
1. Introduction
Accretionary plate boundaries host some of the largest tsunamigenic earthquakes. The 1960 MW 9.5 Chile 
earthquake (e.g., Plafker & Savage, 1970), 1964 MW 9.2 Alaska earthquake (e.g., Plafker, 1969), 2004 MW 
9.2 Sumatra earthquake (e.g., Lay et al., 2005), and 1700 MW 9.0 Cascadia earthquake (e.g., Atwater, 1987; 
Satake et al., 1996) are some of the most notable ones. The majority of tsunami earthquakes (∼MW 8) also 
occur in accretionary margins, such as the 1946 Alaska earthquake (e.g., Tanioka & Seno, 2001a), the 2006 
Java earthquake (e.g., Ammon et al., 2006), and the 2010 Mentawai earthquake (e.g., Hill et al., 2012); these 
earthquakes are exceptionally tsunamigenic but depleted in high-frequency seismic radiation (Kanamo-
ri, 1972). Although the presence of sediments has been recognized to correlate with the occurrence of these 
earthquakes (e.g., Ruff, 1989; Dixon & Moore, 2007; Scholl et al., 2015), the physics of large tsunamigenesis 
in accretionary margins has not been elucidated, which we aim to address in this work.

The prevailing hypothesis for large tsunamigenesis is large shallow slip on the plate interface (e.g., Fujii 
& Satake, 2007; Lay et al., 2012; Satake & Tanioka, 1999; Satake et al., 2013). It is, however, puzzling why 
these earthquakes would rupture the shallow reach of the plate interface. Due to weak strain accumulation 
caused by thick sediments and a stable frictional behavior (e.g., Scholz, 1998) the upper 10–15 km of plate 
interface in an accretionary margin were considered aseismic (e.g., Bryne et al., 1988). This conjecture is 

Abstract Inelastic wedge deformation likely plays an important role in the generation of tsunami 
and ocean acoustic waves in accretionary subduction margins. In an elastic dislocation model, whether 
or not the fault breaks the trench has a significant effect on seafloor deformation and resulting tsunami. 
However, this boundary condition is less important when significant inelastic deformation in the 
overriding wedge occurs, because large seafloor uplift can occur with little or no slip at the trench. Here 
we incorporate wedge plasticity in fully coupled dynamic rupture and tsunami simulations for a buried 
fault in the Cascadia subduction zone with realistic fault geometry, bathymetry, and velocity structure. 
A linearized Eulerian approach is verified and used to simulate gravity waves in the ocean. Our coupled 
models show that the inelastic deformation of wedge sediments can significantly contribute to seafloor 
uplift, producing tsunami heights at least twice as large as in purely elastic simulations, whilst generating 
weaker ocean acoustic and seismic waves. Inelastic wedge deformation is therefore an important 
mechanism to consider in tsunami hazard assessment in the Cascadia subduction zone. These results have 
important implications for tsunami generation and early warning in accretionary and other sediment-
filled margins worldwide.

Plain Language Summary Thick sediments in accretionary plate margins, such as the 
Cascadia subduction zone, can significantly affect tsunamigenesis and excitation of ocean acoustic and 
seismic waves. Due to weak strength wedge sediments can fail inelastically under dynamic stresses during 
an earthquake. Our fully coupled models of earthquake rupture and tsunami in the Cascadia subduction 
zone show that the inelastic deformation of wedge sediments produces tsunami several times larger than 
in purely elastic deformation models. Meanwhile, inelastic deformation reduces the excitation of most 
ocean acoustic and seismic waves, which poses challenges in using these waves for tsunami early warning. 
Inelastic wedge deformation should be incorporated into more accurate tsunami hazard assessment in the 
Cascadia subduction zone and other sediment-filled margins worldwide.
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consistent with most great megathrust earthquakes, which are incapable of penetrating to shallow depths, 
such as the 2005 MW 8.6 Nias earthquake resulting in a small tsunami (e.g., Hsu et al., 2006).

Several mechanisms were proposed to explain how earthquake rupture could reach shallow depths (up 
to the trench), including sediment lithification, compaction, and dewatering (e.g., Dean et  al.,  2010; 
Gulick et al., 2011; Han et al., 2017; Hüpers et al., 2017). The presence of horst-and-graben structures 
and seamounts (e.g., Duan, 2012; Polet & Kanamori, 2000) were also proposed to explain slip near the 
trench. Wang and Bilek  (2013), however, argue that rough plate interfaces and seamounts may lead 
to fault creep rather than locking. Dynamically, shallow-dipping fault geometry and compliant sedi-
mentary wedges can unclamp the fault, allowing the rupture to reach the trench (e.g., Kozdon & Dun-
ham, 2013; Lotto et al., 2017; Ma & Beroza, 2008; Oglesby et al., 1998; Shi et al., 1998). Possible dynamic 
fault weakening mechanisms, such as thermal pressurization at shallow depths may also operate, as 
proposed by Noda and Lapusta (2013), but their models were done in full space ignoring the importance 
of the free surface.

Differential bathymetry data in the 2011 MW 9.0 Tohoku-oki earthquake showed about 50 m of coseismic 
horizontal seafloor displacement within a 40 km zone landward from the trench (Fujiwara et al., 2011), sug-
gesting large shallow slip updip from the hypocenter (near 38.1°N). Most slip models inverted from seismic, 
geodetic, and tsunami data also resolve large trench slip near 38.1°N (Lay, 2018, and references therein), 
which strongly suggests that the shallow plate interface is not aseismic. Sun et al. (2017) concluded that slip 
reaches the maximum at the trench (∼62 m) updip from the hypocenter. It is important, however, to realize 
that the Japan Trench is not an accretionary plate boundary (e.g., Chester et al., 2013; Tsuru et al., 2002). 
The large slip at the trench may be caused by enhanced fault coupling due to lack of sediments at the mar-
gin. The observations from the 2011 Tohoku-oki earthquake alone should not lead to the conclusion that 
large trench slip can occur in accretionary plate boundaries, because different deformation modes may 
occur as we will show in this work.

One important yet puzzling observation about the 2011 Tohoku-oki earthquake is that the largest tsunami 
heights (up to 40 m) were observed along the Sanriku coast (∼38.5°−40.15°N) more than 100 km north of 
the large trench-slip region, which are about 2–3 times larger than in the south (Mori et al., 2011). Seismic 
and geodetic slip models that were inferred without using tsunami data do not explain the large tsunami 
on the Sanriku coast (e.g., Lay, 2018; Tappin et al., 2014; Yamazaki et al., 2018), suggesting that the large 
tsunami on the Sanriku coast may not be due to large slip at the trench near 38.1°N. In order to explain 
the large tsunami along the Sanriku coast, tsunami inversions assuming elastic dislocation theory require 
large trench slip (∼30 m or more) in the north (Satake et al., 2013; Yamazaki et al., 2018). However, dif-
ferential bathymetry in two profiles in the north (39.2°–39.5° N) suggest neither large slip at the trench 
nor major submarine landslides (Fujiwara et al., 2017), which raises the question as to what caused such 
large tsunami there. Fujiwara et al. (2017) suggests that inelastic deformation of the sedimentary wedge 
(Seno, 2000; Tanioka & Seno, 2001a, 2001b) is a possible mechanism for the devastating tsunami along the 
Sanriku coast.

