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Abstract

On October 8, 2023, at 21:40 UTC (6:40 on October 9 local time), a tsunami warning was declared
for the Izu Islands and southwest Japan. This tsunami was initially considered to be associated with
the M4.9 earthquake at 20:25 UTC (5:25 JST). However, we know events of this magnitude are far
too small to generate observed tsunamis from coseismic deformation alone. In this study, we
analyzed the ocean-bottom pressure records of DONET and S-net, real-time cabled observation
networks on the Pacific coast of Japan. We find that the dominant period of this tsunami was
relatively short, 250 sec, and that the largest tsunami occurred at 21:13 (6:13 JST) near Sofu-gan
volcano. In addition, T waves, or the ocean-acoustic waves, were clearly observed by DONET —
we posit these correspond to a vigorous earthquake swarm at the same region of the tsunami source.
We formally invert for the tsunami source and find that several tsunami sources with an interval of
about 4 min are necessary to reproduce the observed records. These most likely correspond to
volcanic eruptions.
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1. Introduction
On October 8, 2023, at 21:40 UTC (6:40 on October 9 in Japan Standard Time; JST), the

Japan Meteorological Agency (JMA) declared a tsunami warning for the Izu Islands, and
for the Pacific coast of Japan from Chiba Prefecture to Kagoshima Prefecture (Figure 1a).
The warning was declared after observing anomalous increases to water levels at the tide
gauge at the Izu Islands. The largest tsunami was observed at Hachijo-jima Island (60 cm)
and 10-40 cm tsunamis were observed over southwest Japan (JMA, 2023). This tsunami
was at first thought to be caused by an earthquake 75 mins before the warning, at 20:25
UTC (5:25 JST), whose magnitude was 4.9 as estimated by the United States Geological
Survey (USGS). Events of this magnitude typically have coseismic deformation < 1 cm,
this is far too small to cause hazardous tsunamis. This strongly suggest that the tsunami
might not have been associated with the earthquake at all and was possibly caused by a

non-seismic source.
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Figure 1. (a) Station distribution of DONET and S-net. The green triangles are the stations used for the
tsunami source modeling; the grays are existing sites not used in the modeling. The orange line shows
the area where the tsunami warning was declared. The cyan star represents the source for the travel time
calculation, i.e., the average location of the earthquake swarm. The black rectangle is the area of Figure
4. The red line represents the location of the pumice raft observed on October 20. (b) Amplitude
spectrum of DONET and S-net OBP records. The black lines are the spectrum of each station, and the
red ones are their average.

Today real-time ocean-bottom observation networks, called DONET and S-net,
have been deployed on the Pacific coast of Japan and their ocean-bottom pressure (OBP)
records have been used for tsunami analyses (e.g., Aoi et al., 2020; Figures 1a and S1).
Because of their dense and widespread deployment, we can easily detect small tsunami

65 signals and identify their origin by computing the theoretical tsunami travel times from
candidate sources to stations. In this paper, we first detect the tsunami signal from these
OBP records, identify their potential origin from travel times and then formally estimate

the tsunami source model of this event.
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2. Data
We downloaded the 10 Hz sampled OBP records of DONET and S-net from the website of

the National Research Institute for Earth Science and Disaster Resilience (NIED;

https://www.seafloor.bosai.go.jp/). The time window used in this study was 4 hours

between 20:00 and 24:00 UTC (from 5:00 to 9:00 JST). DONET and S-net have sub-
networks named DONET1 and DONET2, and S1, S2, S3, S4, S5, and S6, respectively;
each consisting of 22 to 29 sensors. For DONET1 and DONET2 there was little
characteristic difference in the records of this event, so we will refer to them collectively
as DONET in this paper. For preprocessing, we fitted the cubic functions to raw OBP data
and removed the long-period components such as the ocean tide and the DC or static

component due to the station depth.

