atmosphere

A

Article

Estimation of the Number of Sprites Observed over Japan in
5.5 Years Using Lightning Data

Maomao Duan *

check for
updates

Citation: Duan, M.; Sakamoto, T.
Estimation of the Number of Sprites
Observed over Japan in 5.5 Years
Using Lightning Data. Atmosphere
2023, 14, 105. https://doi.org/
10.3390/atmos14010105

Academic Editor: Tomeu Rigo

Received: 29 November 2022
Revised: 23 December 2022
Accepted: 28 December 2022
Published: 3 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Takanori Sakamoto

Department of Physical Science, Aoyama Gakuin University, Sagamihara 252-5258, Kanagawa, Japan
* Correspondence: duanmaomaoaoyama@gmail.com

Abstract: This study is based on 5.5 years of continuous observation of sprites from Sagamihara,
Japan. Up to February 2022, we detected 537 sprites and found that the most significant number of
sprites were observed during the winter (303 sprites); on the other hand, there were only 46 sprites in
summer. The hourly distribution of the number of observed sprites peaked at midnight JST (15:00
and 16:00 UTC). To understand the seasonal and the hourly distribution of sprites, we estimate the
number of sprites considering the energy and the polarity of lightning, the temporal changes of
surrounding environments of sprites, and the conditions for generating sprites. We found that the
energy of lightning, the monthly ratio of a positive cloud-to-ground discharge, and the hourly change
in the electron number density are essential factors to match the observed sprite distributions.

Keywords: sprite; WWLLN; transient luminous events (TLEs)

1. Introduction

Sprites are luminous phenomena caused by lightning strokes, which occur at an
altitude of 50-90 km [1-3]. They are also called red sprites, as they have a short emission
time, disappear instantly, and are red in color. As a primary generation mechanism, a
positive cloud-to-ground discharge (+CG) applies a quasi-electrostatic field above the
thundercloud, accelerates electrons, and emits light when they collide with the neutral
air [4,5]. Pasko et al. [5] have pointed out that a charge moment change (CMC) is the most
critical factor for generating sprites. The minimum reliably recorded CMC is 120 C-km [6].
According to the observations of Hobara et al. [7] and Hayakawa et al. [8], the minimum
CMC of winter sprites in Japan is 200-300 C-km. Additionally, according to the statistical
results of Hu et al. [6], if a CMC of +CGs exceeds 1000 C-km within 6 ms after discharge, the
probability of a sprite occurring reaches 90%. On the other hand, if a CMC does not exceed
600 C-km, the probability of a sprite occurring is as low as 10%. In addition, Cummer
and Lyons [9] have pointed out that, if a CMC exceeds 600 C-km, the probability of sprite
occurrence will increase sharply.

The number of sprites varies by region and season [10]; for example, many winter
sprites are observed over the Sea of Japan and the Hokuriku of Japan, but there are very
few summer sprites [8,11]. This is due to the fraction of +CGs during summer being only
about 10%, but this number reaches about 50% in winter [12,13]. Furthermore, +CGs during
the winter in Japan can transfer massive charges to the ground [12-14]. Therefore, winter
sprites are abundant over the Sea of Japan and the Hokuriku of Japan. On the other hand,
summer sprites over Japan are very scarce [8].

Sprites are typically observed at night. However, on 14 August 1998, Stanley et al. [15]
reported the detection of three sprites during the daytime at low frequency. The +CGs
generating the three sprites were CMCs greater than 2800, 1200, and 910 C-km. These
CMCs were abnormally more significant than those associated with sprites observed at
night. According to Stanley et al. [15], the electron number density N, in the ionospheric
D layer during the daytime was two orders of magnitude higher than that at night-time
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and, so, the electrical conductivity of air ¢ was also enormous. As a necessary condition
for sprites, the relaxation time T must be maintained at a constant time. However, 7 is
shortened with increasing o [4,5]. When N, is relatively small, a large CMC is needed to
maintain T constantly. Therefore, the requirement of a CMC for daytime sprites is larger,
and sprites are less likely to occur during the daytime.

