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Along-strike variations of sediment thickness and inelastic wedge deformation can significantly affect the vari-
ations of near-trench slip, seismic radiation, and tsunamigenesis along the Japan Trench. We present fully
coupled models of dynamic rupture, ocean acoustic waves, and tsunami for the 2011 My 9.1 Tohoku-Oki
earthquake to fully investigate the physics of tsunami generation and radiation fields, by extending a dynamic
rupture model with wedge inelasticity (Ma, 2023). The fully coupled models, incorporating ocean compress-
ibility, produce tsunami in good agreement with that from a dispersive shallow-water model, confirming the
validity of both models. We show strong radiation of ocean acoustic and seismic waves caused by fast rupture
velocity (~3 km/s) and large near-trench slip south of 39°N, dominated by elastic wedge response. However,
north of 39°N where sediment thickens in the northern Japan Trench, the inelastic wedge deformation excites
tsunami efficiently with diminishing near-trench slip (<20 m), consistent with differential bathymetry obser-
vations, but causes slow rupture velocity (~850 m/s) and significantly weaker radiation of ocean acoustic and
seismic waves. Inelastic wedge deformation thus provides a self-consistent interpretation to both depletion in
high-frequency radiation and large tsunami generation in the northern Japan Trench in this earthquake, which

may challenge the use of ocean acoustic waves for robust tsunami early warning.

1. Introduction

A controversy about the 2011 My 9.1 Tohoku-Oki earthquake and
tsunami arose shortly after the disasters unfolded, which centers on the
physics of tsunami generation and particularly why the largest tsunami
(up to 40 m) occurred >100 km north of large slip region updip from the
hypocenter (e.g., Mori et al., 2011). Most slip models based on seismic
and geodetic data resolved large slip updip from the hypocenter (Sun
et al., 2017; Lay, 2018; Uchida and Biirgmann, 2021; and references
therein), confirmed by the differential bathymetry data before and after
the earthquake showing >50 m slip near the trench around 38.1°N
(Fujiwara et al., 2011) and seafloor geodesy data (e.g., Sato et al., 2011;
Kido et al., 2011). These slip models can explain the large tsunami
inundation distances in Sendai and Ishinomaki Plains; however, had
little slip north of 39°N, incapable of explaining the large tsunami
generation in the northern Japan Trench (e.g., Maclnnes et al., 2013).

To explain the large tsunamigenesis in the northern Japan Trench,
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slip models by inverting tsunami data requires near-trench slip up to 36
m north of 39°N (e.g., Satake et al., 2013; Yamazaki et al., 2018).
However, the differential bathymetry data in the northern Japan Trench
(Fujiwara et al., 2017, Fujiwara, 2021; Kodaira et al., 2020, 2021; Zhang
et al., 2023) showed the trenchward coseismic horizontal displacement
<20 m, inconsistent with these models. A large submarine landslide for
tsunami generation (Tappin et al., 2014) was also considered unlikely
from the differential bathymetry data (Fujiwara et al., 2017). Another
important observation is that the turbidite units that are strongly
correlated with large slip at trench and strong ground motion south of
38.7°N were not observed in the northern Japan Trench (e.g., Ikehara
et al., 2018; Uchida and Biirgmann, 2021), indicating a different
deformation mode north of 38.7°N.

Nearly all the slip models for this earthquake are based on elastic
dislocation theory, which requires large shallow slip to explain tsunami
generation (e.g., Satake and Tanioka, 1999; Lay et al., 2012). Despite
being inconsistent with the differential bathymetry data and turbidite
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Fig. 1. Map of the study. The fault surface used in this work is outlined by white. The red dot denotes the epicenter of the 2011 Tohoku-Oki earthquake, which is the
origin of the coordinate system used (shown in red, x axis is along the plate convergence direction). The magenta curve shows the coseismic rupture area inferred by
Kato and Igarashi (2012). The blue squares are the strong motion generation areas (SMGAs) identified by Kurahashi and Irikura (2013). The yellow solid and dotted
lines denote the traces of the backstop surface on the seafloor and plate interface, respectively, by fitting the sediment-thickness data of Tsuru et al. (2002). Thicker
sediments in the northern Japan Trench can be clearly seen. The 8 subfaults of Satake et al. (2013, 2017) in the northern Japan Trench depict the rupture zone of the
1896 Sanriku earthquake. Stations shown are on-land GPS stations (black dots), GPS buoys (orange squares), OBP sensors (yellow inverted triangles), and off-shore
GPS stations (green triangles). The four prefectures mentioned in the paper and the Sanriku coast are denoted. These features are identical to those in Fig. 1 of Ma
(2023). The red crescent-shaped curve is the boundary of the ocean of interest considered in this work; the irregular western boundary coincides approximately with
the 400 m-depth bathymetry contour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observations in the northern Japan Trench large shallow slip is still the
prevailing hypothesis in explaining the 2011Tohoku tsunami and large
tsunami runup north of 39°N and has been widely used to explain tsu-
namigenesis around the globe (e.g., Cheung et al., 2021).

