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Key Points 11 

• On 8 October 2023 (UTC), enigmatic tsunamis up to ~60 cm were recorded along broad 12 

Japanese coasts without large earthquakes. 13 

• Analysis of stacked tsunami waveform data shows >10 events intermittently caused 14 

tsunamis for ~1.5 hr with T-phase and seismic excitation. 15 

• Larger events later in the sequence occurred with intervals similar to the wave period, 16 

amplifying the tsunami waves in the later phase. 17 

 18 
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Plain Language Summary 19 

On 8 October 2023, mysterious tsunamis hit Izu Islands and southwestern Japan, reaching up to 20 

60 cm in height, although only small-to-moderate seismic events were reported in the region. To 21 

resolve how the mysterious tsunami waves were generated, we analyze the waves recorded by a 22 

tsunami observation network off the southwestern coast of Japan. We find that the tsunami 23 

waves were intermittently produced by repetitive source events for approximately 1.5 hours, and 24 

the wave amplification happened because the inter-event times matched the wave periods. These 25 

abnormal submarine events excited significant acoustic oceanic waves, as well as measurable 26 

tsunamis, which provides valuable information to further study what took place in the ocean. 27 

 28 

Abstract 29 

On 8 October 2023, mysterious tsunamis with a maximum wave height of 60 cm were observed 30 

in Izu Islands and southwestern Japan, although only seismic events with body-wave magnitudes 31 

mb 4–5 have been documented to the west of Sofugan volcano. To investigate the source process, 32 

we analyze tsunami waveforms recorded by an array network of ocean bottom pressure gauges. 33 

A stacked waveform of pressure gauge records suggests recurrent arrivals of multiple wave 34 

trains. Deconvolution of the stacked waveform by a tsunami waveform from an earlier event 35 

revealed over 10 source events that intermittently generated tsunamis for ~1.5 hours. The 36 

temporal history of this sequence corresponds to the origin times of T-phases estimated by an 37 

ocean bottom seismometer and of the seismic swarm, implying a common origin. Larger events 38 

later in the sequence occurred at intervals comparable to the tsunami wave period, causing 39 

amplification of later phases of the tsunami waves. 40 
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 41 

1 Introduction 42 

On 8 October 2023 (UTC), enigmatic tsunamis were observed along coasts in broad 43 

region from south to west of Japan. The tsunami heights, measured from zero to crest, were 30–44 

60 cm in Izu Islands (Yaene, Tsubota, and Kozushima) and the Kanto region (Mera), and 30–40 45 

cm tsunamis were recorded even in distant stations (Tosashimizu and Nakanoshima) (Japan 46 

Meteorological Agency, 2023) (Figure 1a). Because no significant earthquake was observed and 47 

no offshore tsunami observation system is deployed off Izu-Bonin Islands, the tsunami 48 

forecasting system did not work well; it was only after the tsunami started to be recorded clearly 49 

by a tsunami-meter at Yaene on Hachijojima Island that the tsunami advisory was issued by 50 

Japane Meterological Agency (JMA). 51 

From 18:58 to 21:26 (UTC) on the day, 15 seismic events with body-wave magnitudes 52 

mb 4.3–5.4 took place in the oceanic region approximately 20–30 km to the west of Sofugan 53 

volcano (Japan Meteorological Agency, 2013; Global Volcanism Program, 2023), an emergent 54 

portion of the submarine volcano, according to the earthquake catalog of U. S. Geological 55 

Survey (USGS; Figure 1c); these seismic events are labelled as Se01–15 (Table S1). The 56 

amplitudes of the observed tsunamis were much larger than those expected from the seismic 57 

magnitudes; the tsunami magnitude based on the maximum amplitude information at coastal tide 58 

gauges reported by JMA is estimated as Mt 8.0 (Abe, 1981), suggesting its atypical source 59 

mechanism. For such tsunamis without large earthquakes, various mechanisms have been 60 

proposed: slow-ruptured tsunami earthquakes along subduction zones (e.g., the 1896 Sanriku 61 

earthquake, the 1946 Aleutian earthquake) (Kanamori, 1972; Tanioka & Satake, 1996), oceanic 62 

volcanic processes (e.g., the 2018 Anak Krakatau eruption, the 2022 Hunga Tonga–Hunga 63 
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Haʻapai eruption) (Kubota et al., 2022; Mulia et al., 2020; Paris, 2015), or submarine/coastal 64 

landslides or mass failures (e.g., the 1998 Papua New Guinea tsunami) (Synolakis et al., 2002; 65 

