefore, gamma rays might have been produced but were attenu-
ated before reaching the ground and undetectable at sea level.

Keywords Gamma-ray glow, Winter thunderstorm, High-energy atmospheric physics, Lightning discharge, 
Thundercloud

1 Introduction
Gamma-ray glows (also referred to as long bursts and 
thunderstorm ground enhancements: TGEs) are high-
energy phenomena associated with thunderstorm activi-
ties. Gamma-ray glows are thought to originate from 
relativistic electrons inside thunderclouds. In strong 

electric fields of thunderclouds, electrons are acceler-
ated by a scheme such as relativistic runaway electron 
avalanche (RREA: Gurevich et al. 1992) and modification 
of the cosmic-ray spectrum (MOS: Chilingarian et  al. 
2014) and emit bremsstrahlung photons by colliding 
with atmospheric atoms. While the first detections were 
made by airborne experiments (Parks et al. 1981; McCa-
rthy and Parks 1985), most of the gamma-ray glows were 
detected by high-altitude ground-based experiments at 
Mt. Aragats in Armenia (Chilingarian et  al. 2010, 2017, 
2019), in Yangbajing in Tibet, China (Tsuchiya et  al. 
2012), at Tien Shan in Kazakhstan (Shepetov et al. 2021), 
in Puebla, Mexico (Bowers et al. 2019), at Lomnicky Stit 
in Slovak Republic (Chum et al. 2020), at Musala in Bul-
garia (Chilingarian et al. 2021), at Mt. Norikura (Tsuchiya 
et al. 2009) and Mt. Fuji (Torii et al. 2009) in Japan.

Gamma-ray glows have been also detected at sea level 
during winter thunderstorms in Japan (Torii et al. 2002; 
Tsuchiya et  al. 2007; Kuroda et  al. 2016; Wada et  al. 
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2021a). Cold and dry air masses from Siberia are pro-
vided water vapor when crossing the Tsushima warm 
current, and then convective clouds with lightning dis-
charges are produced and approach the coastal area of 
the Sea of Japan (Ishii et al. 2014). In general, gamma-ray 
photons are attenuated in the atmosphere within several 
hundreds of meters. For example, the average photon 
energy of gamma-ray glows is 2–3 MeV as derived with 
an average energy spectrum (Wada et al. 2021a), and the 
mean free path of 3 MeV photons is 220 m at sea-level. 
Therefore, gamma rays produced in summer thunder-
storms hardly reach the ground because their charge 
center is typically above 3 km. To avoid the attenuation 
of gamma rays in the atmosphere, airborne experiments 
with aircrafts and balloons or ground-based observations 
at high altitudes are necessary for summertime thunder-
storms. On the other hand, gamma-ray glows in winter 
thunderstorms can be detected even at sea-level because 
their charge center and the lower charge-layer edge can 
be at 1–2 km and at < 1 km, respectively, resulting in less 
attenuation of gamma rays in the atmosphere. The first 
detection in a winter thunderstorm was made by radia-
tion monitors around the Monju Nuclear Power Plant, 
Fukui Prefecture (Torii et  al. 2002). The Gamma-ray 
Observation of Winter Thunderclouds (GROWTH) col-
laboration started a dedicated gamma-ray observation at 
the Kashiwazaki-Kariwa nuclear power station, Niigata 
Prefecture (Tsuchiya et al. 2007, 2011, 2013), and then is 
operating an observation network with multiple gamma-
ray monitors in Ishikawa Prefecture (Wada et  al. 2018, 
2019, 2021b; Yuasa et al. 2020). A total of 70 gamma-ray 
glows were detected in Ishikawa in four winter seasons 
from October 2016 to March 2020 (Wada et al. 2021a).

Winter thunderstorms have characteristics quite dif-
ferent from summer ones (Kitagawa and Michimoto 
1994; Rakov and Uman 2003). (1) Charge center is fre-
quently at 1–2 km, and the lower charge-layer edge can 
be at < 1 km. Thunderclouds in wintertime have a lower 
charge center because the altitude of − 10

◦ C where 
the charge-separation process is thought to efficiently 
work gets closer to the ground (Kitagawa 1992; Kita-
gawa and Michimoto 1994; Yoshida et  al. 2008; Taka-
hashi et al. 2019). (2) Lightning discharges that release 
more than 100 C are occasionally observed (Brook et al. 
1982; Suzuki 1992). (3) The ratio of positive cloud-to-
ground discharges to negative ones is higher than in 
summertime (Takeuti et  al. 1978; Brook et  al. 1982; 
Ishii et al. 2014). (4) Lightning discharges are frequently 
initiated by upward leaders from tall ground objects 
(Miyake et  al. 1990; Suzuki 1992). (5) The duration of 
thunderstorm activities is generally shorter and light-
ning flashes are less frequent than in the summertime. 
In particular, thunderstorms that exhibit only a few 

lightning flashes in their lifecycle are called “single-flash 
storms” (Michimoto 1993). Michimoto (1993) con-
cluded that single-flash storms likely develop when the 
− 10

◦ C altitude is between 1.4 and 1.8 km. The single-
flash storms could be important for gamma-ray glows 
because they occur in the lower charge-center condi-
tion, and also quasi-stable electric fields that accelerate 
electrons are not interrupted frequently.