A different and opposing hypothesis was proposed by Ma and Nie
(2019) and Ma (2023), which resorts to inelastic wedge deformation
(Ma, 2012; Ma and Hirakawa, 2013). They questioned the application of
the elastic dislocation theory in the northern Japan Trench, where weak
and thick sediments are present in the frontal prism (Tsuru et al., 2002;
Kodaira et al., 2017). Fig. 1 shows the variation of sediment thickness
along the Japan Trench based on the data of Tsuru et al. (2002). With
weak sediments large dynamic stresses during rupture propagation can
drive the wedge into failure, making the elastic dislocation theory less
applicable. We refer the reader to Ma and Nie (2019), Wilson and Ma
(2021), Du et al. (2021), and Ma (2023) for more discussions of the
applicability of elastic dislocation theory in shallow subduction zones.
Inelastic deformation of overriding wedge, mimicking frictional sliding

on Coulomb microfractures with steeper dips, can efficiently generate
seafloor uplift on a shallowly dipping plate interface with diminishing
shallow slip. Ma (2023) showed that the along-strike variation of sedi-
ment thickness and inelastic deformation in the northern Japan Trench
can explain the large shallow near-trench slip (>50 m) around 38.1°N
and large tsunami generation with diminishing shallow slip (< 20 m)
north of 39°N, providing a self-consistent explanation to the puzzling
>100 km distance offset mentioned above while being consistent with
the differential bathymetry observations (Fujiwara et al., 2011, 2017,
Fujiwara, 2021; Kodaira et al., 2020, 2021). The inelastic deformation of
the model produces short-wavelength uplift, generating impulsive
tsunami that matches the amplitude, arrival time, and pulse width of the
tsunami observed offshore the Sanriku coast (e.g., Maeda et al., 2011).
The impulsive tsunami has been shown to be instrumental in leading to
extreme runup in the rugged Sanriku coast due to amplification of short-
wavelength components (e.g., Shimozono et al., 2014; Tappin et al.,
2014; Yamazaki et al., 2018; Du et al., 2021).
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It is important to further test these two hypotheses, as the seemingly
puzzling observations may illuminate the physics of tsunami generation.
One way to do so is to examine the radiation characteristics of elastic
dislocation models and models with significant inelastic wedge defor-
mation (e.g., Wilson and Ma, 2021). Since Kanamori (1972) identified
tsunami earthquakes as earthquakes that generate disproportionately
large tsunamis relative to their surface wave magnitude (Ms) depletion
in high-frequency radiation had been recognized as one of the essential
characteristics of tsunami earthquakes. Over the last 50 years, depletion
in high-frequency radiation is also recognized as an important rupture
characteristic in the upper ~10-15 km of rupture zone in large tsuna-
migenic earthquakes worldwide (e.g., Lay et al., 2012; Yao et al., 2013;
Ye et al., 2016). Some related and important characteristics of earth-
quakes associated with large tsunamigenesis include anomalously slow
rupture speed, long rupture duration, and low moment-scaled radiated
energy (Newman and Okal, 1998). Lay et al. (2012) classified the upper
10-15 km as Domain A for global subduction zones, a domain associated
with anomalously large tsunami generation and depletion in high-
frequency radiation. (They associated Domain A with large slip, which
may be questionable because large tsunami can be generated with
diminishing slip as observed in the northern Japan Trench.)

Yet, depletion in high-frequency radiation is not well understood and
largely unaccounted for in most kinematic and dynamic rupture models
of large tsunamigenic earthquakes. Most models focused only on
tsunami generation by shallow slip in the realm of elastic dislocation
theory. Perhaps it is not surprising that slip models using seismic data
failed to detect slip north of 39°N (e.g., Lay, 2018; Uchida and Biirg-
mann, 2021) because of the anomalous depletion in high-frequency
radiation associated with large tsunami generation. The lower seismic
intensity observed in Iwate Prefecture than Miyagi and Fukushima
Prefectures to the south (locations shown in Fig. 1), illustrated in Fig. 1
of Kodaira et al. (2021), is also consistent with depletion in high-
frequency radiation in the north. The 1896 Sanriku earthquake, one of
the most anomalous tsunami earthquakes (Kanamori, 1972), also
occurred in the northern Japan Trench, which strongly suggests that the
same physics may lead to large tsunami generation and depletion in
high-frequency radiation in both earthquakes.

How do we understand large tsunami generation and depletion in
high-frequency radiation in shallow subduction zones as a whole? Noda
and Lapusta (2013) argued that thermal pressurization of pore fluids in
the fault zone can weaken the fault, leading to large slip and long slip
duration, which can be applied to the 2011 Tohoku-Oki earthquake and
1999 Chi-Chi earthquake. However, their model was in a whole space.
The rapid stress drop in their model seems unable to explain the long-
duration ground velocity data as observed in the 1999 Chi-Chi earth-
quake. Kubota et al. (2022) showed that tsunami data is inconsistent
with the possibility of thermal pressurization updip from the hypocen-
ter; large shallow slip is driven mostly by deep large stress drop
enhanced by the free surface. Ma and Hirakawa (2013) showed the
importance of the free surface in enhancing depletion in high-frequency
radiation as it unclamps the fault and causes large but more gradual
strength drop than deep rupture. Yin and Denolle (2021) showed similar
results. However, the free surface alone may not account for the full
physics for depletion in high-frequency radiation. Meng and Duan
(2023) suggested that along-strike frictional heterogeneities (Bilek and
Lay, 2002) may lead to slow rupture propagation, depletion in high-
frequency radiation, and low moment-scaled radiated energy, but the
radiation from their model may need to be further examined because
locally large stress drops on velocity-weakening fault patches (similar to
the seamount rupture modelled by Duan, 2012) may enhance high-
frequency radiation. All these models are elastic (except for Ma and
Hirakawa, 2013) and require large shallow slip to explain tsunami
generation.

