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Abstract

On 8 October 2023 UTC, significant tsunamis were observed around Japan without any major tsunamigenic earthquake,

associated with a series of 14 successive minor earthquakes (mb = 4.5–5.4) near Sofugan in the Izu-Bonin islands. To examine

the cause of this tsunami, we estimated the horizontal locations of the tsunami source and temporal history of the seafloor

displacement, using the tsunami data recorded by the ocean-bottom pressure gauges > ˜600 km away. Our results showed the

main tsunami source was an uplift located at a caldera-like bathymetric feature near Sofugan, suggesting the involvement of

caldera activity in the tsunami generation. The total seafloor uplift was larger than ˜3 m, and the uplift amount of each event

gradually increased over time, reflecting an accelerating occurrence of multiple sudden caldera uplifts within only a few hours.
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Key Points: 10 

• We revealed the source kinematics of enigmatic tsunamis excited near Torishima on 8 11 

October 2023 with the remote (> ~600 km) tsunami data. 12 

• Its tsunami source was identified as repetitive seafloor uplift at the same location with 13 

gradually increasing amounts for later events. 14 

• This unique feature of the accelerating caldera uplift within a few hours was brought 15 

about by the volcanic unrest of a submarine caldera. 16 

  17 
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Abstract 18 

On 8 October 2023 UTC, significant tsunamis were observed around Japan without any major 19 

tsunamigenic earthquake, associated with a series of 14 successive minor earthquakes (mb = 4.5–20 

5.4) near Sofugan in the Izu-Bonin islands. To examine the cause of this tsunami, we estimated 21 

the horizontal locations of the tsunami source and temporal history of the seafloor displacement, 22 

using the tsunami data recorded by the ocean-bottom pressure gauges > ~600 km away. Our 23 

results showed the main tsunami source was an uplift located at a caldera-like bathymetric 24 

feature near Sofugan, suggesting the involvement of caldera activity in the tsunami generation. 25 

The total seafloor uplift was larger than ~3 m, and the uplift amount of each event gradually 26 

increased over time, reflecting an accelerating occurrence of multiple sudden caldera uplifts 27 

within only a few hours. 28 

 29 

Plain Language Summary 30 

On October 8, 2023, a tsunami was widely observed along the Japanese coast without any major 31 

tsunamigenic earthquake, while a series of small 14 earthquakes occurred near Sofugan, located 32 

in the Izu-Bonin islands. Two possible candidates for this tsunami have been proposed, 33 

submarine volcanic processes or submarine landslides, but the exact cause remains unclarified. 34 

Using the tsunami data observed by the seafloor pressure gauges located more than 600 km from 35 

the tsunami source region with an advanced technique, we analyzed sea height movements to 36 

obtain insights into the origin of this enigmatic tsunami. Our analysis showed that the tsunami 37 

source consisted of the seafloor uplift that repetitively occurred at a submarine volcanic caldera. 38 

Our results also showed an accelerating tsunami excitation, such that the amount of the seafloor 39 

uplift movement increased over time and the time intervals of the earthquakes gradually 40 

shortened. These results are consistent with the acceleration process of volcanic activity, 41 

suggesting the tsunami originated from the multiple sudden uplifts of the submarine caldera. 42 

  43 
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1 Introduction 44 

On 8 October 2023 (UTC), tsunamis with maximum amplitudes of > ~0.6 m were 45 

observed along the Japanese coast without any major tsunamigenic earthquake. The Japan 46 

Meteorological Agency (JMA) issued a tsunami advisory for the Japanese coastal areas (JMA, 47 

2023). JMA attributed the tsunami to an M~5 earthquake at 20:25 near Sofugan, located ~80 km 48 

south of Torishima Island in the Izu-Bonin islands (Figure 1). Based on the earthquake catalog of 49 

the U.S. Geological Survey (USGS), 14 earthquakes with body wave magnitudes ranging from 50 

mb = 4.3 to 5.7 were identified between 19:53 and 21:26 (circles in Figure 1). Hereafter, we 51 

sequentially refer to these events as Events 01 to 14 (Table 1). 52 

Sandanbata et al. (2024) investigated the temporal history of the tsunami generation 53 

process. By analyzing the ocean-bottom pressure (OBP) gauge network installed in Southwestern 54 

Japan, the Dense Oceanfloor Network system for Earthquakes and Tsunamis (DONET) (Kaneda 55 

et al., 2015; Kawaguchi et al., 2015, Figure 1b), they proved that more than ten events that 56 

recurred for ~1.5 hours caused tsunamis successively, resulting in long-lasting and large-57 

amplitude tsunamis. They also showed that these repetitive tsunamis were generated at the same 58 

timings as the occurrences of the earthquakes listed in the USGS catalog (Table 1) and high-59 

frequency T-phase signals (> 1 Hz) in the OBP signals (seismic waves converted from oceanic 60 

acoustic waves propagating at a velocity of ~1.5 km/s; Okal, 2008). Based on the results, 61 

Sandanbata et al. (2024) proposed several possible candidates that generated this tsunami: a 62 

submarine volcanic process, such as eruptions, flank failures, intra-caldera faulting, or caldera 63 

collapse. However, their analysis focused on the temporal history of the tsunami generation 64 

process and could not reveal the source kinematics, leaving it difficult to determine the 65 

mechanism. To reveal and identify this unusual tsunami generation mechanism, it is required to 66 

quantify the location and the amount of seafloor deformation in addition to the temporal history. 67 

