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The 2024 Noto earthquake and tsunami

On January 1, 2024, a powerful earthquake (M 7.6) struck the Noto Peninsula, Japan, triggering a tsunami in the
Sea of Japan. In Toyama Bay, the tsunami arrived earlier than expected. This study investigates the 2024 Noto
tsunami event by separately modeling three potential tsunami generation mechanisms: vertical displacement
from fault motion, horizontal displacement, and submarine landslides. To enhance the accuracy of submarine
landslide-induced tsunami modeling, a computational fluid dynamics model, SPLASH3D, is utilized to simulate
the landslide dynamics and determine its duration. Subsequently, a temporally variable seabed motion is used as
the initial condition for a tsunami simulation code, COMCOT, to generate a dynamic tsunami source. The
simulation results indicate that the sliding process has a significant influence on the observed tsunami in Toyama
Bay, producing waveforms that better match observations than those derived from the equivalent instantaneous
initial free surface displacement method. The combined simulation of dynamic submarine landslides, vertical
displacements from fault motion, and horizontal displacements of the Noto Peninsula closely matches the
observed data, enabling a detailed analysis of each source’s contribution to the anomalous tsunami. Simulation
results indicate that the submarine landslide was responsible for the early arrival of the tsunami. The contri-
butions of the vertical fault displacement and submarine landslide each account for approximately 45 % of the
maximum wave height, elucidating the unexpectedly high tsunami wave height. Therefore, the risks posed by
landslide-generated tsunamis constitute a critical issue that must be addressed in tsunami early warning and
coastal engineering risk assessment.

observed in a wider area, including Niigata Prefecture.

The Noto region has been experiencing a seismically active period
since December 2020, characterized by what has been termed the “Noto
Earthquake Swarm” (Fujii and Satake, 2024; JMA, 2024). Between the

1. Introduction

At 16:10:22.5 (Japan Standard Time: UTC + 9) on January 1, 2024, a
powerful earthquake with a magnitude of Mw 7.5 (or Japan Meteoro-

logical Agency magnitude Mj 7.6) struck the Noto Peninsula in Japan.
The epicenter was located in Suzu City, Ishikawa Prefecture (co-
ordinates: 37.495°N, 137.27°E), with a focal depth of 16 km (Japan
Meteorological Agency [JMA], 2024). According to the JMA, seismic
intensity 7 was recorded in Monzen Town, Wajima City, and Kano, Shika
Town, Ishikawa Prefecture (seismic intensities in this paper are
measured on the JMA scale). Several other locations on the Noto
Peninsula experienced intensity 6-upper, and Intensity 6-lower was

end of 2020 and the end of 2023, a total of 506 earthquakes with a
maximum seismic intensity of 1 or greater were recorded in the region
(JMA, 2024).

The powerful mainshock on January 1 also triggered a tsunami that
affected the coastlines along the Sea of Japan. At 16:12, shortly after the
event, the JMA issued a tsunami warning for the coastal regions of
Niigata (inclusive of Jo-Chu-Kaetsu and Sado Island), Toyama, and both
Noto and Kaga coasts of Ishikawa Prefecture. At the same time, tsunami
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advisories were issued for the Sea of Japan coasts of southern Hokkaido,
Aomori, Akita, Yamagata, Fukui, Kyoto, northern Hyogo, Tottori, Shi-
mane (including Oki Islands), and Yamaguchi Prefectures. Additionally,
tsunami forecasts (indicating slight sea level changes) were announced
for the central and western Pacific coasts of Hokkaido, the northern Sea
of Japan coast of Hokkaido, the coast along the Sea of Okhotsk, the
Pacific coast of Aomori, Mutsu Bay, the Sea of Japan coasts of Fukuoka
and Saga Prefectures, the western coast of Nagasaki, and the Iki and
Tsushima Islands.

At 16:22, the tsunami warning for the Noto coast in Ishikawa Pre-
fecture was upgraded to Major Tsunami Warning. Simultaneously, the
tsunami advisories for Yamagata, Fukui, and northern Hyogo Pre-
fectures were upgraded to tsunami warnings. Furthermore, the tsunami
forecasts for the western Pacific coast and the northern coast of the Sea
of Japan, including Hokkaido, the coasts of Fukuoka and Saga, and the
Iki-Tsushima region, were elevated to tsunami advisories.

At 20:30, the Major Tsunami Warning for Noto was downgraded to a
tsunami warning. By 01:15 on January 2, all tsunami warnings were
downgraded to tsunami advisories. At 02:30, the tsunami advisories for
the Sea of Japan coasts of Fukuoka and northern Saga were lifted and
changed back to tsunami forecasts. At 07:30, tsunami advisories for the
Sea of Japan coast of Yamaguchi and Oki Islands in Shimane were also
lifted. Finally, by 10:00 a.m., all tsunami advisories were lifted and
returned to forecast status (JMA, 2024).

The tide gauge data from the Japan Meteorological Agency show that
a tsunami wave height of 80 cm was recorded in Kanazawa City, Ishi-
kawa Prefecture. In comparison, Sakata City in Yamagata Prefecture
observed a wave height of approximately 80 cm. At Wajima Port, Ishi-
kawa Prefecture, a maximum wave height exceeding 120 cm was
recorded at one point; however, subsequent assessments concluded that
this data may have been affected by local ground uplift or instrumental
malfunction and was thus deemed invalid (JMA, 2024).

The tide gauge station at Nagahashi in Suzu City ceased operation
immediately after the earthquake. Aerial surveys conducted by the GSI
revealed that ground uplift in the area caused the tide gauge to rise
above the water surface, preventing it from recording accurate sea level
data (JMA, 2024).