Many early studies (e.g., Okal, 1988; Kanamori and Kikuchi, 1993;
Satake and Tanioka, 1999; Polet and Kanamori, 2000) attributed
anomalous depletion in high-frequency radiation and tsunamigenesis to
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sediment at shallow depth or in the fault zone based on somewhat
oversimplified physics, discussed by Ma (2023). A recent study can be
seen in Sallares and Ranero (2019). These studies argued that if seismic
moment is fixed the low rigidity of sediment increases slip, therefore
increasing seafloor displacement and tsunami generation. To explain
depletion in high-frequency radiation most studies attributed to slow
rupture velocity, again due to low rigidity of sediment. However, in a
low-velocity fault zone rupture velocity is not fully controlled by the
sediment in all conditions, instead it can be controlled by the material
outside the fault zone. Trapped waves within the low-velocity fault zone
can lead to more high-frequency radiation and sometime to supershear
rupture velocities (Harris and Day, 1997). Lotto et al. (2017) modelled
dynamic rupture propagation in the presence of a large sedimentary
prism and found that sediment leads to slow rupture propagation and
large slip, similar to the elastic models in Ma (2023) and this work.
However, dynamic rupture on a bimaterial interface may lead to large
and rapid strength drop enhanced by the free surface (Ma and Beroza,
2008; Scholz, 2014), again contributing to high-frequency radiation.

One mechanism that appear to reconcile probably all the anomalous
observations of shallow subduction earthquakes is inelastic deformation
(Ma, 2012; Ma and Hirakawa, 2013). Seno (2000) and Tanioka and Seno
(2001a, 2001b) first proposed the concept of inelastic deformation and
showed that inelastic deformation can generate tsunami efficiently with
slip smaller than required in elastic dislocation models. Their model was
conceptual without including realistic constitutive modelling of inelastic
deformation. Neither did they relate inelastic deformation to anomalous
rupture characteristics (recent examples can be seen in Gusman et al.,
2012 and Hill et al., 2012). Ma (2012) modelled inelastic wedge
deformation using undrained Mohr-Coulomb yield criterion and showed
that inelastic deformation can lead to slow rupture velocity and efficient
tsunamigenesis with reduced slip. Ma and Hirakawa (2013) further
showed that inelastic deformation is a large energy sink, which can
explain depletion in high-frequency radiation and low moment-scaled
radiated energy for shallow subduction earthquakes. The free surface
also exerts a fundamental control on inelastic deformation because the
yielding of Coulomb materials is depth-dependent, leading to flower-like
damage zones in a strike-slip setting (e.g., Ma, 2008; Ma and Andrews,
2010; Ma, 2022). Ma and Nie (2019) extended the inelastic deformation
model to 3D and proposed the concept that along-strike variations of
sediment thickness and inelastic wedge deformation can explain the
puzzling large tsunami generation more than 100 km north of the
epicenter in the 2011 Tohoku tsunami. In Ma (2023), the dynamic
rupture model with inelastic deformation in the northern Japan Trench
for the 2011 Tohoku-Oki earthquake reduces the along-strike rupture
velocity to ~850 m/s, which explains the timing of tsunami off the
Sanriku coast, in contrast to the 3-min delay of shallow slip required by
the elastic dislocation model of Satake et al. (2013). These results show
that sediment can play a critical role in tsunami generation and defi-
ciency in high-frequency radiation in its weak strength leading to in-
elastic deformation, rather than low rigidity identified in previous
studies.

Here we present fully coupled models of dynamic rupture, ocean
acoustic waves, and tsunami for the 2011 Tohoku-Oki earthquake,
focusing on tsunami generation and different radiation characteristics of
seismic and acoustic waves based on elastic and inelastic models of Ma
(2023). Fully coupled models allow rigorous simulation of tsunami
generation and propagation as well as ocean acoustic and seismic waves
(e.g., Lotto and Dunham, 2015; Lotto et al., 2018; Wilson and Ma, 2021;
Ma, 2022; Abrahams et al., 2023; Kutschera et al., 2024). We will show
that inelastic wedge deformation in the northern Japan Trench leads to
more depletion of high-frequency radiation than models with elastic
deformation while generating tsunami more efficiently. The results will
shed new light on the validity of different hypotheses in explaining the
devastating 2011 Tohoku tsunami and have important implications for
tsunami hazard assessments and reductions worldwide. Because ocean
acoustic waves travel faster than tsunami there were studies advocating
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Fig. 2. Snapshots of slip velocity, vertical seafloor velocity, dynamic ocean bottom pressure change, sea surface elevation, and seafloor displacements at 6 cross
sections (marked by thin black dotted lines) are shown for the inelastic (a - ¢) and elastic (d) models. The peak amplitude and location (denoted by a symbol x) are
shown in each panel. The inelastic strain in the wedge is also shown in (a - ¢). The thick black dotted line shows the 15 m contours of slip model of Iinuma et al.
(2012). The fully coupled models capture both ocean acoustic and seismic waves and tsunami. Wave fields are complex. Different radiations and seafloor dis-
placements in the northern Japan Trench due to different rupture characteristics between the two models at 124 s are seen with significantly weaker radiation in the
inelastic model. PL and oceanic Rayleigh waves are marked. More details about the two models are illustrated in Movies 1 and 2.
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ocean acoustic waves for tsunami early warning (e.g., Ewing et al., 1950;
Kozdon and Dunham, 2014; Mei and Kadri, 2017; Lay et al., 2019;
Gomez and Kadri, 2023). However, depletion in high-frequency radia-
tion may pose a challenge to use ocean acoustic waves for robust
tsunami early warning because the periods of these waves are
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significantly shorter than that of tsunami and they can be strongly
weakened by inelastic deformation.