3. Tsunami Detection

To establish whether individual records show evidence of the tsunami, first we investigated
them in the frequency domain. Figure 1b shows the amplitude spectrum of DONET, S1,
S6, and the other subnetworks calculated using the Fast Fourier Transform with the Tukey
window. The stations in DONET, S1, and S6 clearly observed a signal with a dominant
period of ~250 sec (~0.004 Hz), which is much less clear in the other S-net stations. In
subnetwork S6, only southern stations observed such tsunamis (Figure S2). That is most
likely because of the refraction at the Japan Trench and the Izu-Bonin Trench which acts
as a waveguide and focuses energy towards southwest Japan. In addition, only DONET
stations observed the high-frequency signal (>2 Hz), which corresponds to the T wave or
the ocean acoustic wave. We consider that this is because the Izu Islands are between the

source and S-net. Though there is also a small peak at around 10 sec (0.1 Hz), we do not
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treat it in this study because this frequency range is known to be associated with the sea

ground acceleration (Kubota et al., 2020; Mizutani et al., 2020; Nosov et al., 2018).

To establish the detection of the above signals in the time domain, we calculated
theoretical tsunami and acoustic wave travel times from the source to the stations. The
M4.9 earthquake occurred at 20:25 UTC as one of the events of a longer-lived earthquake
swarm,; in fact, 12 earthquakes were detected by the USGS from 19:53 to 21:21 UTC. We
therefore initially set the potential source locations for travel time calculation to the average

of these earthquake locations (140.02°E, 29.76°N; Figure 1a).

We used the Fast Marching Method (FMM) to calculate the theoretical travel times
(Sethian, 1999). The phase speed maps for the FMM were calculated with the 0.02° gridded
bathymetry based on the ETOPO1 (Amante & Eakins, 2009) for the tsunami, and as the
constant value of 1500 m/s for the T wave. Since the dispersive effect cannot be ignored
for the tsunami with the dominant period of 250 sec, the tsunami phase speed map was

calculated accounting for the dispersion using the method of Sandanbata et al. (2018).

Figure 2a shows the tsunami waveforms at DONET stations, which were time-
shifted by the theoretical travel time from (140.02°E, 29.76°N). Here, we set the origin of
lapse time to 20:25 UTC (5:25 JST), that is, if the tsunami waves had been generated at
that source location at 20:25 UTC they would align at t = 0. Any delay forward or
backward in time indicates either that the origin time or the source location is incorrect. To
focus on the tsunami and T wave signals, we applied the band-pass filters of 100-1000 sec

and 1-4 Hz to the OBP records (Figures 2a and 3).
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Figure 2. (a) Time-shifted OBP records of DONET with the theoretical travel time of tsunami and the
band-pass filter of 100-1000 sec. Each record is normalized to the maximum amplitude, which is
described with the station name on the right (unit is Pa). The black dashed lines are the origin time of
the earthquakes detected by the USGS. The red dashed line is that whose corresponding earthquake is
not listed in the USGS earthquake catalog. The blue vertical lines represent the time window used in the
tsunami waveform inversion. (b) Spectrogram at station KMAO1. The horizontal axis and the vertical
lines are the same as (a). The horizontal purple line represents the frequency of 0.004 Hz.
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Figure 3. Same as Figure 2a except that the T wave, that is, the time-shifted OBP records with the T

wave travel time and the band-pass filter of 1-4 Hz.
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In the tsunami records (Figure 2a), we can see clear coherent signals. The largest
disturbance begins approximately 2900 sec after the origin time and continues for 1500 sec
(the period between two vertical blue lines; Figure 2b). Since we shifted the OBP records
with the tsunami travel time, it indicates that the largest tsunami occurred not at 20:25 UTC
(5:25 JST) but most likely ~48 mins later at 21:13 UTC (6:13 JST). This is consistent with
another earthquake with M5.1 in the USGS earthquake catalog (black dashed line). It is
also possible that the time shift is due to the source location being wrong, however if that
were the case the waveforms would not be coherent and would show a “move out” or
distance-dependent time shift which is not seen in the record section. In other words, the
tsunami was associated somehow with the earthquake swarm in the Izu Islands, but its
main wave was generated at 21:13 UTC (6:13 JST) — later than the original estimation by

the JMA.