Tappin et al., 1999). 66 

This study investigates the source process of the enigmatic tsunami waves using tsunami 67 

waveform data of spatially dense ocean bottom pressure (OBP) gauges off the southwestern 68 

coast of Japan. We first apply a waveform stacking technique to the multiple tsunami 69 

waveforms, and then estimate the temporal history of the tsunami generation based on the 70 

analysis of the stacked data. Consequently, we propose their peculiar tsunami origin by repetitive 71 

source events that took place intermittently for ~1.5 hours. 72 

2 Data 73 

The tsunami waves were recorded by the OBP gauges of Dense Oceanfloor Network 74 

system for Earthquakes and Tsunamis (DONET) off the southwestern coast of Japan (Figure 1b) 75 

(National Research Institute for Earth Science and Disaster Resilience, 2019). In Figure 2a, we 76 

show the OBP data after removing the tidal component, demonstrating repetitive strong high-77 

frequency (>1 Hz) signals approximately from 19:00 to 21:30 (see Figure S1). These high-78 

frequency signals are T-phases, seismic waves converted from oceanic acoustic waves (Okal, 79 

2008), based on their arrival times explained by a typical T-phase speed of 1.5 km/s from the 80 

origin times and locations of the seismic events. Following the T-phase signals, tsunami waves 81 

with longer periods were recorded, as shown evidently in the band-pass (0.00125–0.02 Hz/50–82 

800 s) filtered records (Figure 2b). Smaller oscillations start around 20:40, leading to the largest 83 

amplitudes of ~20 mm after ~22:00, exhibiting long-lasting tsunamis for hours with late arrivals 84 

of the largest waves. 85 
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To capture the features, a tsunami waveform stacking technique is applied to two sets of 86 

>10 OBP records of nearby stations: (1) 16 records of DONET1 (KMA–KME), and (2) 13 87 

records of DONET2 (MRC–MRE) (Table S2). By assuming a point source near the source 88 

region of the seismic event swarm on 8 October 2023 (140.026°E, 29.787°N), the tsunami travel 89 

times to the stations are computed by a shallow-water-wave tsunami model of the Geoware TTT 90 

Software (Figure S2). The band-pass filtered OBP waveform at each station is shifted as the 91 

arrival times are aligned with that at the earliest-arrival station (KMC21 for DONET1, and 92 

MRE20 for DONET2). We then stack the time-shifted waveforms and take the amplitude 93 

average and the standard deviation. 94 

We show the stacked waveform of DONET1 in Main Text (Figures 2c–e) and contain 95 

that of DONET2 in Supporting Information (Figure S3). As shown in Figures 2c and 2d, all the 96 

DONET1 waveforms here show similar shapes; thereby, the waveform stacking yields clear 97 

tsunami waveforms only with small standard deviations. The tsunami waves initiate at ~120 min 98 

(~20:40) and reach the maximum amplitude at ~220 min (~22:10). 99 

For further investigation, we apply the wavelet analysis to the stacked waveform (Figure 100 

2e). The obtained scalogram shows that the tsunami signals are composed of multiple bends of 101 

dispersive amplitude peaks with early arrival of lower-frequency amplitude followed by higher-102 

frequency amplitude (red arrows and a bracket in Figure 2e). The same feature can be seen in the 103 

stacked waveform of DONET2 (Figure S3). This feature with multiple bands is quite different 104 

from a tsunami event originating from a single volcanic earthquake at Sumisu Caldera, which 105 

exhibits only a single band (Figure S4; see the caption for details). Therefore, we speculate that 106 

multiple tsunami wave trains, each with a strongly dispersive character, recurrently arrived at the 107 