We will also show that moderate inelastic deformation coupled with
ocean response can significantly increase slip duration, leading to
locally large shallow slip >100 m south of 39°N (in contrast to
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diminishing shallow slip with intense inelastic deformation in the
northern Japan Trench), which may be observed in Ueda et al. (2023).
Such locally large shallow slip, however, may not contribute much to
tsunami generation because of small wavelength of seafloor uplift
compared to ocean depth. Increase of slip duration by inelastic defor-
mation may explain the long-period ground motion recorded in the
northern rupture zone of the 1999 Chi-Chi earthquake (Ma et al., 2003),
which will be addressed in a separate study.

2. Fully coupled models

Our fully coupled models of dynamic rupture, ocean acoustic wave,
and tsunami for the 2011 Tohoku-Oki earthquake are directly based on
the dynamic rupture models of Ma (2023), which presented two models:
one elastic model and one model with inelastic wedge deformation
(mostly in the northern Japan Trench). Both models were based on a
heterogeneous stress drop model of Kubota et al. (2022), constrained by
on- and off-shore GPS and tsunami data. The fault geometry, bathyme-
try, and velocity structure were based on the Japan Integrated Velocity
Structure Model (JIVSM) of Koketsu et al. (2012). The results from both
models are nearly identical due to the same model setup except in the
northern Japan Trench, where the elastic model showed large slip (>40
m) at the trench, fast rupture velocity, and large slip velocity, while the
inelastic model showed diminished slip (<20 m) at the trench, slow
rupture velocity (~850 m/s), and small slip velocity due to sediment
yielding. The large shallow slip in the elastic model violates the differ-
ential bathymetry observations north of 39°N (Fujiwara et al., 2017) and
produces tsunami larger and earlier than the observations offshore the
Sanriku coast. In contrast, the inelastic model is consistent with the
differential bathymetry and tsunami observations. These different
rupture characteristics between the two models will also be seen in the
fully coupled models below.

Fig. 1 shows the map of this study, depicting the bathymetry, fault
geometry, sedimentary wedge with along-strike variation of sediment
thickness (Tsuru et al., 2002), strong motion generation areas (SMGAs,
Kurahashi and Irikura, 2013), and geodetic and tsunami stations
considered in Ma (2023). The coordinate system used in this work is
identical to the one in Ma (2023): the x axis is along the plate conver-
gence direction (E20°S), y axis along N20°E, z axis vertical up, and the
origin located at the epicenter (38°06.2' N, 142°51.6'E). The fault ex-
tends 200 km wide (along x) and 600 km long (along y), which reaches
the trench at —200 km < y < 300 km and is buried at y < —200 km.

The reader is referred to Ma (2023) for the detailed set up of the
models, which remains identical in this work. The only minor difference
is in the inelastic model here where the wedge slope and fault dip are fit
by using only the sediment part of the wedge, i.e., seaward from back-
stop (Fig. S1), which give rise to 5.4149° (wedge slope) and 4.5571°
(fault dip). Ma (2023) obtained slightly different parameters by fitting
the data within 65 km from the trench to consider possible inelastic
deformation in the inner wedge. We allow inelastic deformation only in
the sediment seaward from backstop in this work. These parameters set
the stresses and strength parameters in the wedge; however, the results
only show slight differences from Ma (2023) as will be shown below.

To fully couple dynamic rupture, ocean acoustic waves, and tsunami,
we add a compressible ocean to the models of Ma (2023). To create the
ocean in the model, we first create a hemiellipsoid (three axes are 340,
380, and 340 km along the three coordinate axes) centered at (—80 km,
—10 km, 0) to intersect the ocean and seafloor. We then make a hori-
zontal cut at 400 m depth on the seafloor near the coast (the bathymetry
is slightly smoothed so that the 400 m contour is a single curve) and slice
the 400 m contour up along an inclination angle 15° to intersect the sea
surface, which creates a small irregular dipping surface that becomes the
western boundary of the ocean. The hemiellipsoid and seafloor (with
realistic bathymetry) form the remaining boundary of the ocean of in-
terest in the model (Fig. 1). We use 4-node tetrahedral elements
(element size ~500 m) to mesh the ocean. The period of the
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fundamental mode of ocean acoustic waves is approximately 4H/c (H is
ocean depth and c is the sound speed in the ocean), which is 16 s for an
ocean depth 6 km. The element size 500 m can simulate accurately the
propagation of ~3 s ocean acoustic waves for 10 elements per minimum
wavelength, which can well resolve the propagation of the fundamental
mode of ocean acoustic waves in ocean depths >1.25 km. To minimize
wave reflections at ocean-solid boundaries, we further extend the ocean
outward for an additional ~300 km with a coarser mesh (not shown).
The coupling between the ocean and solid earth at the seafloor is
done by enforcing continuity of normal displacement and traction and
vanishing shear traction. To include gravity waves in the model we use a
linearized sea surface boundary condition of Lotto and Dunham (2015),
verified by a semi-analytical solution in Wilson and Ma (2021). This free
surface boundary condition naturally gives rise to dispersions of ocean
acoustic waves and tsunami in the linear regime. The fully coupled
models account for generation and propagation of gravity waves in the
ocean, including the contributions of horizontal displacement of sloping
seafloor and rupture duration on tsunami generation as well as filtering
of short-wavelength uplift features by variable ocean depth (e.g., Lotto
et al., 2018; Wilson and Ma, 2021), which may be the most accurate
method in modelling tsunami although the computational expense is
high compared to the widely-used shallow water models, thoroughly
discussed by Abrahams et al. (2023). The feedback of ocean on the solid
earth is also rigorously simulated. We refer the reader to these papers for
the detailed descriptions of the fully coupled modelling approach. A
special treatment is done at trench in the models here because 3 nodes
coincide at each point in the finite element mesh; we use the velocity and
displacement of the center of mass of hanging wall and footwall nodes to
interact with the ocean node in enforcing the boundary conditions at
seafloor. We run the models for 500 s with a time step of 0.01 s.

