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We present a catalog of 525 sprites detected over the Sea of Japan and a northeast part of 
the Pacific Ocean from Sagamihara between September 2016 and March 2021. We analyze the 
morphology of 525, estimate the location of 441, and calculate the accurate top height of 15 
sprites. More than half of our samples occurred in winter, while only 11% were in summer. In 
terms of morphology, 52% to 60% column type sprites took place in spring, autumn, and winter, 
while only 15.5% in summer. Therefore, summer thunderstorms are more likely to produce sprites 
with complex structures like carrots. Furthermore, sprites in summer are almost all located on the 
main island of Japan, and their spatial distributions are significantly different from the other 
seasons. Finally, from the perspective of the time distribution, the number of sprites is the largest 
at 1:00 JST. In addition, the morphology of sprites tends to be simple (e.g., a column type) at 
midnight JST.

1. Introduction

Thunderclouds produce optical emission phenomena such as blue jets, blue starters, sprites, elves, and giant jets [2,44]. These 
phenomena are collectively called transient luminous events (TLEs). The height of TLEs is 20 - 100 km [38,48,52,13,19,11,45]. 
Sprites are the most frequently observed TLEs from the ground. Sprites are a luminescence phenomenon occurring in the middle 
atmosphere about 60 to 90 km and are high-rise discharges. Their color is red due to several excitation states of molecular nitrogen 
[20,31], and they appear for a short period of ∼1 ms [40,4]. The Quasi-Electrostatic (QE) model is a general physical mechanism of 
the sprite [37,36]. According to the QE model, a quasi-static electric field is applied at an altitude above the cloud due to a positive 
lightning strike. The quasi-static electric field accelerates electrons. The accelerated electrons collide with the neutral atmosphere 
and the collisions cause de-excitation to produce a flash of light. In previous reports, since the proportion of negative sprites is less 
than 0.1%, it is generally believed that a positive polarity discharge causes sprites [10]. However, recent studies have found that the 
proportion of sprites caused by a negative polarity discharge can reach ∼18% [25,28] or even ∼25% [10].
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Fig. 1. The cameras of ASCA installed on the roof of the Sagamihara campus, Aoyama Gakuin University, Japan.

Based on the optical observation data, the morphologies of sprites are typically a column or a carrot type [42,53,8]. Less common 
morphologies include angel type, firework type, and dancing type [29,47,8]. In addition, the morphology of sprites varies in different 
regions and seasons. For example, according to Hayakawa [16] observations in the winter of 2001/2002, 26 sprites were observed in 
the Hokuriku area of Japan, of which 25 were of the column type, and only one was a carrot type. In addition, Adachi [1] classified 
67 sprites observed in 5 winters between 1998 and 2003. There are 38 column types and eight carrot types, and the remaining 21 
sprites are not classified because trees or mountains occlude the images of these sprites. However, summer sprites on the American 
continent are very different and more complex in morphology [1,16,17,35,49]. Also, Asano et al. [3] noticed that summer sprites in 
Japan are more complex than winter sprites, with carrot type being the majority. But since the samples are still small in their studies, 
more evidence is needed to obtain a concrete picture of sprites in Japan.

Sprites might contribute to important greenhouse gases such as ozone and nitrous oxide (N2O). The latest laboratory studies 
show that streamers in laboratory corona discharges produce a non-negligible amount of O3 and N2O [14,15]. Therefore, as climate 
concerns become more prominent, accurate measurements of the sources of N2O are necessary. It is also important to explore the 
role of sprites in the global chemical atmosphere [15].

Here we present a catalog of 525 sprites, an unprecedented dataset of sprites detected over Japan. Their quantity, morphology, 
spatial distribution, and top height are analyzed and discussed.

2. Instrumentation

In September 2016, we installed three wide-field optical cameras called Aoyama Gakuin University Sprite Camera (ASCA) on 
the roof of the Sagamihara campus, Aoyama Gakuin University, Japan (N35.57◦, E139.40◦). The device consists of a CCD camera 
(Watec WAT-902H2 ULTIMATE), an f 2.9-8 mm camera lens (Fujinon varifocal lens), and a rainproof camera housing. The field of 
view of the camera is 33.4◦ × 43.6◦. The vertical angle is 33.4◦ and the horizontal angle is 43.6◦. The three cameras are facing 
north, northeast, and west from the location (Fig. 1). The analog output from the camera connects to an analog video capture device 
(Buffalo PC-SDVD/U2G), which captures frames at approximately 30 fps. The captured frames are processed on a PC by the software 
UFOCaptureV21 [32,50] in real-time. When the UFOCaptureV2 identifies a possible TLE by examining the difference between a 
previous frame and a current frame, the software records frames around the trigger time for three seconds (one second before the 
trigger time and two seconds after the trigger time) on the PC. The time on the PCs was synchronized by the NTP server of the 
university every 600 s. However, we introduced the GPS module to obtain a high accuracy time in November 2019. The observation 
starts automatically from sunset to sunrise every day.