According to the field survey report by the JMA’s Mobile Survey
Team, estimated tsunami heights were reported for various locations
near the affected coastal areas. The maximum runup height was recor-
ded at Funami Park in Joetsu City, Niigata Prefecture, at an elevation of
6.2 m above sea level (Heidarzadeh et al., 2024). The highest trace
height was found on a building in Shiramura, Noto Town, Ishikawa
Prefecture, at an elevation of 4.7 m above sea level. However, in Wajima
Port and the Nagahashi area of Suzu City, where reliable observation
data were lacking, no visible traces of tsunami inundation were identi-
fied (JMA, 2024). Similar field survey results were also reported by the
Japan Society of Coastal Engineers (Yuhi et al., 2024).

Additionally, the Association of Japanese Geographers (2024), in
collaboration with the GSI, analyzed aerial photographs to map the
flooded areas. It was estimated that approximately 190 ha of land were
inundated by the tsunami. Regarding the absence of inundation traces
around Wajima Port and Nagahashi, researchers hypothesized that the
phenomenon may be attributed to crustal uplift caused by the earth-
quake. The uplifted coastline may have acted as a natural seawall,
reducing the impact of the tsunami on these areas (The Association of
Japanese Geographers, 2024).

During this event, the tsunami behavior observed along the Toyama
Bay coast exhibited anomalous characteristics. At Toyama Tide Station
(located in Toyama City) and Fushiki Tide Station (located in Takaoka
City, Fig. 1), approximately 80 km from the epicenter, tsunami arrival
was initially expected around 10 min after the earthquake. However,
Toyama station detected tsunami waves just 3 min after the mainshock,
and Fushiki station did so only 2 min after (Fig. 2). This unexpectedly
early arrival quickly drew attention from both the media and academic
communities. It was widely recognized that, in addition to the tsunami
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Fig. 1. The bathymetry map of Noto Peninsula, Toyama Bay and the locations
of the Toyama and Fushiki tide gauge stations.
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Fig. 2. Tsunami waveforms observed at the Toyama and Fushiki tide gauge
stations. The blue vertical line indicates the earthquake origin time; the red
vertical lines mark the tsunami arrival times at each station. (For interpretation

of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

generated by seafloor displacement from fault motion, other tsunami
sources may have contributed to the observed phenomenon (JMA, 2024;
Mulia et al., 2024; Yanagisawa et al., 2024).

Within the Engineering Geology context, landslide-generated im-
pulse waves and their coupling with ambient water have been increas-
ingly examined using complementary modeling frameworks—from
Tsunami Squares (TS) formulations that parameterize slide-water mo-
mentum exchange to high-fidelity Reynolds-Averaged Navier-Stokes
(RANS)/Smoothed Particle Hydrodynamics (SPH) reconstructions of
historical events (Franco et al., 2021; Liu et al., 2025; Wang et al., 2019,
2021). These studies show that push-ahead/drag-along interactions and
entry kinematics can strongly amplify near-field wave heights and alter
arrival times, with implications for hazard assessment in confined em-
bayments and bays. While these papers treat subaerial landslide, this
paper propose a new method for submarine landslide.

Recent studies by Mulia et al. (2024) and Yanagisawa et al. (2024)
both suggest that submarine landslides contributed to the anomalous
tsunami behavior observed in Toyama Bay. Their respective simulation
results demonstrate that landslide-induced tsunamis can indeed lead to
earlier wave arrival times. These findings suggest that submarine land-
slides played a critical role in the tsunami anomalies observed during the
2024 Noto earthquake.

It is noteworthy that during the 2007 Noto Peninsula earthquake
(Mw 6.9), a tsunami was also observed to arrive earlier than expected in
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Toyama Bay. (Abe et al., 2008) hypothesized that the presence of sub-
marine landslides within Toyama Bay may explain this phenomenon,
and that the earthquake possibly triggered such landslides.

2. Source of abnormal tsunamis observed in Toyama Bay

Current tsunami simulations generated by earthquakes typically
account only for vertical seafloor displacements from the fault motion,
which cause uplift of the free water surface. However, in addition to
vertical displacements, horizontal displacements can also generate tsu-
namis, particularly in areas with steep submarine topography, as
demonstrated by Tanioka and Satake (1996).

In the 2024 event, horizontal displacements of approximately 80 cm
were observed near the Noto Peninsula side of Toyama Bay, while dis-
placements of about 10 cm were recorded on the Toyama side of the bay
(GSI, 2024). The seafloor in Toyama Bay is characterized by steep
slopes, fulfilling the conditions proposed in the aforementioned study.

Another potential factor that could generate a tsunami in this event is
submarine landslides. Toyama Bay, with its steep seafloor topography, is
known to be prone to such submarine landslides. In earlier studies of
anomalous tsunamis (Mulia et al., 2024; Yanagisawa et al., 2024), re-
searchers often employed inverse modeling based on observed tsunami
waveforms. By incorporating existing bathymetric data and known lo-
cations of submarine landslides, they estimated the likely sites of sub-
marine landslides. Subsequent adjustments were made to the size and
geometry of the landslide blocks in the simulation until the resulting
tsunami waveforms closely matched those recorded by tide gauge sta-
tions. This approach was used to infer the most plausible locations and
scales of the submarine landslides responsible for generating the
tsunami.

Following the earthquake, the Japan Coast Guard [JCG] conducted a
series of surveys in Toyama Bay (JCG, 2024a, 2024b). These included
post-earthquake bathymetric surveys using seafloor sonar, which were
compared with bathymetric data collected by the Hokuriku Regional
Development Bureau in 2010. The results revealed several clear in-
dications of submarine landslides:

(1) A survey published on January 24, 2024, identified a submarine
landslide zone located approximately 4 km north of the Toyama
tide gauge station. This feature was found at water depths
ranging from 260 to 330 m and measured approximately 500 m
in length, 80 m in width, and up to 40 m in thickness.