Synoptic conditions of winter storms in Japan have 
been investigated mainly from the perspective of heavy 
snowfalls. The conditions that bring snowfall to Japan 
are mainly classified into “coastal” and “mountainous” 
types (Fujita 1966; Iwamoto et  al. 2008). The coastal 
snowfall type occurs when a trough or a cold-core low 
at the 500 hPa level develops over the Sea of Japan. A 
convex isobar structure develops at the ground surface, 
and westerly wind with a southern component is domi-
nant. It snows mainly in the coastal areas of the Sea of 
Japan, and it can become disaster-level heavy snowfall 
when the Japan sea Polar air mass Convergence Zone 
(JPCZ) develops (Asai 1988; Eito et al. 2010; Tachibana 
et al. 2022). Winter thunderstorms develop typically in 
the coastal type (Goto and Narita 1991). When a 500 
hPa trough or cold-core low passes over to the Pacific 
Ocean, the mountainous snowfall type develops. The 
surface pressure pattern becomes a dense isobar with 
a north-south run, which strengthens the northern 
winter monsoon. It provides heavy snowfalls mainly in 
inland mountainous areas due to the strong northern 
winds and mountainous geographical effects.

Wada et  al. (2021b) analyzed 11 gamma-ray glows 
detected at Kanazawa University in Ishikawa, combined 
them with X-band radar and disdrometer observations, 
and revealed that gamma-ray glows were always accom-
panied by convective clouds with a radar echo of > 
35 dBZ, and by precipitation of graupels. While micro-
scale meteorological conditions of gamma-ray glows 
have been studied, synoptic conditions have never been 
discussed well. In particular, it remains unclear what 
types of synoptic conditions can create mesoscale con-
ditions that facilitate glow detections at sea level. In 
the present study, we discuss synoptic meteorological 
conditions during 70 gamma-ray glows in winter thun-
derstorms reported by Wada et  al. (2021a), by utiliz-
ing weather charts, observations, numerical models, 
and meteorological satellite images. We mainly refer to 
surface and 500 hPa meteorological charts to analyze 
positions of lows, fronts, and pressure patterns. The 
differences between glow-detection and non-detec-
tion cases are also investigated. Throughout the paper, 
time is described in UTC (universal coordinated time) 
unless otherwise noted.
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2  Methods
We refer to 70 gamma-ray glows reported in Wada et al. 
(2021a). The event list is shown in Table  1. The glow 
events are divided into 24 groups based on detection 
time, in order to focus on synoptic conditions rather than 
microscopic ones. Cases 11, 18, 19, and 23 contain 5 or 
more glows, and they are intensively analyzed in the fol-
lowing section.

We utilize surface analysis charts (ASAS) published 
every 6  h by the Japan Meteorological Agency (JMA), 
500 hPa constant-pressure charts (AUPQ35) published 
every 12 h by JMA, infrared satellite images of the Hima-
wari-8 Advanced Himawari Imager (AHI) Band 13/TIR1, 
10 min surface observations by JMA Automated Mete-
orological Data Acquisition System (AMeDAS), and mes-
oscale numerical prediction models (MSM) of JMA. The 
surface charts ASAS show isobaric lines of surface pres-
sure in the unit of hPa, while the 500 hPa charts AUPQ35 
show those of 500 hPa altitude in the unit of meter. 
A typical altitude of 500  hPa is ∼ 5500  m. The infrared 
satellite images of Himawari-8 provide brightness tem-
peratures every 10 minutes with geolocation correction 
(Takenaka et al. 2020; Yamamoto et al. 2020), whose grid 
resolution is 0.02◦ . MSM is published every 3  h, covers 
N22.4◦–N47.6◦ and E120◦–E150◦ with a resolution of 
0.1◦ (latitude) and 0.125◦ (longitude), and contains 39 h 
or 51 h predictions for the surface (1 h interval) and high 
altitudes (3 h intervals). In this study, initial analysis data 
of temperature and geopotential height are utilized, and 
prediction data are not employed. We mainly refer to 
these values at 850  hP altitude. The geopotential height 
at 850  hPa is typically ∼ 1500  m, where convections 
inside winter thunderclouds are active. The temperature 
at 850 hPa is a common parameter for weather forecasts. 
Average lapse rates between surface and 850 hPa height 
are also calculated with surface temperature, tempera-
ture, and geopotential height at 850  hPa. Also, the alti-
tude at − 10 ◦ C is calculated with MSM.

The observation sites of the GROWTH collaborations 
are roughly separated into two areas: Kanazawa and 
Komatsu. The two areas are ∼ 25  km apart, as shown 
in Fig.  1. We refer to the Kanazawa AMeDAS station 
(N36.588◦ , E136.633◦ ) and the Komatsu AMeDAS sta-
tion (N36.382◦ , E136.435◦ ) for surface observations of 
temperature. The AMeDAS stations are shown in Fig. 1. 
We also extract the temperature at 850 hPa and the lapse 
rate between the surface and 850  hPa with the MSM 
data, as mentioned above. Its base location is N36.6◦ , 
E136.625◦ and N36.4◦ , E136.5◦ for the Kanazawa and 
Komatsu areas, respectively.