3. Analysis & results

By March 2021, ASCA detected a total of 525 sprites. The morphology of 525 sprites was classified by eye inspection. We used 
UFOAnalyzerV22 [33,9] for the analysis of the locations of sprites. First, we created the camera profile file by correlating the position 

1 https://sonotaco .com /soft /UFO2 /help /english /index .html.
2

2 https://sonotaco .com /soft /download /UA2Manual _EN .pdf.
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Fig. 2. The frame-by-frame images of the sprite observed at 05:50:14 on December 06, 2016 JST. The sprite appeared with the lightning in the 40th frame, and 
another sprite happened in the 42nd frame.

of the observed stars to the bright star catalog. UFOAnalyzerV2 uses the camera profile file to calculate the azimuth and elevation of 
the events. Second, assuming the top height of sprites is 80 km, UFOAnalyzerV2 estimates the location of sprites. Sometimes several 
sprites appear continuously in a single recorded video, as shown in Fig. 2. UFOCaptureV2 uses the automatically captured image for 
the location analysis of sprites, which is usually the first detected sprite. And other sprites that appear in the later frames are not often 
identified as individual events by UFOCaptureV2. Therefore, we only analyzed the location of the first sprite in the recorded video. 
The total number of sprites with the location analysis is 441. Appendix A summarizes the sprites observed during the approximately 
five years from September 2016 to March 2021. Table 1 records the basic information of sprites, including the detection time in JST, 
location, and morphology. SpriteAnalyzerV23 is a triangulation tool that calculates the latitude, longitude, and altitude of sprites 
precisely from the azimuth and the elevation of multiple sites. For 15 sprites, SpriteAnalyzerV2 calculated the top height of sprites 
and location using triangulation. The summary of the triangulation analysis is described in appendix B of Table 2.

3.1. Seasonal and daily variation of sprites

The morphology of sprites is divided into four types: column type, carrot type, multiple type, and other types (Figs. 3(a - d)). 
The classification results are summarized for each camera and the sum of all cameras in Figs. 4(a - d). As a result of classification, 
the column type was the most common (∼50%). There was no substantial difference in the morphology of sprites detected by the 
individual cameras (Figs. 4(a - d)). In addition, according to the classification of different seasons (Figs. 5(a - d)), the proportion of 
column type in spring (from March to May), autumn (from September to November), and winter (from December to February) is more 
than 50%, whereas only 15.5% in summer (from June to August). Thus, the fraction of the column type in summer is significantly 
smaller than in other seasons. When we compare the total numbers of sprites between winter and summer, ASCA detected 272 sprites 
during winter. But only 58 sprites were observed in summer. Although our camera system is not covering the entire area of Japan, a 
seasonal difference in the occurrence rate of sprites is evident in our ASCA samples.

As shown in Fig. 6, the most significant number of sprites were detected at midnight (1:00 JST), corresponding to 15.8% of the 
total sample. On the other hand, the smallest number of sprites were seen around sunrise and sunset. According to the morphology, 
the column type was the most at midnights, such as 66.3% and 76.5% at 1:00 and 2:00 JST. No column type was observed at 17:00 
and 18:00 JST (sunset), and a small fraction of a column type was seen at 6:00 JST (sunrise).

3.2. Location of sprites

First, we generated the camera profile file for each camera to match the bright stars in the background of an individual frame 
to the stars in the SKY2000 Star Catalog [34] using UFOAnalyzerV2. Second, the software calculates an azimuth, an elevation, and 
a rotation angle of the event using the camera profile file. Finally, the location of a sprite determines, assuming the top height is 
80 km. Fig. 7 shows the locations of 441 sprites. From the overall distribution map of Fig. 7, most sprites concentrated on the coast 
of the Sea of Japan. However, sprites were distributed on the pacific ocean too. The sprites’ locations in different seasons are shown 
in Fig. 8. The location distribution of summer sprites is different from other seasons, and their locations are almost all located on 
Japan’s main island. But, the sprites are distributed not only on Japan’s main island but also on the Sea of Japan and the Pacific 
Ocean in other seasons.