3. Results

To illustrate the fully coupled models, we show 3 snapshots of slip
velocity, vertical seafloor velocity, dynamic ocean bottom pressure
(OBP) change, sea surface elevation, and seafloor displacements and
inelastic shear strain at 6 cross sections for the inelastic model (Fig. 2). In
comparison, we also show one snapshot for the elastic model, which
shows significantly different rupture and radiation characteristics in the
northern Japan Trench. The detailed processes for these two fully
coupled models are illustrated in Movies 1 and 2. The rupture processes
with ocean are nearly identical to the results of Ma (2023) without ocean
except for some differences at shallow depths (to be shown below), as in
general the ocean has a minor effect on the response of solid earth (e.g.,
Lotto et al., 2018).

Shortly after nucleation, the rupture expands in all directions driven
by the large stress drop (~10 MPa) around the hypocenter. The rupture
propagates faster up dip (mode II direction) with a rupture velocity ~ 3
km/s. Significant along-strike propagation at depth is also seen due to
large stress drop along strike (see also Fig. 7b of Ma, 202.3), although the
rupture velocity is slower along the mode III direction. Strong seismic
waves are excited, which causes rapid motion of the seafloor. The ver-
tical seafloor velocity pattern strongly resembles the P-SV wave radia-
tion pattern: up-dip rupture pushes the seafloor up, down-dip rupture
pulls the seafloor down and the along-strike direction is a node. The up-
dip rupture propagation enhanced by the free surface leads to strong
directivity with large fault-normal motion, displacing seafloor mostly
vertically above a shallowly dipping plate interface. Strong SH and Love
waves are also excited and propagate along strike, but do not show up in
vertical seafloor velocity and ocean bottom pressure. The vertical mo-
tion of seafloor compresses the ocean, generating strong P-wave in the
ocean propagating upward, reflecting at sea surface and propagating
downward as a pulling motion because sea surface boundary is nearly
free. The reflected P-wave amplitude reverses again due to a large
impedance contrast at seafloor, which gives rise to the alternating red
and blue colors in vertical seafloor velocity and ocean bottom pressure
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Fig. 3. Differences in vertical seafloor velocity and dynamic ocean bottom pressure change between the elastic and inelastic models at 124 s are shown. The wave
fields are cleaner due to the cancellation of the same waves from earlier rupture governed by the same elastic off-fault response in both models. Due to weak radiation
in the inelastic model the differences shown are mostly due to stronger radiation in the elastic model, showing clearly dispersive PL and oceanic Rayleigh waves
emanating from rupture front. Strong trapped energy in the sediment behind rupture front in the elastic model is seen. (For interpretation of the references to colour

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

change as P waves bounce multiply in the ocean. The tsunami can also
be seen in the sea surface elevation in the model, which has much longer
wavelengths than those of the ocean acoustic waves. A cross-sectional
view of these fields was clearly illustrated in the movies of 2D models
of Kozdon and Dunham (2014).

As the up-dip rupture breaks the trench at ~38 s, the slip velocity
reaches ~17 m/s, which generates strong radiation of different waves.
The largest wave propagating seaward is oceanic Rayleigh wave. The
strong reflected wave propagating landward is the PL wave (Kozdon and
Dunham, 2014; Wilson and Ma, 2021), which is a leaky P wave mode
due to interference of P waves trapped in the ocean and upper solid earth
but is leaking energy due to conversion to S wave (e.g., Oliver and
Major, 1959; Phinney, 1961). Kozdon and Dunham (2014) found a good
correlation of PL wave amplitude with slip at trench. Lay et al. (2019)
presented a similar concept but looked at P wave coda at teleseismic
distances. Because PL waves travel much faster than that of tsunami they
advocated the use of these waves for tsunami early warning. Indeed, the
PL waves are strongly excited in our 3D simulations. As the rupture
propagates bilaterally along strike (see 66 s), large PL wave radiation
can be seen to follow behind the rupture front although the inelastic
deformation has occurred (but small). However, as the rupture enters
the northern Japan Trench significant inelastic wedge deformation
causes slow rupture velocity (~850 m/s), small slip velocity, dimin-
ishing shallow slip, and radiation of all acoustic waves become much
weaker (Fig. 2c). Large inelastic uplift occurs with diminishing hori-
zontal displacement. In contrast, in the elastic model large acoustic

