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Abstract

Tsunami is the oceanic gravity waves produced by mass displacements in large shal-
low offshore thrust earthquakes. The January 1, 2024 My,7.5 Noto Peninsula earthquake
excited a tsunami to spread across the East Sea (Sea of Japan), arriving at the east coast
of the Korean Peninsula. The influence of oceanic gravity waves on the coastal medium
is investigated. The mass loading by tsunami induces ground tilting, producing transient
long-period ground motions to be polarized in coastline-perpendicular directions. The tsu-
nami-induced ground motions are well recorded in inland seismometers nearby the coast.
The wavetrain durations and spectral contents of the tsunami-induced seismic signals in
seismometers share with those of the tsunami waves in tide gauges, suggesting the same
source of energy. The amplitudes of tsunami-induced ground motions are proportional to
the tsunami heights, being modulated by the distance from the coast and medium proper-
ties. The discriminative tsunami-induced ground motions produce dynamic stress changes
that are effective at shallow depths, reaching 0.81 kPa on the coast. A large runup height
may induce dynamic stress changes effective to depths.

Keywords Noto Peninsula earthquake - Tsunami surge - Tsunami-induced ground motion -
Inland deformation - Induced stress change

Article Highlights

e The January 1, 2024 My,7.5 Noto Peninsula earthquake tsunami induces inland defor-
mation.

e Inland seismographs record tsunami-induced seismic wavetrains that are polarized in
coastline-perpendicular directions.

e The gravitational tsunami effect decreases with distance from the coast.
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1 Introduction

Large earthquakes produce strong seismic waves that cause strong ground motions and
accompany large mass displacements (Hong et al. 2017; Kim and Hong 2018). Such mass
changes excite various gravity waves in the Earth depending on the medium. The gravity
waves in solid earth are the elastogravity waves that propagate with a speed of light and
are well observed after megathrust earthquakes (Harms et al. 2015; Montagner et al. 2016;
Vallée et al. 2017; Hong et al. 2021b). Mass changes in shallow-focus offshore earthquakes
produce oceanic gravity waves, tsunamis, that cross the seas (Kanamori 1972; Fukao 1979;
Okal 1988; Pelayo and Wiens 1992; Satake 1994; Satake and Tanioka 1999; Synolakis
and Okal 2005). Also, the mass change induces acoustic gravity waves that transmit to the
atmosphere and cryosphere (Satake 2002; Artru et al. 2005; Hickey et al. 2009; Rolland
et al. 2010; McKenzie and Jackson 2012; Hendin and Stiassnie 2013; Coisson et al. 2015;
Bromirski et al. 2017; Nishikawa et al. 2022). The amplitudes of gravity waves increase in
low-density atmosphere, incurring ionospheric perturbations (Galvan et al. 2012; Mikumo
et al. 2013; Garcia et al. 2014; Yu et al. 2015). However, the effect of gravity waves on the
Earth has been poorly investigated.

The amplitude of oceanic gravity wave (tsunami-wave height) does not simply decrease
with distance from the source, but increases as it approaches the coasts (Abe 1973; Satake
2002; Baba et al. 2004; Dao and Tkalich 2007; Hayashi 2010). Fault geometry and motion
further control tsunami height (Kanamori 1972; Ambraseys 1962; Ward 1980; Ambraseys
and Melville 1995; Satake and Tanioka 1999; Levin and Nosov 2009). Thus, the tsunami
loading is effective around the coast, varying by azimuth from the source (Pino et al. 2004;
Nawa et al. 2007; Kimura et al. 2013; Goto et al. 2021). The volumetric mass loading by
tsunami induces ground tilting, producing long-period seismic wavetrains (Wielandt and
Forbriger 1999; Yuan et al. 2005; Nishida et al. 2019). However, the gravity-wave effect on
the ground deformation and stress loading has been limitedly investigated.

Tsunami waves observed in tide gauges present low-frequency contents with peak
frequencies of ~0.001 Hz, which is well distinguished from the dominant frequencies
of microseisms (0.05-0.5 Hz) (Gutenberg 1931; Longuet-Higgins 1950; Cessaro 1994;
Bromirski and Duennebier 2002; Ardhuin et al. 2012; Park and Hong 2020). Such low-
frequency contents make it difficult to assess the influence of oceanic gravity waves on
the media. Further, the high-frequency contents of oceanic gravity waves remain unclear
(Chelton and Enfield 1986; Woodworth and Player 2003; Holgate et al. 2013; Lee et al.
2022). In this sense, ground motion records with high sampling rates are essential for the
study. Ocean-bottom and coastal ground motions during tsunami earthquake may provide
the information on the tsunami excitation (Ben-Menahem and Rosenman 1972; Kanamori
1972; Pelayo and Wiens 1992; Todorovska and Trifunac 2001; Merrifield et al. 2005; Okal
2017).