Although the Japan trench is not an accretionary plate boundary, an important characteristics of this mar-
gin is that sediment thickness increases systematically from south to north (Kodaira et  al.,  2017; Tsuru 
et al., 2002). Interestingly, large trench slip occurred near 38.1°N (Fujiwara et al., 2011), where the sedimen-
tary prism is relatively small. In contrast, near 39.5°N, where the sedimentary prism significantly increases 
in size, no large slip was observed at the trench (Fujiwara et al., 2017), yet large tsunami occurred (Mori 
et al., 2011). This region also hosted the 1896 Sanriku earthquake, which generated similar tsunami runup 
along the Sanriku coast to the 2011 Tohoku-oki earthquake (Mori et al., 2011). These important observa-
tions in the Japan trench suggest a possible causal relationship among the sediments, near-trench fault slip, 
and tsunamigenesis.

Perhaps surprisingly, large trench slip does not necessarily lead to large tsunami, as can be seen in the 
aforementioned observations of the 2011 Tohoku-oki earthquake. This is likely because shallow fault dip 
near the trench (less than ∼10° in most subduction margins), causes mostly horizontal displacement and 
little vertical motion. Although the horizontal displacement of seafloor slopes can significantly contribute 
to uplift (e.g., Lotto et al., 2018; Satake et al., 2013; Tanioka & Satake, 1996), which is also shown in this 
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work, the efficiency of generating uplift (uplift normalized by slip) is limited by the typically gentle slope 
of the seafloor. Large horizontal displacements of locally steep seafloor can produce large, small-wave-
length uplift, however, wavelengths shorter than the ocean depth are largely diminished by the nonhy-
drostatic response of the ocean (e.g., Kajiura, 1963; Lotto et al., 2018; Saito & Furumura, 2009). The large 
tsunamigenesis in tsunami earthquakes and large tsunamigenic earthquakes mentioned earlier likely re-
quire more efficient mechanism(s) of producing seafloor uplift than large near-trench slip and horizontal 
seafloor displacement.

Most earthquake models that require large shallow slip for tsunamigenesis are based on elastic dislo-
cation theory (e.g., Okada, 1985). However, we caution that this theory is less applicable in accretion-
ary margins. Several mechanisms may contribute to inelastic failure within the wedge, violating the 
assumptions of elastic dislocation theory: (a) the accretionary wedge (especially the outer wedge) is 
subject to intense deformation geologically and may be at or close to failure (e.g., Dahlen, 1990; Davis 
et al., 1983); (b) wedge strength is likely to be low, due to presence of thick sediments; (c) elevated pore 
pressure can result in the wedge due to low permeability of sediments (e.g., Saffer & Tobin, 2011); (d) 
narrow (“thin-skinned”) wedge geometry gives rise to low confining pressure and can cause large dy-
namic stress concentrations in the shallow narrow wedge; and (e) dynamic pore pressure increase due 
to updip rupture and increase of fault friction in the shallow velocity-strengthening region weaken the 
wedge (Wang & Hu, 2006). These mechanisms are particularly likely to occur in accretionary margins, 
where they may lead to extensive inelastic wedge deformation (e.g., Ma, 2012; Ma & Hirakawa, 2013; 
Ma & Nie, 2019).

Seno (2000) and Tanioka and Seno (2001a, 2001b) first proposed the concept of inelastic deformation of 
sediments in converting horizontal seafloor displacement into uplift, and found that with inelastic uplift 
less slip is required for models to match tsunami observations. Ma (2012) and Ma and Hirakawa (2013) in-
troduced the constitutive model of inelastic wedge deformation (using the undrained Mohr-Coulomb plas-
ticity theory) in dynamic rupture simulations and showed that dynamically induced wedge failure is more 
efficient in generating seafloor uplift than slip on a shallow-dipping fault. With significant inelastic wedge 
deformation, large seafloor uplift can occur landward from the trench with diminishing shallow slip on 
the fault. They also showed that inelastic wedge deformation contributes to seismic moment, but is a large 
energy sink which can account for some seemingly anomalous features observed in tsunami earthquakes 
(and for the shallow rupture kinematics of large, plate-interface tsunamigenic earthquakes), including slow 
rupture velocity, deficiency in high-frequency radiation, and low moment-scaled radiated energy (e.g., Lay 
et al., 2012; Ye et al., 2016).

In a 3D inelastic wedge deformation model for a MW 8.0 earthquake (similar to the 1896 Sanriku earth-
quake), Ma and Nie (2019) showed that variation of sediment thickness, therefore wedge strength, can lead 
to along-strike variations of near-trench slip and seafloor uplift, similar to the observations in the 2011 MW 
9.0 Tohoku-oki earthquake. The presence of thick sediments in the northern Japan Trench can promote 
more inelastic wedge deformation that generates tsunami efficiently but diminishes near-trench slip. The 
lack of sediments in the south, however, can cause large near-trench slip (similar to an elastic dislocation 
model) but generate tsunami less efficiently. Inelastic wedge deformation thus provides a plausible explana-
tion for the puzzling observations of the 2011 Tohoku tsunami. Du et al. (JGR, in review) used the inelastic 
seafloor deformation of Ma and Nie (2019) as input to model the 1896 Sanriku tsunami. They found that the 
short-wavelength (∼20 km) inelastic seafloor uplift can produce impulsive tsunami signals similar to those 
recorded offshore the Sanriku coast in the 2011 Tohoku earthquake (such as at two ocean-bottom pressure 
sensors TM1 and TM2) and generate runup (up to 40 m) remarkably consistent with the observations of the 
1896 Sanriku tsunami.

These inelastic wedge deformation models are dynamic Coulomb wedge models in that the wedge reaches 
a critical failure state driven by dynamic stresses during an earthquake. This concept was first proposed by 
Wang and Hu (2006); they revised classic Coulomb wedge theory (Dahlen, 1990; Davis et al., 1983) by pro-
posing that the wedge cannot be at a steady critical state. Instead, coseismic strengthening of fault friction 
can drive the outer wedge into Coulomb failure, which explains the steeper surface slope and more intense 
deformation of the outer wedge. However, subsequent coseismic deformation models based on Wang and 
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Hu (2006) assumed elastic dislocation theory (e.g., Sun et al., 2017; Wang & He, 2008), without looking at 
the effects of dynamic wedge failure on seafloor deformation, tsunamigenesis, and seismic radiation.

