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1. Introduction
An unexplained explosive sound was heard in Sapporo city, Hokkaido, Japan at 20:00 on 26 April 2021, JST 
(UTC  +  9) (Hokkaido Cultural Broadcasting,  2021). Sapporo is the largest city in Hokkaido (population of 
approximately two million). The sound and the resulting minor shaking were widely felt throughout the densely 
populated city, and the events were reported by many to the emergency fire services. However, no associated fire, 
explosion, or earthquake was recorded. The news reported that the Japan Self-Defense Forces did not conduct any 
drills that could have produced such a loud noise, and radar confirmed that no unusual aircraft had been noted. In 
addition, the sky was clear and there were no reports of luminous phenomena seen by the public.

As residents had felt a minor shaking, we expected that a sonic boom would have produced the explosive sound, 
and this would have been recorded by seismometers. Sonic booms are produced by objects traveling at super-
sonic speed; common sonic boom sources are fireballs and supersonic aircraft (Cates & Sturtevant, 2002; Qa-
mar, 1995). A fireball, which is a very bright meteor, produces a sonic boom when it crosses the atmosphere 
(Edwards et al., 2008; Ens et al., 2012; Ishihara et al., 2003; Pujol et al., 2005) at speeds of 10–30 km/s (Silber 
& Brown, 2014). The object is then heated rapidly and ablated, which results in an optically detectable luminous 
phenomenon and shock waves (Silber et al., 2018). Supersonic aircraft, such as fighter planes and space shuttles, 
also generate a sonic boom when traveling faster than the local speed of sound (Cates & Sturtevant, 2002; Kan-
amori et al., 1991, 1992; Mori & Kanamori, 1991; Qamar, 1995).

Seismometers can record not only earthquakes but also various other phenomena that generate vibrations. For 
example, tropical storms (Fan et al., 2019; Rhie & Romanowicz, 2004, 2006), debris flows (Chao et al., 2015; 
Ogiso & Yomogida, 2015; Roth et  al.,  2016; Tsai et  al.,  2012), landslides (Brodsky et  al.,  2003; Ekström & 
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Stark, 2013; Kawakatsu, 1989; Yamada et al., 2012), fireballs (Edwards et al., 2008; Ens et al., 2012; Ishihara 
et al., 2003; Pujol et al., 2005), supersonic aircraft such as fighter planes (Cates & Sturtevant, 2002) and space 
shuttles (Kanamori et al., 1991; Mori & Kanamori, 1991), and human activities such as pandemic lockdowns 
(Lecocq et al., 2020; Yabe et al., 2020) and football match (Denton et al., 2018; Euler et al., 2007) have all been 
detected by seismometers. These seismic observations are adding interesting insights into a range of environmen-
tal and social phenomena.

To investigate the source of this explosive sound, we analyzed seismic data from the source area. Seismic signals 
of the 26 April 2021 event (hereinafter referred to as the “26 April event”) were analyzed, and the trajectory and 
location of the termination point were estimated. We also collected seismic data of past fireballs and aircrafts to 
discuss the possible causes of this event.

2. Data
2.1. Seismic Data

We used seismic data recorded by the stations in the Hi-net and F-net operated by the National Research Insti-
tute for Earth Science and Disaster Resilience (NIED) (Okada et al., 2004). We also used data obtained from 
high-sensitivity seismic networks operated by Japan Meteorological Agency (JMA) and Japanese universities. 
The Hi-net and F-net sensors are installed in boreholes, whereas the JMA and university networks are located on 
the surface. These seismic networks are currently installed at ∼20 km spacings throughout Japan. Signals associ-
ated with the explosive sound were identified at 38 stations (Figure 1).

After correcting for instrumental gain, we manually determined the arrivals of the signal onsets. In this respect, a 
band-pass Butterworth filter with cutoff frequencies of 2–8 Hz was applied to each record to observe the frequen-
cy range of the infrasound signals. Examples of the picks on the filtered records are shown in Figure 2a. Only the 
vertical components were used in this analysis, and the sampling frequency of the data was set at 100 Hz.

2.2. Visual Observations

Most of the major fireballs that have produced sonic booms have been witnessed by the public or recorded by 
dashboard cameras (Ishihara et al., 2004; Yamada & Mori, 2012). However, nobody reported a visual observation 
of the 26 April event. In addition, an amateur astronomer in Aomori prefecture (∼100 km south of Sapporo) was 
recording the sky in the direction of Sapporo using an omnidirectional camera, but no signal was seen in the video 
recording (kid5963, 2021). The sky at the time was clear, so it was very unlikely that the fireball would not have 
been observed if a luminous phenomenon had occurred.

2.3. Seismic and Optical Observations of Past Events

We collected the seismic waveforms of past events that had produced sonic booms, to compare the characteristics 
of their associated signals on the data (Table 1). Amateur astronomers in Japan monitor fireballs nightly using 
omnidirectional cameras. If multiple cameras record a fireball, its trajectory is estimated, and it is then reported 
on a website (SonotaCo Network Japan Forum, 2021). According to this catalog, 6,590 fireballs were observed 
between 2001 and 2020. We selected relatively large fireballs that had either (a) been observed by multiple cam-
eras and their trajectory had been determined, or (b) their sonic booms had been heard over a wide area.

The trajectories were estimated from the movies recorded by the omnidirectional cameras and dashboard cameras 
for all of the events except Nos. 1 and 7, as these had occurred during daytime. Both events were witnessed by 
many people, and its sonic boom was observed over a wide area.

Two sonic booms that were not associated with visual observations occurred on 23 and 24 October 2019 in south-
ern Hokkaido (Breaking News Japan, 2019). These sonic booms were observed at the same time on both days in 
a similar area, and a disaster prevention message from Misawa city reported that night flight training by the Japan 
Self-Defense Forces had been scheduled on these days (Misawa city, 2019a, 2019b). It was thus considered that 
these sonic booms were likely caused by fighter planes. We also analyzed these two events and estimated their 
trajectories.
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In summary, we selected 12 major fireball events from online bulletin boards (SonotaCo Network Japan Fo-
rum, 2021) and two sonic booms that had possibly been caused by an aircraft. The trajectory models estimated 
from the optical observations are shown in Table 1.