The January 1, 2024 My,7.5 Noto Peninsula earthquake occurred across the coastline of
the Noto Peninsula, producing a tsunami in the East Sea (Fujii and Satake 2024; Heidarza-
deh et al. 2024; Yamanaka et al. 2024; Yuhi et al. 2024). The tsunami was well observed in
tide gauges off the east coast of the Korean Peninsula. The East Sea (Sea of Japan) provides
a natural laboratory with a unique closed ocean environment with tsunamis, which is useful
for studying tsunami effects on the coast and inland regions. External forces induce medium
deformation (Kobori et al. 1993; Korn 1993; Liu and Dobry 1997; Curtis et al. 2006; Wap-
enaar and Fokkema 2006; Kennett 2009). We investigate the gravitational influence of the
tsunami on the coasts and inland media where the tsunami reaches. Dynamic stress changes
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associated with transient deformation are assessed. We examine the influence of the tsunami
using seismometers with high sampling rates.

2 Geology and Data

The East Sea (Sea of Japan) is a unique enclosed oceanic environment with earthquakes and
tsunamis (Fig. 1a). The East Sea was formed by a paleo-continental rifting in the Oligocene to
the mid-Miocene. The paleo-rifting structures are seismogenic under the current stress envi-
ronment. Moderate-size and large earthquakes occur in these structures at the margins of the
East Sea (Choi et al. 2012; Hong et al. 2024; Park and Hong 2024). The ocean depths reach
3.76 km in the East Sea, composing an environment that accommodates tsunamis (Shuto and
Matsutomi 1995; Choi et al. 2016; Mulia et al. 2020; Satake et al. 2022). There have been sev-
eral destructive tsunamis in the East Sea, causing the damage on the east coast of the Korean
Peninsula and the western Japanese islands (Satake 1985; Sato et al. 1995; Takahashi et al.
1995; Tanioka et al. 1995; Titov and Synolakis 1997).

The January 1, 2024 My,7.5 Noto Peninsula earthquake excited tsunami that was observed
around the East Sea (Sea of Japan) including the east coast of the Korean Peninsula. The earth-
quake is a thrust event with a focal depth of 16 km (Chen et al. 2024; Fujii and Satake 2024;
Masuda et al. 2024). The fault strike is 213°, and the rake is 79°. The rupture plane lies across
the eastern coast of the Noto Peninsula, uplifting the surface by 4.1 m (Chen et al. 2024; Xu
et al. 2024; Yang et al. 2024). The rupture-plane size is 130-160 km by 20 km (Ma et al. 2024;
Okuwaki et al. 2024; Xu et al. 2024; Yang et al. 2024). The rupture plane is composed of 2—6
segments (Kutschera et al. 2024; Ma et al. 2024; Masuda et al. 2024; Okuwaki et al. 2024; Xu
et al. 2024; Yang et al. 2024). The seafloor uplift produced a strong tsunami with a peak height
of 6 m in the Joetsu coast of Niigata Prefecture (Yuhi et al. 2024). The tsunami was observed
on the western coast of the Japanese islands and the eastern coast of the Korean Peninsula.
The tsunami arrived at the east coast of the Korean Peninsula in 1.8 h after the event occur-
rence (Fig. 1a; Fig. S1 in the supplementary materials).

The average ocean depths from the event to the east coast of the Korean Peninsula are
0.45-1.64 km (Fig. 1a). The northern paths are laid on deeper ocean, while the ocean
depth decreases to the south. The expected tsunami phase velocities along the paths are
76456 km/h. Tide gauges and dense seismic networks are available near the coast of the
Korean Peninsula (Fig. 1a). We collect tidal heights from tide gauges that are deployed along
the coast of the western East Sea (http://www.khoa.go.kr/oceangrid/koofs/kor/observation/
obs%5Freal.do). The sampling rate in tide gauges is 1 min. Additionally, we collect seismic
data from two ocean bottom seismometers that are placed near the east coast (Fig. 1a; Fig. S1
in the supplementary materials) (Sohn et al. 2023). We also collect seismic data from 130
broadband stations (89 borehole stations and 41 surface stations) on the Korean Peninsula
(Fig. 1). The sampling rate is 0.01 s.