In this study, we utilize the tsunami data observed by the OBP gauges around Japan to 68 

estimate the tsunami source location. Furthermore, we estimate the temporal evolution of the 69 

seafloor vertical deformation. Based on the results of the detailed seafloor bathymetry survey 70 

data, we examine and propose the cause of this abnormal tsunami event. In Section 2, we 71 

summarize the dataset used in this study. Section 3 analyzes the OBP data to estimate the 72 

horizontal location of the tsunami source. In Section 4, we constrain the amount of vertical 73 
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deformation due to each event during this sequence. Finally, we summarize the results and 74 

discuss the potential cause in Section 5. 75 

 76 

2 Data 77 

We use the OBP data from the Seafloor Observation Network for Earthquakes and 78 

Tsunamis along the Japan Trench (S-net) (Aoi et al., 2020) installed off northeastern Japan in 79 

addition to DONET (Figure 1), which are > ~600 km away from Sofugan. We suppress the 80 

ocean tide components using a theoretical tide model (Matsumoto et al., 2000) and then apply a 81 

bandpass filter with a passband of 100–500 s to remove the high-frequency seismic components 82 

and extract the tsunamis (Figure 2). 83 

The arrival of the initial tsunami corresponds well to the theoretically expected one 84 

assuming the origin time of Event 01 (Figure S1), while the maximum amplitude was delayed by 85 

over 1 hour from the initial tsunami arrival. We also inspect the tsunami waveforms from an Mw 86 

5.7 earthquake on 2 May 2015 (Fukao et al., 2018; Sandanbata et al., 2022), which occurred at 87 

the Sumisu caldera, located ~110 km north of Torishima Island (Figures S1 and S2). Compared 88 

to the 2015 tsunami, the amplitudes of the initial part were smaller but the later phases had much 89 

larger amplitudes, suggesting the successive tsunami generation by repetitive source events for 90 

the 8 October 2023 tsunami event. See Sandanbata et al. (2024) for more details on the features 91 

in the observed records. 92 

Sandanbata et al. (2024) identified the significant T-phase signals corresponding to 93 

Events 01–13 in the DONET records, although the T-phase signal due to Event 14 was not 94 

identified. Our careful inspection of the seismograms around Japan confirmed the T-phase signal 95 

of Event 14 at the expected arrival time, although its amplitude was smaller than those of the 96 

other events (Figure S3, see Text S1 for details). Therefore, in the tsunami source modeling in 97 

the following section, we assume that Event 14 excited the tsunami as well as the other events 98 

(01–13). 99 

 100 

3 Estimation of sea-surface displacements in each event 101 
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We estimate the distributions of the sea-surface vertical displacement (the tsunami 102 

source) due to Events 01–14, using the tsunami source inversion approach (e.g., Hossen et al., 103 

2015; Kubota et al., 2021; Mizutani & Melger, 2023; Sandanbata et al., 2022; Tsushima et al., 104 

2012). We here summarize the methodology of our analysis (see Text S2 and Figures S4–S6 for 105 

more details). We express the generation and propagation of tsunami by using two-dimensional 106 

linear dispersive tsunami wave equations with the Cartesian coordinates (e.g., Saito, 2019): 107 

 108 

    !"(𝐱,&)
!&

= −∇ ∙ (ℎ𝐯() + �̇�((𝐱, 𝑡)     (1) 109 

 110 

and 111 

 112 

   !𝐯*(𝐱,&)
!&

= −𝑔+∇𝜂 +
,
-
ℎ(𝐱) !

!&
∇1∇ ∙ (ℎ𝐯()2,    (2) 113 

 114 

where 𝜂 = 𝜂(𝐱, 𝑡) is the sea-surface height change, 𝐯( = 𝐯((𝐱, 𝑡) is the horizontal velocity average 115 

over the water depth, ℎ = ℎ(𝐱) is the water depth, and 𝑔+ = 9.8	m/s. is the gravitational 116 

acceleration. The term �̇�( = �̇�((𝐱, 𝑡) generates the tsunami, which is the velocity of the sea-117 

surface height excited by the 𝑁& events (here, 𝑁& = 14). This is represented by 118 

 119 

   �̇�((𝐱, 𝑡) = ∑ 𝜂+
(/)(𝐱)𝛿(𝑡 − 𝑇/)

0!
/1, ,     (3) 120 

 121 

where 𝜂+
(/)(𝐱) is the sea-surface height change due to the 𝑘-th event, 𝛿(𝑡) is the delta function, 122 

and 𝑇/ is the origin time of the 𝑘-th event. 123 

In the practical analysis, we suppose that the waveforms at the 𝑛-th OBP located at 𝐱2 =124 

(𝑥2, 𝑦2), 𝑝2(𝑡) = 𝜌+𝑔+𝜂(𝐱2, 𝑡) (𝜌+: the seawater density,	~1.03	g/cm-) can be represented by a 125 

linear superposition of the tsunami waveforms due to unit tsunami source elements of the sea-126 

surface displacement 𝐺2
(3,4)(𝑡) (hereafter referred to as the Green’s functions), as: 127 

 128 

   𝑝2(𝑡) = ∑ ∑ ∑ 𝑚(3,4,/)𝐺2
(3,4)(𝑡 − 𝑇/)

0!
/1,

0"
41,

0#
31, ,   (4) 129 

 130 
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where the parameter 𝑚(3,4,/) is the displacement amplitude of each of the unit source elements, 131 

which is to be estimated in the linear inversion problem, and 𝑁5 and 𝑁6 are the numbers of unit 132 

source elements in the spatial domain. 133 

We assume the origin times of Events 01–14 (Tk) as those determined by USGS (Table 134 

1; Figure S4). To calculate the Green’s function from each source, we set the target area as 30 135 

km × 27 km (gray rectangle in Figure 1e) and distribute unit source elements (𝑁5 = 9 and 𝑁6 =136 

8). Each source has a spatial extent of 6 km and the horizontal spatial intervals are 3 km. We 137 

then simulate a tsunami by solving a linear dispersive tsunami equation from the initial tsunami 138 

height distribution (e.g., Baba et al., 2015; Saito, 2019). We use the GEBCO2020 bathymetry 139 

data for the calculation, interpolating the spatial interval of Δ𝑥 = Δ𝑦 = 1	km (Figure S5). The 140 

time step interval of the simulation is Δ𝑡 = 1	s, and the total number of the simulation steps is 141 

𝑁789: = 7,200. We finally apply the same bandpass filter to the simulated waveform as that 142 

applied to the observation. 143 

The time window used for the inversion analysis is set as 14,400 s from the origin time 144 

of Event 01. Based on visual inspection, we select the OBP stations to be used for the analysis 145 