(2) A subsequent survey released on December 2, 2024, revealed
multiple submarine landslide scars near the coast of Fushiki in
Takaoka City (less than 3 km from shore), spanning water depths
of approximately 15 to 350 m. The affected area stretched
roughly 3 km in the north—south direction and 0.5 km east-west.
The report highlighted two particularly prominent landslide sites
within this zone. Both were of similar scale, with estimated di-
mensions of 200-250 m in length, 10-20 m in width, and 5-10 m
in thickness.

Although the findings confirmed that submarine landslides occurred
after 2010, a direct causal link to the 2024 Noto earthquake had not
been firmly established. The relationship between the 2024 Noto
earthquake and submarine landslides became clear with the release of a
joint survey report on January 16, 2025, by the University of Toyama,
Kyoto University, and Kanazawa University (University of Toyama,
2025). The investigation employed uncrewed underwater vehicles
(UUVs) to conduct photographic surveys of the seafloor near the mouths
of the Jinzu River (adjacent to the Toyama tide gauge station) and the
Oyabe and Sho Rivers (near the Fushiki tide gauge station).

The results revealed that both submarine landslides were composed
of semi-consolidated terrestrial sedimentary layers that had collapsed.
The exposed fracture surfaces appeared fresh, with no signs of weath-
ering or biological colonization. These observations strongly suggest
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that the landslides were recent events, most likely triggered by the 2024
Noto earthquake.

With sufficient data now available regarding submarine landslides,
this study aims to conduct numerical tsunami simulations based on
verified parameters. The simulations incorporate multiple tsunami
sources, including vertical displacement due to fault motion, horizontal
displacement, and submarine landslides. The resulting waveforms are
then compared against tide gauge records to evaluate the contribution of
each tsunami source and better understand the mechanisms behind the
observed anomalies.

3. Simulation method
3.1. Shallow water equations in COMCOT

In this study, we employed the COMCOT (Cornell Multi-grid Coupled
Tsunami Model) code to separately simulate tsunamis generated by
vertical displacement, tsunamis induced by horizontal displacement,
and tsunamis generated by landslides. The model is designed to simulate
various mechanisms for generating tsunamis, including fault disloca-
tion, submarine landslides, and other potential sources of tsunamis.
COMCOT can solve both linear and nonlinear forms of the shallow water
equations and has been successfully applied to the reconstruction and
analysis of multiple historical tsunami events (Liu et al., 1995; Wang and
Liu, 2005; Wu et al., 2008), making it suitable for this study.

COMCOT is based on the Shallow Water Equations (SWE), which
govern the motion of long waves influenced by gravity, inertia, and
seabed topography. For cases in which the water depth is significantly
greater than the wave height, the model treats tsunamis as linear
shallow water waves. However, in shallow coastal regions where wave
amplitudes grow and nonlinear effects become significant, COMCOT can
switch to the nonlinear form of the SWE to more accurately simulate
wave propagation and transformation.

The linear SWE are as follows:

on 1 [P 0

ot " Reosp {w-‘ra—(p(c‘osgﬂQ)] =0

oP gh oy

hall 1 _fQ = 1
ot Rcosg oy fa=0 M
0Q | gh dn

o "Rap P

Where 7 is the free surface height, R is the radius of the Earth, ¢ is the
latitude, y is the longitude, P is the zonal momentum flux, Q is the
meridional momentum flux, h is the static water depth, g is the gravi-
tational acceleration, and f is the Coriolis parameter.

For vertical displacement-generated tsunamis and tsunamis induced
by horizontal displacement, we adopted the initial free surface
displacement method. This approach is computationally efficient and
requires fewer parameters. However, when applying the same method to
simulate submarine landslide-induced tsunamis, we observed significant
discrepancies between the simulated waveforms and tide gauge obser-
vations. This phenomenon is primarily because landslide-generated
tsunami sources typically exhibit much shorter wavelengths and
involve stronger vertical accelerations compared to tsunamis generated
by vertical displacements. As a result, relying on the initial free surface
displacement method, which neglects the dynamic nature of the source
process, can lead to significant modeling inaccuracies. The omission of
time-dependent bottom motion fails to capture the transient energy
transfer from the landslide to the water column, thereby under-
estimating the wave amplitude and misrepresenting the overall wave
field, particularly in the near field.

To address this issue, we incorporated a three-dimensional compu-
tational fluid dynamics (CFD) model, SPLASH3D, into our workflow.
The 3D model provides a more comprehensive representation of
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hydrodynamic mechanisms, enabling more accurate simulation of near-
field flow fields. However, full-scale, high-resolution 3D simulations of
landslide-generated tsunamis are computationally expensive and
currently infeasible for large domains.

3.2. Incompressible Navier-Stokes equation in SPLASH3D

SPLASH3D is a three-dimensional multiphase fluid dynamics model
developed based on the Truchas framework from the Los Alamos Na-
tional Laboratory (LANL). It incorporates multiple advanced modules to
simulate complex flow phenomena with high accuracy.

The model is based on the incompressible Navier-Stokes equations
(Wu, 2004) as its core formulation. To track the free surface interface
between fluids, SPLASH3D utilizes the Volume of Fluid (VOF) method
while employing the Finite Volume Method (FVM) for spatial dis-
cretization. This combination enables precise simulation of a wide va-
riety of complex flows, including ocean waves, river currents, moving
solid boundaries, and non-Newtonian fluids. These advantages make it
particularly well-suited for simulating the dynamics of submarine
landslides in the context of this study.

The governing equations in SPLASH3D are:

(1) Mass Conservation Equation (Incompressibility Condition):
% eu=0 2
Here, u = u(x,y, z,t) represents the velocity vector field.

(2) Momentum Conservation Equation (Navier-Stokes Equation):

o = 1 - 2
M| (Ge v )u=—Vp+ Wi+t &)
ot 14

Where p is the fluid density (assumed constant for incompressible

flow), p is the pressure, v is the kinematic viscosity (v = u/p, with p

being the dynamic viscosity), and ? represents the body forces (such as
gravity or other external forces).