Evtushenko et al. [16] have calculated the probability that each lightning strike could
trigger a sprite at night, using the World Wide Lightning Location Network (WWLLN; [17-19])
data to estimate the number and the global distribution of sprites. According to Evtushenko
et al. [16], 870 night-time sprites occur worldwide every 24 h. Of these, 41.4% occurred on
land and 58.6% at sea. The number of estimated sprites worldwide is the largest in August
and the smallest in January and February.

In this paper, we present the monthly and hourly distribution of sprites around
Japan through 5.5 years of observations. We also present an estimate of the number of
sprites using the WWLLN data. In Section 2, we present the results of 5.5 years of sprite
observations in Japan. In Section 3, we detail our first attempt to estimate the number of
sprites from the WWLLN data. In Section 4, based on the study of Section 3, we update the
model to estimate the number of sprites by considering the temporal variation of several
key parameters. Finally, we discuss and conclude our study in Section 5.

2. Sprite Observations in Japan over 5.5 Years

Starting from September 2016, we installed three wide-field optical cameras, which we
named Aoyama Gakuin University Sprite Camera (ASCA), at Sagamihara, Japan (35.57° N,
139.40° E), which observed from sunset to sunrise in JST (8:00-21:00 UTC). Up to February
2022, ASCA detected 537 sprites in total. Figure 1 shows the monthly distribution of the
observed sprites. The distribution is the largest in winter, with 303 sprites, accounting for
56% of the total. On the other hand, there are only 46 sprites in summer (9% of the total).
December has the most significant number, with 165 sprites, exceeding 30% of the whole.
January and March follow, with 88 and 84 sprites, respectively, accounting for 16% each of
the total. August and September are the lowest, with 8 and 9 sprites, respectively. Figure 2
shows the hourly distribution of the observed sprites. The distribution peaks at midnight
JST (15:00 and 16:00 UTC). The number of observed sprites at 15:00 and 16:00 UTC is 74 and
75 sprites, respectively, accounting for 28% of the total. The complete catalog of 537 sprites
will be presented elsewhere.

EEE Sprites/month average
251 HEM Sprites/month 2021

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 1. Distribution of the monthly number of sprites observed by ASCA. The red bars show the
monthly averaged number of observed sprites from September 2016 to February 2022, and the blue
bars show the monthly number of observed sprites in 2021.
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Figure 2. Distribution of the hourly number of sprites observed by ASCA. The yellow bars show the
hourly averaged number of observed sprites from September 2016 to February 2022, and the green
bars show the hourly number of observed sprites in 2021. 8:00 and 21:00 UTC correspond to 17:00
and 6:00 JST.

Figure 3 summarizes the locations of the 537 sprites observed from September 2016 to
February 2022. Figure 4 overlays the fields of view for each ASCA camera. As shown in
Figure 4, there is an uncovered area at the northeast coast and the entire west of Japan from
Sagamihara, due to the limited view from the site. Overall, sprites are concentrated along
the coast of the Sea of Japan and distributed in large numbers on the Pacific Ocean side.
There are 181 sprites detected on the Pacific side, accounting for 34% of the total. Unlike
other seasons, the 46 summer sprites (red dots) are concentrated in the mainland of Japan,
and only four of them are detected in the sea near the coastline. Figure 3 also overlays the
lightning strikes per unit area (0.1° x 0.1°) over Japan in 2021, as observed by the WWLLN,
within 100 km from the locations of the sprites. The lightning data we used are limited to
the time range of 8:00-21:00 UTC, consistent with the time window of the observed sprites.
The sprite locations generally present good agreement with the high-density lightning area.
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Figure 3. Location map of 537 sprites from September 2016 to February 2022 in different seasons
observed by ASCA. Spring, summer, autumn, and winter are represented by green triangles, red
dots, light blue diamonds, and blue dots, respectively. Lightning distribution within 100 km from
the detected sprites is shown as a brown contour. The background map is provided by Geospatial
Information Authority of Japan.
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Figure 4. Field of view of the three ASCA cameras. Spring, summer, autumn, and winter are
represented by green triangles, red dots, light blue diamonds, and blue dots, respectively.