Our dynamic wedge failure models extend the off-fault plasticity models in a continental strike-slip set-
ting (e.g., Andrews, 2005; Dunham et al., 2011; Kaneko & Fialko, 2011; Ma & Andrews, 2010; Ma, 2008; 
Okubo et al., 2019; Roten et al., 2017; Shi & Day, 2013; Templeton & Rice, 2008; Viesca et al., 2008; Woll-
herr et al., 2019) to subduction zones. Off-fault plasticity models can explain distributed off-fault defor-
mation well documented for continental strike-slip earthquakes (e.g., Dolan & Haravitch, 2014; Rockwell 
et al., 2002) and shallow slip deficit inferred from geodetic data (Fialko et al., 2005), which is fully consistent 
with our dynamic wedge failure models in explaining small or no slip at the trench in subduction zones. We 
point out that distributed off-fault deformation and shallow slip deficit are likely more pronounced in accre-
tionary subduction margins than for continental strike-slip earthquakes due to the mechanisms mentioned 
earlier in promoting wedge failure.

Seno and Hirata (2007) suggested that sediment failure during the 2004 MW 9.2 Sumatra earthquake gives 
rise to slow rupture (∼700 m/s) at shallow depths for a total rupture duration ∼2,000 s, explaining the defor-
mation in the Andaman and Nicobar Islands observed ∼30 min after the origin time. This rupture duration 
is several times longer than the ∼480 s duration obtained from high-frequency P-wave back-propagation 
studies (e.g., Ishii et al., 2005). The shallow rupture radiates less high-frequency energy, but generates tsu-
nami efficiently, similar to a tsunami earthquake. Hill et al. (2012) found that the best-fitting elastic disloca-
tion model for the 2010 MW 7.8 Mentawai earthquake using near-field GPS data cannot match the observed 
tsunami heights. By adding ad hoc 2.5 m seafloor uplift over a 22-km long anticline obtained from seismic 
reflection imaging, a much better agreement with the observed tsunami runup was obtained. From seismic 
reflection images before and after the 2011 MW 9.0 Tohoku-oki earthquake, Kodaira et al. (2012) inferred 
a ∼3 km wide uplifted region near the trench, which indicated that the rupture reached the trench near 
∼38.3°N. Strasser et al. (2013) attributed this uplift to a rotational submarine landslide. We suggest that the 
uplift feature could also be due to coseismic inelastic deformation, as can be seen by steep dips of sliding 
surfaces (see their Figure 4c). The narrow uplift (∼3 km) maybe be related to the lack of sediments in this 
region.

In this work, we apply the inelastic wedge deformation model to the Cascadia subduction zone, which hosts 
an unusually large accretionary prism (e.g., Han et al., 2017). We aim to address the fundamental question 
of how a tsunami would be generated in the next megathrust earthquake, which is a serious concern in 
this large accretionary margin. Wang & Tréhu (2016) proposed four possible earthquake scenarios for tsu-
namigenesis in Cascadia: (a) large slip at the trench (similar to the 2011 MW 9.0 Tohoku-oki earthquake); 
(b) buried slip (similar to the 2005 MW 8.6 Nias earthquake); (c) splay faulting (similar to the 1946 MW 8.1 
Tonankai earthquake); and (d) slip on one or more unknown faults because no clear frontal thrust faults 
can be identified in thick sediments seaward of deformation front. In this work, we will add that inelastic 
wedge deformation is another important and plausible scenario to consider in evaluating tsunami hazard 
in this margin.

Lotto et al. (2018) carried out fully coupled dynamic rupture and tsunami simulations for a buried fault in 
Cascadia, incorporating realistic fault geometry, bathymetry, and velocity structure. Their models assumed 
elastic dislocation, focusing more on the bathymetric effects on tsunami propagation. The use of a buried 
fault is well motivated because no clear frontal thrusts can be identified under the thick sediments present 
in the margin. Here we extend that model by incorporating inelastic wedge deformation. We will verify the 
linearized Eulerian approach of Lotto and Dunham (2015) in modeling ocean acoustic waves and tsunami 
by a semi-analytical approach in the Appendix and use it in this work. Our fully coupled simulations will 
show that inelastic deformation of thick sediments in the accretionary prism can significantly contribute 
to seafloor uplift and produce tsunami at least twice as large as in purely elastic simulations in Cascadia, 
demonstrating the higher efficiency of generating seafloor uplift by inelastic wedge deformation. Ocean 
acoustic and seismic waves are, however, significantly weakened by inelastic wedge deformation, which 
limits the usefulness of these waves for tsunami early warning. These results have important implications 
for tsunami generation and early warning in the Cascadia subduction zone and likely other sediment-filled 
margins worldwide.
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2. 2D Dynamic Rupture Model With Wedge Plasticity
We use identical bathymetry, fault geometry, and velocity structure to Lotto et al. (2018) for our coupled 
models in the Cascadia subduction zone (Figure 1). The 2D profile is based on seismic reflection data (Flueh 
et al., 1998; Holbrook et al., 2012; Webb, 2017) and the Juan de Fuca plate model of McCrory et al. (2012), 
representing a west–east transect just south of 47°N. A thick accretionary prism extends from the shallow 
2.7 km deep trench (x = 0) to a feature known as the Quinault Ridge (x = 38 km), which separates the outer 
wedge from the lower or midslope terrace. The top of the fault is buried under thick sediments and does not 
reach the seafloor. At x ≈ 50 km an older accretionary prism extends to the continental shelf (x ≈ 76 km), 
where water depth shallows to only 200 m until reaching the coast (x ≈ 142 km).

In this work, we consider possible inelastic deformation in the wedge between 0 ≤ x ≤ 50 km only, subse-
quently referred to as the outer wedge. The choice of 50 km wide outer wedge is somewhat arbitrary but is 
motivated by the boundary where an older accretionary prism starts (Figure 1). Also, we choose this width 
larger than 20–30 km used in the Japan Trench model of Ma and Nie (2019) because this is a large accre-
tionary margin. The extent of inelastic deformation may go well beyond the 50 km assumed here; more 
comprehensive modeling can be done in the future to vary this parameter.

To model inelastic wedge deformation, we need to specify the initial absolute stress, pore pressure, and 
wedge strength. Similar to Ma and Nie (2019), we adopt the analytical solution for a noncohesive critical 
Coulomb wedge (Dahlen, 1984) for the initial stress conditions: 

 
 

   
   





 

  

 





1 cos ,
sin ,

z z

x z w

gz
gz

 (1)

where the sign convention of continuum mechanics is used, the super-
script * denotes effective stress, ρ is density, g is gravity, λ is the pore pres-
sure ratio in the wedge           /f w z z wp gD gD , fp  is pore flu-
id pressure, w is water density, D is ocean depth, and α is surface slope 
(Figure  2). In this analytical solution, the stresses are clearly linearly 
depth-dependent.