3.3. Hybrid approach

We adopted a hybrid approach that combines the strengths of both
2D (COMCOT) and 3D (SPLASH3D) models. For the 2D modeling
component, we implemented the sliding mass approach in COMCOT
using the temporally variable seabed motion method, rather than the
initial free surface displacement method. This technique is based on the
formulation proposed by Watts et al. (2003), which can model the dy-
namic landslide-generated tsunami sources more accurately than using
the initial free surface displacement method. In this framework, bottom
displacement rates (dh/dt) are computed and introduced at each time
step to represent the dynamic bottom motion induced by the landslide.
Compared to the initial free surface displacement method, this method
provides a more realistic representation of the energy release process
associated with landslides, while preserving computational efficiency.

4. Tide gauge and bathymetric data

The tide gauge data used in this study were primarily obtained from
the Japan Meteorological Agency (JMA, 2024).

For the seafloor topography, this study utilized the GEBCO, 2023
dataset provided by the General Bathymetric Chart of the Oceans
(GEBCO). The dataset has a spatial resolution of 0.25 arc-minutes and
was extracted for the domain spanning 35.0°N to 40.0°N and 134.0°E to
140.0°E (GEBCO, 2023). This domain encompasses the entirety of the
Noto Peninsula and Toyama Bay—key areas affected by the 2024 event.
The resolution of the GEBCO dataset is sufficient to support high-
resolution tsunami simulations (0.5 arc-minutes) conducted with the
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COMCOT model.
5. Simulation parameters
5.1. Vertical fault displacement-generated tsunami parameters

For the vertical displacement-generated tsunami, the initial free
surface deformation was constructed using Okada’s formula (Okada,
1985).

The fault parameters used in this study are based on the fault model
released by the GSI (GSI, 2024), which represents the latest available
analysis as of that date. This report provides detailed horizontal and
vertical surface displacement data that serve as the basis for fault
inversion analysis, outlining three fault segments derived from the
inversion results.

To simulate the vertical displacement-generated tsunami, we adop-
ted the parameters from these three fault segments as specified in the
GSI model.

GSI’s fault model is derived from two main observational techniques
for estimating crustal deformation:

(1) GNSS (Global Navigation Satellite System) measurements
collected via Japan’s electronic control points, which provide
high-precision vertical and horizontal displacement data.

(2) SAR (Synthetic Aperture Radar) satellite imagery, used to sup-
plement and integrate surface deformation information.

Table 1 shows the parameters of the three faults:
5.2. Horizontal displacement-generated tsunami parameters

For the tsunami generated by horizontal displacement, the initial
free surface deformation was constructed based on the formulation
proposed by Tanioka and Satake (1996).

Along the coastal area of the Noto Peninsula facing Toyama Bay,
horizontal displacements of approximately 80-100 cm directed toward
the west-northwest were observed. On the coast of Toyama Bay in
Toyama Prefecture, the observed displacements were approximately 10
cm, primarily directed northwest (GSI, 2024).

Given the significant spatial variation in horizontal displacements
around Toyama Bay, the horizontal displacement-generated tsunami
simulation was divided into two sub-regions, each with distinct
displacement characteristics:

(1) Noto Peninsula side of Toyama Bay: An initial free surface
deformation was generated based on a horizontal displacement of
0.8 m directed at 290° (Fig. 3 left).

(2) Toyama Prefecture side of Toyama Bay: An initial free surface
deformation was generated based on a horizontal displacement of
0.1 m directed at 315° (Fig. 3, right).

This partitioned approach allows a more accurate representation of
spatially heterogeneous crustal movements and their contributions to
tsunami generation in Toyama Bay.

5.3. Submarine landslide tsunami parameters

For submarine landslide-generated tsunami simulations, we used
COMCOT’s temporally variable seabed motion method to represent the
landslide dynamics. This method is based on the formulation by Watts
et al. (2003), which allows for the progressive release of landslide en-
ergy to be included at each time step.

To apply the temporally variable seabed motion method, additional
landslide parameters are required, including the geometry of the slide
body (length, width, and thickness), its initial and final positions, the
slope gradient, and the duration of motion. All parameters except the
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Table 1
Parameters of faults.
Lon Lat Depth of top Length Width Strike Dip Slip Dislocation Magnitude
(°E) °N) (km) (km) (km) ©) ©) ©) (m) (Mw)
Fault 1 136.680 37.246 0.1 22.0 12.2 22.7 40.6 84.4 6.79 7.09
Fault 2 136.876 37.414 0.0 16.2 20.4 78.3 54.9 140.2 2.83 6.90
Fault 3 137.037 37.445 0.1 66.8 11.5 53.3 49.7 114.6 4.42 7.27
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Fig. 3. Initial free surface generated by horizontal displacement of 0.8 m along the Noto Peninsula coastal side of Toyama Bay (left) and 0.1 m along the Toyama

coastal side of Toyama Bay (right).

duration can be inferred from the Japan Coast Guard’s post-earthquake
bathymetric surveys. To estimate the landslide duration, we conducted
dedicated 3D SPLASH3D simulations of the identified submarine land-
slide events. The output from these simulations was then used as a
reference for assigning landslide duration in the COMCOT-based
simulations.

5.3.1. Site and scale of submarine landslide

This study conducted numerical tsunami simulations for two sub-
marine landslide zones that have been well-documented through
detailed field investigations (Fig. 4):

(1) Near the mouth of the Jinzu River, located approximately 4 km
from the Toyama tide gauge station.

(2) Near the mouths of the Oyabe and Sho Rivers, located within 3
km of the Fushiki tide gauge station.

The positions and dimensions of the landslide sources were config-
ured based on the latest survey data. Each landslide source was indi-
vidually simulated to evaluate its influence on the nearest tide gauge
station.