In the T wave records (Figure 3), we can find several T waves corresponding to the
earthquakes in the USGS catalog (black dashed lines). The signal to noise ratio at stations
KMC10, KMC11, KMC12, KMC21, MRD17, MRE18, MER19, MER20, and MRE21
were worse than the others. This is because the deployment depth of these stations is deeper
than 2500 m, which is deeper than the SOFAR channel, which typically exists at around
1200 m, where the T wave is trapped. At 21:09 UTC (6:09 JST) or 44 min after the origin
time, there is the T wave whose corresponding earthquake is not listed in the USGS catalog
(red dashed line). We will not address further to this T wave in this paper, but it may help

to understand this event.
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4. Tsunami Source Estimation

Having established that the tsunami likely originates from the area around an active swarm,
in this section, we estimate the tsunami source model (the initial sea-surface disturbance)
by tsunami waveform inversion. From the result in Section 3, we assumed that the tsunami
occurred at 21:13 UTC, and set the target area to cover the earthquake swarm: from
139.81°E to 140.37°E in the east-west direction; and from 29.56°N to 29.96°N in the north-

south direction. We estimated the sea surface displacement with the following equation:

ol = [zl o

where d, G, S, and m are the data vector, kernel matrix (Green’s functions), spatial
smoothing matrix, and model vector, respectively. We solved this equation by the singular
value decomposition. The weight parameter @ and threshold of the singular value are
determined based on the trade-off curve of the variance reduction (VR) and model variance.

In this study, the variance reduction is defined as:

e (1 L [0 — o) de

3T oS (o) de ) < 1008 @

where u??5(t) and u?YV(t) are the observed and synthetic waveforms at station i. For
calculating the kernel matrix or Green’s functions, we used JAGURS (Baba et al., 2015;
Saito et al., 2010), the open-source tsunami calculation code, and made synthetic tsunami
records considering the dispersive effect. For the bathymetry data, the same as in the travel
time estimation was used. Potential sources were represented as the 2D Gaussian function
with an amplitude of 1 m, a width (i.e., variance) of 4 km, and set on a regular grid each

0.04° in latitude and longitude. We used the records of DONET, and S1 and S6 subnetworks
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of S-net, which are shown as green triangles in Figure la. The time window for the
inversion analysis was 1500 sec from the theoretical travel time, represented as blue

vertical lines in Figure 2.

Since two additional earthquakes were observed after 21:13 UTC, at 21:17 and
21:21 UTC, we conducted a multiple time window inversion (Hossen et al., 2015; Satake
et al., 2013) to consider these events by which we allow tsunami sources at these three
different times to contribute to the inversion. In other words, three kinds of Green’s
functions, the second and third ones were shifted in time of 4 min and 8 min from the first
one, were involved in the kernel matrix. Note that each synthetic tsunami was assumed to

occur instantaneously.

Figure 4 shows the tsunami source model. We chose the model with the smoothing
parameter of 0.1 and the threshold of the singular value of 0.2 as the best model, whose
variance reduction was 63.8% (Figure S3). At all the time steps, the large uplift (>0.2 m)
was located to the northeast of the earthquake swarm. The uplift at 21:17 UTC was smaller
than the others. In addition, at 21:21 UTC, there was a subsidence of 0.35 m in the east of

the target area.
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5. Discussion

To investigate the uncertainty of our tsunami source model, we employed a bootstrap

approach with 100 sample inversions (Chernick, 2007). We randomly selected OBP

stations for each inversion process and calculated the average and standard deviation of the

results. The estimated standard deviation is less than 0.07 m (Figure S4), sufficiently small
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compared to the source amplitude. In addition, the inversion result with other smoothing
and damping parameters was confirmed (Figure S5). In all the cases, the large uplift (>0.2
m) on the northeast of the earthquake swarm is stably estimated. On the other hand, the
subsidence peak on the east of the uplift is varied with parameter selection. We therefore
conclude that the main source of this tsunami event is the uplift on the northeast of the

earthquake swarm.