(station names are written in blue text in Figure 2). All the DONET stations are used for the 146 

inversion, while we use only the S-net stations located south of 38°N. The inversion results are 147 

evaluated using the variance reduction (VR): 148 

 149 

    VR = S1 − ∑ <=$%&'>=$()*?
+

$

∑ =$%&'
+

$
T × 100	(%).   (5) 150 

 151 

Here, 𝑝2@A7 and 𝑝2BCD indicate the 𝑛-th data of the observed and calculated waveforms. To stabilize 152 

the inversion, we consider the smoothing and damping constraints. The weights are determined 153 

based on the trade-off between the weights and the VR (Figure S6). 154 

The total amount of the sea-surface displacement is shown in Figure 3b. Figures 3c to 3p 155 

are the distribution of the sea-surface height change due to each event (Events 01–14). The 156 

observations (black lines in Figure 2) are explained well by the simulation (red lines, VR = 57 157 

%). The total displacement mainly had an uplift with a maximum amplitude of ~3 m (Figure 3b). 158 

Sandanbata et al. (2024) considered that each event took place at the same location but at a 159 



manuscript submitted to Geophysical Research Letters 

 

different timing based on the similarity of the DONET tsunami signals. Mizutani and Melgar 160 

(2023) also conducted an inversion analysis to estimate the sea-surface height changes of the 161 

major events (Events 11, 12, and 13) and suggested these tsunami sources were located at the 162 

same location. Our results are consistent with these studies, but our results further suggest that 163 

the amounts of the uplift tend to be larger in the later events. We note that if we neglect the 164 

tsunami dispersion effect, the inversion results change significantly (Figures S7 and S8), 165 

indicating the necessity of considering the dispersion effect (e.g., Saito, 2019). 166 

To evaluate the robustness of the inversion, we also conduct an additional inversion 167 

analysis (Figures S9 and S10, Text S2). We conduct the inversion imposing the constraint that 168 

sea-surface subsidence not be allowed (i.e., non-negative constraint, Lawson & Hanson, 1974), 169 

to evaluate the robustness of the subsidence for each event surrounding the main uplift regions. 170 

The other settings for the inversion are the same as above. The locations of the uplift are 171 

estimated as almost the same locations as the original result, and the agreement of the waveforms 172 

between the observation and simulation changed little (VR = 53 %). We cannot conclude 173 

whether this subsidence was real or just an artifact at this time. To better resolve the tsunami 174 

source, it should be necessary to use the shorter-period tsunami components (~100 s, 175 

Sandanbata, Watada, et al., 2021) or seismic waves (Sandanbata et al., 2022) for future work. 176 

We can see a caldera-like seafloor bathymetric feature with a diameter of ~5 km, from a 177 

multibeam seafloor bathymetry survey result conducted in 1987 (Figures 1e and 3a), which 178 

corresponds to the location of the main uplift of the tsunami source (cross and circle in Figure 3). 179 

An urgent bathymetry survey in November 2023 by the Japan Agency for Marine-Earth Science 180 

and Technology (JAMSTEC) also confirmed the caldera at the same location 181 

(https://www.jamstec.go.jp/j/about/press_release/20231121/, in Japanese). Considering these 182 

bathymetric features and the temporal growth in the tsunami sources at the same location, we 183 

suggest that these seafloor uplifts due to each event should be brought by the volcanic activity of 184 

this submarine caldera. Note that the horizontal location of the event epicenters in the USGS 185 

catalog is located ~10–20 km west of this bathymetric feature, but this seems to be due to the 186 

uncertainty of the teleseismic hypocenter estimation (e.g., Wyss et al., 2011). 187 

 188 

4 Estimation of seafloor uplift for each event 189 
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Assuming that the seafloor uplift repetitively took place at the caldera, we further 190 

examine the amount and temporal history of the uplift. In this analysis, we assume that the 191 

velocity of the vertical displacement at the seafloor �̇�(𝐱, 𝑡) is expressed as:  192 

 193 

    �̇�(𝐱, 𝑡) = ∑ 𝑑+
(/)(𝐱)𝛿(𝑡 − 𝑇/)

0!
/1, ,    (6) 194 

 195 

where 𝑑+
(/)(𝐱) is the seafloor displacement due to the k-th event, 𝛿(𝑡) is the delta function, and 196 

𝑇/ is the origin time of the k-th event. The time history of the seafloor displacement is also 197 

expressed by the temporal integration: 198 

 199 

    𝑑(𝐱, 𝑡) = ∫ �̇�(𝐱, 𝑡′)𝑑𝑡E&
+ .     (7) 200 

 201 

We assume a Gaussian-type seafloor vertical uplift (Saito & Furumura, 2009) for the seafloor 202 

displacement by each event, 𝑑+
(/)(𝐱), as:  203 

 204 

  𝑑+
(/)(𝐱) = 𝐷+

(/) exp ^− (5>5,)+F(6>6,)+

G+
_ 	for	𝑘 = 1,2, … , 𝑁&,   (8) 205 

 206 

where a is the dimension that characterizes the horizontal scale of the distribution. We assume a 207 

is independent of k since our previous results suggested the same caldera displaced for all the 208 

events. 𝑑+
(/)(𝐱) takes the maximum value of 𝐷+

(/)	at 𝐱+ = (𝑥+, 𝑦+) (cross in Figure 1e). To 209 

estimate 𝐷+
(/) appropriately, we consider the effect of the spatial smoothing due to the seawater 210 

(Kajiura, 1963; Saito & Furumura, 2009), in which a small-scale spatial variation of the seafloor 211 

displacement is smoothened and disappears in the sea-surface deformation (see Text S3 and 212 

Figure S9 for the importance of this effect). We apply this filter to 𝑑+
(/)(𝐱) assuming a seawater 213 

depth of H = 1.5 km (average depth around the source, Figure 1) to obtain the corresponding sea-214 

surface displacement and to calculate the Green’s functions. We then estimate 𝐷+
(/) by solving 215 

the inverse problem represented by Equation (1) (𝑁5 = 𝑁6 = 1 and 𝑁& = 14), without imposing 216 

any constraint. We search for the optimum dimension of the source, by varying the dimension a 217 