radiation is clearly seen trailing behind the rupture front with large slip
velocities and fast rupture velocity (Fig. 2d). Large seafloor uplift is
caused by fast slip peaking at trench. In both models, rupture directivity
greatly enhances the amplitudes of oceanic Rayleigh waves: they are
smallest directly updip from the hypocenter but are much larger to the
north and south, shown more clearly in dynamic ocean bottom pressure
changes. At 124 s, the tsunami splitting above the trench can be seen.
The wavefields are complex because radiation from the rupture front
is contaminated by the waves radiated from earlier rupture propagation,
including breaking of the SMGAs at depth. To show the differences of
radiations at rupture front between the two models we calculate the
difference between the wavefields of the two models (Fig. 3). The waves
due to the earlier rupture at depth are cancelled because they are
identical in the two models. What remains is the difference due to ra-
diation near trench influenced by inelastic wedge deformation. Because
the radiation from inelastic deformation is much weaker the difference
shown reflects largely the stronger radiation from the rupture front in
the elastic model. Significant energy is trapped within the sediment
behind the rupture front, which is the source of radiation. The PL waves
clearly radiate from behind the rupture front but travel faster than the
rupture. Some PL waves radiated from earlier rupture even arrive ahead
of rupture front. The alternating blue and red colors indicate oscillatory
nature of P waves trapped in the ocean. These waves are clearly
dispersive; longer-wavelength components travel faster. A small, short-
wavelength PL wave is seen to radiate from the trapped energy behind
the rupture front and propagates slowest. The radiation of oceanic
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Rayleigh wave is also greatly reduced by inelastic wedge deformation.
Clear slower propagation of oceanic Rayleigh waves than PL waves is
shown as they both radiate from the rupture front. The radiation dif-
ferences between elastic and inelastic models as rupture propagates are
more clearly illustrated in Movies 1 and 2.

10

Fig. 4a shows the snapshots of tsunami from the fully coupled model
with inelastic deformation, which is remarkably similar to the tsunami
from a shallow water model of Ma (2023), shown in Fig. 4b. The shallow
water model, assuming incompressible ocean, solved a 2D nonlinear
Boussinesq equation using the time-dependent seafloor displacement
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from the dynamic rupture model. At each time step, the contribution
from horizontal displacement (Tanioka and Satake, 1996) is calculated
and added to the seafloor uplift. Then, a lowpass Kajiura filter with a
cutoff wavelength of 6 km (Kubota et al., 2022) was applied to filter out
short-wavelength waves by the ocean (Kajiura, 1963) before entering it
in the shallow water model. To account for tsunami dispersion, a
Boussinesq equation needs to be solved. In the fully coupled model these
effects have been considered in the sea surface and bottom boundary
conditions. The agreement between the two models validates both ap-
proaches, especially when a constant cutoff wavelength was used in the
shallow water model. Note that the ocean acoustic waves are clearly
visible in the first 4 snapshots of Fig. 4a, but not in Fig. 4b. The slightly
different tsunami amplitudes are largely due to the presence of ocean
acoustic waves in the fully coupled model.

The slip distributions at t = 500 s for both the fully coupled elastic
and inelastic models are shown in Figs. 5¢ and d. Rupture time contours
every 10 s are depicted in black. They are very similar to the models of
Ma (2023) without ocean, shown in Fig. 5a and b. The slip distributions
and rupture velocities outside northern Japan Trench among all models
are similar because of dominantly elastic off-fault response. North of
38.7°N, the large shallow slip and fast rupture velocity in the elastic
models and diminishing shallow slip and slow rupture propagation in
the inelastic models are clearly seen.

However, when we examine slip distributions more closely peak slip
differs in a small patch near y = 50 km at the trench. The peak slip in the
fully coupled model with inelastic deformation reaches 109.43 m, much
larger than that in the fully coupled elastic model (85.17 m). In the two
models without ocean, the peak slip in the inelastic model (75.67 m) is
smaller than that of elastic model (87.63 m). The slip contours in blue
also indicate that slip is slightly larger in the northern Japan Trench in
the inelastic model with ocean than without ocean.

To find out what gives rise to such large slip in this small patch we
show the space-time plots of the slip velocity along y = 50 km and
relevant time histories at trench for all 4 models (Fig. 6). One feature to
notice immediately is the longer slip duration near trench with inelastic
deformation than elastic models (Fig. 6a — e). The peak slip rate is also
reduced by inelastic deformation in models with or without ocean due to
yielding and more gradual stress changes (Fig. 6e). In the two models
without ocean the longer slip duration cannot compensate for the large
reduction of peak slip rate so after time integration the final slip is still
smaller in the inelastic model. We note a large reduction of peak slip rate
in the elastic model with ocean compared to the model without ocean,
which is likely due to the elasticity of ocean (compared to free surface)
suppressing slip velocity during rupture breakout. In the inelastic model
with ocean this reduction in peak slip rate is much smaller. However,
there is a second peak in the slip rate, which coincides with the dilation
caused by the reflected P waves from sea surface leading to normal stress
reduction and additional stress drop on the fault. This strong dilation
makes the slip rate with ocean larger than that without ocean for ~10s,
which gives rise to larger slip after time integration. In the elastic model
with ocean this dilatational effect is also present. However, the large
reduction of peak slip rate counteracts this effect, making the final slip
with and without ocean about similar. Therefore, the combined effect of
inelastic deformation and hydroacoustic dilation leads to long slip
duration and large, localized slip in this small patch and slight increase
in slip in the northern Japan Trench. This effect may only occur with
modest inelastic deformation as the peak slip rates between elastic and
inelastic models are similar. If intense inelastic deformation reduces slip
rate significantly this combined effect cannot lead to large slip increase;
instead diminished shallow slip should occur, as seen in the northern
Japan Trench.

The horizontal and vertical surface displacements for the 2 models
with ocean at 500 s are shown in Fig. 7. Although the peak horizontal
and vertical displacements differ due to the difference in peak slip both
models produce nearly identical fits to the GPS data, indicating limited
resolution of GPS data to near-trench deformation. We point out that the
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large, localized slip patch is likely unimportant in tsunami generation
because any features with wavelengths shorter than ocean depth are
filtered out by the ocean (Kajiura, 1963), which can be seen in Fig. 4.