Landslide Site

37.0 T T
® Tide Gauge Station
B Toyama Station Landslide 1050
M Fushiki Station Landslide A
36.9{ M Fushiki Station Landslide B 900 _
i S
E 750 z
by =
% 600 %
36.8
_g as0 2
o - e ©
© °Fu§h|k|_°eg E;@b 300 8
) » o
36.7 150
0
36.6 ﬂ
137.0 137.1 137.2 1373 137.4

Longitude (E)

Fig. 4. Landslide sites and location of tide gauge stations.

5.3.2. Duration of submarine landslide

To estimate the duration of submarine landslides, which is typically
not available in survey reports, we conducted high-resolution dynamic
simulations using SPLASH3D. This CFD-based approach enables a
detailed reconstruction of the time-dependent behavior of submarine
landslides, particularly those resulting from the collapse of semi-
consolidated sedimentary layers.

For this study, we focused on simulating landslide motion along the
x-z plane (perpendicular to the axis of the submarine canyon) to analyze
the horizontal and vertical dynamics of the landslide process. The
computational domain was designed with a spatial resolution of 1 m x
100 m x 1 m in the x, y, and z directions, respectively, allowing for fine
resolution in both the slope-normal and vertical dimensions.

The seafloor topography was constructed based on bathymetric
profiles from post-earthquake surveys conducted by the Japan Coast
Guard. The submarine canyon geometry was approximated by
combining multiple solid rectangular blocks. The landslide body was
modeled as a rectangular fluid block, measuring 50 m x 50 m in the x-z
plane, with a density of 2 g/cm3, representing the dislodged rock mass
triggered by the earthquake.

SPLASH3D enables detailed tracking of the dynamic evolution and
physical quantities associated with submarine landslides over time.
Fig. 5 presents a simulated scenario in which earthquake-induced sedi-
ment failure triggers a submarine landslide. By evaluating the total ki-
netic energy throughout the simulation, the duration of the energy-
releasing phase of the landslide can be estimated.

Simulation results showed that the landslide block reached its
maximum kinetic energy around 10 s after initiation, driven by gravi-
tational acceleration. Between 20 and 30 s, the block maintained rela-
tively strong kinetic activity, although a gradual decrease in energy was
observed. After 30 s, deposition began, and the kinetic energy declined
rapidly until the landslide came to a complete stop.

Based on these results, we set the landslide duration for subsequent
tsunami modeling to be within the range of 20 to 30 s. This range was
further adjusted to more accurately reflect local seafloor slope angles,
thereby improving the accuracy of landslide tsunami simulations.

Table 2 shows the parameters of submarine landslide for the
temporally variable seabed motion method in COMCOT:
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200212100401

Fig. 5. Simulation results of the submarine landslide using SPLASH3D. The
four panels represent sequential snapshots at 0, 10, 20, and 30 s. The colour
within the landslide body represents the magnitude of velocity, which serves as
an indicator of local kinetic energy and overall landslide dynamics.

Table 2
Landslide parameters.
Duration time Slope Length Width Thickness
(sec) ©) (m) (m) (m)
Toyama 20.0 70.0 500.0 80.0 40.0
Fushiki 30.0 20.0 200.0 10.0 6.0
A
Fushiki 30.0 30.0 250.0 25.0 9.0
B

Time = 0:00:00 (hr:min:sec)
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6. Tsunami simulation results
6.1. Vertical displacement-generated tsunami

As shown in Fig. 6, when fault rupture occurs, the sea surface above
the fault zone is uplifted, forming the initial tsunami source. Over time,
the elevated water near the northeastern offshore area of the Noto
Peninsula begins to propagate outward. At 7 min after the tsunami
initiation (upper right panel of Fig. ©), a clear radial propagation pattern
is observed. Toward the northeast, the wave height diminishes signifi-
cantly. However, the waves traveling into Toyama Bay retain consid-
erable amplitude.

This behavior is further illustrated in Fig. 7, which presents a cross-
section of tsunami propagation a Toyama Bay. Near the bay mouth, the
seafloor is relatively shallow—approximately 200 m deep—which am-
plifies the incident tsunami wave. At 7 min, the leading wave reaches
this zone with a height of approximately 0.4 m and a wavelength of
about 20 km. Upon entering Toyama Bay, the bathymetry deepens
sharply to nearly 1200 m, causing the wave height to decrease to
approximately 0.1 m while the wavelength doubles to around 40 km.
This phenomenon is visible in both the bottom left panel of Fig. 6 and the
corresponding cross-section in Fig. 7, taken 14 min after tsunami
initiation.

By 21 min (bottom right of Fig. 7), the tsunami reaches the shallow
coastal region. The rapid shoaling causes the wave height to increase
again, ultimately producing wave heights of 0.3-0.4 m along the inner
coast of Toyama Bay.

The two tsunami waveformplots (Fig. 8) show comparisons for the
Toyama tide gauge station (upper) and the Fushiki tide gauge station
(bottom). According to the simulation of the vertical displacement-
generated tsunami, the first negative wave reached both stations
approximately 10 min after the earthquake. Moreover, the simulated
negative wave amplitude is relatively small.

However, the comparison with the observed data reveals a striking
discrepancy: both Fushiki and Toyama stations recorded the arrival of
the tsunami within 3 min of the earthquake. In both cases, the initial
negative wave reached amplitudes of approximately 0.5 m, which is
significantly larger than the simulated negative wave generated by

Vertical Displacement
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Fig. 6. Initial tsunami source and wave propagation of the vertical displacement-generated tsunami. The timestamps indicate elapsed time since the tsunami
initiation, which is assumed to coincide with the earthquake occurrence.
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Fig. 8. Comparison between the observed tsunami waveforms at the Toyama
and Fushiki tide gauge stations and the simulation results generated by vertical
displacement. The blue vertical line indicates the earthquake origin time. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

vertical fault displacement alone.

More importantly, the maximum wave height observed around
16:35 JST was approximately 0.8 m, clearly exceeding the simulated
vertical displacement-generated tsunami peak of 0.4-0.5 m. Further-
more, the wave period derived from the earthquake tsunami simulation
does not align well with the observed waveforms at either station.