The wind direction and speed at the moment of glows 
are retrieved from Wada et  al. (2021a), estimated by 
pattern matching of X-band radar images. The region 

of the wind estimation is N36.4◦–36.7◦ , E136.4◦–136.8◦ 
for Kanazawa, and N36.25◦–36.55◦ , E136.2◦–136.6◦ 
for Komatsu. Considering the elevation angle of the 
X-band radar, the estimated wind information is at ∼ 
1 km altitude. The wind direction is where the wind 
comes in clockwise. For example, 0 ◦ , 90◦ , 180

◦
, and 

270◦ indicate that winds blow from north to south, 
from east to west, from south to north, and from west 
to east, respectively.

To investigate the lightning occurrence, we utilize the 
LIghtning DEtection Network system (LIDEN) of JMA 
(Ishii et al. 2014). Based on the LIDEN data, we produce 
daily lightning maps around Ishikawa Prefecture and cal-
culate flash rates. The flash rate corresponding to a glow 
is calculated as follows: We count total lightning flashes 
(both cloud-to-ground and in-cloud flashes) from 5 min-
utes before to 5 minutes after the glow detection in a 
20 km×20 km region centered at the detection site. Then, 
the number of flashes is divided by 10 minutes. If a light-
ning flash consists of multiple strokes, we consider the 
position of the flash to be that of the first stroke.

Besides the glow-detection cases, this study also ana-
lyzes conditions that exhibit winter thunderstorms but 
no gamma-ray glows. We focus on non-detection cases 
in Kanazawa because Kanazawa has more gamma-ray 
monitors than Komatsu. The criterion of non-detection 
cases is when gamma-ray monitors in Kanazawa were 
in operation but no gamma-ray glows were detected, 
and when the Kanazawa local meteorological observa-
tory of JMA reported lightning activities within 10 km of 
the observatory. The extracted non-detection cases are 
also confirmed with the daily lightning maps of LIDEN. 
We exclude the 2016–2017 winter seasons because of 
fewer gamma-ray monitors than in other seasons. The 
wind direction and speed are estimated with the X-band 
radar images as the same method as Wada et al. (2021a). 
Note that the X-band radar was not in operation dur-
ing the non-detection case 9, and instead C-band radar 
images of JMA are utilized for the wind estimation. The 
flash rates of the non-detection cases are extracted in the 
same way as the glow cases, with a 10 min window and 
a 20 km×20 km region centered at the local observatory. 
We employ the maximum rate during the non-detection 
period.

3  Results
3.1  Glow‑detection cases
In this section, we first analyze Cases 11, 18, 19, and 23, 
which include 5 or more gamma-ray glows, based on sur-
face and 500 hPa analyses, and satellite images. The other 
cases are then analyzed. The list of gamma-ray glows is 
presented in Table 1.
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3.1.1  Case 11 (9 January 2018)
In Case 11, 5 gamma-ray glows were detected between 
14:00 and 18:00, on 9 January 2018, in Kanazawa and 
Komatsu. The meteorological charts are shown in Fig. 2. 
As seen in the surface analysis, there is a developed low 
with an occluded front at the northeast of Hokkaido, and 
a low without fronts at Hokkaido. A convex of surface 
isobaric lines is formed from Kanto toward the low with-
out fronts, and the direction of the surface isobaric lines 
changes around Hokuriku.

At 500 hPa height, there is a cold-core low at Hokkaido 
which is associated with the low without fronts. Also, 
constant-pressure isobaric lines run east and west above 
the main island of Japan, and a cold-air mass of − 30

◦ C 
or colder flows into the Hokuriku region at 500  hPa. 
When the low-pressure center is northeast of Kanazawa, 
then the westerly wind around the low (counterclock-
wise) is present over the warm Sea of Japan, which sets 
up strong instability and moist convection and brings 
thunderstorms to the island of Japan.

As seen in the infrared image of the Himawari-8 sat-
ellite, there are streak clouds on the Sea of Japan, flow-
ing from the Korean Peninsula to the east to the coastal 
areas of Japan. In particular, tall convective clouds with a 
brightness temperature of < −250 K develop on the land 
of Hokuriku. At the moment of glow detection, the wind 
blew from west-southwest. The temperature at the sur-
face (measured by AMeDAS) and 850 hPa (provided by 
MSM) was around 2 ◦ C and − 7 ◦ C, respectively. The − 
10 ◦ C altitude calculated with MSM was 1.8 km.

Flash rates are presented in Table  1. No lightning 
flashes were detected around the detection time of 
two glows in Komatsu (Events 22 and 23), while 0.2–
0.5 flashes per minute in Kanazawa (Events 24–26). The 
median of the flash rates is 0.2 flashes per minute.