OBP gauges. 108 
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3 Estimation of source time function 109 

Using the stacked tsunami waveforms obtained above, we investigate the temporal 110 

history of the tsunami generation process using the iterative deconvolution method, which has 111 

been widely applied in earthquake source studies. We separately analyze the two stacked 112 

waveforms of DONET1 and DONET2 in the same way, but the methodology is explained below 113 

with the waveform of DONET1. 114 

We hypothesize that multiple source events took place at the same location but at 115 

different timings, and that each single event produced tsunami waveforms with the same shapes 116 

and different amplitudes. Under this hypothesis, the stacked OBP tsunami waveform is the 117 

convolution of the temporal history of multiple source events, or the tsunami source time 118 

function (STF), and the tsunami waveform produced by a single event, or the Green’s function. 119 

Denoting the stacked tsunami waveform as 𝑑(𝑡) and the Green’s function as 𝑤(𝑡), the 120 

convolution can be expressed, as follows: 121 

𝑑(𝑡) = ∑ 𝑚!𝑤(𝑡 − 𝑡!)! ,   (1) 122 

where 𝑚! and 𝑡! represent the source amplitude and timing of the i-th iteratively determined 123 

source event, respectively, as explained in detail later. 124 

The Green’s function is extracted from the stacked tsunami waveform data; in other 125 

words, we prepare an empirical Green’s function (e.g., Wang et al., 2022). We first confirm that 126 

the first seismic event Se01 did not produce measurable tsunami waves, but that the theoretical 127 

arrival times of the tsunamis caused by Se02 and Se03, agree well with the timings when the 128 

tsunami signal initiates (~20:40) and when the amplitude increases (~21:00), respectively 129 

(arrows in Figure 3a). We assume that the signal between the two tsunami arrival times represent 130 
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the tsunami waveform due to Se02, and construct the Green’s function by adding an initial zero-131 

amplitude data for the length of the theoretical tsunami travel time to the stacked waveform in 132 

the time window (with tapering on the 5% edges) (green line in Figure 3a). 𝑚! in Equation (1) 133 

now represents the relative source amplitude of the i-th source event to that of Se02, and we 134 

impose 𝑚! ≥ 0 under our hypothesis of multiple similar events. 135 

Using the Green’s function, we deconvolve the stacked tsunami waveform (Figure 3a) to 136 

estimate the tsunami STF, following Kikuchi and Kanamori (1982). Denoting the stacked 137 

tsunami waveform as 𝑥(𝑡), we first take a single event and determine 𝑚" and 𝑡" by minimizing 138 

the error defined as 139 

𝛥" = ∫ [𝑥(𝑡) − 𝑚"𝑤(𝑡 − 𝑡")]#𝑑𝑡
$
% ,   (2) 140 

where 𝑇 is the length of the stacked waveform (𝑡 = 0 at 18:30, and 𝑡 = 𝑇 at 23:30), and obtain 141 

the residual waveform 𝑥(")(𝑡): 142 

𝑥(")(𝑡) = 𝑥(𝑡) − 𝑚"𝑤(𝑡 − 𝑡").   (3) 143 

In the i-th iteration, 𝑚! and 𝑡! are determined by minimizing the error 𝛥!, 144 

𝛥! = ∫ 2𝑥(!(")(𝑡) − 𝑚!𝑤(𝑡 − 𝑡!)3
#𝑑𝑡$

% ,  (4) 145 

which yields the residual waveform 𝑥(!)(𝑡): 146 

𝑥(!)(𝑡) = 𝑥(!(")(𝑡) − 𝑚!𝑤(𝑡 − 𝑡!).   (5) 147 

We iteratively repeat the procedure above until the approximation error changes by less than 2% 148 

by an iteration ((Δ!(" − Δ!)/Δ!("	< 0.02). The approximation accuracy is quantified by the 149 

normalized approximation error: 150 
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Δ!/Δ% = ∫ 2𝑥!(𝑡)3#𝑑𝑡$
% /∫ [𝑥(𝑡)]#𝑑𝑡$