The bathymetry and fault geometry of the 2D profile are nonplanar. 
But, for simplicity, we approximate the wedge boundaries by two line-
ar functions, which give rise to surface slope α = 0.6220° and fault dip 
β = 2.2485° (Figure 1). The wedge density is set to be the average den-
sity of the outer wedge in the model ρ = 2,288.07 kg/m3. Given such a 
narrow wedge we specify the angle between the maximum compressive 
stress and the basal fault ψb = 5° to make a critical compressive wedge. 
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Figure 1. The S-wave speed, fault geometry, and bathymetry of the Cascadia subduction zone used in this study, 
identical to Lotto et al. (2018). In this work, we consider the plasticity of the outer wedge (between 0 and 50 km). The 
magenta dashed lines denote the best-fit surface slope and fault dip used in the solution of Dahlen (1984).

Figure 2. Schematic of noncohesive Coulomb wedge geometry following 
Dahlen (1984).
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This angle along with an assumed basal friction μb = 0.2 directly deter-
mines λ = 0.9296 (fluid overpressure) and internal friction of the wedge 
μ = 0.6410 in the solution of Dahlen (1984); larger μb leads to unrealistic 
values of λ and μ. The pore pressure in the wedge fp  is determined by λ. 
The stress component   

*
x x  can be calculated by a Mohr-Coulomb failure 

criterion, two stress components given by Equation 1, and λ and μ deter-
mined above. Thus, the stresses and pore pressure in the wedge are fully 
determined. These conditions give rise to a critical noncohesive wedge. 
We will include wedge cohesion below to bring the wedge away from this 
critical state.

The Mohr-Coulomb yield criterion is used to model inelastic deformation 
in the wedge, 

 
    

   
 

2
2 cos sin ,

2
xx zz

xz mc (2)

where c is cohesion, ϕ is internal friction angle (i.e.,   1tan ), and 

       / 2m xx zz  is the mean effective normal stress.

During rapid stressing of a propagating rupture the material response can be well treated as undrained (e.g., 
Viesca et al., 2008). We assume Skemption's coefficient B = 0.6 and Biot's coefficient 0.5. The dynamic pore 
pressure change in the material can be calculated by

  
  

1Δ Δ Δ
3

u
f xx zz

vp B (3)

in 2D plane strain (e.g., Harris & Day, 1993), where u is the undrained Poisson's ratio. This important effect 
is incorporated following Viesca et al. (2008) and Hirakawa and Ma (2016), as it can significantly affect the 
yielding. We allow the yielding in shear only in this work, and inelastic volumetric deformation is ignored 
(e.g., Andrews, 2005).

We define an initial closeness-to-failure (CF) parameter 

  
    

   
 

2
2 / cos sin ,

2
xx zz

xz mCF c (4)

which is between 0 (far from failure) and 1 (on the verge of failure). In the following, we will make CF an 
adjustable parameter, which directly determines wedge cohesion according to Equation 4 as all other pa-
rameters have been determined.

The wedge stresses and pore pressure determined above give the shear and normal stresses as well as 
pore pressure on the basal fault, which are all depth-dependent. Following Rice (1992) and Kozdon and 
Dunham (2013), we assume that effective normal stress on the fault below a certain depth is constant 
(implying the pore pressure gradient reaches lithostatic). We use a constant effective normal stress of 
20 MPa on the fault downdip from the outer wedge. The use of 20 MPa is mainly to control the stress 
drop to be ∼1 MPa with the frictional parameters used (described below). We smoothly transition the 
effective normal stress determined by the wedge theory to 20 MPa by multiplying a hyperbolic tangent 
function of depth, where the transition occurs mostly between 38 and 50 km (Figure 3b). Note this 
transition coincides with the region between the Quinault Ridge and the older accretionary prism (Fig-
ure 1). The initial friction coefficient is assumed constant, 0f  = μb = 0.2, which gives the initial shear 
stress on the entire fault.

To model dynamic rupture on the fault, a regularized rate-and-state friction law with a slip law for the state 
evolution (e.g., Dunham et al., 2011; Hirakawa & Ma, 2016; Shi & Day, 2013) is used. Specifically, shear 
stress on the fault τ relates to the regularized effective normal stress   by
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Figure 3. Distributions of rate-and-state frictional parameters a and b, 
and initial effective normal stress on the fault.
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   ,f (5)

where the friction coefficient, f, on the fault is governed by 
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0
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Vf V a
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where V  is slip velocity, 0V  is a reference slip velocity, a is the direct effect parameter, and ψ  is the state var-
iable that evolves according to the slip law: 

 , andss
V
L

  ψ ψ ψ (7)
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where L is the evolution distance. The steady-state state variable  ss is a function of the steady-state friction 
ssf  that satisfies
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Figure 4. Space-time plots of slip velocity on the fault for four different closeness-to-failures (CFs) in the outer wedge. The red curve denotes slip distribution 
(the scale is on the lower right corner of the figure). The inelastic deformation in the wedge reduces slip velocity, rupture velocity, and shallow slip below the 
outer wedge. The hypocenter is located at x = 100 km.
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Note that this regularized friction law is well behaved at V  = 0. The nor-
mal stress on the fault changes in our Cascadia model due to the shal-
low-dipping fault geometry and heterogeneous velocity structure. We 
adopt a regularized effective normal stress variable  , which evolves to-
ward the effective normal stress on the fault  

N  according to the same 
slip law:

   
    V

L
N

. (10)

By using   in Equation 5 shear stress does not change instantaneously 
with normal stress change on the fault, consistent with some experimen-
tal data (e.g., Prakash, 1998).

All frictional parameters used are shown in Table 1, which are similar to Kozdon and Dunham (2013). The 
choice of 0f  is constrained by the narrow wedge geometry and theory of Dahlen (1984) described earlier. 
The state evolution distance L is much larger than low-speed experimental values established at laboratory 
scale but is consistent with breakdown displacements (on the order of 10s of centimeters) typically used in 
dynamic rupture modeling.

We set the parameter b  =  0.014 everywhere on the fault. To prevent abrupt stopping of the rupture we 
smoothly increase the parameter a to 0.018 near the bottom of the fault to make it a velocity-strengthening 
region. Below the outer wedge, we set a = 0.014, such that this is a velocity-neutral region, that is, there is 
no stress drop if there is no normal stress change. Elsewhere on the fault is the velocity-weakening region 
(a = 0.01). A smooth transition of parameter a is used near the bottom of the outer wedge, similar to the 
transition of normal stress (Figure 3a).

The fault is assumed to slip at  0V V  = 1.0 μm/s initially. We initiate the rupture at x = 100 km by applying 
a Gaussian perturbation in shear stress over 1 s on the fault (the standard deviation and the peak amplitude 
of the Gaussian function is 1,500 m and 35% of the background shear stress, respectively). The boundary 
conditions imposed by the rate-and-state friction are solved following the scheme of Rojas et al. (2009).