3.1.2  Case 18 (17 December 2018)
In Case 18, 7 gamma-ray glows were detected between 
09:00 and 15:00, on 17 December 2018, in Kanazawa. 
The meteorological charts are shown in Fig. 3. At the sur-
face there is a low with a cold front in the east of Tohoku, 
going northeast. Also, there is another low without fronts 
in the northeast of Hokkaido, going northward. There 
is a convex structure of surface isobaric lines around 
the Hokuriku region. At 500  hPa, a trough is passing 
above Hokuriku at the moment of the glow detections, 
while no cold-core low is detected. Associated with the 
trough, a cold-air mass of − 24

◦ C or colder flows into the 
Hokuriku region.

In the satellite image, there are clouds with a brightness 
temperature of 250–260 K on the Sea of Japan, and con-
vective clouds with a brightness temperature of < 250 K. 
At the moment of glow detection, the wind blew from 
the west. The temperature at the surface and 850 hPa was 
around 7 ◦ C and − 3 ◦ C, respectively. The − 10 ◦ C alti-
tude was 2.2–2.6 km.

During Events  38–40, there was a relatively active 
thunderstorm around the detection site, with flash rates 
of 0.9–1.1  flashes per minute. On the other hand, no 
lightning flashes were detected during Events 41–44.

Fig. 1 Maps around Japan and Ishikawa Prefecture. a A map of Japan with region names. The red rectangle shows the area shown in the 
right panel. b A map of Ishikawa Prefecture. Red stars show the Kanazawa and Komatsu AMeDAS stations. The Kanazawa local meteorological 
observatory is located at the same place as the Kanazawa AMeDAS station. The blue mesh indicates the MSM grid. Black lines on the maps are 
prefectural boundaries
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3.1.3  Case 19 (18 December 2018)
In Case 19, 6 gamma-ray glows were detected between 
14:00 and 15:00, on 18 December 2018, in Kanazawa. 
This case occurred one day after Case 18. The charts 
are in Fig.  4. The low without fronts related to Case  18 
moved to the north of Sakhalin, and the low with fronts 
reached the Kamchatka peninsula. The convex structure 
around Hokuriku is more developed than Case 18.

At 500 hPa, the trough passing above the main island of 
Japan in Case 18 moved to the east of Japan, and another 
trough is passing above Hokuriku around 15:00. Also, 

a cold air mass goes southward, and the temperature at 
Hokuriku is less than − 30

◦C.
Like Case 18, there is a cluster of clouds with a bright-

ness temperature of 250–260 K on the Sea of Japan, and 
also convective clouds with a brightness temperature of 
< 250 K on the land of Hokuriku, as seen in the satellite 
image. The west wind blows, and the surface and 850 
hPa temperature is around 7 ◦ C and − 5 ◦ C, respectively. 
Compared to Case 18, the surface temperature is almost 
the same, but the 850 hPa temperature is lower. The − 10 
◦ C altitude was 2.2 km.

Fig. 2 Meteorological charts of the glow-detection Case 11. a An expanded view of JMA surface analysis (ASAS). b An expanded view of JMA 500 
hPa analysis (AUPQ35). c Brightness-temperature heat map taken by Himawari-8 Advanced Himawari Imager IR1 (band 13). d Daily lightning map 
based on the LIDEN observation
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The LIDEN lightning map shows that lightning dis-
charges occurred in Ishikawa Prefecture all day. The 
flash rates are above 1.0 flash per minute, with a median 
of 1.2  flash per minute. Among the 24 detection cases, 
this case had the most active thunderstorm during glow 
detections, based on the flash rates.

3.1.4  Case 23 (17 February 2020)
In Case 23, 11 gamma-ray glows were detected between 
11:00 and 17:00, on 17 February 2020. This is the larg-
est number of gamma-ray glows per day in the glow 
catalog of Wada et  al. (2021a). The charts are in Fig.  5. 
There is a developed low with an occluded front in the 

east of Hokkaido, and another low without fronts in the 
west of Hokkaido. At 500 hPa, a cold-core low associated 
with the low without fronts exists. Since a spiral cluster 
of convective clouds with a brightness temperature of 
< 250 K centered at the low is seen in the satellite image, 
this low is considered to be a polar low.

There is another low without fronts at the surface 
in the east of Kanto. Also, a convex structure of sur-
face isobaric lines is seen around Hokuriku, as in the 
three cases above. Isobaric lines at 500  hPa form an 
ellipse, centered at the polar low. A trough at 500 hPa 
is passing above Kyushu, yet not above Hokuriku at 
the moment of glow detection. Tall clouds with a 

Fig. 3 Meteorological charts of the glow-detection Case 18 in the same format as Fig. 2
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brightness temperature of < 240 K form along the iso-
baric lines at 500  hPa, as seen in the satellite image. 
In particular, the land of Ishikawa Prefecture is com-
pletely covered by convective clouds. At the moment 
of glow detection, the wind blows from the west or 
west-southwest. Surface and 850 hPa temperature is 
around 2 ◦ C and − 7 ◦ C, respectively. The − 10 ◦ C 
altitude was 1.7–1.8 km.