(= 2.5, 5.0, 7.5, and 10 km). 218 
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We show the 𝐷+
(/) values of the optimum result in Figure 4 (a = 7.5 km, VR = 34 %, 219 

Figure S10). 𝐷+
(/) is larger in the later events, and the uplift increases over time as also pointed 220 

out in the tsunami source inversion (Figure 4; the minimum and maximum values are 9.5 cm for 221 

Event 01 and 48.3 cm for Event 13, respectively). This increasing feature of 𝐷+
(/) is almost 222 

consistent with the amplitude feature of the T-phase signals, recorded by the onshore 223 

seismometers (red and blue lines in Figure 4, see Text S1 and Figure S3 for more detail), 224 

although we note that the T-phase amplitude of Event 14 seems small compared to the 225 

significant 𝐷+
(/) of ~30 cm. We speculate that the generation mechanism of the T-phases might 226 

be diverse and complex within a series of events (e.g., Norris & Johnson, 1969; Okal, 2008; 227 

Sugioka et al., 2000). The cumulative uplift and the total volume of the uplift were estimated to 228 

be ~400 cm and 𝑉 = ∬ 𝑑𝑥𝑑𝑦𝑑(𝑥, 𝑦)H
>H = 𝑑+𝜋𝑎. ~0.7 km3. We also evaluate the uncertainty of 229 

𝐷+
(/)depending on variations of the horizontal dimension of the Gaussian source a and the water 230 

depth H (Figure S11). Considering the uncertainty of the modeling, the amount of the total 231 

seafloor uplift should be larger than ~250 cm at least (Figure S11). We emphasize that the 232 

feature of the accelerating increase of the seafloor uplift remains the same. 233 

 234 

5 Discussion and Conclusions 235 

This study analyzed the tsunamis on 8 October 2023 near Sofugan, ~80 km south of 236 

Torishima Island, Japan, using waveforms recorded by the DONET and S-net OBPs (> 600 km). 237 

We obtained the spatio-temporal evolution of the sea-surface height changes (tsunami sources) 238 

based on the waveform inversion analysis. The results showed that the tsunami source was 239 

dominated by repetitive uplifts at the submarine volcanic caldera. The total amount of the 240 

seafloor uplift was estimated to be ~400 cm, and our results also suggested that the uplift 241 

increased over time from the initial event (the minimum uplift of 9 cm at Event 01) to a later 242 

event (the maximum of 48 cm at Event 13). This suggests the accelerating growth of the seafloor 243 

uplift. 244 

Sandanbata et al. (2024) did not determine the cause of this tsunami but raised two 245 

possibilities: volcanic activity and seafloor landslides. The seafloor bathymetry survey results 246 

indicate the existence of the caldera at the tsunami source location (Figure 1e). Similar 247 
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accelerating processes of repetitive events with decreasing inter-event times and increasing event 248 

magnitudes have been reported for the activity of the volcanic caldera (e.g., Michon et al., 2009; 249 

Wang et al., 2023). A report that a pumice raft was observed at ~50 km west of Sofugan on 250 

October 20 (https://www.kaiho.mlit.go.jp/info/kouhou/post-1041.html, in Japanese) also 251 

suggests the occurrence of volcanic activity. On the other hand, if the origin of this tsunami was 252 

landslides, a huge amount of the seafloor mass must have moved toward the caldera center from 253 

the surrounding area to explain the estimated large uplift at the caldera center; however, this 254 

seems unreasonable because this hypothesis should assume the mass moves from the 255 

surrounding area to the caldera center, which has a higher topography. In addition, no clear 256 

evidence of huge-scale landslides was confirmed in the bathymetric feature of the post-event 257 

survey (https://www.jamstec.go.jp/j/about/press_release/20231121/). Therefore, we conclude 258 

that the main cause of the tsunami is a series of seafloor uplifts related to the activity of the 259 

volcanic caldera near Sofugan. 260 

Αt active volcanic calderas, trapdoor faulting, or sudden slip of the intra-caldera ring 261 

fault caused by overpressurization of its underlying magma reservoir, can cause sudden uplift of 262 

the caldera (Sandanbata et al., 2022; Sandanbata & Saito, 2024; Zheng et al., 2022), while a 263 

caldera collapse causes sudden subsidence of the caldera on a horizontal scale of the caldera 264 

structure (e.g., Acocella, 2007; Cole et al., 2005; Lipman, 1997). It has been often reported that 265 

submarine trapdoor faultings excite significant tsunamis, which have larger amplitudes than 266 

those expected from their seismic magnitudes (e.g., Fukao et al., 2018; Sandanbata et al., 2022; 267 

Sandanbata et al., 2023). Another characteristic feature of trapdoor faultings is that they have 268 

large non-double-couple (non-DC) components in the centroid moment tensor (CMT) solution, 269 

associated with the curved fault geometry at the ring-faulting (Sandanbata, Kanamori, et al., 270 

2021). Although only two CMT solutions of Events 01 and 03 are available in the USGS catalog, 271 

they have large non-DC components (Figure 1e). These points may suggest the successive 272 

occurrence of trapdoor faulting at the caldera. If the trapdoor faulting mechanism is the origin of 273 

this seafloor uplift, the repetitive and accelerating occurrence of the multiple tsunamigenic 274 

events within a few hours seems to be unique, whereas the past events consisted of only a single 275 

event. In cases of a subaerial caldera of Sierra Negra volcano, Galápagos Islands, trapdoor 276 

faulting causing sudden caldera uplift preceded the initiations of caldera eruptions in 2005 and 277 

2018 (e.g., Jónsson, 2009; Geist et al., 2008; Bell et al., 2021; Shreve & Delgado, 2023), 278 
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suggesting the potential for triggering eruptions. To understand the whole process of this unique 279 

caldera activity, it is necessary to continuously and repetitively monitor the long-term post-event 280 

process using seafloor bathymetry survey (e.g., Fujiwara, 2021; Kodaira et al., 2021) as well as 281 

geodetic observation (e.g., Chadwick et al., 1999; 2012). 282 

  283 
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 284 

Figure 1. (a) Location map of this study. The epicenter of Event 03 is shown by a star. Green 285 

contour lines denote expected tsunami travel times (20-min intervals). (b, c) Location maps of 286 