3. Methods
3.1. Trajectory Model

We estimated the trajectory of the supersonic object and the termination point of the signal using a method based 
on that devised by Nagasawa (1987). The original method uses the straight-ray theory and a constant velocity of 
sound. Therefore, the source of the sonic boom is assumed as a straight line, and the wavefront is a cone around 
this axis. A further study (Yamada & Mori, 2012) extended this line source model and added a point source at the 
end of the line source. A fireball moving at high velocity produces near cylindrical ballistic waves with an ellipti-
cal arrival pattern on the ground (e.g., Ishihara et al., 2003, 2004; Pujol et al., 2005). When the fireball experienc-
es a catastrophic fragmentation or disruption, the arrival pattern is that of concentric circles (e.g., Tatum, 1999; 
Yamada & Mori, 2012). The arrival times of the sonic boom at the sites in the direction of the fireball trajectory 
are computed using the point source model, while those at the sites perpendicular to the fireball trajectory are 
computed using the line source model (see Figure 3b).

Figure 1. Observed arrival times of the shockwave at stations (shown using colored circles) and predicted arrival times of 
shockwave based on the trajectory model (color contours). The large circles indicate distances of 25, 50, and 100 km from the 
estimated termination point (shown as a star).
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The arrival times of the sonic boom from the supersonic object were estimated using the method of Yamada & 
Mori (2012). We defined a regular coordinate system (EW, NS, UD directions) as (x, y, z) and the source disap-
peared at point O = (x0, y0, z0) and time t = t0 (Figure 3a). A new coordinate system (X, Y, Z) was defined with 
the point O as the origin. The Z axis was taken as the trajectory and the Y axis was taken parallel to the x–y plane. 
The transformation of the two coordinate systems can be expressed as

⎛

⎜

⎜

⎜

⎜

⎜

⎝

�

�

�

⎞

⎟

⎟

⎟

⎟

⎟

⎠

=

⎛

⎜

⎜

⎜

⎜

⎜

⎝

sin�sin� cos�sin� −cos�

−cos� sin� 0

sin�cos� cos�cos� sin�

⎞

⎟

⎟

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎜

⎜

⎜

⎝

� − �0

� − �0

� − �0

⎞

⎟

⎟

⎟

⎟

⎟

⎠

 (1)

where γ is the azimuth of the trajectory (clockwise from north) and θ is the elevation angle of the trajectory rela-
tive to the horizontal plane. Assuming that the object produces a sonic boom between points O and P in Figure 3b, 
the arrival time of the signal from the line source at the station i = (Xi, Yi, Zi) is

����,� = �0 +
(

√

�2
� + � 2

� ∕tan� −��

)

∕� (2)

and the arrival time of the signal from the point source is

Figure 2. Example of waveforms and spectrograms for the 26 April fireball (left column), A1 sonic boom (center column), and A2 sonic boom (right column) 
events. Vertical lines on the waveforms indicate the manual pick time. (a–c) are UD velocity waveforms filtered at 2–8 Hz, (d–i) are infrasound waveforms and their 
spectrograms high-pass filtered at 0.2 Hz. Inset maps (j, k) show station locations, with triangles representing seismic stations and squares representing infrasound 
stations. The station maps for events A1 and A2 are the same (k).
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where c is the velocity of sound (0.312 km/s), v is the velocity of the object, and β = arcsin(c/v). The velocity of 
sound is assumed to be constant with a value of 0.312 km/s (Nagasawa, 1987).

If the station coordinate satisfies the following condition, we assume that the signal comes from the line source; 
otherwise, it is assumed that the point source is the origin

𝑍𝑍𝑖𝑖 ≥ −tan𝛽𝛽
√

𝑋𝑋2
𝑖𝑖 + 𝑌𝑌 2

𝑖𝑖 . (4)