3 Tsunami Waves and Tsunami-Induced Seismic Wave
The January 1, 2024 My,7.5 Noto Peninsula tsunami approached the Korean Peninsula
across the East Sea. The tsunami waves are well observed by tide gauges off the east

coast of the Korean Peninsula (Fig. S2 in the supplementary materials). The tsunami
waves lasted over 48 h because of continuous tsunami surge on the coast. The tide
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Fig. 1 a Map of the January 1, 2024 My,7.5 Noto Peninsula earthquake and seismic stations (triangles).
The rupture model and focal mechanism solution of the earthquake is presented (Xu et al. 2024). The tsu-
nami from the event propagates across the East Sea (Sea of Japan). Temporal tsunami-arrival locations
(thick broken lines) and the average ocean depths along paths to stations are presented. The tide gauges
around the Korean Peninsula are marked (circles). The study region is marked (inset). b Filtered seismic
records for various frequency bands. The seismic records are plotted in lapse time after the earthquake ori-
gin time (time 0). The filtering frequency bands are indicated. The tsunami-induced signals are marked.
The tsunami-induced signals last more than 48 h. ¢ Schematic model of tsunami-induced stress loading and
coastal deformation. A borehole seismometer, tide gauge and ocean bottom seismometer (OBS) are marked.
Coastal region is deformed by the tsunami, inducing transient tsunami-induced seismic signals

gauge measures vertical motions of the sea surface. The peak heights of the tsunami
are 0.82 m above the mean sea level. The tsunami reached the east coast at ~332 km/h.
In addition, a dispersive feature is apparent in the tsunami wave (Hanson and Bowman
2005; Kubota et al. 2020).

The earthquake excited strong seismic phases with impulsive P waves (Fig. S3 in the
supplementary materials). The seismic phase records for the earthquake are dominated
by surface waves. The seismic wavetrains and surface waves are dominant in ~0.03 to
0.1 Hz for 20 min after the P arrival (Fig. 1b; Fig. S3 in the supplementary materials).

@ Springer



Surveys in Geophysics (2025) 46:1059-1078 1063

Long-period seismic wavetrains persist for over 48 h (Fig. 1b; Fig. S4 in supplementary
materials). These long-period waveforms are well observed in borehole stations, while rel-
atively weak in surface stations. The observed seismic wavetrains display longer wavetrains
and lower-frequency contents than coda and scattered waves following the major seismic
phases (Hong et al. 2005; Hong and Wu 2005). The onset times of long-period wavetrains
in the seismometers coincided with tsunami arrivals in nearby tide gauges (Fig. 2a). The
wavetrain durations and waveform shapes are similar between the records in seismometers
and tide gauges, suggesting the same source of energy. This observation indicates that the
tsunami-induced signals may be developed by the tsunami runup on the coast. It is inter-
esting that the tide gauge and seismic station at Ulleungdo (ULDR) in a shorter distance
presents a shorter duration (Figs. S2, S4 in the supplementary materials). The observa-
tion suggests that tsunami duration increases with distance (Satake and Tanioka 1995;
Rabinovich et al. 2006; Rabinovich and Eblé 2015). However, the signals are not apparent
in ocean bottom seismometers near the east coast (Fig. 1c; Fig. S1 in the supplementary
materials).

The tsunami-induced signals in seismic sensors may be associated with ground defor-
mation by tsunami loading on the coast. Borehole seismograms are useful for observing
the tsunami-induced seismic signals, indicating that the influence reaches depths. The
tsunami-induced seismic signals are strong in the horizontal components, while rare in
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Fig.2 a Record sections in tide gauges and seismic stations. The relative distances are presented. Reported
tsunami-arrival times are indicated (arrows). Tsunami-induced seismic signals are consistent with the tsu-
nami records in tide gauges. Tsunami arrivals match the theoretical tsunami traveltime curve (thick solid
line). The seismic waves from the earthquake are indicated on the records of seismic stations (shaded wave-
forms). b Polarization directions (solid lines over stations) of tsunami-induced seismic signals at stations
KOSB, YAYB, JOGB, ULDR, IMWB, YODB, JEJB and GDDB. The locations of the stations are marked
on the map. The polarization directions are nearly perpendicular to the coastline

@ Springer



1064 Surveys in Geophysics (2025) 46:1059-1078

the vertical component (Fig. 3a). The peak displacement/amplitude ratios of tsunami-
induced seismic signals (shaded wavetrains in Fig. 3a) between vertical and horizon-
tal components at eight stations (GDDB, IMWB, JEJIB, JOGB, KOSB, ULDR, YAYB,
YODB) are 0.012-0.353. We, thus, observe the dominant energy of tsunami-induced
seismic signals in the horizontal components, which is consistent with previous studies
(Yuan et al. 2005; Nawa et al. 2007; Nishida et al. 2019).