To better illustrate the differences in radiation characteristics be-
tween elastic and inelastic models we show the space-time plots of
vertical seafloor velocity and dynamic ocean bottom pressure change, as
well as the differences between elastic and inelastic models, along 5
cross sections in Figs. 8 and 9. At y = 0, the inelastic deformation is
small, and there is little difference between the two models. Both models
resemble closely the 2D dynamic rupture model for the 2011 Tohoku-
Oki earthquake of Kozdon and Dunham (2014). The radiation from
up- and down-dip rupture from hypocenter can be clearly seen. After
rupture breakout at trench strong landward-propagating PL waves and
seaward-propagating oceanic Rayleigh waves are strongly excited.
There are also distinctly trapped P waves bouncing up and down
(marked as organ pipe) in the models. The speed of PL waves exceeds the
S-wave speeds of upper crustal layers in the JIVSM (see Fig. 2 of Ma,
2023), excluding the possibility of any surface waves and S waves. The
landward tsunami is also clearly seen, which was not included in the
model of Kozdon and Dunham (2014). As the rupture propagates
northward, similar patterns are seen. PL and oceanic Rayleigh waves are
generated at the trench with stronger radiation in the elastic model,
which can be more clearly seen in the differences between the two
models because common radiations from earlier ruptures are removed.
The organ-pipe waves are also much stronger in the elastic model shown
in Fig. 9. The differences between the two models increase to the north
due to more significant inelastic deformation, causing weak radiation.
The apparent velocity of PL wave seems larger as rupture propagates
northward, which is due to the oblique incidence of these waves on the
cross sections (Fig. 3). The trapped wave energy landward from trench
appear to be the source of radiation as sediment thickens northward,
with the effect being stronger in the elastic model. The slowest propa-
gating PL wave trailing from behind the rupture front is seen to propa-
gate with an apparent velocity less than 1.5 km/s, which is probably
related to rupture velocity (see Fig. 3, Movies 1 and 2). The space-time
plots of horizontal seafloor velocity are shown in Fig. S2, which shows
similar results and indicates that particle motion is mostly in the same
plane as the wave direction, confirming the identification of PL waves.

Fig. 10 shows the space-time plots of sea surface elevation. Clear
tsunami propagation superimposed by ocean acoustic waves is seen. One
feature to notice immediately is the longer-wavelength of tsunami aty =
0 and 50 km caused by ~200 km rupture width. The width of rupture
zone in the northern Japan Trench is only ~40 km, leading to impulsive
tsunami as observed off Sanriku coast. Reduction of wavelength during
shoaling is also clearly seen at y = 0 and 50 km. Tsunami amplitudes are
nearly identical in the southern two cross sections between elastic and
inelastic models because inelastic deformation is small. In the northern
Japan Trench (y = 150 and 200 km), the tsunami amplitudes are larger
in the elastic model due to >40 m shallow slip peaking at trench, which
is inconsistent with the differential bathymetry observations. The elastic
model also overestimates the tsunami amplitudes (Ma, 2023). If we
normalize sea surface elevation by average slip within 40 km from
trench at each section and define it as the efficiency of tsunami gener-
ation, we see that the efficiency is the largest in the two northern cross
sections in the inelastic model (Fig. 11). We choose 40 km because it is
about the width of rupture in the northern Japan Trench and the value
used in the differential bathymetry studies to infer coseismic displace-
ment near trench, which is also the major tsunami generation zone. The
average slip at each cross section is shown in the lower right corner of
each panel. The larger efficiency in the inelastic model is not surprising
because inelastic deformation represents frictional sliding on micro-
fractures with steeper dips than that of the plate interface. The inelastic
model produces tsunami with diminishing shallow slip, consistent with
the differential bathymetry observations, and match the amplitude and
timing of tsunami observed off the Sanriku coast (Ma, 2023).

We show time histories of two components of seafloor velocity,



S. Ma and Y. Du

240

200 1

2 160 -

£

£ 1201
80 1

40
240

200 -
2 1601
£

80 1

40
240

200

—

<160 -
g
80 -

40
240

200

—_

L 160 1

=

S 120
80 -

40
240

200 -
@ 160 1
=

80 1

40 -

Tectonophysics 910 (2025) 230831

RS
4
- O
o
(aV]
Il
>
Elastic
Inelastic [~

150 km

y:

trench

trench

y = 50 km

trench

| 'y=100 km

0 km

y

-150 -125 -100 -75 -50 -25
Distance to trench (km)

75 100 125 150

Fig. 12. Vertical seafloor velocity time histories are compared between elastic and inelastic models, showing stronger radiation landward from trench in the elastic
model. (For the interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



S. Ma and Y. Du

240

200 1

2 1601

£

£ 1201
80 1

40
240

200 -
< 160
£

80 -

40
240

200 -
< 160 -
g

80 1

40
240

200 -

2 160 1

£

S 1201
80 -

40
240

200
< 160
£

80 -

40

Tectonophysics 910 (2025) 230831

=

5

O

o

(aV]

Il

>
Elastic
Inelastic
1

- €

4

O

0

-

Il

>

trench

AL
I

H

M

|

|

1

3
P2
IR WYY VYN
y = 100 km

I

|

trench

?’

|

J

y = 50 km

trench

mnammn 1108 B e s WIS
y=0km

125
Distance to trench (km)

150

Fig. 13. Same as Fig. 12 except for dynamic ocean bottom pressure change. Different amplitude scales are used for landward and seaward from trench. (For

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



S. Ma and Y. Du Tectonophysics 910 (2025) 230831

500 ; — e

400 &
> £ £
L 300 4 i
g 00 8
= 200 - - N
= { ! Il

100 4 >

E Elastic
0 . g g : g : : Inelastic |
500 — —
5 :
g300 2 T S
= 200 1 - T
= I
100 - -
0 | | | | |
500 — —
2
;E; 300 - $ 3
= 200 1 F T
= I
100 - L >
0 | . | . . .
500 — ———————
Q

400 5 -
%300 - £
: 2
= 200 - -
= < I

100 L >

0 | | | | | |

500 — o~

(&)

400 5 -
2300 - £
g XX
= 200 1 -]
(o . I

100 L >

0 . . | . | .