3. Estimation of the Number of Sprites

Evtushenko et al. [16] have used WWLLN data from 2016 to estimate the number of
sprites occurring worldwide during the night. We use the model of Evtushenko et al. [16]
to calculate the number of sprites in Japan, and compare the result with the actual observed
data. The WWLLN data for 2021 are used in our analysis. Solar radiation increases the
ionosphere electron density during the day, and electron density affects the production of
sprites [15]. In addition, due to the strong sunlight, even if sprites are generated, it would
be difficult to capture them with our cameras. Therefore, our observed time frame in the
analysis is during the night in Japan (8:00-21:00 UTC). Considering the limited range of
ASCA observations, we use the WWLLN data within 100 km from the sprites detected by
ASCA, as shown in Figure 3.

3.1. Sprite Number Estimation Model

First, we estimate the peak current from the WWLLN energy data. Second, we
calculate the impulse charge moment change (iCMC) from a peak current, where an iCMC
is a CMC within 2 ms after a discharge. As many simulations assume a discharge time of
2 ms, the iCMC is the same as the CMC in our calculations. Third, we set the +CG and a
negative cloud-to-ground discharge (—CG) ratio. Fourth, we estimate the sprite generation
probability for a single strike by substituting the iCMC into a sprite generation probability
equation. Finally, the number of positive and negative sprites is estimated by multiplying a
polarity ratio.

The WWLLN provides an empirical equation that estimates a peak current I from
RMS energy [20]. We calculate the root-mean-square (RMS) energy from the energy of the
lightning strike. The equation used to calculate I is as follows:

I = (Energy RMS/2.23)%617, 1)

where the unit of I is kA. When the iCMC or CMC is small, sprites do not occur. Therefore,
we exclude the situation where the energy and peak current of lightning are negligible.
Considering the results of Lu et al. [21], Cummer et al. [22], and Lu et al. [23], Evtushenko
et al. [16] estimated the following expressions between peak current and iCMC:

Positive : iCMC = 15v/1 ,

2
Negative : iCMC = 5v/1,

where positive denotes calculating the iCMC of a positive peak current, while negative
denotes calculating the iCMC of a negative peak current.
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The threshold of positive sprites generated by +CGs is low, as +CGs and —CGs have
different sprite production mechanisms; that is, positive sprites are more likely to occur
than negative sprites. Therefore, the polarity of the CG is essential for estimating the
number of sprites. The ratio of +CGs, R, can be obtained from long-running regional
lightning observation systems such as the National Lightning Detection Network (NLDN)
or the European Cooperation for Lightning Detection (EUCLID). For example, the NLDN
data for 1995-1999 showed that, on average, R was 0.1 over most of the United States, rising
to 0.2 in some regions [24]. Evtushenko et al. [16] assumed R = 0.1, but the R-value varies
greatly between different regions and seasons. Sugita and Matsui [25] have investigated
the lightning distribution, frequency, and polarity using the Japanese Lightning Detection
Network (JLDN). The location range of this study was 26.5-48.5° N and 126-148° E from
2001 to 2010. As we aim to understand the number of sprites observed by ASCA, we
assume the monthly R in Japan based on Sugita and Matsui [25].