The lightning activity was quite low. Among 11 
glows, no lightning flashes were detected during 7 
glows. And the flash rates during the detection of the 
other glows are 0.2 flashes per minute at most.

3.1.5  Summary of glow‑detection cases
We analyze all 24 cases including the four cases 
described above. The charts of all the cases are 
uploaded to a data repository (see the Availability of 
data and material section). Figure  6 shows histograms 
of surface and 850 hPa temperature, lapse rate, and 
wind direction for the glow-detection cases. We utilize 
the median of each value when a glow-detection case 
includes multiple gamma-ray glows. The average value 
of surface and 850 hPa temperature, lapse rate, − 10 ◦ C 
altitude, and wind direction is 4.3 ◦ C, − 5.8

◦ C, 7.3 ◦C/
km, 2.0 km, and 260◦ , respectively.

Fig. 4 Meteorological charts of the glow-detection Case 19 in the same format as Fig. 2
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The glow-detection cases can be classified into five 
types. (1) Having a convex structure at the surface 
around the Hokuriku region (convex type; Cases 1, 3, 6, 
8, 9, 11, 12, 16, 17, 18, 19, 20, 22, and 24). (2) Hit by the 
south edge of a polar low (PL type; Cases 5,10,13,15, and 
23). (3) Directly hit by a small low without fronts (small-
low type; Cases  7, 14, and 21). (4) A passage of a cold 
front (cold-front type; Case 2). And (5) Heavy-snow con-
dition (snowy type; Case  4). Most of the cases are clas-
sified into the first three types, and the latter two cases 
are exceptions. This classification, the existence of cold-
core lows, the passage of a trough, and a cold front are 
summarized in Table 2. Cold-core lows exist in 20 of the 

24 cases. Besides, the existence of JPCZ that reaches the 
main island of Japan is investigated based on satellite 
infrared images, and also, it is tested if Kanazawa is hit by 
L-mode (longitudinal mode; the cloud strike is parallel to 
the wind direction), T-mode (transversal mode; the cloud 
strike is perpendicular to the wind direction), or Cu-Cb 
(convergence zone between L and T-modes) clouds when 
JPCZ is confirmed, as in Table 2.

Fourteen cases, the largest number, are classified into 
the convex type. A typical example is Case 19. There is a 
high in the southwest of Kyushu and a low in the north 
of Hokkaido. In the region between the high and low, 
surface isobaric lines run from northwest to southeast, 

Fig. 5 Meteorological charts of the glow-detection Case 23 in the same format as Fig. 2
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but the isobaric lines have a bend and form a convex 
structure around Hokuriku. This convex structure corre-
sponds to a trough at 500 hPa. The strikes of the isobars 
at the surface are in the east-west direction on the north-
west side of the convex, and hence, westerly wind tends 
to predominate from the surface to high altitudes around 
Hokuriku. In many cases, cold-core lows exist, and many 
correspond to the passage of troughs. There are cases 
in which a steep trough is passing above as in Case  24, 
although cold-core lows are not seen. In addition, there 
are cases where the convex structure is formed due to the 
effects of multiple lows, even when a trough is not pass-
ing, as in Case 16.

Five cases are classified into the PL type. A typi-
cal example is Case  5. The charts of Case  5 are shown 
in Fig.  7. In the satellite image, a cluster of developed 
clouds is seen in the north of the polar low. Besides, 
another cluster of streaked and developed clouds is 
located 500  km south of the polar-low center and cov-
ers the Hokuriku region. In fact, lightning strikes are 
observed along the coast of the Sea of Japan, including 

the Hokuriku region covered by the streaked clouds, as 
seen in the LIDEN daily lightning map. Also in other 
cases, convective clouds that develop along the 500 hPa 
contour line can be confirmed several hundred kilome-
ters away from the low, apart from developed clouds that 
developed around the polar low. Isobaric lines at the sur-
face are similar to the convex type.

Three cases are classified into the small-low type. A 
typical example is Case 7. The charts of Case 7 are shown 
in Fig. 8. A small low without fronts developed over the 
Sea of Japan is approaching the Hokuriku region. At this 
time, in the satellite image, there are developed convec-
tive clouds surrounding the low, and it covers the vicinity 
of Kanazawa. Also in other cases, low-pressure distur-
bances centered on the Hokuriku region are confirmed 
by satellite images. At 500 hPa, the cold-core low is con-
firmed in the north of the small lows in Cases 7 and 21. 
The passage of troughs at 500  hPa is not clear for the 
three cases.

Only Case  2 is categorized as the cold-front type. 
This is one of the two exceptions. The charts are shown 

Fig. 6 Histograms of meteorological parameters in the glow-detection cases. a Surface temperature measured by AMeDAS stations. b The 
temperature at 850 hPa extracted from MSM. c Lapse rate between surface and 850 hPa height calculated with MSM. d Wind direction derived with 
radar images. The wind direction is where the wind comes from clockwise. For example, the direction 270◦ indicates that wind comes from the west 
toward the east
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in Fig.  9. A large number of lightning discharges were 
observed along the coast of the Sea of Japan as seen in 
the LIDEN lightning map, but the flash rate around the 
detection time is relatively low, 0.3  flashes per minute, 
and only one gamma-ray glow was detected. The cold 
front at 06:00 has a kink at Ishikawa, indicating that a 
small low is developing at Ishikawa. At that moment a 
trough at 500 hPa was passing above.