3. Coupled Simulation Results
We use a 2D finite element code based on a velocity-stress formulation, employing 3-node triangular 
elements for the entire computational domain. The finite element mesh consists of uniform elements 
with size ∼50 m for the wedge, fault, and ocean, which smoothly coarsens to a remote boundary to en-
sure accurate calculation of static field and wave propagation. The 3D version of the rupture dynamics 
portion of this code has been tested in the Southern California Earthquake Center Code Verification 
Exercises (Harris et al., 2011, 2018). We extend that code here to model ocean gravity waves by a lin-
earized Eulerian approach (Lotto & Dunham, 2015), which is verified by a linearized semi-analytical 
method in the Appendix. We assume an inviscid ocean, which implies a displacement discontinuity at 
the seafloor. To model the tangential displacement discontinuity, we implement the same split-node 
scheme at the seafloor as on the fault by imposing continuous normal traction and zero shear traction 
at the seafloor. We run each simulation for 500  s to capture fully coupled rupture dynamics, ocean 
acoustic waves, and tsunami in the domain with a time step of 0.0025 s. With element size ∼50 m in 
the ocean and 10 elements per minimum wavelength our model can resolve ocean acoustic waves up 
to 3 Hz.

Figure 4 shows the evolution of slip velocity and slip distribution on the fault for four different CFs. Each 
CF represents the initial closeness-to-failure of the outer wedge and quantifies wedge strength by assigning 
cohesion (Equation 4). The purely elastic case corresponds to CF = 0.0 (infinite cohesion). As the CF in-
creases, the cohesion decreases and the wedge is closer to and more prone to failure. The rupture nucleates 
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Direct effect parameter a

0.01 (velocity-weakening)

0.014 (velocity-neutral)

0.018 (velocity-strengthening)

State variable evolution parameter b 0.014

State variable evolution distance L 0.4 m

Reference friction 0f 0.2

Reference slip velocity 0V 1.0 μm/s

Table 1 
Rate-and-State Frictional Parameters
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at x = 100 km on the fault and propagates spontaneously bilaterally. The down-dip rupture stops smoothly 
near the bottom of the fault in the specified velocity-strengthening region. The updip rupture accelerates 
to sub-Rayleigh wave speed (∼2.3 km/s) shortly after 10 s. In the elastic case (CF = 0.0) the slip velocity 
increases significantly when the rupture propagates into shallow depths even though the basal fault under 
the outer wedge (x ≤ 50 km) is a velocity-neutral region. This is due to the normal stress variation and large 
strength drop on the fault caused by the free surface and compliant hanging wall (e.g., Ma & Beroza, 2008; 
Oglesby et al., 1998). An increase of rupture velocity to ∼3 km/s can also be seen. The rupture stops abruptly 
at the top boundary of the buried fault, generating a reflection propagating back down the fault. The large 
slip velocity leads to large shallow slip. The slip is forced to go to zero at the top boundary, but with a large 
slip gradient implying large stress concentrations in the surrounding medium. As the CF increases, the 
inelastic wedge deformation is more significant (Figure 5), which reduces the slip velocity, rupture veloc-
ity, and slip below the outer wedge. In the case of CF = 0.9, the rupture decelerates to a very slow speed 
(∼0.3 km/s) after entering the base of outer wedge and diminishes smoothly without reaching the top of the 
fault. A reflection phase propagating back down the fault from the base of the outer wedge can also been 
seen due to the somewhat sudden deceleration of rupture front. If we allow inelastic deformation more 
landward from the outer wedge, more gradual deceleration of the rupture front and less high-frequency 
seismic radiation can be expected.

The distributions of inelastic shear strain for the four different CFs are illustrated in Figure 5. The accu-

mulated inelastic shear strain at a point is calculated by    , ,2 P P
ij ijd d , where  ,P

ijd  is the increment of 
deviatoric plastic strain tensor at each time step, which is equivalent to the volume density of seismic po-
tency (e.g., Andrews, 2005; Backus & Mulcahy, 1976). The ratio of seismic potency in the wedge to on the 
fault, and the total seismic potency for each case are also indicated. As the CF increases, the inelastic strain 
increases in the wedge, which significantly increases the seafloor uplift. In the case of CF = 0.7, inelastic 
wedge deformation is relatively small, such that fault rupture extends into shallow depths producing large 
shallow slip (Figure 4b). The abrupt stopping of rupture at the top boundary generates large stress concen-
tration and results in significant inelastic deformation, which produces significant seafloor uplift (4.06 m) 
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Figure 5. Final seafloor displacement vectors and inelastic shear strain (in the logarithmic scale) within the outer 
wedge for the four closeness-to-failures (CFs) are illustrated. The seismic potency ratio in the wedge to on the fault 
and total seismic potency are also indicated. The peak vertical seafloor displacement in each case is indicated in red. 
Inelastic deformation greatly enhances the seafloor uplift.
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compared to the case of CF = 0.0 (1.82 m), where inelastic deformation is prohibited. This small feature 
alone reflects the higher efficiency of producing seafloor uplift by inelastic wedge deformation. When the 
CF is increased to 0.8, inelastic wedge deformation attenuates shallow slip significantly, whilst producing 
larger landward seafloor uplift. In the case of CF = 0.9, shallow fault slip nearly disappears and seafloor 
uplift becomes even larger (up to 7.19 m) and more landward, as the large CF concentrates inelastic defor-
mation near the bottom of the outer wedge. The ratio of peak vertical seafloor displacements between 
CF = 0.9 and CF = 0.0 reaches 3.96. Both the horizontal and vertical seafloor displacements are plotted in 
Figure 6. The decrease in horizontal seafloor displacement and increase of landward seafloor uplift due to 
inelastic wedge deformation can be clearly seen. The inelastic wedge deformation, however, only slightly 
affects seafloor displacements beyond the outer wedge; the seafloor displacements for the four different CFs 
are very similar at x ≤ 0 and x ≥ 50 km.

The evolutions of sea surface height from the fully coupled simulations are illustrated in Figure 7. The sea 
surface height at t = 500 s for each CF is shown at the top of each panel. We also show the vertical seafloor 
displacement and total seafloor uplift by including the contribution of horizontal displacement following 
Tanioka and Satake (1996). The bathymetry and top of the fault geometry are shown at the bottom of each 
panel. Clearly, the models with inelastic deformation produce larger tsunami than the elastic model, with 
the largest tsunami in the case of CF = 0.9. The ocean acoustic and seismic waves propagate out of the 
domain within the first ∼300  s. The tsunamis are slower, with speeds less than the shallow-water limit 

 0.16gh  km/s due to dispersion and variation of ocean depth. The seaward tsunamis propagate faster 
and are slightly more dispersive than the landward tsunamis. Clear wavelength reduction of landward tsu-
nami is seen in each case due to decreasing ocean depth. The linear sea surface boundary condition used 
here excludes any nonlinear effects. Also, sea bottom friction is not included, so the increase of tsunami 
amplitude during wave shoaling is not very evident.