No. Date (m/d/y) Time x0 y0 z0 t0 Mach γ θ Mag Ref Name

1 08/07/2010 17:01 NA Biwako

2 01/20/2013 2:42 140.529 36.299 28.8 11.3 55 250.3 31.0 −10 [1] Off-Kashima

3 12/17/2013 21:45 135.935 35.114 40.5 NA 80 107.7 47.3 −5.1 [2] Biwako2

4 11/03/2014 17:54 129.79 32.25 35.5 39.0 51 82.5 27.0 −4.3 [3] Amakusa

5 12/25/2014 1:59 139.175 34.77 19.1 13.9 57 282.7 58.0 −13.8 [4] Santa Claus

6 10/31/2016 5:43 139.58 39.16 45.0 20.0 59 92.4 3.6 NA [5] Sakata

7 12/20/2016 14:50 NA Hokuto

8 07/02/2020 2:32 139.891 35.614 27.3 9.4 45 250.5 39.2 −5.9 [6] Narashino

9 08/21/2020 22:33 139.784 34.713 19.1 31.3 30 220.2 40.9 −10 [7] Off-Boso

10 11/29/2020 1:34 135.156 33.342 46.4 12.0 48 272.9 46.1 −14.1 [8] Off-Kii

11 01/20/2021 20:32 138.682 36.209 35.1 43.0 55 162.0 29.3 −5.1 [9] Chichibu

12 03/14/2021 2:47 140.172 34.531 22.8 NA 47 284.3 35.9 −2.1 [10] Izu-Oshima

13 04/26/2021 19:55 NA Off-Hokkaido

A1 10/23/2019 19:35 NA aircraft 1

A2 10/24/2019 19:35 NA aircraft 2

Note. Number of each event, reference date and time (JST), termination point (x0 (°), y0 (°), z0 (km)), time at termination 
relative to reference time (s), Mach number, azimuth, elevation angle, magnitude, reference, and name of the event are 
shown from left to right. [1] http://sonotaco.jp/forum/viewtopic.php?t=2940&start=21. [2] http://sonotaco.jp/forum/
viewtopic.php?t=3159&start=5. [3] http://sonotaco.jp/forum/viewtopic.php?t=3376&start=10. [4] http://sonotaco.jp/
forum/viewtopic.php?t=3426&start=12. [5] http://sonotaco.jp/forum/viewtopic.php?t=3793&start=2. [6] http://sonotaco.
jp/forum/viewtopic.php?t=4610&start=54. [7] http://sonotaco.jp/forum/viewtopic.php?t=4652&start=28. [8] http://
sonotaco.jp/forum/viewtopic.php?t=4729&start=12. [9] http://sonotaco.jp/forum/viewtopic.php?t=4791&start=22. [10] 
http://sonotaco.jp/forum/viewtopic.php?t=4841

Table 1 
Trajectory Models Estimated From Optical Observations

Figure 3. Schematic diagram of the fireball trajectory model. (a) Relationship between the two coordinate systems. The 
shaded area is the plane perpendicular to the x − y lane that would include a fireball trajectory. (b) Section in the w − z plane. 
The sonic boom was produced between points O and P, and the triangle represents a station i that was subjected to a sonic 
boom from the line source. (c) Section in the x − y plane. See text for details.
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The above condition is derived using the fact that Equation 2 equals Equa-
tion 3 at the boundary of the point source and line source.

3.2. Parameter Optimization

We optimized the seven parameters in the trajectory model (x0, y0, z0, t0, γ, θ, 
v) by minimizing the following residual between the observed and estimated 
arrival times

𝑟𝑟𝑟𝑟𝑟𝑟 =

√

√

√

√

1
𝑛𝑛

𝑛𝑛
∑

𝑖𝑖=1

(𝑡𝑡𝑒𝑒𝑟𝑟𝑡𝑡𝑒𝑖𝑖 − 𝑡𝑡𝑜𝑜𝑜𝑜𝑟𝑟𝑒𝑖𝑖)2 (5)

where n is the number of stations, and test,i and tobs,i are the estimated and ob-
served arrival times of the signal at the ith station, respectively. The velocity 
of the object is a parameter that is difficult to constrain because it is much 

higher than the velocity of sound, ranging from 7 to 60 km/s according to Janches et al. (2006). The velocity 
of the object is included in β, but β is not sensitive to v when c/v is very small. Therefore, the resolution of the 
residual function is not appropriate for the velocity of the object (Edwards et al., 2008; Ishihara et al., 2003; Na-
gasawa, 1987). If the trajectory model of an optical observation was available, a fixed velocity was used in our pa-
rameter estimate, and we thus solved six free parameters X = (x0, y0, z0, t0, γ, θ) that defined the trajectory model.

The first optimization was conducted using a coarse grid-search, with the range and interval shown in Table 2. 
The weight at each grid-point, j, was computed assuming that the error follows a normal distribution, i.e.,

�� = exp

(

−1
�

�
∑

�=1

(����,� − ����,�)2
)

 (6)

and the weights were normalized such that ∑jwj = 1.

The second optimization was conducted using Sequential Importance Sampling (SIS) (Arulampalam et al., 2002). 
We drew 100,000 samples from the population used for the grid-search with the probability given by the sample 
weight. The SIS drew more samples with a higher probability in the parameter space, and thus refined the search 
interval of the parameters around the optimal trajectory.

The SIS tends to have a degeneracy problem as the weight becomes concentrated on a few samples while most 
other samples have a negligible weight after a few iterations (Arulampalam et al., 2002; Li et al., 2014). To avoid 
this problem, we added a small perturbation drawn from a uniform distribution whose bound is the grid interval. 
We repeated the SIS three times and the expected value (E[Θ]) and variance (Var[Θ]) were computed from the 
samples and weights, as follows:

𝐸𝐸[Θ] =
∑

𝑗𝑗

𝑤𝑤𝑗𝑗Θ𝑗𝑗 (7)

Var[Θ] =
∑

𝑗𝑗

𝑤𝑤𝑗𝑗(Θ𝑗𝑗 − 𝐸𝐸[Θ])2 (8)

where Θ = (x0, y0, z0, t0, γ, θ, v).

4. Results
4.1. Estimation of the Trajectory for the Hokkaido Event

We conducted a grid-search and SIS to determine the most probable trajectory model. The expected values and 
the standard deviations of the trajectory model that explain the arrival times of the shock wave are shown in 
Table 3 (Event No. 13). The isochrons of the arrival times based on this model are shown in Figure 1, and the 
waveforms aligned from the termination point are shown in Figure 4. The location of the termination point of 
the signal is ∼100 km off the west coast of Hokkaido at an altitude of 50 km. The standard deviations of the 

Parameters Range Interval

Longitude (°) λ ± 0.5 0.005

Latitude (°) ϕ ± 0.5 0.005

Height (km) 0–90 3

Time (s) 0–300 5

Mach number 10–70 10

Elevation angle (°) 0–90 10

Azimuth (°) 0–360 45

Note. λ = 140.5 and ϕ = 44.5 for the 26 April Event.

Table 2 
Search Space Used in the Grid-Search
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horizontal location are reasonably small, which indicates that the estimated location has low uncertainty. Howev-
er, the standard deviations for the azimuth γ and elevation angle θ have slightly larger values because the elevation 
angle is large and the isochrons are thus close to concentric. Therefore, the pattern of the arrival times does not 
have a good resolution in γ and θ.