The other exception is Case  4, classified into the 
snowy type. The charts are shown in Fig.  10. Surface 
isobaric lines run from north to south, and there is a 
cold-core low at 500  hPa in the east of Tohoku. This 
condition is similar to the mountainous snowfall type, 

rather than the coastal type. Streaked clouds from 
the northwest flow into the coast of the Sea of Japan, 
as seen in the satellite image. At this moment, JMA 
reported heavy snow in this area. A cold air mass of 
< − 36

◦ C flows into the Hokuriku region. Surface and 
850 hPa temperature is significantly lower than in other 
cases, − 0.4

◦ C and − 11.8
◦ C, respectively. The wind 

direction at the surface is 310◦ , which brings cold air 
into Hokuriku from the northwest. LIDEN reported not 
many but a few lightning strikes over a wide area along 
the coast of the Sea of Japan. In fact, no lightning flash 
was detected around the glow detection by LIDEN.

Fig. 7 Meteorological charts of the glow-detection case 5 in the same format as Fig. 2
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3.2  Non‑detection cases
In order to compare the meteorological conditions 
between glow-detection and non-detection cases, we 
extract non-detection cases where gamma-ray glows 
were not detected even though lightning discharges 
were occurring around Kanazawa. During the period 
when gamma-ray monitors of the GROWTH collabora-
tion were in operation, candidate cases in which light-
ning activities within 10 km from Kanazawa are reported 
by the Kanazawa local meteorological observatory are 
selected. The 10 km distance from the Kanazawa local 
meteorological observatory is set to cover our obser-
vation network in Kanazawa. Then, 11 candidates are 

selected as non-detection cases, in which lightning dis-
charges around Kanazawa are confirmed also by the 
LIDEN daily lightning maps. The list of the non-detection 
cases is summarized in Table 3. The maximum flash rates 
of the non-detection cases vary from 0.1 to 1.0  flashes 
per minute. The charts of all the non-detection cases 
are uploaded to a data repository (see the Availability of 
data and material section). Figure  11 shows histograms 
of surface and 850 hPa temperature, lapse rate, and wind 
direction for the non-detection cases. The average value 
of surface and 850 hPa temperature, lapse rate, − 10 ◦ C 
altitude, and wind direction is 7.9 ◦ C, − 2.2

◦ C, 7.1 ◦C/km, 
2.6 km, and 260◦ , respectively.

Fig. 8 Meteorological charts of the glow-detection case 7 in the same format as Fig. 2
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The non-detection cases are also classified into four 
types. Four cases are classified into the convex type 
(Cases  ND1, ND2, ND3, and ND7), four cases into the 
cold-front type (Cases  ND5, ND6, ND9, and ND11), 
two cases into the PL type (Cases ND8 and ND10), and 
Case  ND4 into a derivative of the convex type (quasi-
convex type). Cold-core lows at 500  hPa are confirmed 
for 10 non-detection cases, except for Case ND9. JPCZ is 
not confirmed for each case.

In Case ND4, there are two developed lows in the north 
of Hokkaido, and a corresponding cold-core low is con-
firmed at 500  hPa. The charts are shown in Fig.  12. On 
the other hand, an anticyclone is located in the south of 

Kyushu. The isobars at the surface in the Hokuriku region 
between the low in the north and the anticyclone in the 
south run from east to west and are parallel to those at 
500 hPa. Although the convex structure was not found in 
the surface analysis, it is classified as a derivative of the 
convex type because the wind over the Sea of Japan is 
considered to be similar to that of the convex type.

4  Discussion
The glow-detection cases are found to be classified into 
mainly three types (convex, PL, and small-low types), 
with two exceptions. In particular, the convex type is the 
most typical condition of gamma-ray glows as 14 of 24 

Fig. 9 Meteorological charts of the glow-detection Case 2 in the same format as Fig. 2
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cases are classified into it. Also, cold-core lows are found 
in the north of Japan in most of the glow-detection cases. 
Therefore, convective clouds are considered to be pro-
duced by an unstable atmosphere with cold air mass at 
high altitudes provided by the cold-core lows. A high 
convective available potential energy (CAPE) value can 
be observed during winter thunderstorms (Takahashi 
et al. 2019).

One of the common features between the glow-detec-
tion and non-detection cases is that most of both cases 
occurred when west or west-southwest winds blew at 
the surface. Fujisawa and Kawamura (2005) reported 
that west winds with a south component were dominant 

during winter thunderstorms in the western region of 
Noto Peninsula (including Ishikawa Prefecture). This 
report is consistent with the present study. In the PL, 
small-low, and cold-front types, mesoscale disturbances 
are considered to provide westerly winds. On the other 
hand, there are no surface lows nor mesoscale distur-
bances on the Sea of Japan in some convex-type cases 
such as Case 19. In these cases, west and southwest winds 
are thought to dominantly blow along isobars at the sur-
face. West and southwest winds are parallel to the Tsu-
shima warm current, which blows along the coast of the 
Sea of Japan, and hence, the atmosphere at the surface 
gets warm and wet before reaching the Hokuriku region. 