DONET and S-net. (d) Close-up view around the source region. Circles denote the epicenters of 287 

the events from the USGS catalog. (e) Seafloor bathymetry around Sofugan. The CMT solutions 288 

of Events 01 and 03 (USGS) are also shown. The inset map shows the region ~20 km west of 289 

Sofugan.  290 
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 291 

Figure 2. Tsunami waveforms at the (a) DONET and (b) S-net OBPs. Black and red lines are the 292 

observed waveforms and the calculated waveforms from the tsunami source inversion, 293 

respectively. Stations shown in blue text are used for the inversion analysis. Installation depths of 294 

the OBPs are also shown. Note that a 1 cm sea-surface height change is assumed to be equivalent 295 

to a 1 hPa seafloor pressure change.  296 
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297 

Figure 3. Distribution of the static sea-surface displacement. (a) Seafloor bathymetry around the 298 

source region. The caldera-like seafloor bathymetry is marked by a circle with a dashed line, and 299 

its center is marked by a cross. (b) Final displacement of the seafloor. (c–p) Displacements due 300 

to each event. The relative time from Event 01, Δ𝑇/, is also shown.  301 
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 302 

Figure 4. (a) Temporal history of 𝐷+
(/) values (gray bars). The cumulative 𝐷+

(/) is also shown by 303 

a black line. Red and blue waveforms are the envelope waveforms of the 2–6 Hz vertical 304 

component at the onshore seismometers at Aogashima Island and Ogasawara Island, respectively 305 

(see Figure S3 for their locations), which are manually shifted so that their T-phase arrivals 306 

roughly coincide with the origin times. (b) The total seafloor uplift distribution of the optimum 307 

model (black contour, 0.2 m intervals). The total sea-surface uplift obtained by the inversion 308 

(Figure 3b) is also shown by blue contours.  309 
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Table 1. List of the events during the Torishima sequence on 8 October 2023 UTC. 310 

Event 
ID 

Origin time  
(hh:mm:ss.sss) 

Longitude 
(E°) 

Latitude 
(N°) 

Depth 
(km) mb Mwb 

Time from 
Event 01, 
Δ𝑇/ (s) 

Earthquake 
event # in 

Sandanbata et 
al. (2024)c 

01 19:53:46.086 140.0613 29.6904 10 4.5 4.4 0 Se02 

02 20:13:50.973 140.0888 29.6880 10 4.7  1205 Se03 

03a 20:25:22.652 139.9258 29.7121 10 4.7 4.7 1897 Se04 

04 20:34:32.705 139.9904 29.7181 10 4.7  2447 Se05 

05 20:43:09.456 140.2201 29.7256 10 4.8  2963 Se06 

06 20:51:25.664 139.9186 29.7700 10 4.7  3460 Se07 

07 20:56:48.379 139.9328 29.8249 10 4.9  3782 Se08 

08 21:00:40.543 140.0495 29.7418 10 5.0  4015 Se09 

09 21:05:32.437 139.9661 29.7638 10 5.4  4306 Se10 

10 21:09:16.452 140.1140 29.8308 10 4.9  4530 Se11 

11 21:13:27.937 140.0281 29.7985 10 5.0  4782 Se12 

12 21:17:28.430 140.0739 29.7700 10 5.3  5023 Se13 

13 21:21:41.729 139.8132 29.6373 10 4.9  5276 Se14 

14 21:26:45.096 140.3431 30.0050 10 4.5  5579 Se15 
aEvent 03 was reported as the event that caused the tsunami (JMA, 2023). 311 

bCMT solutions of only Events 01 and 03 are available in the USGS catalog (Figure 1e). 312 
cSee Table S1 of Sandanbata et al. (2024). Note that the earthquake event Se01 did not excite a 313 

significant tsunami and thus was not modeled in this study. 314 

  315 
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Introduction  

Text S1 explains the T-phase signals recorded in the onshore and offshore seismometers. 
In Texts S2, we describe the detailed procedure of the inversion analysis for the sea-surface 
height distribution. The effect of the seawater column on the tsunami excitation is discussed 
in Text S3. 

Figure S1 shows a comparison of the tsunami waveforms during this event and the 2015 
Torishima earthquake, and their epicenter locations are shown in Figure S2. Figure S3 shows 
the T-phase signals confirmed in the onshore and offshore seismometers. Figure S4 is the 
schematic illustration of the inversion analysis in the present study. The target area for the 
tsunami simulation is shown in Figure S5. Figure S6 shows the trade-off of the weights of the 
constraint, which were used to determine the optimum weights. Figures S7 and S8 are the 
inversion results without considering the dispersion effect in the tsunami. The inversion result 
imposing the non-negative constraint is shown in Figures S9 and S10. Figure S11 evaluates the 
effect of the seawater column on the tsunami generation in various source sizes. Figure S12 
compares the observed tsunami waveforms with the simulated ones calculated from the 
modeling to determine the seafloor uplift amount. Figure S13 shows the amount of the 
seafloor uplift and total displaced volume assuming various modeling parameters. Figure S14 
is the nearby onshore seismograms due to each of the events.  



 
 

 
 

2 

Text S1. 
Based on the analyses of the T-phase signals in the DONET OBP data, Sandanbata et al. 

(2024) identified 13 significant events during the sequence. These 13 events correspond to the 
earthquakes listed in the USGS catalog (Events 01 to 13 in Table 1). However, the T-phase 
signal associated with Event 14 at 21:26 was not identified. To confirm whether the T-phase 
signal from Event 14 was recorded, we inspected onshore and offshore seismometers around 
Japan (Figure S3). Supposing the propagation velocity of the T-phases as 1.5 km/s, we 
calculate the theoretical arrival times of the T-phases from each event (dashed lines in Figure 
S3) and compare the arrival of the wave signals at the seismometers. For example, the 
expected travel times to nearby onshore broadband seismometers at Aogashima Island 
(AOGF, ~300 km from the epicenter) and Ogasawara Island (OSWF) (~350 km), are Δt ~200 s 
and Δt ~230 s, respectively (blue and green bars in Figure S3a), which are consistent with the 
arrival timings of the T-phases from Events 01 to 13. At the expected T-phase arrival time from 
Event 14, we can confirm the arrival of the wave packets, although its amplitude is smaller 
than the other events. 
 