Figure 5 shows a scatter plot of the samples used in the SIS, where the colors show the log of weight of each 
sample, and the top panels show the relationship for two parameters out of the six parameters. The horizontal 
location (longitude and latitude) is well constrained, but there is a trade-off between the height and time that 
is difficult to resolve because the station distribution is one-sided to the termination point. The Mach number 
has a large weight, between 5 and 20, which is less than the average velocity of a fireball (10–30 km/s; Silber 
& Brown, 2014) but more than the maximum speed of a fighter plane (Mach 3). The most probable azimuth is 
∼160° (south-southeast), which is consistent with the spread of the observed sonic boom to the north-northwest 
and south-southeast (see Figure 1).

4.2. Estimation of the Trajectories of Past Events

We conducted estimations of past event trajectories using seismic data. As estimating the velocity of a fireball is 
difficult, we used a fixed velocity if the trajectory model estimated from the optical observation was available. 
We thus used a constant velocity for all the events except Nos. 1, 7, A1, and A2. The most probable parameter set 
of the trajectory model was estimated using the grid-search and SIS. The results of the parameter estimation are 
shown in Table 3 and Figures S1–S28 in Supporting Information S1. The velocities of the A1 and A2 events were 
estimated as Mach 1.4 and 4.0; these speeds are consistent with the average velocity of fighter planes.

Figure 6 shows a comparison between the trajectories estimated using optical and seismic observations. The 
maximum height at which the sonic boom was produced was computed through the ray between the line source 
and the seismic station. The two results are in good agreement. However, Event No. 10 has a high elevation angle 
(66.5°), and the uncertainties in the elevation angle and azimuth are therefore large.

No. Date (m/d/y) Time x0 y0 z0 t0 Mach γ θ rms Name

1 08/07/2010 17:01 136.081 35.159 26.3 58.7 36.9 23.6 57.2 6.0 Biwako

2 01/20/2013 2:42 140.246 36.183 44.1 16.0 55 243.6 38.2 2.3 Off-Kashima

3 12/17/2013 21:45 136.179 35.067 65.3 20.1 80 93.2 47.7 2.4 Biwako2

4 11/03/2014 17:54 129.834 32.215 33.8 −29.8 51 81.1 25.1 2.3 Amakusa

5 12/25/2014 1:59 139.228 34.783 12.8 30.9 57 274.4 51.2 2.8 Santa Claus

6 10/31/2016 5:43 138.79 39.177 38.6 83.8 59 90.0 2.5 1.1 Sakata

7 12/20/2016 14:50 138.545 35.517 78.0 90.2 46.3 341.1 44.5 1.5 Hokuto

8 07/02/2020 2:32 139.727 35.583 41.9 60.9 45 251.9 35.9 2.3 Narashino

9 08/21/2020 22:33 139.857 34.780 14.8 −94.5 30 223.0 39.1 1.7 Off-Boso

10 11/29/2020 1:34 135.177 33.321 34.5 0.2 48 359.4 66.5 1.7 Off-Kii

11 01/20/2021 20:32 138.817 36.060 33.8 70.3 55 157.1 31.6 2.8 Chichibu

12 03/14/2021 2:47 140.119 34.600 46.5 47.7 47 265.5 22.0 2.5 Izu-Oshima

13 04/26/2021 19:55 140.698 44.259 50.0 −255.4 12.3 156.0 71.8 4.1 Off-Hokkaido

(±0.017 ±0.007 ±8.4 ±11.1 ±5.76 ±7.92 ±3.91)

A1 01/20/2021 19:35 139.779 41.151 1.8 278.1 1.4 238.9 29.0 4.7 aircraft 1

A2 03/14/2021 19:35 139.716 41.215 18.0 235.2 4.0 272.4 17.4 5.8 aircraft 2

Note. The trajectory models were estimated from seismic observations. The number of each event, reference date and time 
(JST), termination point (x0 (°), y0 (°), z0 (km)), termination time relative to reference time (s), Mach number, azimuth, 
elevation angle, rms (s), and name of event are shown from left to right.

Table 3 
List of the Sonic Booms Considered in This Study
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4.3. Amplitudes of the Sonic Boom

The amplitudes of sonic booms vary depending on the conditions at each 
seismic station condition and the type of sonic boom. The signals on seismic 
records are produced by a coupling between the air and the ground, where the 
seismometer installed outside records a larger amplitude than that within the 
borehole. Seismic stations on soft soil amplify signals compared to stations 
on rock (Kanamori et al., 1991, 1992). Therefore, it is not easy to compare the 
amplitudes of sonic booms (see Figure S29 in Supporting Information S1).

To reduce the uncertainty of sonic boom amplitudes, we only used records 
from the borehole seismometers, and we applied the 2–8 Hz band-pass filter 
on the UD velocity records to compute the maximum amplitude of the sonic 
boom signal. The distances between the source and the station were estimat-
ed based on the most optimal trajectory models, and the relationships be-
tween maximum amplitudes and distances are shown in Figure 7. Although 
the variances of the data are quite large, the amplitude of the 26 April event 
is significantly larger than those of other fireballs. The sonic booms produced 
by aircrafts have similar amplitudes to those of past fireballs.

5. Discussion
5.1. Accuracy of the Trajectory Models

We compared the trajectory models estimated from the optical and seismic 
observations in Figure 6 to evaluate the accuracy of our estimations. The esti-
mations of the azimuth and elevation angle are similar, except for events with 
high elevation angles. If the trajectory is close to the vertical, the sensitivity 
of the arrival time to the azimuth and elevation angle is very low, which is 
why the standard deviation of the estimation is large for Event No. 10.

Figure 8 shows the ground projection of the trajectories estimated from op-
tical and seismic observations. The trajectories from the two different ob-
servations are very close to each other. The optical data record the luminous 

Figure 4. Normalized waveforms ordered as a function of distance from the 
termination point for the 26 April event. The station codes are listed added on 
the right side. Alternate seismograms are shown in black and gray for clarity. 
The horizontal axis shows the time after 19:55 on 26 April 2021.