3.3. Triangulation of sprites

We collaborated with the observers of the SonotaCo Network to analyze the same sprites observed in the different sites to obtain 
an accurate latitude, longitude, and top height. Our synchronization criteria are the sprite coincides, the sprite morphology is almost 
3

3 http://sonotaco .com /soft /SA2 /SA2 .html.
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Fig. 3. Classifications of sprites in four different types.
4

Fig. 4. The morphological distributions of the observed sprites by the individual cameras and the all cameras.
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Fig. 5. The seasonal distributions of the observed sprites in four seasons.

Fig. 6. Hourly distribution of sprites. The blue bar is column type, the orange bar is carrot type, the green bar is multiple type, and red bar is other type. The line 
shows the percentage of the column type over the total number of sprites for each hour.

the same, and the estimated location of the sprite by an individual analysis is close to each other. As a result, there were about 
60 sprites. Because the crossing angles were less than 5 degrees or challenging to confirm the correspondence of each part of the 
sprites, we analyzed 15 of them. Since a single sprite event could include several components, the total parts for the analysis were 
58 elements. For example, on March 24, 2018, the ASCA1 and the camera in Tokyo (N35.66◦ , E139.67◦) detected the same sprite and 
analyzed it with SpriteAnalyzerV2. As shown in Fig. 9, the multiple elements of the sprite were distributed in the range of 34 - 52 
km. Out of the 58 elements, 49 were columns, 2 were carrots, and 7 were other types. And the average top height of sprites was 82 
± 4 km. There was no tendency for the top height to vary due to a morphology of a sprite. Therefore, it is reasonable to assume that 
5

the sprites’ top height is 80 km when estimating the sprite location.
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Fig. 7. A location map of 441 sprites from December 2016 to March 2021 by the different ASCA cameras. The different colors correspond to the sprites detected by 
ASCA1 (blue), ASCA2 (yellow) and ASCA3 (green). The hatched areas show the field of view of each ASCA camera in March 2021. Some of the sprites were not in 
the field of view because ASCA orientation differed in the early testing phase. And also, the orientation changed significantly due to the strong wind (e.g., typhoons). 
The background map is provided by Geospatial Information Authority of Japan.

Fig. 8. A location map of 441 ASCA sprites from December 2016 to March 2021 in different seasons. Spring, summer, autumn and winter are represented by green 
triangles, red dots, yellow diamonds, and blue hexagons, respectively. The background map is provided by Geospatial Information Authority of Japan.

In addition, triangulation can accurately calculate the sprite location with very little uncertainty [26,30,54]. However, the 
systematic error in the location is unclear, assuming a top height of a sprite to be 80 km. Using the triangulated samples, we 
estimate the systematic difference in the location of sprites using the accurate top height and the assumed height of 80 km. Fig. 10

compares the location obtained by the triangulation and the location obtained by the estimation. The average distance difference 
6

between the locations calculated by the two methods is 9 ± 6 km. The error is calculated as the standard deviation of the differences. 
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Fig. 9. Results of triangulation of the sprites observed at 22:11:03 on March 24, 2018 JST using SpriteAnalyzerV2. The upper figures show the sprite images of ASCA1 
(labeled as Sagamihara) and the camera of the Tokyo (N35.66◦, E139.67◦) site. The bottom figure shows the distribution of each part of the sprite on the map.

Fig. 10. The triangulated (red) and the estimated (blue) locations of sprites. The background map is provided by Geospatial Information Authority of Japan.

One of the conclusions about the significant difference in the distribution of sprites in summer (Fig. 8 of §3.2) is still valid taking 
into account this uncertainty.

4. Discussion

The observed sprites in summer are significantly less than in winter (Figs. 5(a - d)). For example, from September 2016 to March 
7

2021, the number of sprites per summer and winter is 14.5 and 54.4. According to the QE theory, a positive cloud-to-ground strike 
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(+CG) causes sprites [37,36]. In Japan, cloud-to-ground strikes (CGs) in summer are an order of magnitude more than in winter 
[41,43]. But +CGs occur only about 10% in summer, and about 50% in winter [35,49]. And the +CGs in winter can transfer an 
enormous amount of charge [7,35,49]. Therefore, the +CGs with a hefty charge amount transferred in winter are more than in 
summer. That’s why many winter sprites were observed on the Hokuriku of Japan, and summer sprites are scarce [16]. However, 
sprites are not necessarily all related to +CGs. A few sprites are generated by -CGs [5,6,21–24,27,51]. Although previous studies 
proved a positive polarity of winter sprites on the Hokuriku and the coast of the Sea of Japan [1,16,49], the polarity of summer 
sprites is unclear. Previously, sprites were generally considered to be associated with +CGs, as only 22 cases were negative sprites 
[10]. But in recent years, Lu et al. [25,28] investigated lightning strikes associated with sprites observed by the Imager of Sprites and 
Upper Atmospheric Lightning (ISUAL) in North America. The results showed that the percentage of negative sprites was about 18%. 
And they are usually accompanied by halos, which occur mainly in oceanic and coastal thunderstorms. Therefore negative sprites 
are more likely to be generated in marine areas. According to Chen et al. [10], sprites observed by the ISUAL mission contained 127 
negative sprites, accounting for ∼25% of all the polarity identified sprites. Furthermore, unlike Lu et al. [25,28], Chen et al. [10]