For the CMC of sprites, the minimum reliably recorded value is 120 C-km, the average
is 400-600 C-km, and the maximum is around 1000 C-km [6]. The numerical calculations
of Qin et al. [26] showed that the minimum iCMC are 200 and 320 C-km for positive and
negative sprites, respectively. Based on electric field measurements, the probability of
sprite generation depends on the iCMC [27]. Cummer et al. [22] have taken into account the
number of lightning flashes and the number of sprites, and argued that the thresholds were
300 and 500 C-km for positive and negative sprites, respectively. Evtushenko et al. [16]
considered the above studies and simulation results, and came up with the following

equation:
: -1
P= <1 +exp<—1CM§ a)> ; 3)

where a = 400 C-km for +CGs and a = 600 C-km for —CGs, both with b of 40 C-km.
Evtushenko et al. [16] assumed 100 and 300 C-km as the thresholds for positive and
negative sprites. Previous studies have shown that the proportion of negative sprites is
less than 0.1%, and it is generally believed that +CGs cause sprites [28]. Therefore, we only
estimate the number of positive sprites.

3.2. Result for the Number of Estimated Sprites

Figure 5 shows the monthly number of estimated sprites. As can be seen from the
figure, December has the highest number of sprites. The estimated number of sprites from
December to March is significantly higher than the rest of the months. This result is in
agreement with the ASCA observations (Figure 1). The correlation coefficient between the
observed and the estimated monthly averaged numbers of sprites is 0.86, showing a strong
correlation (Table 1). A total of 537 sprites were observed by ASCA between September
2016 and February 2022, averaging 98 sprites per year. On the other hand, the number of
estimated sprites is 176 yearly. Therefore, the number of estimated sprites is much higher
than those observed.

Figure 6 shows the hourly number of estimated sprites. There is a noticeable difference
between the ASCA observation (Figure 2) and the estimate (Figure 6). The distribution of the
hourly number of estimated sprites shows a flat trend. In contrast, the observed distribution
peaks at 15-16 UT (Figure 2). The correlation coefficient between the hourly average number
of observed sprites and the estimated numbers is considerably low (Table 1). Hence, the
observed hourly distribution of sprites does not agree with the estimated distribution.
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Figure 5. Estimated monthly distribution of sprites in case A (see caption of Table 1 for an explanation
of the three different cases).
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Figure 6. Estimated hourly distribution of sprites in case A (see caption of Table 1 for an explanation
of the three different cases).

Table 1. Correlation coefficients between the estimated and the observed number of sprites. The
— 20162022 2021 . .
columns N mg,,?h %2 and N mgmh are the coefficients using the monthly averaged number of observed

sprites in 20162022 and 2021 alone, respectively. The columns thoow() 222 ond tho(frl are the coeffi-
cients using the hourly averaged number of observed sprites in 2016-2022 and 2021 alone, respectively.
“Case A” is the case where the estimated number of sprites is derived without any condition. “Case B”
is the case where the number of sprites is estimated considering temporal variation of Ne, hg, and N.
“Case C” is the case where the number of sprites is estimated considering only temporal variation

of N,.

— 2016—2022 — 2021 — 2016—2022 — 2021

Nmonth Nmonth Nhour Nhaur
Case A: no condition 0.86 0.73 0.16 0.25
Case B: N, hg and N 0.85 0.72 0.76 0.64

Case C: N, 0.83 0.70 0.77 0.59
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4. Improving the Sprite Number Estimation Model

As shown in Section 3, it is impossible to reproduce the hourly distribution of observed
sprites when considering the iCMC and lightning polarity. Furthermore, the estimated
number of sprites was much higher than the number observed. A significantly smaller
number of sprites were observed at 8:00, 9:00, and 21:00 UTC, corresponding to dusk and
dawn in Japan (Figure 2). N, at dusk and dawn is 100 times higher than midnight. A
higher N, leads to a shorter T, making the generation of sprites difficult. Therefore, fewer
sprites tend to be observed at dusk and dawn. In addition, an air number density N and
a thundercloud’s charge height /g also affect sprite generation. Therefore, we add these
three factors into the model.