As in Lotto et  al.  (2018), we see that horizontal seafloor displacement is a significant contributor to 
tsunami, for example, at x = 80 km in all four cases due to a steep slope change. Also, the complex ba-
thymetry generates several regions of uplift seaward from x = 80 km in all four cases. Ignoring horizontal 
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Figure 6. Comparison of final horizontal (top) and vertical (bottom) seafloor displacements for the four closeness-
to-failures (CFs) in the outer wedge. Inelastic wedge deformation significantly reduces horizontal displacement but 
increases vertical displacement.
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seafloor displacement can result in significantly underestimated tsunami amplitudes. On the other hand, 
the horizontal seafloor displacement only slightly increases the peak total uplift in the case of CF = 0.9 
because of small horizontal seafloor displacement (Figures 5d and 6a) caused by inelastic wedge defor-
mation. The amplitude of tsunami correlates very well with the peaks of total uplift (solid line in each 
case). As the CF increases the peak amplitude of tsunami increases, which is again largely due to the in-
elastic seafloor uplift. The higher amplitudes of the tsunami in the inelastic cases are clearly seen in the 
snapshots of sea surface height (Figure 8), where the tsunami heights in the inelastic cases can be more 
than double those of the purely elastic case, illustrating the importance of inelastic wedge deformation.

The ocean acoustic waves are better illustrated in space-time plots of vertical seafloor velocity (Figure 9) 
and seafloor pressure change (Figure 10). We also show time histories of sea surface height, vertical seafloor 
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Figure 7. Sea surface height at t = 500 s and space-time evolution of sea surface height for the four closeness-to-failures (CFs) are illustrated, showing ocean 
acoustic waves and tsunami. Also shown in each case are the vertical seafloor displacement (dashed lines), total seafloor uplift (solid lines) by including the 
contribution of horizontal displacement following Tanioka and Satake (1996), bathymetry, and top-of-fault geometry. The horizontal displacement significantly 
contributes to tsunami generation due to seafloor slope (denoted by θ). The tsunami height correlates very well with the total seafloor uplift and increases 
significantly with inelastic wedge deformation.
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velocity, and seafloor pressure change at two (seaward and landward) locations (Figure 11). Clearly, inelastic 
deformation decreases the excitation of most ocean acoustic and seismic waves, consistent with the interpre-
tation of the depletion of high-frequency seismic radiation in tsunami earthquakes (Ma & Hirakawa, 2013). 
The strong excitation of ocean acoustic and seismic waves in the elastic case is partly due to abrupt stop-
ping of rupture at the top boundary although a velocity-neutral friction is used on the basal fault, like the 
strong breakout at the trench in the 2011 Tohoku simulations of Kozdon and Dunham (2013). As inelastic 
wedge deformation dissipates energy, the diminishing shallow slip and slower rupture velocity along with a 
smoother slip-rate field (Ma & Hirakawa, 2013) greatly reduce the excitation of ocean acoustic and seismic 
waves. These results pose some challenges for the use of these waves in tsunami early warning.

We note that ocean acoustic and seismic waves do not correlate well with the total seafloor uplift, unlike 
the tsunami shown in Figure 7. The tsunami is also easily identifiable in the seafloor pressure changes 
(Figure 10). For example, the peak uplift in the case of CF = 0.7 near the top of fault produces negligible 
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Figure 8. Snapshots of sea surface height for the four closeness-to-failures (CFs) are plotted every 50 s, showing the 
significantly larger tsunami height with inelastic wedge deformation compared to the elastic case (CF = 0.0).
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acoustic radiation (or the radiation is too weak to identify) (Figure 9b), but results in large tsunami (Fig-
ures 7b and 10b). The same feature can be seen in the two uplift regions around x = 50 km in the case of 
CF = 0.0. The uplift due to large horizontal displacement at x = 80 km produces sizable tsunami (Figures 7 
and 10), but only weak oceanic Rayleigh waves (Figure 9). This location is landward from the outer wedge 
and thus unaffected by inelastic wedge deformation. These results suggest that ocean acoustic and seismic 
waves and tsunami are likely sensitive to different excitation mechanisms due to their different periods. It 
is also possible that horizontal and vertical seafloor displacements produce different acoustic and seismic 
radiations. These important issues require further investigation.

However, one type of ocean acoustic wave shows some sensitivity to seafloor uplift and does not decrease 
with inelastic deformation—the PL wave (Figures 9 to 11) identified by Kozdon and Dunham (2014). The PL 
wave only propagates landward in these megathrust earthquake models (Kozdon & Duhnam, 2014) and is 
due to the interference of P waves in the ocean and oceanic crust (e.g., Oliver & Major, 1960; Phinney, 1961). 
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Figure 9. Space-time evolutions of vertical seafloor velocity for the four closeness-to-failures (CFs) are illustrated. The seafloor uplift for each case is also 
shown. Inelastic wedge deformation significantly decreases ocean acoustic and seismic signals on the seafloor. The black arrows denote the possible PL wave, 
which shows some sensitivity to seafloor uplift and does not decrease with inelastic deformation, but the PL wave seems not excited by all the uplifted regions.
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Unlike oceanic Rayleigh wave fully trapping energy within the ocean and upper oceanic crust, the PL wave 
leaks energy into the crust by S-wave radiation. In our model, the PL wave propagates with a velocity of about 
3.5 km/s, which is close to the P wave of oceanic crust; the low P-wave speed of the oceanic crust is due to 
the thick sediments in the margin.

The sensitivity of the PL wave to seafloor uplift is, however, weak. We can only identify one possible uplifted 
region in each case to excite the PL waves (shown by black arrows in Figure 9). This may be because either 
not all seafloor uplifts produce the PL wave (e.g., possibly uplift due to horizontal seafloor displacement) 
or the wavefield is too complicated. In Figure 11, the amplitudes of the PL wave (both vertical velocity and 
seafloor pressure change) at x = 80 km do not reflect well the amplitudes of the seafloor uplift and tsunami. 
This again could indicate different periods of the PL wave and tsunami, which can be sensitive to different 
excitations. Further investigations on the excitation of the PL wave and other ocean acoustic and seismic 
waves that can be used for tsunami early warning are needed in future work.
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Figure 10. Space-time evolutions of seafloor pressure change for the four closeness-to-failures (CFs) are illustrated. Again, inelastic wedge deformation 
significantly decreases most ocean acoustic and seismic signals on the seafloor. The PL wave is not easily identifiable in this figure except possibly in (d). The 
pressure changes associated with tsunami propagation can be clearly seen, which correlates very well with total seafloor uplift (solid lines).
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Figure 11. Time histories of sea surface height, vertical seafloor velocity, and seafloor pressure change are plotted 
at x = −50 km and x = 80 km. Most seismic and ocean acoustic waves are reduced by inelastic deformation, notably 
except for the PL wave. However, the amplitude of the PL wave does not correlate well with the amplitude of total 
seafloor uplift at the excitation.
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4. Discussion and Conclusions
Inelastic wedge deformation due to sediment failure in accretionary subduction zones can significantly 
contribute to seafloor uplift and tsunamigenesis. Our 2D coupled models of dynamic rupture and tsunami 
in the Cascadia subduction zone show that inelastic wedge deformation can produce tsunami more than 
twice as large as in purely elastic models, and with diminished shallow slip on the fault. This important 
mechanism should be incorporated into more accurate future tsunami hazard assessment in the Cascadia 
subduction zone and other sediment-filled margins worldwide (e.g., Scholl et al., 2015).