Figure 5. Samples in the parameter space used for the Sequential Importance Sampling for the 26 April event. The color 
scale shows the log of weights (see Equation 6). (a) Longitude and latitude, (b) height and origin time, (c) azimuth and 
elevation angle, (d) Mach number, (e) azimuth, and (f) elevation angle.
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phenomenon, and the seismic data record the sonic boom of the fireball. Although the two data record different 
signals, the accuracy of the trajectory estimation is very high.

Notably, there is no estimation for Event Nos. 1, 7, and 13 with respect to optical observations, because Event 
Nos. 1 and 7 occurred during the daytime (and cameras were not activated) and the 26 April event was not wit-
nessed by either cameras or the public.

5.2. Height of the Luminous Phenomenon and Sonic Boom Generation

Based on the estimated trajectories, we computed the height at which the observed sonic boom was produced. 
Figure  6c shows the height ranges from the optical and seismic observations, both of which are within 15–
120 km. The height range estimated from seismic observations is slightly narrower than that estimated from 
optical observations. The limit of the lower height range would be higher if the fireball traveled offshore and there 

were no seismic observations in the direction of travel. In addition, the upper 
limit would be lower if the source-station distance was located too far from 
the object and the amplitude of the sonic boom was below the noise level. 
However, the ranges estimated from two observations mostly overlapped.

A meteoroid entering the upper atmosphere of the Earth is heated rapidly 
and ablated as a result of the high energy collisions with atmospheric gas 
molecules (Silber et al., 2018). Both luminous phenomenon and shock waves 
are generated by this ablation. Therefore, if the phenomenon was a fireball, 
the sources estimated from the optical and seismic observations should be 
consistent.

5.3. Source of the Explosive Sound

The trajectory estimation suggests that the signal of the 26 April event was 
traveling at the speed of sound, which suggests that a sonic boom traveled 
through the air. We thus attempted to determine the source of this sonic 
boom. The estimated trajectory suggests that it had a very high elevation 

Figure 6. Comparison between the trajectory models estimated using optical and seismic observations. (a) Longitude, (b) 
latitude, (c) height, (d) Mach number, (e) azimuth, and (f) elevation angle.

Figure 7. Amplitude of seismograms recording the sonic booms versus the 
source-station distance computed from the estimated trajectory model.
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angle (66° or higher). Its velocity could not be well determined, but the most 
probable value was Mach 12.3 ± 5.8 (2.0–5.6 km/s).

The possible sources of this phenomenon are either a fireball or a fighter 
plane. However, the velocity of a fighter plane is less than Mach 3 and a fire-
ball travels much faster. According to Janches et al. (2006), fireballs travel at 
velocities of 7–60 km/s. Fireballs have arbitrary elevation angles, whereas a 
fighter plane usually travels almost horizontally, which results in a low eleva-
tion angle. Our estimated values of the velocity and elevation angle are thus 
consistent with those of fireball.

The arrival pattern of a sonic boom depends on the elevation angle θ and 
β = arcsin(c/v). According to Tatum (1999), the pattern is hyperbolic if β > θ, 
and elliptic if β < θ. The arrival pattern of the aircraft tends to be hyperbolic 
owing to large β and small θ, and that of the fireball is most likely elliptic, un-
less the elevation angle θ is very small (such as with Event No. 6). The arrival 
pattern of the 26 April event is thus also consistent with that of the fireball.

The two sonic booms on 23 and 24 October 2019 (Nos. A1 and A2 in Ta-
ble 3) were observed at the same time (19:40) on both days and within similar 
areas. Based on our parameter estimation, the objects moved from west to 
east at relatively low elevation angles. These two events were likely sonic 
booms produced by aircraft, as it would be highly unlikely for two meteors to 
have had the same course and to have occurred at the same time of two con-
secutive days. Figure 7 shows that the amplitude of the sonic booms produced 
by these fighter planes were similar to those produced by the past fireballs. 
However, the amplitude of the 26 April event was much larger than that of an 
aircraft. The pressure produced by a sonic boom is a function of the velocity 
and size of the object (Silber et al., 2018), which for aircraft has known upper 
limits. Therefore, it was unlikely for the 26 April event to have been produced 
by an aircraft.

Figure 2 compares the seismic and infrasound waveforms of the 26 April event and two sonic booms produced 
by fighter planes (Hamama & Yamamoto, 2021). The waveforms of fighter planes include multiple packets with 
several second intervals, and these intervals are different depending on the stations. Compared to the waveforms 
of fighter planes, the waveforms of the April events have less variation among stations. The presence of multiple 
packets can be explained by multiple aircrafts traveling at several second intervals. Figure 2 also shows the spec-
trogram of infrasound data. The dominant frequency is 1–6 Hz and slightly different depending on the stations; 
however, it is difficult to classify fireballs and fighter planes from the frequency only.

A meteoroid traveling through the atmosphere is optically detectable due to its rapid heating and subsequent 
ablation (Silber et al., 2018), but there were no observations of the 26 April event. This is the biggest mystery 
associated with this sonic boom event. The object was traveling at a lower velocity compared to past fireballs, 
and this may have resulted in the object having a lower surface temperature. If its material had a higher melting 
point, it may be possible that plasma emission may not have occurred. This assumption requires a more detailed 
examination, which is outside the scope of this study.

5.4. Model Uncertainties

Multiple factors affect the accuracy of trajectory estimations. The azimuthal coverage of a station is important for 
providing an accurate localization, especially when the elevation angle of the trajectory and the apparent velocity 
of the sonic boom are high. The object associated with the 26 April event traveled off-Hokkaido and the station 
distribution is therefore one-sided; this poor coverage could result in uncertainty associated with the trajectory 
estimation, especially with respect to the trade-off between the height and the termination time.