In the previous section, we conducted the multiple time window inversion based on
the observed T wave signals. To confirm the effectiveness of using the multiple time
window, we conducted the same inversion except for the single tsunami source at 21:13
UTC (Figure S6). As a result, although we obtained the same pattern as in Figure 4a, the
variance reduction became worse (42.2%; the comparison of waveforms is in Figure S7).
In other words, the multiple tsunami source is more appropriate than the single source for
this tsunami event. It is interesting that the time interval of T wave generation (4 min)
agrees with the dominant period of the tsunami (250 sec). Although more investigations
are necessary, the occurrence interval of the earthquakes might enhance the 250-sec period

tsunami (Sandanbata et al., 2023).

As discussed above, the tsunami was generated on the northeast of the earthquake
swarm. Immediately due east of the swarm, there is an active volcano named Sofu-gan
(Figure 4b). The uplifts at all time steps of the estimated tsunami source are adjacent to the
western bulge of the Sofu-gan volcano. Based on this result, we speculate that the tsunami
and earthquake swarm was caused by the intermittent volcanic eruptions, whose vent
opened on the western bulge of the Sofu-gan volcano and generated the sea surface uplift;

and the vent closed at 21:21 UTC. It is consistent with that the earthquake swarm stopped
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at 21:21 UTC (Figure 3). In addition, although the exact details of the source are unknown,
on October 20, 11 days after this event, a pumice raft with a length of 80 km was observed
northwest of the Sofu-gan volcano by the Japan Coast Guard (Japan Coast Guard, 2023;
red line in Figure 1a). The last recorded eruption of the Sofu-gan volcano was in 1975
(Geological Survey of Japan, 2013). The tsunami and earthquake swarm analyzed in this

paper may be possibly associated with the new eruption.

5. Conclusions

Based on the OBP records of DONET and S-net, we revealed that the tsunami on October
8 (October 9 JST) was a short-period tsunami with a dominant period of 250 sec. The origin
time of the largest tsunami was not 20:25 UTC (5:25 JST) which was estimated by the
JMA, but 21:13 UTC (6:13 JST). We also estimated the tsunami source model. It suggested
that multiple tsunami sources are necessary to reproduce the observed records. This paper
focused only on the largest tsunami that occurred at 21:13 UTC. In Figure 2a, however,
there are other coherent signals outside of the time window for the source estimation.
Constructing the source model based on the whole tsunami records will help to understand

the details of this event.
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310 Figure S3. Trade-off curves that used to determine the smoothing parameter (left) and the
threshold of the singular value (right) in the tsunami source inversion of (a) Figure 4a in
the main text and (b) Figure S3. The red circles represent the weights we select as the
best. The purple circles in (a) are the ones used for Figure S5.
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315 Figure S4. Same as Figure 4a in the main text except that the (a) average and (b) standard
deviation of 100 samples by the bootstrap method.
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Figure S5. Same as Figure 4a in the main text except that (a) the result with the
smoothing parameter of 0.1 and the threshold in the singular value decomposition of 0.1
320 and (b) the ones of 0.1 and 0.3. Note that the variance reduction of these results is (a)

68.6% and (b) 54.6%.
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Figure S6. Same as Figure 4a in the main text except for the single tsunami source at
325 21:13 UTC (6:13 JST). Note that the variance reduction of this model is 42.4%.
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Figure S7. Comparison of the observed pressure records (black) and the synthetic
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records by the tsunami source model by the multiple time window inversion (Figure 4a in
the main text; red) and by the model by the simple inversion (Figure S6; blue).
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