The apparent velocities of tsunami propagation are different between the northern
and southern coasts (Fig. 2a). This is because the ocean depths along the paths to the
northern coast are deeper than those to the southern coast. The tsunami-arrival times are
consistent in the northern paths. In southern paths, apparent tsunami speed among sta-
tions is 48 km/h (Fig. 2a).

The waveform correlation of tsunami records between tide gauges at Ulleungdo and
Mukho, located along a common great-circle path to the earthquake, presents an arrival
time difference of 33 min (Fig. 1a; Fig. S1a in the supplementary materials). The obser-
vation suggests the apparent tsunami speed to be ~ 271 km/h, which is faster than the
apparent near-offshore tsunami speed (48 km/h) in the southern paths. This is because
the ocean depth generally increases with distance from the coast.
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Fig.3 a Three-component tsunami-induced seismic signals and polarization directions at JEJB station.
Comparison of b waveforms and spectral contents, ¢ spectral amplitudes between tsunami records in tide
gauge and horizontal (AR) tsunami-induced seismic signals at JEJB seismic station. The tsunami-induced
seismic signals in radial directions at 0.0005-0.0011 Hz are observed. The wavetrain durations, shapes and
spectral contents are similar between tsunami records in tide gauges and tsunami-induced seismic signals.
The spectral amplitudes of ambient noise as well as seismic waves from the earthquake are presented for
reference. d Spectral amplitude ratios between tsunami waves of tide gauges and horizontal (AR) tsunami-
induced seismic signals of adjacent seismic stations YAYB, IMWB, JEJB and JOGB. The spectral ampli-
tude ratios are nearly constant at 0.001-0.008 Hz (shaded range), being 165-900
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4 Ground-Motion Polarization

We examine seismic-wave polarization from the earthquake. The P phases are polarized
in the radial directions from the earthquake to the stations (Fig. S5 in the supplementary
materials). We determine the polarization directions of tsunami-induced seismic sig-
nals by analyzing ground motions recorded in 1-10 h after the earthquake origin time
when major seismic phases from the earthquake have fully passed (Fig. S6 in the sup-
plementary materials). We prepare seismic records bandpass filtered between 0.0005
and 0.0011 Hz, in which tsunami-induced seismic signals are dominant. We determine
the apparent polarization direction of the ground motions using eigenvector analysis,
with 90-min windows at 20-min intervals.

The strong horizontal ground motions suggest discriminative lateral polarization
(Fig. S7 in the supplementary materials). The polarization directions are constant with
time but different from the great-circle directions (i.e., P-polarization directions) and
vary by station locations. The apparent radial directions of tsunami-induced seismic sig-
nals are nearly perpendicular to the coastline (Fig. 2b).

Ocean tides and tsunamis approach coastlines perpendicularly (Titov et al. 2005;
Dao et al. 2009; Saito 2019). Thus, the polarization directions agree with the tsunami
incidence directions to the coast near the stations, suggesting that the tsunami-induced
seismic signals are produced by energy incident in coastline-perpendicular directions
(Fig. 2b). The apparent radial direction may be modulated by coastline geometry and
seafloor topography on the tsunami path. The rotated seismic wavetrains for apparent
radial (AR) directions present similar waveforms with the tsunami-wave records in
nearby tide gauges (Fig. 3b; Fig. S8 in the supplementary materials). The observations
support that the observed wavetrains are produced by the tsunami. The polarization in
coastline-perpendicular direction is consistent with previous studies and suggests that
the dominant energy may be excited near the coast (Yuan et al. 2005; Hanson and Bow-
man 2005; Okal 2007; Poplavskiy and Le Bras 2013).