The picking accuracy is another factor that increases the chance of errors. In this study, we manually picked the 
arrival of the sonic boom. However, the amplitude gradually increased a few seconds before the arrival of the 

Figure 8. Map of trajectory models. Black and red lines show the trajectories 
estimated from optical and seismic observations, respectively. Circle and cross 
symbols show the termination points of the trajectory models.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Journal of Geophysical Research: Solid Earth

YAMADA

10.1029/2021JB023076

11 of 12

shock waves (see Figure 2). Waves generated by the coupling between the air and ground-based objects were trav-
eling through the ground (Lin & Langston, 2009; Zhu & Stensrud, 2019). The speed of the wave traveling in the 
ground was much higher than that of sound; therefore, these surface waves preceded the direct shock wave. Due 
to these surface waves, the onset time recorded at some stations lacks accuracy, and the uncertainty in relation to 
this picking is in the order of a few seconds. This would not be so critical if the station coverage was sufficient, 
as the speed of sound is much slower than the surface wave speed.

To simplify the trajectory model, we assumed a constant speed of both sound and the fireball. However, the speed 
of the sound is a function of the pressure, temperature, and wind, and it thus varies between 10% and 20% in the 
vertical direction (Cates & Sturtevant, 2002). The speed of a fireball is much higher when it enters the atmosphere 
and decreases logarithmically as it approaches the ground, which is another factor that increases the uncertainty.

6. Conclusions
We analyzed seismic data to identify the source of an explosive sound heard in Hokkaido, Japan, on 26 April 
2021. The source of the sonic boom was located ∼100 km off the west coast of Hokkaido at an altitude of 50 km. 
The elevation angle was greater than 66°, and the estimated velocity was higher than that of a fighter plane. The 
arrival pattern of the sonic boom was one of concentric circles, which is characteristic of a fireball with a large 
elevation angle. The sonic boom amplitude of the 26 April event was much larger than that of past fireballs and 
aircrafts. As the velocity and size of aircrafts have an upper limit, it is unlikely that this event was caused by 
an aircraft. Although the luminous phenomenon was not observed, the seismic observations suggested that the 
source of the sonic boom was most likely a fireball.

We also analyzed seismic data of past sonic boom events and estimated the trajectories of the causing objects. 
The trajectory models estimated from optical and seismic observations were in good agreement. Although our 
trajectory model is simplified and assumes a constant speed of both sound and the fireball, its accuracy is high. 
Seismic data are thus shown to be useful tools for estimating the trajectories of objects producing sonic booms, 
even when visual observations are not available.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Data Availability Statement
We used seismic waveform data from Hi-net (https://doi.org/10.17598/NIED.0003) (last accessed October 2021) 
provided by the NIED, JMA earthquake tsunami detection network (https://hinetwww11.bosai.go.jp/auth/down-
load/cont/?LANG=en) (last accessed October 2021), and Japanese university networks (https://hinetwww11.
bosai.go.jp/auth/download/cont/?LANG=en) (last accessed October 2021). Infrasound data were provided by the 
Nationwide Infrasound Observation Consortium with request.

References
Arulampalam, M. S., Maskell, S., Gordon, N., & Clapp, T. (2002). A tutorial on particle filters for online nonlinear/non-Gaussian Bayesian 

tracking. IEEE Transactions on Signal Processing, 50(2), 174–188. https://doi.org/10.1109/78.978374
Breaking News Japan. (2019). Unexplained explosions and shocks in Hakodate and Hokuto City for two consecutive days raise concerns. (in 

Japanese). Retrieved from https://breaking-news.jp/2019/10/24/051533
Brodsky, E., Gordeev, E., & Kanamori, H. (2003). Landslide basal friction as measured by seismic waves. Geophysical Research Letters, 30(24), 

2236. https://doi.org/10.1029/2003GL018485
Cates, J. E., & Sturtevant, B. (2002). Seismic detection of sonic booms. The Journal of the Acoustical Society of America, 111(1), 614–628. 

https://doi.org/10.1121/1.1413754
Chao, W.-A., Wu, Y.-M., Zhao, L., Tsai, V. C., & Chen, C.-H. (2015). Seismologically determined bedload flux during the typhoon season. 

Scientific Reports, 5, 8261. https://doi.org/10.1038/srep08261
Denton, P., Fishwick, S., Lane, V., & Daly, D. (2018). Football quakes as a tool for student engagement. Seismological Research Letters, 89(5), 

1902–1907. https://doi.org/10.1785/0220180078
Edwards, W. N., Eaton, D. W., & Brown, P. G. (2008). Seismic observations of meteors: Coupling theory and observations. Reviews of Geophys-

ics, 46, RG4007. https://doi.org/10.1029/2007RG000253
Ekström, G., & Stark, C. P. (2013). Simple scaling of catastrophic landslide dynamics. Science, 339(6126), 1416–1419.

Acknowledgments
We acknowledge the National Research 
Institute for Earth Science and Disaster 
Prevention (NIED), Japan Meteorological 
Agency (JMA), and Japanese universities 
for the use of seismic data. We thank 
the Nationwide Infrasound Observation 
Consortium (especially Prof. Masa-yuki 
Yamamoto in Kochi University of 
Technology and Prof. Hiroshi Aoyama 
in Hokkaido University) for providing 
the infrasound data. We are grateful to 
SonotaCo, Masayoshi Ueda, ts007, Shi-
moda, and Daichi Fujii and all members 
of the SonotaCo Network Japan Forum 
for providing the trajectory models of the 
fireballs on the website (http://sonotaco.
jp/forum/viewforum.php?f=3). We would 
like to thank Prof. Shinsuke Abe in Nihon 
University for useful discussions.