Text S2. 
We here describe the methodology and strategy of the inversion analysis for the sea-

surface displacement in each event (Figures 2 and 3). We express the generation and 
propagation of the tsunami by using the two-dimensional liner dispersive tsunami wave 
equation with the Cartesian coordinates (e.g., Saito, 2019), as: 
 

   !"(𝐱,&)
!&

= −∇ ∙ (ℎ𝐯() + �̇�((𝐱, 𝑡)     (S1) 
 
and 
 

   !𝐯*(𝐱,&)
!&

= −𝑔+∇𝜂 +
,
-
ℎ(𝐱) !

!&
∇1∇ ∙ (ℎ𝐯()2    (S2) 

 
where 𝜂 = 𝜂(𝐱, 𝑡) is the sea-surface height change, 𝐯( = 𝐯((𝐱, 𝑡) is the horizontal velocity 
averaged over the water depth, ℎ = ℎ(𝐱) is the water depth, and 𝑔+ is the gravitational 
acceleration. The term �̇�( = �̇�((𝐱, 𝑡) is the velocity of the sea-surface height change generated 
by the events: 
 
   �̇�((𝐱, 𝑡) = ∑ 𝜂+

(.)(𝐱)𝛿(𝑡 − 𝑇.)
/!
.0,     (S3) 

 
where 𝜂+

(.)(𝐱) is the sea-surface height change due to the 𝑘-th event and 𝑁&  is the total 
number of events. The 𝑘-th event occurs at the time 𝑡 = 𝑇.  (𝑇.  is the origin time of the 𝑘-th 
event). 

In a typical inversion analysis to estimate the spatiotemporal evolution involving the 
multiple subevents, the multiple source elements are assumed in the time domain with 
uniform temporal intervals (i.e., 𝑇.  = 0, Δ𝑇, 2Δ𝑇, … 𝑁&Δ𝑇). However, in the present case, the 
total time length during the event sequence is too long (approximately ~90 min), and thus the 
number of the source elements should be too large. Therefore, the inversion problem should 
be unstable if we use the same way as the typical inversion analysis. Another approach is the 
deconvolution-based approach (e.g., Kikuchi & Kanamori, 1982), which repetitively estimates 
the best-fit point source (location and timing) and subtracts the contribution of the best-fit 
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model from the observation. However, this approach may cause a trade-off between the 
location and the timing because of the long wavelength of the tsunami. To stably solve the 
inversion problem, we utilize the USGS catalog as prior information for the event origin times. 
More specifically, we set 𝑁&  in Equation (S3) as 𝑁&= 14 and assume the origin times of each 
event (𝑇.) as those determined by USGS (Table 1; Figure S4). 

We suppose that the waveforms at the 𝑛-th OBP located at 𝐱1 = (𝑥1, 𝑦1), 𝑝1(𝑡) =
𝜌+𝑔+𝜂(𝒙1, 𝑡) (𝜌+: the seawater density, ~1.03 g/cm3) can be represented by a linear 
superposition of tsunami waveforms due to unit source elements of the sea-surface 
displacement, as: 
 
   𝑝1(𝑡) = ∑ ∑ ∑ 𝑚(2,3,.)𝐺1

(2,3)(𝑡 − 𝑇.)
/!
.0,

/"
30,

/#
20, ,   (S4) 

 
where the parameter 𝑚(2,3,.) is the displacement amplitude of the (𝑖, 𝑗, 𝑘)-th unit source 
element of the sea-surface displacement, which is to be estimated in the linear inversion 
problem, and 𝑁4  and 𝑁5  are the numbers of the unit source elements in the spatial domain 
along the 𝑥- and 𝑦-directions, respectively. Note that the total number of the unknown 
parameters is 𝑁 = 𝑁4 × 𝑁5 × 𝑁& . 𝐺1

(2,3)(𝑡 − 𝑇.) is a time series of the sea-surface height 
change at the location 𝐱1 due to the (𝑖, 𝑗, 𝑘)-th unit source element (hereafter referred to as 
the Green's function). We assume the (𝑖, 𝑗, 𝑘)-th Green’s function is excited by the 
displacement of the unit source element of sea-surface height 𝜂6

(2,3,.)(𝐱, 𝑡). The time history of 
𝜂6
(2,3,.)(𝐱, 𝑡) is expressed as 

 
   𝜂6

(2,3,.)(𝐱, 𝑡) = 𝜂,
(2,3)(𝐱)𝐻(𝑡 − 𝑇.),    (S5) 

 
where 𝜂,

(2,3)(𝐱) is the spatial distribution of the (𝑖, 𝑗)-th static sea-surface displacement 
(hereafter, referred to as the spatial basis function) and 𝐻(𝑡) is the Heaviside step function. We 
note that 𝜂+

(.)(𝐱) in Equation (S3) can be expressed using 𝜂,
(2,3)(𝐱), as: 

 
   𝜂+

(.)(𝐱) = ∑ ∑ 𝑚(2,3,.)𝜂,
(2,3)(𝐱)/"

30,
/#
20, .    (S6) 

 
We also note that the total static sea-surface displacement, 𝜂7879:(𝐱), can be expressed as: 
 
 
  𝜂7879:(𝐱) = ∑ 𝜂+

(.)(𝐱)/!
.0, = ∑ ∑ ∑ 𝑚(2,3,.)𝜂,

(2,3)(𝐱)/!
.0,

/"
30,

/#
20, .  (S7) 

 
 

To calculate the Green’s function 𝐺1
(2,3,.)(𝑡) in Equation (S4), we suppose the shape of the 

spatial basis function 𝜂,
(2,3)(𝐱) as: 

 

  𝜂,
(2,3)(𝐱) = G,

;
+ ,

;
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;