5 Spectral Content

The tsunami-wave height and duration are reflected in the seismic records. The solid
earth response function for the tidal loading may be reflected in the tsunami-induced
signals. The energy transfer from tsunami to tsunami-induced seismic signals may be
dependent on the local geological properties and subsurface structures. Thus, the spec-
tral contents of tsunami-induced seismic signals may present the nature of tsunami
waves and tsunami-loading effect.

In the frequency band of 0.001-0.008 Hz, the spectral contents of horizontal tsu-
nami-induced seismic signals in seismic stations are similar to those of tsunami waves
in tide gauges (Fig. 3c). Also, the tsunami-induced seismic signals are distinguished
from the ambient noise and seismic phases in the frequency contents (Fig. 3c). The
observation suggests that the tsunami-induced seismic signals may share the spectral
contents with the tsunami waves in the tide gauges (Fig. 3c, Fig. S9 in the supplemen-
tary materials). The similar frequency contents are further supported by similar wave-
train duration (Fig. 3b; Fig. S8 in the supplementary materials).
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The tsunami-induced seismic signals may present clear higher-frequency contents
than the tsunami waves recorded on the sea surface. This may be partly because seismic
sensors cover a wide frequency band and tide gauges are limited by low sampling rates
(1 sample per minute). It is noteworthy that local atmospheric pressure changes may
cause sea surface disturbance additionally (Janssen 2004; Ardhuin et al. 2007; Hanley
et al. 2010; Lee et al. 2010; Oh and Jeong 2013).

The seismic waves are dominant in frequencies of 0.01-1 Hz. The tsunami-induced
seismic signals partly overlap with the seismic waves at frequencies of 0.002-0.008 Hz
in the horizontal components, sharing the upper corner frequencies of ~0.1 Hz (Fig. 3c).
Core-reflected seismic phases and surface waves traveling around the major and minor arcs
of the Earth may be partly included in the later wavetrains (Fig. S10 in the supplementary
materials). In frequencies of > 0.02 Hz, the wavetrains may be dominantly affected by the
late-arrival seismic phases. The apparent difference in frequency contents suggests that the
tsunami waves may have distinct frequency contents.

We estimate the amplitude ratios between the tsunami wave in tide gauges and horizon-
tal (AR) tsunami-induced seismic signals at 0.0002-0.008 Hz where tsunami waves are
most dominant (Fig. 3d). The amplitude ratios remain constant at 0.001-0.008 Hz, vary-
ing between 165 and 900 by station (Fig. 3d). The similar spectral contents suggest that
tsunami pressure on the seafloor induces ground tilting. The consistent spectral contents
suggest that the tsunami-induced waves are originated from the same source with similar
attenuation. Also, the tsunami pressure on the seafloor may be dominant in the frequencies.

6 Coastal-Medium Deformation

Long-period tsunami loading produces tsunami-induced seismic signals, suggesting long-
period medium deformation that is effectively observed at the borehole seismometers near
the coast. We estimate the ratios (R) between the average wavetrain amplitudes after the
earthquake and those before the earthquake (Fig. 4a) to infer the discriminative influence
of the tsunami. The analyzed wavetrain records before and after the earthquake is 5-h-long.
The average amplitude ratios are strong in horizontal directions along the east coast of the
peninsula.

The tsunami-induced seismic signals are strong along the coast, decaying rapidly with
distance (Fig. 4a). The tsunami-induced seismic signals are hardly observed in inland
regions, >~ 13 km away from the coast. The observation suggests that the medium defor-
mation by the tsunami loading is a local effect near the coast. Similarly, ocean tides may be
effective near the coast as well, inducing strong energy in the horizontal components.

It is intriguing to note that the tsunami-induced seismic signals are only effective on the
coast, while weak in offshore regions. We hardly observe the tsunami-induced seismic sig-
nals in the ocean bottom seismometers on the seafloor, 55 km off the coast (Fig. 1a; Fig. S1
in the supplementary materials). This may be because the tsunami runup height increases
due to the seafloor slope as the tsunami-wave approaches the coast. On the other hand, the
tsunami waves height changes relatively little in the ocean center. It is noteworthy that the
seismic station at Ulleungdo (ULDR) presents lower amplitudes than the stations in the
coast. The tsunami height may be mainly controlled by the bathymetry, distance and the
source geometry, being modulated by environmental factors on the paths (Synolakis 1987;
Tadepalli and Synolakis 1994; Satake and Tanioka 1995; Titov and Synolakis 1998; Okal
and Synolakis 2003; Rabinovich et al. 2006; Rabinovich and Eblé 2015).
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Fig.4 a Amplitude ratios (R) between horizontal (AR) wavetrains after the earthquake and those before
the earthquake. The analyzed wavetrain records before and after the earthquake are 5-h-long. The ampli-
tude ratios are large near the east coast of the peninsula. b Comparison between horizontal (AR) tsunami-
induced seismic signal amplitudes (Ag) and converted tsunami-wave amplitudes (A7) at seismic stations
GDDB, IMWB, JEJB, JOGB, KOSB, YAYB and YODB. The tsunami-induced seismic signal amplitudes
present a linear relationship with the converted tsunami amplitudes