% .  (6) 151 

Thus, we determine the relative source amplitudes of 𝑚! at the timings of 𝑡! (𝑖 = 1,…𝑁). 152 

We find that, in the iterative deconvolution process, the source amplitudes determined in 153 

earlier iterations tend to be larger, because the original observed waveform is fit mainly by 154 

earlier-determined events, and later events are fit to the residual waveforms (Kikuchi & 155 

Kanamori, 1982). As seen in the iterative deconvolution results (Figure S5), a source event at 156 

21:17, determined in the first iteration, has a very large source amplitude. To examine how 157 

reliable the results are, we re-determine the source amplitudes by an additional least-squares 158 

method. While fixing the source event times 𝑡!, we re-estimate the source amplitude 𝑚!
) by 159 

minimizing the following error, 𝑥(𝑡) − ∑ 𝑚!
)𝑤(𝑡 − 𝑡!)*

!+" , by the non-negative least-squares 160 

method (Lawson & Hanson, 1974). Thus, we obtain the tsunami STF, represented by the relative 161 

source amplitude 𝑚!
) at the source times of 𝑡!. The tsunami waveform is modeled with Equation 162 

(1), where 𝑚! is replaced by 𝑚!
). The additional least-squares method improves the amplitude 163 

balance of several source events close in time, determines the amplitude of an event as zero, 164 

which we remove from the event list; then, the normalized approximation error is reduced 165 

significantly from 0.174 to 0.118 (compare Figure S5 with Figure 3). 166 

4 Results 167 

As main results, we show the tsunami STF based on the analysis of the stacked waveform 168 

of DONET1 (Figure 3). The tsunami STF is composed of 23 source events that span from 19:53 169 

to 22:02, labeled as Ts01–23 (Figure 3c and Table S3). The fit between the stacked waveform 170 

and the convolved waveform is remarkably good (Figure 3b). This supports our hypothesis that 171 
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repetitive tsunami source events took place at similar locations, intermittently producing similar 172 

tsunami waveforms. 173 

Since our empirical Green’s function contains about five wave cycles but excludes later 174 

waves, such as slowly propagating higher-frequency waves and reflected waves on coasts, this 175 

may cause artifacts in our estimation due to overfitting to unmodelled later waves from 176 

preceding events. Later events, such as Ts17–23, may be less reliable because the later waves 177 

from the large-amplitude preceding events (e.g., Ts13, 14 and 15) can cause nonnegligible 178 

artifacts. In Figure S6, we demonstrate that most parts of the stacked waveform can be well 179 

constructed by the events up to Ts16. For a similar reason, some events that are close to each 180 

other with a time difference of only <~100 s (Ts06–07, and Ts09–10) may be separately 181 

deconvolved from a single event.  182 

Given the imperfect Green’s function, we here consider major source events took place at 183 

the timings of Ts01–05, 07–09, and 11–16, which spans from 19:53 (Ts01) to 21:26 (Ts16) for 184 

over 1.5 hours (Figure 3c). The sequence of the major events gradually increases the relative 185 

source amplitude from 1.0 to 6.5 and reduces the interval time approximately from 1,200 s to 186 

250 s (Table S3). 187 

The later major events with larger amplitudes (e.g., Ts11–16) occur with inter-event 188 

times of 200–300 s (Figure 3c, and Table S3), which are comparable to the dominant period of 189 

the observed tsunami waveforms (Figure 2e). Figure 4a shows tsunami waveforms from Ts11–190 

16, each of which has a non-negligible amplitude of ~10 mm, still less than half of the amplitude 191 

of the stacked largest waves. Yet, their waveform phases match with each other, and thereby the 192 

superposition of the tsunami waveforms doubles the wave amplitude and reproduces the largest 193 

waves (Figure 4b). Therefore, the late arrivals of the largest tsunami waves can be attributed to 194 
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the later large events with inter-event times similar to the characteristic period of the tsunami 195 

waves. 196 

The major events in the tsunami STF correlate well with the swarm of seismic events 197 

reported in the USGS catalog. In Figure 3d, we compare the tsunami STF with the seismic events 198 