These discrepancies strongly suggest that additional tsunami sour-
ces—beyond the vertical fault displacement—likely contributed to the
observed tsunami signals. A combined effect of multiple sources may be
responsible for the earlier arrival, higher wave amplitudes, and wave-
form differences observed at both tide gauge stations.

6.2. Horizontal displacement-generated tsunami

The initial source for the horizontal displacement-generated tsunami
is an 80 cm horizontal displacement on the Noto Peninsula side (Fig. 9,
upper left) at the steep bathymetry near the peninsula. As shown in the
initial surface elevation plot (Fig. 9, upper left), the shape of the tsunami
source reflects the underlying seafloor topography. The wave propaga-
tion pattern features overlapping concentric rings, which are caused by
strong localized gradients in the initial surface displacement. These
high- and low-energy zones act as secondary centers of wave radiation,

producing multiple circular fronts.

Compared to the vertical displacement-generated tsunami, the
wavelength of the horizontal displacement-generated tsunami is
significantly shorter, which is clearly illustrated in the Toyama Bay
cross-section (Fig. 10), where the horizontal displacement-generated
tsunami displays a much shorter wavelength—approximately 5
km—than the vertical displacement-generated tsunami.

Simulation results show that the horizontal displacement-generated
tsunami produced wave heights of about 10 cm at both the Toyama and
Fushiki tide gauge stations. The two comparison plots in Fig. 11 show
the simulated wave height versus the observed wave height. From these
comparisons, it is evident that the simulated wave heights are much
smaller than the observed values. Therefore, it is concluded that the
tsunami generated by the 80 cm horizontal displacement on the Noto
Peninsula side contributed little to the anomalous tsunami signals in this
event and is unlikely to be a primary source of the early-arriving and
high-amplitude waves.

As for the tsunami generated by the 10 cm horizontal displacement
on the Toyama Prefecture side, the comparison between simulation re-
sults and observed data is shown in Fig. 12.

The simulated tsunami wave height is only about 1-2 c¢m, and the
tsunami waveform in both comparison plots appears nearly flat,
showing no significant variation, which indicates that the tsunami
generated by the horizontal displacement of the Toyama Prefecture side
had a negligible influence at either tide gauge station.

Therefore, the impact of the tsunami generated by the 10 cm hori-
zontal displacement on the Toyama Prefecture side is considered insig-
nificant, and it is excluded from further discussion in this study.

6.3. Submarine landslide-generated tsunami

The submarine landslide-generated tsunami simulation results are
analyzed by examining the effect of each submarine landslide source on
the nearest tide gauge station. Therefore, results for the Fushiki and
Toyama stations are discussed separately.

Given that the epicentral distance from the Noto Peninsula to the
landslide sites is approximately 80 km, and that seismic waves require
some time to reach these locations, the landslide initiation time does not
necessarily coincide with the earthquake origin time. In the tsunami
waveform comparisons, the modeled results are aligned with observed
data to determine the most reasonable onset time of the landslide within
a physically plausible time window.

We determine the delay by aligning the first modeled crest (or
trough) with the targeted crest (or trough) in the observations; the delay
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Horizontal Displacement of Noto Peninsula Side
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Fig. 9. The initial tsunami source and wave propagation were generated by the 80 cm horizontal displacement on the Noto Peninsula side. The timestamps indicate
elapsed time since the tsunami initiation, which is assumed to coincide with the earthquake occurrence.
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obtained by this alignment, when combined with the vertical and hor-
izontal displacement-generated tsunamis, most completely reproduces
the tide-gauge records. The tsunami observations at the Toyama and
Fushiki tide gauges have a sampling interval of 15 s. Based on the
inferred landslide delay, a sensitivity test of linear wave superposition
shows that when the added/subtracted time offset is within +15 s, the
agreement between the simulated waveforms and the observations
changes only marginally.

6.3.1. Toyama tide gauge station (1 submarine landslide)

A submarine landslide scar was identified approximately 4 km north
of the Toyama tide gauge station. Since the tsunami generated by the
submarine landslide was modeled using a dynamic landslide source,
Fig. 13 illustrates the free surface elevation and tsunami propagation
from 1 to 4 min after the landslide onset. As shown in Fig. 13, the

tsunami generated by the landslide reached the Toyama tide gauge
station approximately 2 min after the start of the submarine landslide.
Furthermore, the bottom-left panel of Fig. 13, which depicts the wave-
field 4 min after the start of the submarine landslide, demonstrates that
the wave amplitude decays rapidly after the termination of the landslide
motion. As a result, the tsunami simulation for the landslide scenario in
this study focuses on tide gauge stations that are nearest to the landslide
source.

Fig. 14 presents a comparison between the simulated tsunami
waveform based on this landslide scenario and the observed tide gauge
data. In this simulation, the landslide initiation time was set to 105 s
after the earthquake origin.

By examining the comparison in Fig. 14, it can be observed that when
the landslide initiation time is set to 105 s after the earthquake, the
resulting tsunami simulation successfully explains the early arrival of
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Fig. 11. Comparison between the observed tsunami waveforms at the Toyama
and Fushiki tide gauge stations and the simulation results generated by the 80
cm horizontal displacement on the Noto Peninsula side. The blue vertical line
indicates the earthquake origin time. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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and Fushiki tide gauge stations and the simulation results generated by the 10
cm horizontal displacement on the Toyama Prefecture side. The blue vertical
line indicates the earthquake origin time. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

the first wave trough at the Toyama tide gauge station. Additionally, the
wave period produced by the landslide tsunami is closely aligned with
the observed data.

These findings suggest that the landslide-generated tsunami signifi-
cantly contributed to the anomalous tsunami observed at Toyama Sta-
tion during the 2024 Noto earthquake event.