Fig. 10 Meteorological charts of the glow-detection case 4 in the same format as Fig. 2
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Vigorous convections are facilitated between a warm sur-
face atmosphere above the Tsushima current and a cold 
atmosphere at high altitude (Goto and Narita 1991).

There is no significant difference in flash rates between 
the glow-detection and non-detection cases. The maxi-
mum flash rate in the glow-detection cases is 1.3 flashes 
per minute around Events 45, 46, and 49 in Case 19. On 
the other hand, no lightning flashes were detected around 
31 glow events among 70. The rates in the non-detection 
cases are from 0.1 to 1.0  flashes per minute. The aver-
age flash rate of the non-detection cases, 0.33 flashes per 
minute, is larger than that of the glow-detection case, but 
the maximum one, 1.0  flash per minute, is lower than 
that of the glow-detection case, 1.3 flashes per minute.

One of the differences between the glow-detection and 
non-detection case is the temperature at the surface and 
850  hPa. While the average temperature at the surface 
and 850  hPa for the glow-detection cases is 4.3 ◦ C and 
− 5.8 ◦ C, respectively, that for the non-detection cases is 
7.9 ◦ C and − 2.2 ◦ C, respectively. Both temperatures at 
the surface and 850  hPa in the non-detection cases are 
3–4 ◦ C higher than the glow-detection cases. When ana-
lyzing individual cases, the surface temperature exceeds 
10 ◦ C in Cases ND1, ND4, and ND11, and even the 850 
hPa temperature exceeds 0 ◦ C in Cases ND1 and ND11.

The charge structure of thunderclouds is tempera-
ture-dependent. Zheng et al. (2019) utilized a lightning 

mapping array in the very-high-frequency band to 
investigate winter thunderstorms in Japan and revealed 
that the main charging process occurred at around or 
below − 10

◦ C level. Takahashi et  al. (2019) performed 
sonde observations of charged precipitation particles 
and documented the temperature-dependent charge 
structure. In the context of gamma-ray observations, 
Williams et  al. (2022) combined radar and surface 
electric-field observations with TGE observations in 
Armenia. They found a clear difference in the vertical 
structure of radar echoes between TGEs with negative 
and positive surface electric-field excursions, when the 
vertical structure is investigated in vertical temperature 
profiles.

In the non-detection cases with a high-temperature 
field, the altitude where electrification intensively occurs 
should get higher than in the other cases. The average 
temperature at the surface is 4.3 ◦ C and 7.9 ◦ C for the 
glow-detection and non-detection cases, respectively, 
with a difference of 3.6 ◦ C. In the same way, the average 
temperature at the 850 hPa level is − 5.8 ◦ C and − 2.2 
◦ C, respectively, with a difference of 3.6 ◦ C. Assuming a 
lapse rate of 7  ◦C/km, the temperature difference of 3.6 
◦ C corresponds to ∼ 0.5 km. This difference can be also 
confirmed by the − 10 ◦ C altitude as the average altitude 
at − 10 ◦ C of non-detection cases is 0.6 km higher than 
that of glow-detection cases.

Table 3 List of non-detection cases in Kanazawa area

Case no. Period (UTC) Representative 
time (UTC)

Temperature Lapse 
rate ( ◦C/
km)

Altitude 
at − 10 ◦ C 
(km)

Wind Maximum flash 
rate (flash/min)

Ground ( ◦C) 850 hPa ( ◦C) Direction ( ◦) Speed (m/s)

1 2017/12/04 
05:30-06:20

2017/12/04 06:00 10.5 0.4 7.0 3.0 260 10.4 0.1

2 2017/12/04 
12:40-14:00

2017/12/04 13:20 7.6 − 0.6 5.8 2.9 250 11.9 0.1

3 2017/12/18 
21:40-00:30

2017/12/18 23:10 3.4 − 4.8 5.6 2.2 250 17.9 0.3

4 2018/12/19 
08:20-09:20

2018/12/19 08:50 11.0 − 1.8 8.8 2.6 270 18.8 0.2

5 2019/01/23 
11:10-11:20

2019/01/23 11:20 9.2 − 3.2 8.7 2.4 250 16.1 0.3

6 2019/01/28 
06:50-07:00

2019/01/28 07:00 5.5 − 3.5 6.4 2.3 250 22.0 0.2

7 2019/03/12 
07:40-08:20

2019/03/12 08:00 8.8 − 0.8 6.9 2.8 250 15.6 0.3

8 2019/03/13 
10:50-11:10

2019/03/13 11:00 3.7 − 7.7 8.1 1.7 270 17.1 0.2

9 2020/01/19 
10:00-11:40

2020/01/19 10:50 5.9 − 3.8 6.8 2.4 260 19.3 1.0

10 2020/03/15 
08:40-09:10

2020/03/15 09:00 5.2 − 4.1 6.9 2.1 250 16.3 0.7

11 2020/03/22 
00:20-00:50

2020/03/22 00:40 16.1 6.0 7.1 3.8 260 24.9 0.2
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This difference in the distance to the electrified region 
is critical for photon attenuation in the atmosphere, as 
the mean free path is 0.22 km for 3 MeV photons, a rep-
resentative photon energy of gamma-ray glows. There-
fore, it will become more difficult to detect gamma-ray 
glows at sea level in higher temperature fields of the non-
detection cases as the altitude where electrons are accel-
erated and gamma rays are produced gets higher. Except 
for Case  2, the temperature at 850  hPa is lower than 
− 2