Electric fields are formed through the charging and discharging processes of thun-
derclouds. We assume that charges neutralized by lightning strokes have a spherically
symmetric distribution, and their magnitudes are relatively small relative to the observation
distance. Therefore, the electric field changes AE; caused by the lightning strike can be
considered equal to the electric field change caused by point charges in the thundercloud.
AE; is calculated as:

8~ » R
B R R A e G o R

where x, y, z are the coordinates of the point charge Q; x;, y;,z; are the coordinates of a
different observation site; and R; is a distance from the point charge to the observation site.
When an observation site is directly above a thundercloud, a quasi-static electric field E is

CMC

Ex 2meg X 137 ®)
where CMC (=Qhg) is a charge moment change, r (=h — h) is a distance from a charge
in the thundercloud, €( (=8.85 x 10712 [F/m]) is the vacuum permittivity, Q is an amount
of charge discharged from the thundercloud, 1 is the thundercloud’s charge height, and
h is the altitude above the ground. The air breakdown electric field Ej is proportional to
the density of air and, thus, decays exponentially with altitude [29]. As such, E; can be
described as

N
Er =32x10° — [V/m], (6)
Nop
where Ny (=2.68 x 10%° [m~3]) is the air number density at the ground level. Assuming
that the time variation of electrical conductivity of air ¢ is negligible, we can derive the
equation for 7 [5] as:
_ %

= [ms], ()

where ¢ is determined in terms of Q, ho, N and N, [5].

We use the International Reference Ionosphere (IRI) model https://ccme.gsfc.nasa.
gov/modelweb/models/iri2016_vitmo.php (accessed on 1 September 2022) [30] to study
the seasonal and daily difference in N,. Given parameters such as date, latitude, and
longitude, the IRI calculates N, in the ionosphere at a specific time and location. We set the
height at 80 km—the same as the top height of sprites. As many sprites are detected around
Wajima on the Sea of Japan side, the specified latitude and longitude are the location of the
Wajima Meteorological Observatory (37.39° N, 136.90° E). We also use the observation data
at —10 °C isotherm height from the Wajima Meteorological Observatory. Figure 7 shows
the monthly average of N, during 2015 and 2020 at the time of 16:00 UTC. N, varies in
different months, and is affected by seasonal changes. For instance, N, in July is 12 times
higher than in January. Figure 8 shows the hourly average of N, in 2020 during the time
between 8:00 and 21:00 UTC. The hourly distribution of N, is inversely correlated with the
monthly distribution. For instance, N, at 8:00 UTC is 157 times higher than that at 16:00
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UTC. Therefore, using this result, we can consider the change in N, to be caused by solar
radiation.

/'\ — -+ Electron density
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Figure 7. Monthly variation of electron number density N, at a height of 80 km.
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Figure 8. Hourly variation of electron number density N, at a height of 80 km.

Next, we use the Naval Research Laboratory Mass Spectrometer and Incoherent Scatter
Radar Exosphere model (NRLMSISE-00) https://ccmce.gsfc.nasa.gov/modelweb/models/
nrlmsise00.php (accessed on 1 September 2022) to investigate the monthly variation of
N [31]. NRLMSISE-00 is a global standard atmospheric model based on Earth observations,
modeling the temperature and number density of atmospheric components from the
ground to space (~1000 km). As the hourly variation of N is not apparent, we only consider
the monthly variation of N, as shown in Figure 9.

According to Takahashi [32,33], charge separation in thunderclouds occurs actively at
around —10 °C isotherm height. As the —10 °C isotherm height is similar to s [34], hg can
be estimated by examining the —10 °C isotherm height [35]. Using the meteorological data
released by the Wajima Meteorological Observatory, we investigate the —10 °C isotherm
height, and Figure 10 shows the monthly distribution of —10 °C isotherm height. Thun-
derclouds bring lightning strokes, accompanied by intense convection. In Japan, where
seasonal winds prevail, thunderclouds occur both in summer and winter. The surface
temperature from June to September is around 30 °C. Due to surface heating, the —10 °C
isotherm height exceeds 5.7 km. On the other hand, winter thunderclouds are formed when
cold air from Siberia collides with water vapor produced by the Tsushima warm current.
Therefore, the —10 °C isotherm height is approximately 2 km, as the sea surface or ground
temperature is not as hot as in summer.
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Figure 9. Monthly variation of air number density N at a height of 80 km.
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Figure 10. Monthly —10 °C isotherm height distribution at the Wajima Meteorological Observatory.