Se01–15 (Table S1). Each of Se02–15, excluding Se01, nearly coincides with one of the major 199 

tsunami source events up to Ts16, and the overall trends in event size are also similar. 200 

We also investigate origins of the T-phase signals by analyzing the vertical component of 201 

a broadband ocean bottom seismometer (OBS) at KMB06 (Figure 1b); we apply the band-pass 202 

(1–6Hz) filter, convert the waveform into envelope by the Hilbert transform and the moving 203 

average with a 5-s window, and identify T-phase signals with a maximum amplitude larger than 204 

an empirical threshold of 2.0×103 nm/s. The origin times of the signals are estimated by shifting 205 

the maximum amplitude time backward by the T-phase travel time from a seismic source 206 

location (140.026°E, 29.787°N) to KMB06 (5.48 min). As results, we detect 14 T-phase events, 207 

labeled as Tp01–14 (Figure 3d and Table S4). The temporal history of the T-phase events, except 208 

for Tp01, agrees with the tsunami STF (Figure 3c), as well as the seismic event swarm (Figure 209 

3d), in terms of the origin times and the overall trend in size. 210 

In Supporting Information, we show the results using the stacked tsunami waveform 211 

obtained with the 13 records of DONET2 (Figure S7). The estimated tsunami STF contains 212 

source events corresponding to the major events determined by the analysis of DONET1, 213 

exhibiting similar trends in size and inter-event time and the coincidence with the seismic and T-214 

phase origin times. 215 
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5 Discussion & Conclusions 216 

Table S5 summarizes 15 source events (labeled as EV01–15), which have similar origin 217 

times based on data of tsunami waves, seismic waves, and/or T-phases. The event EV01 at 218 

18:58, detected as seismic and T-phase events (Se01 and Tp01), did not generate measurable 219 

tsunami waves. EV02–14, from 19:53 to 21:21, are all detected as tsunami, seismic and T-phase 220 

sources. EV15 at 21:26, listed as seismic and tsunami sources, did not excite a T-phase signal 221 

strong enough to be identified based on our detection, but its T-phase signal can be seen as a 222 

small peak in the OBS record (around Se15 in Figure 3d). 223 

Thus, we suggest that the 14 repetitive events (EV02–15) excited strong T-phases and 224 

notable tsunami waves, with seismic radiation equivalent to mb 4–5. Although the mechanism of 225 

the repetitive events remains to be solved, the coincidental excitation of T-phases and tsunamis 226 

implies a very shallow source depth in the crust or just on the seafloor. T-phase data may 227 

constrain the water depth where the events took place, considering the efficient excitation in a 228 

water depth of ~1,000 m, a range of the so-called SOFAR channel (Okal, 2008). On the other 229 

hand, the tsunamigenesis requires a large volume of displaced seawater by such as seafloor 230 

deformation or mass movement on the seafloor. 231 

Several possible candidates satisfying these conditions remain. Volcanic processes in the 232 

ocean, ranging from eruptions (Purkis et al., 2023; Yamasato et al., 1993), flank failures (Grilli et 233 

al., 2019), intra-caldera faulting (Sandanbata et al., 2023), and caldera collapse (Maeno et al., 234 

2006) may explain these characters. Submarine landslides or mass failures can be also possible, 235 

as T-phases were recorded around the timing of the 1998 Papua New Guinea tsunami (Okal, 236 

2003). 237 
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Prompt reports have been published that indicate associations of the sequence to 238 

submarine volcanic activities. In late October 2023, Japan Coast Guard (2023) found drifted 239 

materials in the sea around Torishima and Sofugan volcanoes, parts of which were analyzed and 240 

confirmed as volcanic pumices (Earthquake Research Institute, the University of Tokyo, 2023; 241 

Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, 242 

2023). Mizutani & Melgar (2023) analyzed parts of the tsunami waveforms, suggesting its 243 

possible origin of submarine volcanic activity. In early November, Japan Agency for Marine-244 