◦ C in the glow-detection cases. Therefore, it is con-
sidered difficult to observe gamma-ray glows at sea level 
in Cases ND1, ND2, ND4, ND7, and ND10 even if elec-
tron acceleration occurs inside thunderclouds.

The second difference is a direct hit by a small low. In 
three of the 24 glow-detection cases, a small low without 
fronts was passing above Ishikawa at the moment of glow 
detections. On the other hand, there are no non-detec-
tion cases of the small-low type. Although the small-low 
type does not frequently occur, gamma-ray glows tend to 
be detected once a small-low case occurs.

The third difference is the cold-front type. While only 
one case among the 24 glow-detection cases is the cold-
front type, 4 in 11 non-detection cases are classified into 

this type. Cold fronts consist of a lower cold layer and a 
warm layer above, and convection occurs as the warm 
layer is lifted by running on the cold layer. Therefore, the 
ambient temperature is relatively high during the pas-
sage of cold fronts. The temperatures at 850 hPa of Case 
2, ND5, ND6, ND9, and ND11 are higher than the aver-
age one of the glow-detection cases. Similar to the first 
difference, the electrification altitude should be high 
during the passage of a cold front, making gamma-ray 
glows difficult to observe on the ground. In Case  2, the 
cold front had a kink at Ishikawa. It indicates that a small 
low is developing above Ishikawa. Thus, Case 2 might be 
a hybrid of the cold-front type and the small-low type. 
There is no kink nor small lows in the non-detection 
cases of the cold-front type.

While some non-detection cases have clear differences 
from the glow-detection cases, there are non-detection 
cases that have a similar condition to the glow-detection 
cases. As mentioned above, the mean free path of 3 MeV 
photons is 0.22 km. This is applicable not only for verti-
cal penetration of photons but also for a horizontal one. 
It means that gamma-ray glows are detectable roughly 
within 1 km from their radiation center since gamma rays 

Fig. 11 Histograms of meteorological parameters in the non-detection cases, presented in the same format as Fig. 6
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are attenuated in the atmosphere. Therefore, gamma-ray 
glows can be only detected when a thundercloud emit-
ting gamma rays is passing directly above detectors. In 
Cases ND3, ND8, and ND10, whose meteorological con-
ditions are similar to the glow-detection cases, it is pos-
sible that gamma-ray glows occurred and were detectable 
at sea level, but were missed by gamma-ray monitors as 
the glows did not pass directly above them.

5  Conclusions
In the present study, we investigated synoptic condi-
tions suitable for gamma-ray glow detections at sea level. 
Twenty-four cases containing 70 gamma-ray glows, 

detected in the Kanazawa and Komatsu areas by the 
GROWTH collaboration between December 2016 and 
March 2020, were classified into three types and two 
exceptions, based on surface and 500 hPa analyses, MSM, 
AMeDAS, radar, and satellite observations. Most of the 
glow-detection cases were categorized as the convex type 
with curved isobars at the surface, the PL type with a dis-
tant polar low, and the small-low type, where a small low 
directly hits the Hokuriku region. The convex type is the 
most typical in the glow-detection cases as 14 in 24 are cat-
egorized, and most of the convex types are associated with 
a passage of a trough at 500 hPa. In almost all the cases, the 
westerly or west-southwest wind was predominant.

Fig. 12 Meteorological charts of the non-detection case ND4 in the same format as Fig. 2
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In addition, we analyzed 11 non-detection cases 
between December 2017 and March 2020, in which 
gamma-ray glows were not detected even though light-
ning discharges were occurring around Kanazawa. 
They were classified into the convex type, the PL type, 
and the cold-front type. Major differences from the 
glow-detection cases are that more cold-front cases, 
no small-low cases, higher average temperature both 
at surface and 850 hPa, and higher altitude at − 10 ◦ C. 
The difference in average temperature, 3.6 ◦ C, corre-
sponds to ∼ 0.5  km, which is critical for atmospheric 
attenuation of gamma rays. Therefore, it would be dif-
ficult to detect gamma-ray glows in the cold-front and 
higher-temperature conditions due to more gamma-ray 
attenuation in the atmosphere than in the glow-detec-
tion cases, while gamma-ray glows are likely detected 
in a small-low condition. On the other hand, there are 
some non-detection cases where no significant differ-
ence from the glow-detection cases is found. In those 
cases, gamma-ray glows could have occurred, but thun-
derclouds emitting gamma rays could have passed far 
from detectors, and thus, our detection network did 
not catch them.
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