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.17598/NIED.0003
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
https://hinetwww11.bosai.go.jp/auth/download/cont/?LANG=en
https://doi.org/10.1109/78.978374
https://breaking-news.jp/2019/10/24/051533
https://doi.org/10.1029/2003GL018485
https://doi.org/10.1121/1.1413754
https://doi.org/10.1038/srep08261
https://doi.org/10.1785/0220180078
https://doi.org/10.1029/2007RG000253


Journal of Geophysical Research: Solid Earth

YAMADA

10.1029/2021JB023076

12 of 12

Ens, T. A., Brown, P. G., Edwards, W. N., & Silber, E. A. (2012). Infrasound production by bolides: A global statistical study. Journal of Atmos-
pheric and Solar-Terrestrial Physics, 80, 208–229. https://doi.org/10.1016/j.jastp.2012.01.018

Euler, G., Wiens, D., & Lofton, K. (2007). Footquakes. Iris Newsletter, 1, 13.
Fan, W., McGuire, J. J., de Groot-Hedlin, C. D., Hedlin, M. A., Coats, S., & Fiedler, J. W. (2019). Stormquakes. Geophysical Research Letters, 

46, 12909–12918. https://doi.org/10.1029/2019GL084217
Hamama, I., & Yamamoto, M.-Y. (2021). Infrasonic earthquake detectability investigated in southern part of Japan, 2019. Sensors, 21(3), 894. 

https://doi.org/10.3390/s21030894
Hokkaido Cultural Broadcasting. (2021). A mysterious explosion echoed in the night sky. Retrieved from https://www.youtube.com/watch?v=d-

TaQkqvymeY (in Japanese).
Ishihara, Y., Furumoto, M., Sakai, S., & Tsukada, S. (2004). The 2003 Kanto large bolide’s trajectory determined from shockwaves recorded by 

a seismic network and images taken by a video camera. Geophysical Research Letters, 31, L14702. https://doi.org/10.1029/2004GL020287
Ishihara, Y., Tsukada, S., Sakai, S., Hiramatsu, Y., & Furumoto, M. (2003). The 1998 Miyako fireball’s trajectory determined from shock wave 

records of a dense seismic array. Earth, Planets and Space, 55(5), e9–e12. https://doi.org/10.1186/bf03351752
Janches, D., Heinselman, C. J., Chau, J. L., Chandran, A., & Woodman, R. (2006). Modeling the global micrometeor input function 

in the upper atmosphere observed by high power and large aperture radars. Journal of Geophysical Research, 111, A07317. https://doi.
org/10.1029/2006JA011628

Kanamori, H., Mori, J., Anderson, D. L., & Heaton, T. H. (1991). Seismic excitation by the space shuttle Columbia. Nature, 349(6312), 781–782. 
https://doi.org/10.1038/349781a0

Kanamori, H., Mori, J., Sturtevant, B., Anderson, D. L., & Heaton, T. H. (1992). Seismic excitation by space shuttles. Shock Waves, 2(2), 89–96. 
https://doi.org/10.1007/bf01415896

Kawakatsu, H. (1989). Centroid single force inversion of seismic waves generated by landslides. Journal of Geophysical Research, 94(B9), 
12363–12374. https://doi.org/10.1029/JB094iB09p12363

kid5963. (in Japanese). Retrieved from https://www.youtube.com/watch?v=qcxn_Sr52Xg
Lecocq, T., Hicks, S. P., Noten, K. V., Wijk, K. V., Koelemeijer, P., Plaen, R. S. M. D., et al. (2020). Global quieting of high-frequency seismic 

noise due to COVID-19 pandemic lockdown measures. Science, 369(6509), 1338–1343. https://doi.org/10.1126/science.abd2438
Li, T., Sun, S., Sattar, T. P., & Corchado, J. M. (2014). Fight sample degeneracy and impoverishment in particle filters: A review of intelligent 

approaches. Expert Systems with Applications, 41(8), 3944–3954. https://doi.org/10.1016/j.eswa.2013.12.031
Lin, T., & Langston, C. A. (2009). Thunder-induced ground motions: 1. Observations. Journal of Geophysical Research, 114, B04303. https://

doi.org/10.1029/2008JB005769
Misawa city. (2019a). Night flight training by the Japan Self-Defense Forces. Retrieved from https://www.bousai-misawa.jp/misawaPub/subcate-

goryEntryDetail.do?mailContentCd=20019 (in Japanese).
Misawa city. (2019b). Night flight training by the Japan Self-Defense Forces. Retrieved from https://www.bousai-misawa.jp/misawaPub/subcat-

egoryEntryDetail.do?mailContentCd=20027 (in Japanese).
Mori, J., & Kanamori, H. (1991). Estimating trajectories of supersonic objects using arrival times of sonic booms. US Geological Survey.
Nagasawa, K. (1987). Aerial path determination of a great fireball from sonic boom records on seismographs. Bulletin of the Earthquake Research 

Institute, University of Tokyo, 62, 579–588.
Ogiso, M., & Yomogida, K. (2015). Estimation of locations and migration of debris flows on Izu-Oshima island, Japan, on 16 October 2013 by the 

distribution of high frequency seismic amplitudes. Journal of Volcanology and Geothermal Research, 298, 15–26. https://doi.org/10.1016/j.
jvolgeores.2015.03.015

Okada, Y., Kasahara, K., Hori, S., Obara, K., Sekiguchi, S., Fujiwara, H., & Yamamoto, A. (2004). Recent progress of seismic observation 
networks in Japan—Hi-net, F-net, K-NET and KiK-net—. Earth, Planets and Space, 56(8). xv–xxviii. https://doi.org/10.1186/BF03353076

Pujol, J., Rydelek, P., & Bohlen, T. (2005). Determination of the trajectory of a fireball using seismic network data. Bulletin of the Seismological 
Society of America, 95(4), 1495–1509. https://doi.org/10.1785/0120040155

Qamar, A. (1995). Space shuttle and meteroid—Tracking supersonic objects in the atmosphere with seismographs. Seismological Research Let-
ters, 66(5), 6–12. https://doi.org/10.1785/gssrl.66.5.6

Rhie, J., & Romanowicz, B. (2004). Excitation of Earth’s continuous free oscillations by atmosphere-ocean-seafloor coupling. Nature, 431(7008), 
552–556. https://doi.org/10.1038/nature02942

Rhie, J., & Romanowicz, B. (2006). A study of the relation between ocean storms and the Earth’s hum. Geochemistry, Geophysics, Geosystems, 
7, Q10004. https://doi.org/10.1029/2006GC001274