suggested that the polarity of sprites is latitude-dependent. Negative sprites mainly congregate in the latitudinal regions below 20◦, 
while positive sprites scatter up to 50◦. Although the ASCA sprites have a higher latitude, greater than 35◦, it is inappropriate to 
speculate that the polarity of sprites is all positive. Another point is that negative sprites are more likely to appear in the sea and areas 
close to the ocean, which fits Japan’s geography. To explain why there are fewer summer sprites than winter sprites, a combination 
of lightning observation data is needed to understand the polarity of summer sprites.

Our classification shows that the morphology of sprites in spring, autumn, and winter is relatively simple, and more than half of 
them are column types. On the other hand, the morphology of summer sprites is more complex. Only 15.5% of them are column types 
(Figs. 5(a - d)). Previous studies have shown that the morphology of winter sprites in the Hokuriku and the coast of the Sea of Japan 
is simpler than summer sprites in the American continent [1,16–18]. Asano et al. [3] suggested that summer sprites in Japan are 
mainly carrot types based on their limited samples. The simulation [3] showed that the height of lightning discharge, charge amount 
transferred, and lightning current rise time are closely related. The altitude of thunderclouds in summer is about 10 km, whereas 
a few kilometers in winter. Therefore, the height of the charge is the essential parameter between summer and winter lightning. If 
the altitude of a lightning discharge is higher, sprites have a complex structure, such as the carrot type. Therefore, more complex 
sprites exist in summer. Contreras-Vidal et al. [12] suggests that the morphology of sprites is related to the lightning peak current, 
and the peak current of the column type is smaller than that of the carrot type. In addition, as the peak current value increases, the 
morphology of the sprites becomes more complex. In addition, Qin et al. [39] points out in the simulation that the electron number 
density of the ionosphere will affect the morphology of sprites. The triggering condition of the carrot type is stricter than that of the 
column type. However, when the electron number density decreases, the carrot type becomes more likely to appear.

As shown in Fig. 6, sprites are more abundant at midnight and less numerous at sunrise and sunset. There are two possible 
reasons. First, capturing sprites with optical cameras is not easy due to the bright sky around sunrise and sunset. Second, due to 
the high density of electrons, it is not conducive to generate sprites. As Stanley et al. [46] suggested, the high density of electrons 
in sprites during the day makes it challenging to meet the relaxation time required for producing sprites. Therefore, to meet the 
condition of relaxation time, it is necessary to reduce the occurrence height of sprites. Unfortunately, as the altitude decreases, the 
density of air increases and the threshold for electrical breakdown also increases, which is unfavorable for the occurrence of sprites. 
In addition, the morphology of sprites at sunrise and sunset is more complex, and the column type accounts for a small proportion. 
The reason may also be related to the ionospheric environment. However, due to the small number of sprites at sunrise and sunset, 
more data are needed to prove that the sprites at sunrise and sunset have more complex morphology.

The geographic distribution of summer sprites is significantly different from other seasons. Almost all of them are concentrated 
on Japan’s main island (Fig. 8) and have been noticed in previous studies. For example, the lightning flash density map from Shindo 
et al. [43] shows that summer lightning in Japan is mainly concentrated on Japan’s main island. This indicates that updrafts are 
more likely to form on land than in marine areas with high summer temperatures and create thunderclouds that trigger sprites when 
CGs occur.