Large trench slip is not required for large tsunamigenesis. The prevailing hypothesis of large trench slip 
in causing tsunami is based on the assumption of elastic dislocation theory. However, this theory may be 
less applicable in shallow accretionary margins due to several mechanisms in promoting wedge failure: 
(a) weak sediments; (b) possible fluid overpressure in the wedge (e.g., Saffer & Tobin, 2011); (c) the outer 
wedge may be at or close to failure (Dahlen, 1990; Davis et al., 1983); (d) large dynamic stress concentrations 
can occur due to energy trapped in the shallow narrow wedge; (e) dynamic pore pressure increase due to 
updip rupture and increase of fault friction due to velocity strengthening enhancing wedge failure (Wang & 
Hu, 2006). Most of these mechanisms have been incorporated in our models here. With these mechanisms 
in mind, large shallow slip at the trench seems less plausible in accretionary plate margins due to inelastic 
deformation than in non-accretionary plate margins, such as the Japan Trench. Large tsunamigenesis can 
result from inelastic wedge deformation without large shallow slip. In fact, the presence of thick sediments 
(accretionary or not) can amplify tsunamigenesis. For instance, the non-accretionary margin of the north-
ern Japan Trench may also induce extensive wedge failure to generate large tsunami due to presence of 
thick sediments (Ma & Nie, 2019), consistent with bathymetric observations (Fujiwara et al., 2017), which 
may explain the puzzling devasting tsunami along the Sanriku coast in the 2011 Tohoku-oki earthquake.

Rupture velocity can also be greatly reduced by inelastic wedge deformation due to plastic dissipation of 
energy (Ma & Hirakawa, 2013). In our simulation with CF = 0.9 the rupture velocity is as low as 0.3 km/s 
below the outer wedge. If this model is extended to 3D to include along-strike rupture propagation, a slow 
shallow rupture and a deep fast rupture along strike can be envisioned. This dual rupture mode is con-
sistent with the 2004 Sumatra earthquake model proposed by Seno and Hirata (2007). The shallow slow 
rupture due to inelastic wedge deformation excites tsunami efficiently and radiates less high-frequency 
seismic energy, similar to a tsunami earthquake. Back-projection studies (e.g., Ishii et al., 2005) capture the 
high-frequency radiation from the deep, fast rupture, but likely miss the low-frequency radiation from the 
shallow slow rupture. There can also be along-strike variations in rupture characteristics due to variations 
of sediment thickness and factors affecting wedge strength, as in the Japan Trench. This 3D rupture model 
can likely solve many mysteries of tsunamigenesis and rupture characteristics of the 2004 Mw 9.2 Sumatra 
earthquake (e.g., Shearer & Bürgmann, 2010).

Our inelastic wedge deformation models show distributed deformation in the wedge. The deformation does 
not localize onto a major splay fault in the wedge. With strain softening or abrupt changes of wedge strength 
and fault friction, strain can localize resulting in a new major splay fault, which is physically plausible and 
may be evidenced on the Patton Bay and Middleton Islands in the 1964 Mw 9.2 Alaska earthquake (Hirak-
awa, 2016). But generally, the strain likely localizes more easily onto pre-existing splay faults (e.g., Moore 
et al., 2007). Undrained fluid response, on the other hand, delocalize the deformation (Viesca et al., 2008). 
No clear frontal thrust faults can be identified in the Cascadia subduction zone due to presence of thick 
sediments. Therefore, we suggest that extensive inelastic wedge deformation is an important new scenario 
that should be added to the four tsunami generation scenarios reviewed by Wang & Tréhu (2016) in the 
Cascadia subduction zone. Distributed off-fault deformation is well-documented for continental strike-slip 
faults (e.g., Dolan & Haravitch, 2014; Rockwell et al., 2002), and is likely even more significant in accretion-
ary subduction margins.

Finally, our coupled models show that inelastic wedge deformation reduces the excitation of most ocean 
acoustic and seismic waves, which can limit the use of these waves in tsunami early warning. The PL wave 
shows some sensitivity to seafloor uplift, but the sensitivity is weak. This could be due to the relatively short 
period of the PL wave compared to that of tsunami, the complicated wavefield generated by fault rupture 
and heterogeneous velocity structure, complex bathymetry, and/or shallow ocean depth in the Cascadia 
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margin. A better understanding of the excitation of the PL wave and other tsunami early warning signals is 
urgently needed to determine their usefulness and robustness in this important field.

Appendix: Verification of a Linearized Eulerian Approach to Model Ocean 
Gravity Waves Using Linear Potential Theory
Due to the vastly different periods of tsunami versus seismic and acoustic waves in the ocean earthquake 
rupture and tsunami are often treated as decoupled problems. Final seafloor displacement from earthquake 
rupture is mostly sufficient to study the propagation and runup of tsunami (e.g., Saito, 2019). Near earth-
quake source region, however, seismic and ocean acoustic waves can interfere with tsunami signal, detected 
by deep-sea ocean-bottom sensors, which provide crucial data to constrain the mechanisms of tsunami gen-
eration and megathrust rupture and issue tsunami warning (e.g., Saito & Kubota, 2020; Kubota et al., 2021). 
To better understand the interferences of these waves, one-way coupling of earthquake rupture and tsunami 
by using time-dependent wave fields from earthquake rupture in shallow-water tsunami simulations were 
carried out (e.g., Saito & Tsushima, 2016; Saito et al., 2019; Madden et al., 2021). Accurate excitations of 
ocean acoustic, seismic, and tsunami waves, however, may require full-physics two-way coupling between 
a compressible ocean and earthquake, which is important because some of the ocean acoustic waves can be 
useful for tsunami early warning.

To our knowledge, two fully coupled earthquake rupture and tsunami studies have been published (Maeda 
& Furumura, 2013; Lotto & Dunham, 2015). Maeda and Furumura (2013) modeled 3D linear elastic wave 
propagation in a compressible ocean by adding a body force term proportional to the spatial gradient of sea 
surface height, which essentially assumes hydrostatic pressure in the entire ocean. This treatment of grav-
itational restoring forces is likely problematic because nonhydrostatic pressure is known to be associated 
with ocean acoustic waves and short-wavelength tsunami. Lotto and Dunham (2015) introduced a simple 
linearized traction term at the sea surface in a linearized Eulerian approach, which is fully consistent with 
the free-surface boundary condition in linear theory for tsunami problems. Here we will describe this ap-
proach and associated boundary conditions for the 2D problem (Figure A1) in more detail and verify it 
using linear potential theory below.