.   (S8) 
 
Here, 𝐱2 = 1𝑥2 , 𝑦32 is the center location of the (𝑖, 𝑗)-th basis function, and 𝐿4  and 𝐿5  are the 
spatial dimensions of the basis functions along 𝑥- and 𝑦-directions, respectively. We suppose 
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𝐿4  = 𝐿5   = 6 km in this study, and each of them overlaps with the adjacent ones with a spatial 
interval of 3 km. We set the number of the unit sources as𝑁4  = 9 and 𝑁5  = 8 (i.e., the total 
number of the unit source is 𝑁45  = 𝑁4  × 𝑁5  = 72, and the analytical area is 30 km × 27 km; gray 
rectangle in Figure 1e). Then, the tsunami height is numerically calculated by solving the linear 
dispersive tsunami equation (e.g., Saito, 2019). We use the GEBCO 2020 bathymetry data 
(GEBCO Bathymetric Complication Group 2020, 2020) for the numerical simulation (Figure S5). 
The original resolution of the GEBCO 2020 is 30 min (~0.5 km), but we interpolate it to the 
spatial interval of Δ𝑥 = Δ𝑦 = 1 km, because of the computational cost. The total number of the 
computational grids is 1,601 × 1,601. The time step interval of the simulation is Δ𝑡 = 1 s, and 
the total number of the simulation step is 𝑁67AB = 7,200. Then we obtain the Green’s functions 
as the tsunami waveforms at each OBP location, assuming a 1 cm of the sea-surface height 
change is equivalent to a 1 hPa of the seafloor pressure change. Finally, we applied the same 
bandpass filter as that used in the data processing to the Green's functions. 

We solve the following normal equation as an inversion problem, to estimate the amount 
of the displacements of each unit source element (the parameter 𝑚(2,3,.) in Equation (S4)). 
 

    T
𝐩
𝟎
𝟎
W = X

𝐆
𝛼𝐒
𝛽𝐄
^𝐦     (S9) 

 
where 𝐩 is the data vector, consisting of the observed data, 𝑝1(𝑡), the matrix G consists of the 
Green’s function. The original sampling of the DONET and S-net data is 10 Hz, but we 
decimated to 0.1 Hz after the bandpass filtering to the raw data in this inversion, to save 
computational time. The time window used for the inversion analysis is set as 14,400 s from 
the origin time of Event 01, which includes the main part of the tsunamis. Based on the visual 
inspection of the tsunami waveforms, we used the OBP stations which recorded the tsunamis 
(station names are shown in blue text in Figure 2). The vector 𝐦 consists of 𝑚(2,3,.), which is to 
be solved (the number of the unknown parameter is 𝑁 = 𝑁4  × 𝑁5  × 𝑁&  = 1,008). To stabilize 
the inversion, we impose the constraints of the spatial smoothing (represented by the matrix 
𝐒) and the spatial damping (the matrix 𝐄 consists of the identity matrix). Their weights 𝛼 and 𝛽 
are determined based on the trade-off between the weight and the variance reduction (VR) 
(Figure S6), defined as: 
 

   VR = T1 − ∑ ?D&'()=D&*+,@
-

&

∑ D&'()
-

&
W × 100	(%).    (S10) 

 
where 𝑝18E6	and	𝑝1F9:	are the 𝑛-th data of the observed and calculated waveforms. 

To evaluate the robustness of the inversion, we further conduct some additional 
inversion analyses (Figures S7–S10). We first conduct the inversion the Green’s functions 
without considering the tsunami dispersion effect (e.g., Saito, 2019) to evaluate the 
importance of the dispersion effect (Figures S7 and S8). The estimated tsunami source showed 
the sea-surface subsidence for (Figure S7), but this model did not reproduce the observed 
waveforms well (VR = 28 %, Figure S8). From this low VR, we rejected this model and 
concluded that it is necessary to consider the dispersion effect to appropriately estimate the 
tsunami source. 

We also conduct the inversion imposing the constraint that does not allow the sea-
surface subsidence (i.e., non-negative constraint, Lawson & Hanson, 1974), to evaluate the 
robustness of the subsidence for each event surrounding the main uplift regions (Figures S9 
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and S10). The other settings for the inversion are all the same as the original one. The locations 
of the uplift are estimated at almost the same locations to the original result, and the 
agreement of the waveforms between the observation and simulation changed little (VR = 
53 %). We cannot conclude whether this subsidence was real or just an artifact at this time. To 
better resolve the tsunami source, it should be necessary to use the shorter-period tsunami 
components (< 100 s, Sandanbata, Watada et al. 2021) or the seismic waves (Sandanbata et al., 
2022). But we do not discuss it in detail but do in our next work. 
 

Text S3. 
We evaluate the effect and importance of the spatial smoothing effect due to the 

seawater layer (Kajiura, 1963) in the present case (Figure S11). 
Following the discussion of Saito and Furumura (2009), we assume an isotropic 

distribution of the seafloor displacement to discuss the tsunami generation process in terms 
of the source dimension and seawater depth. The final vertical displacement at the seafloor is 
assumed to be given by a Gaussian function as: 
 
   𝑑(𝐱) = 𝐷+ exp G−

(4=4.)-G(5=5.)-

H-
M    (S11) 

 
where 𝐷+ and 𝑎 are the maximum height in the displacement (𝐷+ = 1 cm is assumed) and the 
source dimension characterizing the horizontal spatial scale. Based on a theoretical study by 
Saito and Furumura (2009), the relation between the sea-surface height distribution 𝜂(𝑥, 𝑦) 
caused by the seafloor deformation 𝑑(𝑥, 𝑦) is expressed as (Saito, 2019): 
 
  𝜂(𝑥, 𝑦) = F=,p�̂�1𝑘4 , 𝑘52r = F=, G ,

F86I..J.
𝑑s1𝑘4 , 𝑘52M   (S12) 

 
where ℎ+ is the seawater depth (assumed to be constant), �̂�1𝑘4 , 𝑘52 and 𝑑s1𝑘4 , 𝑘52 are the 2-D 
Fourier transform of 𝜂(𝑥, 𝑦) and 𝑑K(𝑥, 𝑦), respectively, and F=,[… ] is the 2-D inverse Fourier 

transform concerning the wavenumber 1𝑘4 , 𝑘52, and 𝑘+ = w𝑘4; + 𝑘5;. 