We substitute the monthly 1o and N into Equations (5) and (6) to obtain E/Ej for
different months. Then, the N, from 8:00 to 21:00 UTC is brought into Equation (7) to
obtain T at different times in different months. Conversely, as long as E/E; and T are
determined, two CMC values, one from Equation (5) and another from Equation (7) (the
CMC derived from 0), are calculated. To be conservative, we pick the higher CMC as
the CMC for each hour of each month. The lowest reliably recorded value of a CMC was
120 C-km [6]. Additionally, according to the statistical results of Hu et al. [6], the probability
of triggering sprites is 90% when the +CG is over 1000 C-km within 6 ms. On the other
hand, there is a 10% possibility of triggering a sprite when the CMC is less than 600 C-km.
Above 600 C-km, the chance of generating sprites increases significantly [9]. Therefore, we
assume the minimum threshold for sprite generation to be around 120 C-km. Considering
that the probability of sprite generation increases remarkably when the threshold is above
600 C-km, we assume that the threshold is 600 C-km as the highest. Based on the above
estimations, we set the thresholds for E/E; and T as 0.06 and 0.035 ms.

Assuming these thresholds for sprite generation, we obtain the CMC for each hour
of each month, in order to determine when the criteria were met. Table 2 summarizes the
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thresholds. As can be seen from the table, the thresholds between 11:00 and 19:00 UTC
are the same. This is because N, is small at night and, so, T is large; thus, it is easy to meet
the condition of T. Therefore, the threshold value from 11:00 to 19:00 UTC is determined
only by E/Ey; furthermore, the daily changes in kg and N, calculated from E/Ej, are
not noticeable. On the other hand, as N, is high and 7 is small at dusk and dawn (8:00,
9:00, 10:00, 20:00, and 21:00 UTC), a larger CMC is required to generate sprites. Note that
our thresholds differ from those of Evtushenko et al. [16], who assumed 100 C-km for all
months and hours.

Table 2. CMC thresholds for estimating the number of sprites. The unit is C-km.

UTC Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

8:00 620.14 588.16 514.62 418.11 34520 311.20 308.57 34848 4189 509.13  570.07 608.81
9:00 44712 42041 368.00 302.63 257.69 230.52 228.07 252.82 303.55 360.84 407.19 439.40
10:00 19246  184.32 166.75 14335 131.27 13255 12745 12299 139.63 163.12 178.39  190.58
11:00-19:00 11858 120.12 123.62 12742 131.27 13255 12745 116.16 11535 113.69 11246 113.82
20:00 196.34 188.46 169.62 14335 131.27 13255 12745 12299 1457 163.12  182.27  193.23
21:00 451.01 42456 37375 306.61 257.69 230.52 228.07 259.65 303.55 36578 41495 44470

The probability of sprite generation can be obtained by substituting the CMC values
in Table 2 as iCMCs in Equation (3). Evtushenko et al. [16] added 300 to the threshold of
100 C-km for the parameter a of Equation (3). Similarly, we add 300 to the iCMCs in Table 2
to the parameter a. Figures 11 and 12 show the results; in particular, Figure 11 gives a
similar result to Figure 5. There is a strong correlation between the monthly number of
estimated sprites and the observed sprite distribution (Table 1). The correlation coefficient
between the estimated and the monthly average number of observed sprites is 0.85. On the
other hand, Figure 12 differs from Figure 6. The estimated number of sprites at 8:00, 9:00,
and 21:00 UTC are significantly lower than those at other hours. This trend is in agreement
with the observations (Figure 2). The correlation coefficient between the estimated number
and the hourly average number of observed sprites is 0.76, indicating a strong correlation.