The Eulerian equation of motion in the fluid domain can be written as 
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Figure A1. Schematic of the problem setup. The ocean acoustic waves and tsunami are excited by the prescribed 
seafloor uplift. The initial ocean depth is a constant h.
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where ρ is density, v is local velocity, 
D
Dt

 is material time derivative,  ij is the Cauchy stress tensor, and g is 

body force due to gravity. The initial equilibrium equation in the ocean is 
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which give rise to hydrostatic pressure and can be substituted into (A1) to remove the body force. In a fixed 
Eulerian mesh, the equation of motion can thus be rewritten as
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where convective accelerations appear as nonlinear terms.

At the sea surface, the kinematic free surface boundary condition is given by 
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where η(x, t) is sea surface height. After linearizing and using a small amplitude assumption (η ≈ 0), we 
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In inviscid irrotational flow there exists a scaler displacement potential function  , such that u
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Eulerian equation of motion can be integrated to yield the Bernoulli equation valid everywhere in the fluid 
domain 
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where p is pressure. Evaluating the Bernoulli equation at the sea surface, dropping quadratic velocity terms 
in the case of slow motion, and assuming small wave amplitude yield the dynamic free-surface boundary 
condition 
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which by substituting (A6) in terms of displacement potential gives rise to the well-known Cauchy-Poisson 
condition at the free surface
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It can be shown that evaluating the Bernoulli equation A7 at z = 0 and again dropping quadratic velocity 
terms and using a small wave amplitude assumption give rise to 
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which is the free surface boundary condition derived by Lotto and Dunham (2015). We can see that this 
condition is essentially equivalent to Equation A8 or A9. Both conditions are derived under the assumption 
of small wave amplitude and slow wave motion (such that quadratic velocity terms are negligible), which is 
suitable for small-amplitude ocean acoustic waves and tsunami.

The kinematic boundary condition at the sea bottom, similar to (A4) – (A6), is given by 
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which can be written in terms of the potential function as
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We now linearize the equation of motion (A3) by dropping the convective terms, which can be written in 
terms of displacement as 
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where   is bulk modulus, and in terms of the potential function 
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where VP is the P-wave speed of ocean (VP =  


 = 1500 m/s).

The linearized boundary value problem defined by Equations A15, A13, and A9 can be solved semi-analyti-
cally by integral transform methods (e.g., Nosov, 1999; Sells, 1965; Yamamoto, 1982; Stiassnie, 2010), which 
extends the incompressible theory of tsunami generation and propagation to compressible flow. Let x t   be 
an operator denoting a Fourier transform in space and a Laplace transform in time, and  1 1

k s   its inverse, 
such that 
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Defining  k z s x z tx t, , , ,        , and      ˆ , ξ ,x tk s x t  , and applying x t   to (A15), (A9), and 
(A13), yields
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The general solution to (A18) is 
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and the two unknows C1 and C2 are found using (A19) and (A20), leading to
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The displacements are then
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Of particular interest is the vertical displacement of the sea surface,
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Another useful quantity is the pressure on the sea bottom by linearizing (A7),
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In the following, we choose 
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which transforms to

 (A28)

We use A = 5 m, α = 4.5 x 10−8 m−2, and β = 0.05 s−1, giving rise to a Gaussian seafloor uplift with width 
of ∼ 20 km and rise time ∼100 s. The ocean depth is h = 4 km. To solve Equation A23–A28, an inverse fast 
Fourier transform, and a numerical inverse Laplace transform algorithm (Iseger, 2009) are used.

Figure A2 shows the space-time plot of sea surface height due to seafloor displacement specified by (A27) 
from the semi-analytical solution. Clear reverberations of ocean acoustic waves and tsunami can be seen. 
The ocean acoustic waves are P waves bounced between the seafloor and sea surface without dissipation. 
In more realistic situations, these waves attenuate due to energy leaking into the solid earth. Clear tsunami 
dispersion is also visible due to the relatively short wavelength of uplift with respect to ocean depth.

We simulate the same problem by solving the linearized equation of motion (A14) and boundary conditions 
(A10) and (A12) in our finite element code. The ocean is free to move horizontally along the flat seafloor. We 
discretize the ocean by using a uniform mesh of 3-node triangular elements with element size ∼100 m. The 
lateral boundaries of the ocean are set far away. We run each simulation for 1,000 s with a time step 0.02 s.

The snapshots of sea surface height between these two approaches are shown in Figure  A3. Figure  A4 
compares sea surface height time histories at three locations. Excellent agreement is obtained, confirming 
the equivalence of linearized free surface boundary condition (A9) and (A10) and the accuracy of our finite 
element code in modeling ocean acoustic waves and tsunami.
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Figure A2. Space-time plot of sea surface height in the semi-analytical solution. Clear ocean acoustic waves with 
strong reverberations and dispersive tsunami can be seen.
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Figure A3. Snapshots of sea surface height using the linearized semi-analytical method and Eulerian finite element 
method are compared. Excellent agreement is obtained.

Figure A4. Comparison of vertical sea surface displacement time histories at three locations. Both methods produce 
nearly identical results.
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The power spectrum of sea surface height time history at x = 0 is plotted in Figure A5, showing clear higher 
order acoustic modes. These acoustic modes are conceptually similar to the harmonic overtones of a vibrat-
ing open pipe, which can be understood by the dispersion relation of acoustic gravity waves.

We can show that a plane wave solution    ( , , ) cosh[ ( )] ,i t kxx z t k z h e ‐  where ω is angular frequency, k is 

horizontal wavenumber, and 
 

2
2

2 ,
P

k k
V

 satisfies (A15) and a rigid boundary condition at the seafloor. 

Substituting it in (A9) yields the dispersion relation for tsunami in a compressible ocean

  2 tanh .gk kh (A29)

When k  is imaginary, (A29) becomes 

 
 
    
 
 

2 2
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which is the dispersion relation for acoustic gravity waves. The periodicity of tangent function in (A30) gives 
rise to different modes of acoustic gravity waves in Figure A5.

Data Availability Statement
The finite element mesh used in this work and a Fortran code to read the mesh are available at http://
doi.org/10.6084/m9.figshare.14526609. The other data on which this article is based are available in Lotto 
et al. (2018).
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Figure A5. Power spectrum of the vertical sea surface displacement time history at x = 0 in Figure A4. Notice the 

modes of ocean acoustic waves matching those of a resonating pipe with one open end (   , 1, 3 , 5,
4

P
n

nVf n
h

), which 
is the approximate solution of (A30).
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