6.3.2. Fushiki tide gauge station (2 submarine landslides)

Similar to Toyama Station, submarine landslide scars were also
identified within a 3 km radius of the Fushiki tide gauge station. Two
distinct and prominent landslide features were observed near the sta-
tion. We hypothesize that both landslides contributed to the anomalous
tsunami signals recorded during this event.

Therefore, for the Fushiki station, we conducted a detailed analysis
of the individual impact of each landslide source. By comparing the
simulation results of both sources with the observed tide gauge data, we
estimated the respective initiation times of the two landslides. We
assessed their individual and combined contributions to the overall
tsunami waveform.

Fig. 15 and Fig. 16 show the tsunami propagation patterns associated
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with Landslide A and Landslide B, respectively, both located near the
Fushiki tide gauge station. The wave dynamics in both cases exhibit
similar temporal and spatial patterns to those observed for the subma-
rine landslide near the Toyama tide gauge station (Fig. 13). However,
Landslide A and Landslide B are situated closer to the coastline and are
smaller in scale compared to the landslide source near the Toyama tide
gauge station.

The two figures above show a comparison between simulation results
and observed tide gauge data for submarine landslide A (Fig. 17, upper)
and landslide B (Fig. 17, middle) near Fushiki Station.

Simulation results reveal that the first wave generated by Landslide A
was negative, while that generated by Landslide B was a positive wave.
We interpret this contrast because of the differing sliding directions of
the two submarine landslides, which influenced the waveform observed
at the tide gauge station. Specifically, Landslide A slid southeastward,
parallel to the coastline, whereas Landslide B moved southwestward,
directly toward the shore (JCG, 2024b). Based on this, we infer that
Landslide A occurred approximately 100 s after the earthquake, gener-
ating the first observed negative wave at the Fushiki tide gauge station
(Fig. 17 upper). In contrast, Landslide B is estimated to have occurred
975 s after the earthquake, producing a positive initial wave that
matches the positive waveform observed around 16:30. This latter signal
cannot be explained by Landslide A alone (Fig. 17 middle).

Fig. 17 (bottom) shows the comparison between the combined
tsunami waveform generated by submarine landslides A and B and the
observed tide gauge data at Fushiki Station. In this simulation, Landslide
A is assumed to occur 100 s after the earthquake, while Landslide B
occurs 975 s after the earthquake.

By superimposing the waveforms from both events, the simulated
tsunami closely matches the observed waveform in the early stages,
supporting the interpretation that submarine landslides strongly influ-
ence the anomalous tsunami signals recorded at Fushiki Station.

6.4. Combined effects of multiple tsunami sources

By superimposing the tsunami waveforms generated by the three
investigated sources vertical fault displacement, horizontal displace-
ment on Noto Peninsula side, and submarine landslides (for each land-
slide source, its effect is considered only at the nearest tide gauge
station) the resulting combined waveforms are shown in the comparison
plots for Toyama Station (Fig. 18 upper) and Fushiki Station (Fig. 18
bottom).

The simulated waveforms exhibit a good agreement with the
observed tide gauge data at both stations, particularly in terms of arrival
time, wave amplitude, and waveform shape. These results strongly
indicate that the tsunami signals recorded at Fushiki and Toyama during
the 2024 Noto earthquake were not caused by a single source, but rather
by the combined effects of multiple tsunami generation mechanisms.

7. Discussion

In this study, we conducted numerical simulations of tsunamis for
multiple potential sources—including vertical fault displacement, hori-
zontal displacement, and submarine landslides—to explain the anoma-
lous tsunami behaviors observed at the Toyama and Fushiki tide gauge
stations during the 2024 Noto Peninsula earthquake.

The successful simulation and analysis of nearshore landslide-
generated tsunamis in this study can be primarily attributed to the use
of SPLASH3D to determine the duration of landslide motion, followed by
the implementation of the temporally variable seabed motion method in
COMCOT. This approach enables the simulation of tsunamis generated
by dynamically evolving landslide sources. Compared to the equivalent
instantaneous initial free surface displacement method, it significantly
improves the accuracy of tsunami modeling near the landslide source.
Consequently, the contribution of each tsunami source to the 2024 event
can be evaluated more comprehensively and intuitively.
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Fig. 13. Dynamic submarine landslide-generated tsunami source and wave propagation of submarine landslide near Toyama tide gauge station. The timestamps
indicate elapsed time since the tsunami initiation, which is assumed to be 105 s after the earthquake occurrence.
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Fig. 14. Comparison between the observed tsunami waveforms at the Toyama
tide-gauge station and the simulation results generated by a submarine land-
slide. The landslide is assumed to have occurred 4 km north of the station, with
an initiation time of 105 s after the earthquake. The blue vertical line denotes
the earthquake origin time; the brown line denotes the landslide initiation time.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

The current integration strategy between the two models involves
representing the landslide as a rectangular block and converting its
motion into a free surface displacement using analytical formulas. This
displacement is then used as the initial condition in a shallow water
equation-based tsunami model. The future goal is to directly import the
free surface condition from specific time steps of the three-dimensional
fluid model into the tsunami model to enable hot-start simulations.
Additionally, the plan includes incorporating realistic bathymetry and
landslide geometry into the 3D fluid model, allowing for a more
comprehensive representation of the landslide’s dynamic behavior and
making the tsunami source more physically realistic.

Furthermore, under nearshore conditions where nonlinear effects are
more significant, long-duration simulations can lead to error accumu-
lation, which is unfavorable when investigating tsunami behavior
occurring long after the landslide event. In this study, a comparison
between simulation results and observational data shows good agree-
ment within the first 40 min after the landslide. However, beyond 40
min, noticeable deviations begin to appear, once again highlighting the
impact of error accumulation on the latter parts of the simulation. Since
this study focuses on the tsunami behavior within 40 min of the land-
slide occurrence, it is less affected by errors accumulation from
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nonlinear effects.