The effective vertical pressure loading along the coast by the tsunami surge may
induce long-period coastline-perpendicular ground tilting and recovery, producing
coastline-perpendicular ground motions (Yuan et al. 2005; Boudin et al. 2013; Kimura
et al. 2013; Nishida et al. 2019). It is noteworthy that seismometers experience a tran-
sient change in the projected gravitational acceleration on the sensor axes plane during
the ground tilting by tsunami runup (Wielandt 2002; Graizer 2006). For a ground tilt-
ing angle of 6, the apparent acceleration on the horizontal plane is modulated by sin 6.
This modulation factor is approximated to be 6 for a small ground tilting angle. On the
other hand, the gravitational acceleration on the vertical component is modulated by
(1 — cos 0) that is approximated to be #%/2 in the second-order polynomial expansion.
Since 6 is typically very small (on the order of microradians to milliradians), the verti-
cal modulation factor is close to zero. Thus, the tsunami-induced seismic signals are
mainly recorded in the horizontal components, while rarely in the vertical component
(Wielandt and Forbriger 1999; Webb 2002; Yuan et al. 2005; Kinoshita 2008). The fea-
ture is supported by tiltmeter observations (Boudin et al. 2013; Nishida et al. 2019).
Also, we observe that the tsunami-induced signals are much strong at borehole stations,
suggesting that ground tilting caused by vertical tsunami mass loading may be a major
source mechanism.

We determine the relationship between the amplitude of tsunami-induced seismic sig-
nals in seismometers and those of tsunami waves in tide gauges. The tsunami waves are
coupled with seismic signals due to tidal loading on the coast. The tsunami-induced seis-
mic signals may be similar to plane waves from a line source, decaying with the square
root of distance (\/c_z' in Fig. 1c). The tsunami-induced ground motions are dominant in the
Earth surface that are influenced by near surface medium properties. The near surface site
effect is controlled by the average shear wave velocity within the upper 30 m depth (V3()
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(Borcherdt 1994; Boore and Atkinson 2008; Laurendeau et al. 2013; Boore et al. 2014;
Seyhan and Stewart 2014; Stewart et al. 2020; Aagqib et al. 2021).

We consider the amplitude of horizontal (AR) tsunami-induced seismic signal at dis-
tance d (m) from the coast (Ag) as

Ag =E, dref( Vrer >nAT + E,,
\/E Vo

=E A1 +E,,

(D

where V., is reference V3 value, n is a constant factor, and d, is the reference distance.
E, and E, are constants, and A% is the converted tsunami amplitude modulated by distance
(d) and site effect (Vg3,). We use the Vg, values at the seismic stations from a national Vg,
model (Kim and Hong 2022). Also, we set V¢ to be 760 m/s, d,; to be 1 m, and n to be 0.7
(Choi and Stewart 2005; Boore and Atkinson 2008; Boore et al. 2014; Stewart et al. 2020).

We find a linear relationship between the amplitudes of tsunami-induced seismic signals
and converted tsunami amplitude (A}) (Fig. 4b):

Ag = 1.08A’. — 6.46. @)

Additional description of the linear relationship determination is presented in the supple-
mentary materials

7 Dynamic Stress Change and Seismicity Induction

Dynamic stress change may play important role in seismicity induction (Hill and Prejean
2007; Van der Elst and Brodsky 2010). Strong ground motions from large events may trig-
ger earthquakes (Belardinelli et al. 2003; Hong et al. 2018). The 2011 M,9.0 Tohoku—Oki
megathrust earthquake dynamically triggered a series of earthquakes on the Korean Pen-
insula (Houng et al. 2016). The peak dynamic stress changes during the 2011 Tohoku-
Oki earthquake were ~100 to ~400 kPa on the Korean Peninsula (Houng et al. 2016). The
dynamic stress changes required for earthquake triggering are different by region depend-
ing on the seismotectonic properties, e.g., >~ 0.1 kPa and >~ 30 kPa (Van der Elst and
Brodsky 2010; Miyazawa et al. 2021; Takeda et al. 2024).