40

354

w
o

N
6]
L

Number of sprites
= N
L:H o

=
o

5_
04 . o = .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 11. Estimated monthly number of sprites in case B (see caption of Table 1 for an explanation
of the three different cases).
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Figure 12. Estimated hourly number of sprites in case B (see caption of Table 1 for an explanation of
the three different cases).

Finally, we consider only the variation of N, to estimate the number of sprites. We
take the monthly average values for hg and N as 4381 m and 3.6 x 10%° m~3, respectively.
The thresholds are E/Ey = 0.06 and T = 0.035 ms. Figures 13 and 14 show the number of
estimated sprites. There is also a strong correlation between the estimated and observed
sprite distributions (Table 1). Furthermore, the number of estimated sprites is 105, closer to
the average of 98 sprites per year observed by ASCA. Therefore, we find that the variation of
N, is important in understanding the monthly and hourly distribution of observed sprites.
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Figure 13. Estimated monthly number of sprites in case C (see caption of Table 1 for an explanation
of the three different cases).
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Figure 14. Estimated hourly number of sprites in case C (see caption of Table 1 for an explanation of
the three different cases).

5. Discussion and Conclusions

Although we found a good agreement in estimating the number of sprites, with respect
to the observed data, we encountered several issues when using the WWLLN data. First,
there is 25% uncertainty in the energy data of the WWLLN [36]. According to Evtushenko
et al. [16], the lower bound of their estimate was reduced by 37%, whereas the upper bound
was increased by 31%. Our estimate should have been affected by the same systematic
uncertainty. Second, there is a sensitivity issue in the WWLLN data; for example, if the
peak current is 50 kA, the detection efficiency of lightning is 80%. Therefore, our estimate
could increase by 20%, considering the sensitivity. Third, the WWLLN detects intra-cloud
discharges (ICs) with high peak current [37]; however, the ratio of ICs and CGs is not
apparent in the WWLLN data, and we only consider CGs in our estimation. Therefore, this
third point may also have affected our sprite estimation.

Another possible issue in our estimation is the data used to calculate the fraction of
+CG. Although we used the result of Sugita and Matsui [25], the location was different
from our observation site. In addition, the result was based on 2001-2010 data, in contrast
to our observation period of 2016-2022. Therefore, further improvement of our calculation
is needed to accurately estimate the number of sprites corresponding to our ASCA data.

In conclusion, the ASCA (located at Sagamihara, Japan) detected 537 sprites during
continuous observations over a period of five and a half years. Notably, ASCA detected
303 sprites during the winter (56.4% of the total), and only 46 sprites in the summer (8.6%
of the total). The daily distribution of sprites peaked at 15:00 and 16:00 UTC. Sprites were
concentrated along the coast of the Sea of Japan, as well as being widely distributed on the
Pacific side. Unlike other seasons, summer sprites were typically located over mainland
Japan, and only four were detected over the sea near the coastline.

Using the WWLLN data from 2021, we estimated the number of sprites and compared
the estimate with the observed ASCA results. The estimated monthly sprite distribution
showed a strong correlation with the observed sprite distribution; however, the estimated
hourly sprite distribution did not agree with the observation. Therefore, we updated the
estimated model by considering the variation in N, N, and hg, and found an excellent
match to the observed distribution. Then, we investigated the model by only considering
the variation in N.. Again, we observed a similar agreement with the data. Therefore,
we can conclude that the energy of lightning, the monthly ratio of +CG, and the hourly
variation of N, are the crucial parameters for the generation of sprites.
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Abbreviations

The following abbreviations are used in this manuscript:

ASCA Aoyama Gakuin University Sprite Camera

CMC Charge moment change

EUCLID European Cooperation for Lightning Detection

JLDN Japanese Lightning Detection Network

iCMC Impulse charge moment change

IRI International Reference Ionosphere

NLDN National Lightning Detection Network

NRLMSISE  Naval Research Laboratory Mass Spectrometer and Incoherent Scatter Radar Exosphere
+CG Positive cloud-to-ground discharge

URSI International Union of Radio Science

WWLLN World Wide Lightning Location Network
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