-1 50 -125 -1 OO -75 -50 - 5 25 50 75 100 125 150
Distance to trench (km)
Fig. 14. Time-histories of sea surface elevation are compared between elastic and inelastic models. Note the different periods of ocean acoustic waves and tsunami.

Larger tsunami in the northern Japan Trench in the elastic model overpredicts the tsunami observations (Ma, 2023). The higher efficiency of tsunami generation in
the inelastic model is shown in Fig. 11. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



S. Ma and Y. Du

dynamic ocean bottom pressure change, and sea surface elevation for
the two models in Figs. 12-14 and S3. Again, the main difference be-
tween the two models is the radiation of ocean acoustic waves, mostly
PL, organ pipe, oceanic Rayleigh waves, and trapped waves in the
sedimentary wedge. Note that different scales are used for the landward
and seaward sides from the trench in Fig. 13 because the ocean bottom
pressure change is much larger in seaward-propagating oceanic Ray-
leigh waves (see also Fig. 9). Different periods of ocean acoustic waves
and tsunami are clearly shown in Fig. 14.

4. Discussion and conclusions

The concept of using ocean acoustic waves in tsunami early warning
can be traced back to Ewing et al. (1950), who proposed using T waves
for tsunami warning. Okal et al. (2003) pointed out that T waves pri-
marily reflect high-frequency characteristics of the source rather than
the low-frequency processes controlling tsunami generation, which are
particularly weak in tsunami earthquakes and can severely underesti-
mate tsunami hazards. Kozdon and Dunham (2014) and Lay et al. (2019)
proposed using PL waves for rapid estimate of shallow slip to issue
tsunami warnings because these waves travel much faster than tsunami.
They assumed that slip occurs rapidly with strong rupture breakout at
trench in an elastic framework, similar to the elastic model in this work.
As Kozdon and Dunham (2014) pointed out, the PL wave excitation can
be significantly weaker if rapid slip does not occur. As shown in our
inelastic model, the radiation of PL and other acoustic waves are
significantly reduced by inelastic deformation, but devasting tsunami
can be generated with slow rupture propagation despite reduced
shallow slip. Other similar works (e.g., Mei and Kadri, 2017; Gomez and
Kadri, 2023) advocating ocean acoustic waves for tsunami early warn-
ing may also have overlooked the deficiency in high-frequency radiation
associated with large tsunamigenesis. Because tsunami has much longer
period any application of high-frequency acoustic and seismic waves in
early warnings on robust tsunami amplitude may be a challenge.

The large shallow slip hypothesis for tsunami generation has been
widely used in subduction zones worldwide. Although >50 m slip updip
from the hypocenter in the 2011 Tohoku-Oki earthquake was confirmed
by the differential bathymetry observation this hypothesis violates the
differential bathymetry observation north of 39°N. Neither can it ac-
count for the turbidite observations and depletion in high-frequency
radiation along the Sanriku coast north of 39°N. Sediment in an
elastic setting does not always lead to depletion in high-frequency ra-
diation, contradicting many previous studies (e.g., Polet and Kanamori,
20005 Sallares and Ranero, 2019). Slip models by inverting seismic data
failed to resolve the rupture in the northern Japan Trench, which can
also be due to depletion in high-frequency radiation. The elastic dislo-
cation theory and large shallow slip hypothesis may not be universally
applicable in sediment-filled margins, such as northern Japan Trench,
accretionary plate boundaries, and even in strike-slip tectonic settings
(e.g., Ma, 2022). Future rupture models for large tsunamigenic earth-
quakes probably need to address depletion in high-frequency radiation
and tsunami generation together, as they reveal and constrain the
important physics of tsunami generation.

We have shown that inelastic wedge deformation can explain both
large tsunamigenesis and depletion in high-frequency radiation in the
northern Japan Trench in fully coupled models of dynamic rupture,
ocean acoustic waves, and tsunami for the 2011 My 9.1 Tohoku-Oki
earthquake. Due to presence of thick sediment in the northern Japan
Trench inelastic deformation of sediment generates large seafloor uplift
(~4 m) with shallow slip much smaller than required to obtain com-
parable tsunami amplitude in elastic dislocation models (<20 m),
consistent with the differential bathymetry observations. Meanwhile,
inelastic deformation is a large energy sink (Ma and Hirakawa, 2013),
which leads to slow rupture propagation (~850 m/s) and weak acoustic
and seismic radiations. This mechanism provides a self-consistent
explanation to large tsunamigenesis, depletion in high-frequency
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radiation, and the mysterious >100 km offset between the large tsunami
north of 39°N and major shallow slip zone up dip from the hypocenter.

Physics of tsunamigenesis is essential in tsunami hazard reduction
worldwide, pertinent to important issues such as whether ocean acoustic
waves can be used in tsunami early warning discussed in this paper.
Future seafloor observations, such as networks of collocated seismic and
ocean bottom pressure sensors (Aoi et al., 2020) and geodetic stations,
can help test both the large shallow slip and inelastic deformation hy-
potheses even further.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2025.230831.
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