We estimate the dynamic stress change induced by seismic waves from the earthquake
using the peak ground velocities of seismic wavetrains in 1-h time window after the event
origin (Fig. S11 in the supplementary materials) (Hill and Prejean 2007; Hong et al. 2016,
2020). We estimate the dynamic stress changes caused by the tsunami-induced seismic sig-
nals in 5-h-long waveform records. In order to minimize the influence of seismic phases
from the earthquake, we analyze the waveform records in 3-8 h after the earthquake origin
time where the tsunami-induced seismic signals are evident (Fig. 5; Fig. S12 in the sup-
plementary materials).

The tsunami-induced seismic signals are bandpass filtered between 0.0005 and
0.0011 Hz to estimate the dynamic stress change. For comparison, we prepare seismic-
wave record sections bandpass filtered between 0.0003 and 0.1 Hz to estimate the dynamic
stress change induced by the seismic waves from the earthquake. The dynamic stress
changes are estimated using a 15-min-long moving time window for both horizontal and
vertical components (Fig. 5; see also the supplementary materials).
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Fig.5 Tsunami-induced seismic signals and dynamic stress changes at stations a GDDB, b JEIB, ¢ ULDR,
d YAYB, e IMWB, and f JOGB. Horizontal wavetrains present tsunami-induced seismic signals, inducing
dynamic stress changes

The maximum peak dynamic stress changes induced by the seismic waves from the
earthquake are 68 kPa (horizontal) and 39 kPa (vertical) (Fig. 6a; Fig. S13 in the supple-
mentary materials). The dynamic stress change decreases with distance. We, however, do
not find any apparent triggered earthquakes on the Korean Peninsula after the earthquake.

It is known that tides also induce earthquakes (Heaton 1975; Tanaka et al. 2002; Bucholc
and Steacy 2016; Yan et al. 2023). We examine the seismicity change during the tsunami
surge. Continuous long-period deformation for more than 48 h induces long dynamic stress
changes in the medium. We assess the dynamic stress change from the tsunami-induced

@ Springer



1070 Surveys in Geophysics (2025) 46:1059-1078

(a) (b)

earthquake, horizontal Km tsunami, horizontal km
0.0003-0.1 Hz 0 100 0.0005-0.0011 Hz . 0 100
38° 0000 38° - o O .
8 o OBQ °§ %o ° ° s o ooo o o
0 g0 0928 % o 0% o %
S o o@D (o]
o O 00 O
9866 0808 35 o o0 808 05
o & fo) @ og o o O o
36 S0P O 36 fo)
o o %o ooa 3 °© o 9%°o 04
o /o 0 3 = -
6?9 6’0%000 25§ Oo ® @ - 0.3§
oo 5 e 203 ° oL A 023
3] 0% °Ce 15 34 ° e 0.1
,fo. 10 Qo 0
124° 126° 128° 130° 132° 124° 126° 128° 130° 132°
(c)
5 \ .1earthquake pccurrence . . . . 2
= PR
g gomE Lo
o 11 Fo . N o1
° ‘. . et
3 T O e
5 o] Fle e deed®™ 08 0
E 1 A s
-1 AL ] L [ [H R -1
12/24 12/28 o1/01 01/05 01/09 0 5 10 15 20
date (mm/dd) focal depth (km)

Fig.6 Spatial variations of peak dynamic stress changes in horizontal direction by a seismic wavetrains
at 0.0003—0.1 Hz and b tsunami-induced signal at 0.0005-0.0011 Hz. The strengths of tsunami-induced
seismic signals are relatively large along the east coast. ¢ Earthquake occurrence history in the Korean Pen-
insula. The seismicity presents no apparent changes after the earthquake

seismic signals (Figs. 5, 6(b); Fig. S12 in the supplementary materials). Tsunami loading
may induce dynamic stress changes affecting around the coast.

The peak dynamic stress changes by the tsunami-induced seismic signals reach ~ 0.81 kPa
around the east coast of the Korean Peninsula (Fig. 6b). The induced dynamic stress changes
are much less than the dynamic stress change by seismic waves from the earthquake but still
within thresholds for trigger earthquake in active tectonic regions (Van der Elst and Brodsky
2010; Takeda et al. 2024).