Roth, D. L., Brodsky, E. E., Finnegan, N. J., Rickenmann, D., Turowski, J. M., & Badoux, A. (2016). Bed load sediment transport inferred from 
seismic signals near a river. Journal of Geophysical Research: Earth Surface, 121, 725–747. https://doi.org/10.1002/2015JF003782

Silber, E. A., Boslough, M., Hocking, W. K., Gritsevich, M., & Whitaker, R. W. (2018). Physics of meteor generated shock waves in the Earth’s 
atmosphere—A review. Advances in Space Research, 62(3), 489–532. https://doi.org/10.1016/j.asr.2018.05.010

Silber, E. A., & Brown, P. G. (2014). Optical observations of meteors generating infrasound—I: Acoustic signal identification and phenomenol-
ogy. Journal of Atmospheric and Solar-Terrestrial Physics, 119, 116–128. https://doi.org/10.1016/j.jastp.2014.07.005

SonotaCo Network Japan Forum. (2021). Meteor talk room. Retrieved from http://sonotaco.jp/forum/viewforum.php?f=3 (in Japanese).
Tatum, J. B. (1999). Fireballs: Interpretation of airblast data. Meteoritics and Planetary Science, 34(4), 571–585. https://doi.org/10.1111/j. 1945-

5100.1999.tb01364.x
Tsai, V. C., Minchew, B., Lamb, M. P., & Ampuero, J. (2012). A physical model for seismic noise generation from sediment transport in rivers. 

Geophysical Research Letters, 39, L02404. https://doi.org/10.1029/2011GL050255
Yabe, T., Tsubouchi, K., Fujiwara, N., Wada, T., Sekimoto, Y., & Ukkusuri, S. V. (2020). Non-compulsory measures sufficiently reduced human 

mobility in Tokyo during the COVID-19 epidemic. Scientific Reports, 10(1), 18053. https://doi.org/10.1038/s41598-020-75033-5
Yamada, M., Matsushi, Y., Chigira, M., & Mori, J. (2012). Seismic recordings of landslides caused by typhoon Talas (2011), Japan. Geophysical 

Research Letters, 39, L13301. https://doi.org/10.1029/2012GL052174
Yamada, M., & Mori, J. (2012). Trajectory of the August 7, 2010 Biwako fireball determined from seismic recordings. Earth, Planets and Space, 

64(1), 27–35. https://doi.org/10.5047/eps.2011.08.021
Zhu, T., & Stensrud, D. J. (2019). Characterizing thunder-induced ground motions using fiber-optic distributed acoustic sensing array. Journal of 

Geophysical Research: Atmospheres, 124, 12810–12823. https://doi.org/10.1029/2019JD031453

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp

https://doi.org/10.1016/j.jastp.2012.01.018
https://doi.org/10.1029/2019GL084217
https://doi.org/10.3390/s21030894
https://www.youtube.com/watch?v=dTaQkqvymeY
https://www.youtube.com/watch?v=dTaQkqvymeY
https://doi.org/10.1029/2004GL020287
https://doi.org/10.1186/bf03351752
https://doi.org/10.1029/2006JA011628
https://doi.org/10.1029/2006JA011628
https://doi.org/10.1038/349781a0
https://doi.org/10.1007/bf01415896
https://doi.org/10.1029/JB094iB09p12363
https://www.youtube.com/watch?v=qcxn_Sr52Xg
https://doi.org/10.1126/science.abd2438
https://doi.org/10.1016/j.eswa.2013.12.031
https://doi.org/10.1029/2008JB005769
https://doi.org/10.1029/2008JB005769
https://www.bousai-misawa.jp/misawaPub/subcategoryEntryDetail.do?mailContentCd=20019
https://www.bousai-misawa.jp/misawaPub/subcategoryEntryDetail.do?mailContentCd=20019
https://www.bousai-misawa.jp/misawaPub/subcategoryEntryDetail.do?mailContentCd=20027
https://www.bousai-misawa.jp/misawaPub/subcategoryEntryDetail.do?mailContentCd=20027
https://doi.org/10.1016/j.jvolgeores.2015.03.015
https://doi.org/10.1016/j.jvolgeores.2015.03.015
https://doi.org/10.1186/BF03353076
https://doi.org/10.1785/0120040155
https://doi.org/10.1785/gssrl.66.5.6
https://doi.org/10.1038/nature02942
https://doi.org/10.1029/2006GC001274
https://doi.org/10.1002/2015JF003782
https://doi.org/10.1016/j.asr.2018.05.010
https://doi.org/10.1016/j.jastp.2014.07.005
http://sonotaco.jp/forum/viewforum.php?f=3
https://doi.org/10.1111/j.1945-5100.1999.tb01364.x
https://doi.org/10.1111/j.1945-5100.1999.tb01364.x
https://doi.org/10.1029/2011GL050255
https://doi.org/10.1038/s41598-020-75033-5
https://doi.org/10.1029/2012GL052174
https://doi.org/10.5047/eps.2011.08.021
https://doi.org/10.1029/2019JD031453

	Determining the Source of the Explosive Sound Heard in Hokkaido, Japan, on 26 April 2021
	Abstract
	Plain Language Summary
	1. Introduction
	2. Data
	2.1. Seismic Data
	2.2. Visual Observations
	2.3. Seismic and Optical Observations of Past Events

	3. Methods
	3.1. Trajectory Model
	3.2. Parameter Optimization

	4. Results
	4.1. Estimation of the Trajectory for the Hokkaido Event
	4.2. Estimation of the Trajectories of Past Events
	4.3. Amplitudes of the Sonic Boom

	5. Discussion
	5.1. Accuracy of the Trajectory Models
	5.2. Height of the Luminous Phenomenon and Sonic Boom Generation
	5.3. Source of the Explosive Sound
	5.4. Model Uncertainties

	6. Conclusions
	Conflict of Interest
	Data Availability Statement
	References