5. Conclusion

We compiled 525 sprites observed during the approximately five years from September 2016 to March 2021 by ASCA. We found 
that there are many sprites in the Pacific Ocean, which have not received much attention before. In terms of the numbers, summer 
sprites are the least numerous, with 58 events (14.5 per season). Winter is the most, with 272 events (54.4 per season). Spring and 
autumn are somewhere in between. Morphologically, only 15.5% of the sprites are columns in summer, while more than half of the 
sprites in other seasons are columns. This suggests that summer sprites are not as simple in structure as sprites in other seasons. In 
the spatial distribution, summer is also obviously different from other seasons, and summer sprites are almost all concentrated on 
Japan’s main island. Finally, from the perspective of time distribution, the number of sprites is the largest at 1:00 JST, accounting 
for 16% of the total sprite. In addition, the morphology of sprites tends to be simple around midnight JST.
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Table 1

Summary of sprites observed by ASCA. The complete data is available in the electrical form (OBJ_ASCA_Japan.csv).

date lng1 lat1 frame morphology

20161206_044208.0 137.594772 36.792366 32 column

20161206_052526.9 136.967819 36.907352 31 column

20161206_053223.6 137.098999 36.412266 31 column

20161206_053242.4 138.090164 37.023296 31 column

20161206_053247.6 137.176331 37.440285 31 column

20161206_053247.6 32 other

20161206_053513.5 136.855774 36.569302 31 column

20161206_053622.2 137.068527 38.045685 31 other

20161206_054139.3 136.780441 36.317688 31 column

20161206_054208.6 138.211319 37.029102 31 other

......
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Appendix A. Summary of sprites observed by ASCA

Table 1 lists sprites observed by ASCA over the last five years. 525 sprites are included in the table. The first column, date, is the 
recorded time of the sprite in yyyymmdd_HHMMSS.S format in JST, where yyyy is year, mm is month, dd is day, HH is hour, MM is 
minute, and SS.S is second. The next two columns, lng and lat, give a longitude and a latitude of the estimated sprite locations. East 
is positive in the longitudinal direction. North is positive in the latitudinal direction. A sprite with a blank lng and lat appears in the 
same video as the previous sprite, but not in the same frame and in a different location. The next column, frame, shows the frame 
number of the first frame when the sprite is detected. The next column, morphology, describes the morphology of the sprite.

Appendix B. Summary of the sprites observed by multiple locations

Table 2 shows the analysis results of sprites observed by multiple sites. 58 sprite elements are included in the table. The first 
column (date_seg) is the recorded time of the sprite and the segment number in yyyyddmm_HHMMSS_NN format, where yyyy is year, 
mm is month, dd is day, HH is hour, MM is minute, and SS is second in JST. NN is the segment number of the event. The next two 
columns (lng_d and lat_d) show the triangulated longitude and latitude of the sprites. East is positive in the longitudinal direction. 
North is positive in the latitudinal direction. The next column (h1_d) describes the triangulated height of the sprite. The next two 
columns (lng_p and lat_p) specify the estimated longitude and latitude of the sprites assuming the height of 80 km. The next column 
(morphology) shows the morphology of the sprite. The last column (distance) describes the difference in the distance in km between 
9

the triangulated (lng_d and lat_d) and the estimated (lng_p and lat_p) location.
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Table 2

Parameters of the sprite’s elements observed at multiple locations. The complete data is available in the electrical form (Sprite’s_segments.csv).

date_seg lng_d lat_d h1_d (km) lng_p lat_p morphology distance

20170103_022804_01 137.965302 37.099609 87.494934 138.08 36.98 column 16.75

20170103_022804_02 138.210342 36.955975 83.84201 138.26 36.91 column 6.75

20170103_022804_03 138.121857 37.180504 84.36982 138.19 37.09 column 11.74

20170103_022804_04 137.864609 37.280365 81.227493 137.9 37.24 column 5.47

20170103_022840_01 137.820099 36.794662 78.33345 137.79 36.82 column 3.89

20170103_022840_02 138.06398 36.775021 83.401718 138.12 36.73 column 7.07

20170103_022840_03 137.975021 36.900139 82.917061 138.04 36.84 column 8.84

20170103_022840_04 137.9879 36.986767 82.632889 138.02 36.96 column 4.12

20170103_022840_05 137.981476 37.023262 82.535858 138.02 36.99 column 5.04

20170103_022840_06 137.541367 36.965069 76.867874 137.54 36.96 column 0.58

20180324_215139_01 140.167572 37.127792 85.03685 140.12 37.02 other 12.71

20180324_215139_02 140.463867 37.072781 82.432571 140.41 36.99 other 10.37

20180324_215832_01 140.143646 37.262924 80.773323 140.12 37.2 column 7.3

20180324_215832_02 140.212967 37.229305 86.721443 140.15 37.09 column 16.46

20180324_215832_03 140.197464 37.093231 81.832603 140.16 37.02 column 8.8

20180324_215832_04 140.255753 37.05624 78.685989 140.26 37.03 column 2.94

20180324_215832_05 140.352112 36.985142 79.20134 140.35 36.96 other 2.8

20180324_215832_06 140.412704 37.001099 75.169167 140.46 37.04 column 6.03

......
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