We observe some earthquakes in near-offshore regions before and after the Noto Peninsula
earthquake and tsunami, with magnitudes M; — 1to 2 at depths < 21 km, mostly 5-15 km
(Fig. 6c; Fig. S14 in the supplementary materials). The tsunami runup loads pressure on the
surface. Thus, the effective dynamic stress change may decrease with depth. Such dynamic
stress may induce the earthquakes in the shallow depth effectively. We examine the focal depth
distribution before and after the 2024 Noto Peninsula earthquake to determine the influence of
tsunami-induced stress perturbation on seismicity. We rarely find apparent focal depth changes
after the tsunami arrival, which is consistent with previous studies (Hong et al. 2021a; Park
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et al. 2023). The seismicity after the tsunami arrivals is rarely observed, suggesting that the
dynamic stress changes are not enough to induce seismicity in the offshore and inland regions.

8 Discussion and Conclusions

Mass displacements develop various gravity waves depending on the medium type. Shal-
low-focus offshore thrust earthquakes may generate oceanic gravity waves, tsunamis,
which are amplified near the coasts. Such local wave amplification and long-period oceanic
mass loading for > 48 h may induce discriminative stress around the coast. We investigated
the influence of tsunami loading and coastal medium deformation in the region by the 2024
Noto earthquake tsunami. The closed ocean environment in the East Sea composes a natu-
ral experiment to examine the tsunami effect.

We analyzed both tsunami-wave records in tide gauges and seismic records in seismom-
eters in the Korean Peninsula. Tsunami-induced seismic wavetrains could be identified
from comparisons with tsunami waves in tide gauges. The tsunami-induced seismic sig-
nals are well monitored in borehole seismometers near the coast that are less affected by
ambient noise on the surface. The observations suggest that seismic records may be used
to assess the tsunami-induced medium deformation and effective spatial range over a wide
frequency band.

Tsunamis and tides are incident to the coasts in coastline-perpendicular directions. Ver-
tical oceanic mass loading or unloading on the coast by tsunami incidence causes lateral
extension or contraction in medium at effective distance. Such tsunami effects make the
tsunami-induced seismic signals to be long-period horizontal wavetrains that are polarized
in the coastline-perpendicular directions. Thus, tsunami-induced basement deformation is
effective in horizontal directions, but weak in the vertical direction. The tsunami effect is
strong near the coast, being proportional to the tsunami-wave height.

The tsunami-induced seismic signals are barely observed in inland regions. The ampli-
tude of tsunami-induced seismic signal decreases with distance from the coast, being addi-
tionally modulated by medium properties. The tsunami-induced seismic signals share spec-
tral content with tsunami waves in tide gauges. We find strong correlation between tsunami
heights and tsunami-induced seismic signal amplitudes, allowing us to infer unknown tsu-
nami heights from observed tsunami-induced seismic signal amplitudes at seismometers.

The long-period tsunami-induced seismic energy dynamically deforms the medium,
with deformation decreasing inland. Thus, the tsunami discriminatively deforms the coastal
medium, inducing long-period dynamic stress changes. The vertical loading by tsunami
runup is applied on the surface. Thus, the dynamic stress change induced by the tsunami-
induced seismic signals may decrease with increase in depth. The tsunami-induced seis-
mic signals at borehole seismometers may be useful to assess the induced stress at shallow
depths.

The coastal regions experience discriminative transient deformation by the tsunami. The
2024 Noto earthquake tsunami produced 0.81 kPa dynamic stress change on the east coast
of the Korean Peninsula, insufficient to trigger earthquakes at seismogenic depths. In turn,
we hardly find seismicity changes in seismic zones near the coast where the dynamic stress
change induced by the tsunami runup is effective. A large tsunami wave may induce meas-
urable dynamic stress changes at depths, which may trigger earthquakes at faults in critical
condition.
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Seismic networks effectively detect the oceanic gravity waves and the coastal medium
deformation. Seismic stations along the coast may be used to detect ground deformation
induced by tsunamis. The tsunami-induced seismic signals are useful for studying the tsu-
nami properties and medium deformation. The strong waveform correlation between tsu-
nami-wave records in tide gauges and tsunami-induced seismic signals in seismic stations
suggests that coastal seismometers can be a complement to tide gauges for real-time tsu-
nami monitoring.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10712-025-09910-x.
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