According to the simulation results, the early tsunami arrival times
observed at both stations are primarily attributed to nearby submarine
landslide sources, located just 3-5 km from the tide gauges. The simu-
lations revealed that landslide-generated tsunamis could reach the
closest tide stations within 2-3 min after the landslide onset.

We also considered the delayed initiation time of landslides relative
to the earthquake origin. For the landslide located 4 km north of Toyama
Station, a delay of 105 s provided the best fit to the observed waveform
and accurately reproduced the early tsunami arrival. At Fushiki Station,
two landslides were identified in the vicinity. Landslide A, simulated
with an onset time of 100 s, effectively explained the first early-arriving
wave; Landslide B, simulated at 975 s, matched the secondary wave
amplification observed near 16:30 JST, and contributed to the overall
waveform thereafter.

Regarding the larger-than-expected tsunami amplitudes observed at
both stations between 16:30 and 17:00 JST, the combined-source sim-
ulations closely reproduced the maximum wave heights seen in the tide
gauge data. In contrast, simulations with individual sources failed to
reach such amplitudes. These results confirm that the combined effects
of vertical displacement and landslide-generated tsunamis caused the
enhanced wave heights. Based on waveform decomposition, the con-
tributions of each were roughly equal—both for about 45 % of the
observed waves—indicating that landslide tsunamis not only caused
early arrival but also effectively doubled the observed tsunami heights.

Regarding the Noto Peninsula side horizontal displacement-
generated tsunami, the simulations at both stations yielded wave
heights of approximately 8 cm, accounting for about 10 % of the
observed waves. Based on comparisons between simulation results and
observational data, horizontal displacement is not considered the pri-
mary cause of the early tsunami arrivals and unexpectedly large wave
amplitudes observed at both Toyama and Fushiki tide gauge stations
during this event.

In this event, the observed tsunami waveform is primarily influenced
by both vertical displacement and the submarine landslide. During the
linear superposition of tsunami waveforms, we found that the delay time
of the landslide significantly affects the resulting combined waveform.
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Fig. 15. Dynamic submarine landslide-generated tsunami source and wave propagation of submarine landslide A near the Fushiki tide gauge station. The timestamps
indicate elapsed time since the tsunami initiation, which is assumed to be 100 s after the earthquake occurrence.
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Fig. 16. Dynamic submarine landslide-generated tsunami source and wave propagation of submarine landslide B near the Fushiki tide gauge station. The timestamps
indicate elapsed time since the tsunami initiation, which is assumed to be 975 s after the earthquake occurrence.

Under the selected delay time in this study, the wave crests of both the
landslide-induced tsunami and the tsunami generated by vertical
displacement arrive near the timing of the maximum observed wave
height. The constructive interference between the two tsunami sources
results in a higher-than-expected peak wave height at the Toyama and
Fushiki tide gauge stations. However, at certain other delay times, the
waveforms from the two sources can interfere destructively, leading to a
maximum wave height that is lower than that produced by either source
alone.

In summary, this study demonstrates that tsunami waves generated
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by submarine landslides during the 2024 Noto earthquake can signifi-
cantly impact tsunami early warning systems, resulting in earlier-than-
expected arrivals and underestimated wave heights. This poses sub-
stantial challenges for both tsunami early warning and coastal engi-
neering risk assessment. We anticipate that our findings will help
strengthen future practice: for early warning, agencies should conduct
scenario simulations of submarine landslides of varying magnitudes in
landslide-prone areas and evaluate the resulting arrival lead times and
potential impacts; these results can then guide adjustments to evacua-
tion strategies in regions susceptible to landslide-generated tsunamis to
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Fig. 17. Comparison between the observed tsunami waveforms at the Fushiki
tide gauge station and the simulation results generated by submarine landslides
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initiation time. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 18. Comparison between the observed tsunami waveforms at the Toyama
and Fushiki tide gauge stations and the simulation results produced by the
combined effects. The blue vertical line indicates the earthquake origin time.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

minimize losses. Moreover, because the combined effects can produce
maximum wave heights that exceed those predicted from vertical
displacement from fault motion, coastal engineering risk assessments
should explicitly account for the additional wave-height contributions
from landslide-generated tsunamis.

8. Conclusions and implications for engineering geology

1. Early arrivals require local slides. The 2-3 min first detections at
Toyama/Fushiki are best explained by proximal submarine land-
slides, not by fault displacement alone.

2. Combined sources control peak hazard. Constructive interference
between submarine landslide-generated and fault-generated waves
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produced the largest peaks (16:30-17:00 JST). On average, each
contributed about 45 % of observed amplitudes, while horizontal
displacement accounted for only about 10 %.

3. Integration matters. A workflow that resolves slide duration in 3D
model and drives a time-varying source in the propagation model
improves near-field realism relative to instantaneous-displacement
methods, enabling clearer source attribution and timing sensitivity
tests.

4. Timing sensitivity is a hazard lever. Small changes in landslide onset
can switch constructive or destructive interference at key sites,
implying that scenario libraries for embayments should systemati-
cally sweep onset delays and slide positions.

5. Operational relevance. Because slide-augmented scenarios can arrive
earlier and peak higher than fault-only forecasts, warning centers
should pre-compute landslide scenario ensembles for known-prone
areas and incorporate arrival lead-time envelopes and peak-height
ranges into procedures and public messaging.

Practical recommendations

e Early warning: Maintain a library of slide-augmented scenarios
(varying magnitude, location, onset delay) for Toyama Bay-type
embayments; include site-specific arrival envelopes for critical tide
stations and ports.

Monitoring: Prioritize bathymetric change detection and slope-
stability indicators at mapped submarine-landslide candidates to
inform real-time scenario selection.

Engineering design & risk: For near-field sites, adopt combined-
source design waves rather than fault-only spectra; where feasible,
translate peak depth/flux to damage metrics consistent with risk
frameworks used in engineering practice.
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