Earth Science and Technology (2023) surveyed the seafloor near the source region and 245 

preliminarily reported the existence of a submarine caldera ~20 km to the west of Sofugan 246 

volcano. Hence, we speculate the tsunami sequence is associated with volcanic unrest, most 247 

likely near the submarine caldera. 248 

Another series of abnormal tsunamis have recurrently taken place, almost every 10 years, 249 

due to Mw 5.4–5.8 volcanic earthquakes at another submarine caldera, Sumisu Caldera (Figure 250 

1c) (Kanamori et al., 1993; Satake & Kanamori, 1991), for which a submarine trapdoor faulting 251 

in the inflating caldera was proposed (Sandanbata et al., 2022); the same mechanism has been 252 

recently proposed for tsunamigenic earthquakes at two other submarine calderas: Curtis Caldera, 253 

New Zealand (Sandanbata et al., 2023), and Kita-Ioto Caldera, Japan (Sandanbata & Saito, 254 

2024). These submarine trapdoor faulting are tsunamigenic but exhibit atypically inefficient 255 

seismic excitation (Sandanbata et al., 2021; 2022). Repetitive T-phase events possibly related to 256 

volcanic activity also followed the event in 1996 (Mw 5.7) at Sumisu Caldera (Sugioka et al., 257 

2000). Considering these past observations, the trapdoor faulting mechanism at the newly found 258 

caldera near Sofugan volcano may be a plausible candidate for the October 2023 tsunamis. 259 
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However, the mechanisms proposed above cannot be distinguished from our analysis 260 

focusing on the temporal history of the tsunami generation. In future studies, it is critical to 261 

reveal the exact locations and initial shapes of the repetitive tsunamis, and a compilation of 262 

datasets of tsunamis, seismic waves, and T-phases would be the key to understand the 263 

relationship between the October 2023 sequence and submarine volcanic activity. 264 

The repetitive character of EV02–15 infers how the series of phenomena proceeded. As 265 

seen in Figures 4c and 4d, the source event number increases exponentially with time, and the 266 

inter-event interval of the events gradually decreases. Hotovec et al. (2012) reported that the 267 

swarm of repeating earthquakes at Redout Volcano, Alaska, accelerated into an explosive 268 

eruption, with decreasing inter-event times and increasing event magnitudes. Different 269 

geological phenomena with similar characteristics were also reported for landslide events 270 

(Yamada et al., 2016), collapse events of volcanic calderas (Michon et al., 2009; T. A. Wang et 271 

al., 2023), and fault slip in tectonic environment (Igarashi, 2000). 272 

In contrast to EV02–15, EV01 did not generate measurable tsunami waves but 273 

accompanied strong T-phases and detectable seismic waves. The envelope shape of the T-phase 274 

of EV01 exhibits slower amplitude increase and longer duration than those of the others (Figure 275 

3d), indicating its different source mechanism or properties. Although we have considered that 276 

tsunami source events Ts17–23, after EV15, are less reliable due to the imperfect Green’s 277 

function, it is also possible that these later sources have generated tsunamis without notable 278 

seismic waves or T-phases, since strength of seismic waves and T-phases can significantly 279 

change due to differences in source depth and/or location (e.g., Fukao et al., 2018; Wech et al., 280 

2018).  281 
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The 8 October 2023 tsunami sequence was preceded by another seismic swarm mainly 282 

from 2 to 6 October, including two Mw>6 earthquakes (Figure 1c). The relationship between the 283 

two swarms is unclear, but we note that some earthquakes on 5 October radiated much stronger 284 

seismic waves than the 8 October sequence, although high-frequency T-phase signals are larger 285 

for the latter (compare Figures S1 and S8), indicating a significant difference in their source 286 

mechanism or depth. One possible hypothesis for the link is that the preceding swarm was 287 

related to the movement of magma in the crust, leading to another phase of tsunamigenic 288 

volcanic process, such as volcanic deformation, underwater eruptions, or flank collapses. 289 

Another is that ground shaking due to the preceding swarm destabilized parts of sloped 290 

bathymetry, leading to mass failures a few days later. 291 

The enigmatic tsunamis on 8 October 2023 sheds light on the difficulty in forecasting 292 

tsunamis without any significant earthquake in the Izu-Bonin region, where no offshore tsunami 293 

observation system is deployed. The coincidence of strong T-phases with tsunami generation 294 

may help estimate the tsunami potential in advance, as has been long suggested (Ewing et al., 295 