Based on the theoretical study of Saito and Furumura (2009), they pointed out that this 
filtering effect cannot be ignored if 𝑘+ℎ+ > 0.5. To visualize the effect of the depth filtering 
effect of Kajiura (1963) and quantitatively evaluate the necessity of this effect of the 
appropriate estimation of the amount of the seafloor vertical displacement, we calculate the 
sea-surface height distribution varying the spatial dimension of the source and the seawater 
depth (Figure S11). When we assume the narrow source dimension of 𝑎 = 5 km, the impact on 
the spatial filtering effect cannot be negligible when the seawater depth is ℎ+ = 1.5 km, and 
the effect becomes stronger when the seawater depth is further deeper. On the other hand, if 
we assume the wide spatial source dimension such as 𝑎 = 15 km, the effect of the depth filter 
can be negligibly small even at the water depth of ℎ+ = 2 km. 
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Figure S1. Tsunami waveforms recorded by the (a) DONET and (b) S-net pressure gauges (see 
Figure 1 for the station locations). The bandpass filter with the passband of 100–500 s was 
applied. In this figure, t = 0 denotes the origin time of the first event, Event 01 (19:53:46 on 08 
October 2023 UTC). The red bars denote the expected tsunami arrival time (green contour 
lines in Figure S2). Green lines are the origin times of subsequent subevents. Blue traces and 
bars denote the tsunami waveforms recorded by DONET during the 2015 Torishima 
earthquake on May 2 and the expected arrivals of its tsunami (blue contour lines in Figure S2). 
Note that the vertical scales in the 2023 and 2015 events are different. 
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Figure S2. Comparison of the expected tsunami arrival times between the 2023 event (white 
star and green contours) and the 2015 earthquake near Torishima on 2 May 2015 (black star 
and blue contours). The contour interval is 20 min. 
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Figure S3. Envelope waveforms of onshore and offshore vertical seismograms during the 
event sequence. (a) The onshore seismograms from F-net (STS-1 broadband seismometers). 
(b) The onshore seismometers from Hi-net (1 Hz seismometers in borehole observatory). (c) 
The offshore seismometers from DONET (broadband seismometers) and S-net (1 Hz velocity 
seismometers). The black traces are the 2–6 Hz bandpass filtered waveforms, which is the 
dominant frequency band of T-phase (e.g., Okal, 2004), propagating at a velocity of ~1.5 km/s. 
Green and blue bars in Figure S3a denote the manually-picked arrival times of the T-phases, at 
the stations AOGF and OSWF, respectively (Table S1). Red traces in Figure S3a are the 0.02–
0.05 Hz bandpass filtered waveforms, which are the dominant frequency of the body waves, 
propagating faster than the T-phases. For comparison, the approximate arrival times of T-
phases are marked by dashed lines, calculated by Δt = r/1.5km, where r is the source-station 
distance. Note that the instrumental responses were not corrected. 
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Figure S4. A schematic illustration of the inversion modeling. In the present study, the 9 × 8 unit source elements are distributed in the 
spatial domain, at each timing of the origin time of the events, Event 01, 02, …, and 14. Black dots denote the center locations of the 
distributed unit source, and the blue contours denote the sea-surface height change due to a unit source element at the top left. 
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Figure S5. Seafloor bathymetry used for the tsunami simulation. (a) Simulation area in the Cartesian Coordinate. (b) The corresponding 
region in the Geographical Coordinate. 
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Figure S6. Trade-off curves of the smoothing and damping constraints in the inversion 
analysis. In this figure, we conducted the inversion analyses, varying the weights of the 
smoothing (α) and damping (β) to see the waveform fittings in terms of the VR values. (a) The 
whole results of the inversion trials. (b) VR values as a function of the parameter α. (c) VR values 
as a function of the parameter β. As a result, we determined the weight values as α = β = 0.5, 
where the VR values begin to decrease. 
  



 
 

 
 

12 

 

 

Figure S7. Distribution of the static vertical displacement of the sea-surface height, obtained 
by the inversion analysis without considering the tsunami dispersion effect. See Figure 3 for 
the detailed caption. 
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Figure S8. Comparison of the observed and simulated waveforms, obtained by the inversion 
analysis without considering the tsunami dispersion effect. See Figure 2 for the detailed 
caption. 
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Figure S9. Distribution of the static vertical displacement of the sea-surface height, obtained 
by the inversion analysis imposing the non-negative constraint. See Figure 3 for the detailed 
caption. 
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Figure S10. Comparison of the observed and simulated waveforms, obtained by the inversion 
analysis imposing the non-negative constraint. See Figure 2 for the detailed caption. 
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Figure S11. Cross section of sea-surface height distribution for various source sizes a = 2.5, 5.0, 7.5, and 10 km, at the seawater depth of h0 = 
1.0, 1.5, and 2.0 km. The seafloor deformation is shown by black lines, which are given by the Gaussian function of D0 = 1 cm in Eq. (S11). For 
example, if we assume the source size of a = 5 km and h0 = 1.5 km, the maximum amplitude of the sea-surface uplift (red line with circles) will 
reduce to ~85 % of D0. 
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Figure S12. Comparison of the observed and simulated waveforms, obtained by the inversion 
analysis assuming the Gaussian unit source. See Figure 2 for the detailed caption. 
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Figure S13. Comparison of the D0 and total volume by different model parameters. 
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Figure S14. The F-net broadband seismograms from Events 01–14 at (a) AOGF and (b) OSWF. 
Black, red, and blue lines are the vertical, radial, and transverse components, respectively. The 
bandpass filter of 0.02–0.05 Hz is applied. It seems that the main wave packets arrive ~100 s 
from the origin time (O.T.). Some events have an impulse-like signal with a short duration, but 
others have relatively long duration, indicating the diversity of the seismic wave radiations. 