1950; Matsumoto et al., 2016). However, the Izu-Bonin region hosts tens of volcano islands and 296 

submarine volcanoes, and active back-arc rift systems (Kodaira et al., 2007), implying various 297 

types of potential tsunami hazards. As discussed above, M>5 trapdoor faulting earthquakes can 298 

cause notable tsunamis from submarine calderas (Sandanbata et al., 2022; Sandanbata & Saito, 299 

2024). An Mw 6.4 normal faulting earthquake on 24 October 2006 in a region between Sofugan 300 

volcano and Nichiyo Seamount (Figure 1c) also generated about 10-cm tsunamis (Japan 301 

Meteorological Agency, 2023). In this context, there is an urgent need to improve preparedness 302 

for tsunami hazards in the oceanic region. 303 

  304 
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 305 

Figure 1. Maps of the study area. (a) Philippine Sea off southwestern Japan region. Red inverted 306 

triangles represent locations of tide gauges with maximum tsunami heights reported by JMA. (b) 307 

Orange inverted triangles represent the DONET stations; each DONET node (e.g., KMA, or 308 

MRA) contains 4 or 5 OBPs (each triangle). The tsunami is expected to arrive the earliest at 309 

KMC21 and MRE20 among DONET1 and DONET2, respectively. The OBS record at KMB06 310 

is used for the T-phase analysis. (c) The region near Sofugan volcano. Circles represent the 311 

locations of seismic events at depths of <20 km from 1 to 8 October 2023, reported in the USGS 312 

earthquake catalog; open and closed circles indicate those before and after 18:00 on 8 October, 313 

respectively. Red triangles represent active volcanoes documented by Hydrographic and 314 

Oceanographic Department, Japan Coast Guard (2006).   315 
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 316 

Figure 2. OBP waveforms recorded by DONET. (a) Waveforms after removing the tidal 317 

component by polynomial approximation, and (b) after the tidal-component removal and the 318 
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band-pass filter (0.00125–0.02 Hz). The amplitudes are in unit of water wave height [mm] 319 

converted from pressure, using 1.0 [Pa] = 0.102 [mmH2O]. (c) The stacked tsunami waveform 320 

(thick black line) and the 16 waveforms of DONET1 used for the stacking (thin gray line; Table 321 

S2). The time is aligned with the tsunami arrival at KMC21 (Figure 1b). (d) The stacked 322 

waveform (average amplitude; thick black line) ± standard deviation (shaded by gray). Wavelet 323 

analysis by the continuous wavelet transformation in MATLAB (Lilly, 2017). Red arrows and a 324 

bracket indicate multiple bands of amplitude peaks of tsunami wave trains. 325 

  326 
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 327 

Figure 3. The tsunami STF by the 24 iterative deconvolutions and the least-squares method 328 

using DONET1. (a) The empirical Green’s function (green line) obtained from the stacked 329 

tsunami waveform of (blue line). (b) The convolved tsunami waveform (red line) compared with 330 

the stacked waveform. (c) Tsunami STF, composed of 23 source events (Ts01–Ts23; Table S3). 331 

The source amplitudes are relative to that of Ts01. (d) The temporal history of the seismic 332 

(Se01–15) and T-phase events (Tp01–14), and the envelope of the vertical component of OBS at 333 

KMB06 (Figure 1b), shifted backward in time assuming the T-phase speed at 1.5 km/s (gray 334 

shade).  335 
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 336 

Figure 4. Tsunami waves of the later events. (a) The waveforms due to each of Ts11–16, shown 337 

in the inset panel. (b) The convolved waveform with Ts11–16 (orange line) and the stacked 338 

waveform of DONET1 (blue line). (c–d) The relationships between (c) the event number and 339 

timing, determined by tsunamis, seismic waves, and/or T-phases, and (d) between the event 340 

number and the inter-event times of the seismic events. 341 
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