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Fully-coupled simulations of megathrust earthquakes
and tsunamis in the Japan Trench, Nankai Trough,
and Cascadia Subduction Zone

Gabriel C. Lotto · Tamara N. Jeppson · Eric M. Dunham

Abstract Subduction zone earthquakes can pro-

duce significant seafloor deformation and devas-

tating tsunamis. Real subduction zones display re-

markable diversity in fault geometry and struc-

ture, and accordingly exhibit a variety of styles

of earthquake rupture and tsunamigenic behavior.

We perform fully-coupled earthquake and tsunami

simulations for three subduction zones: the Japan

Trench, the Nankai Trough, and the Cascadia Sub-

duction Zone. We use data from seismic surveys,

drilling expeditions, and laboratory experiments

to construct detailed 2D models of the subduc-

tion zones with realistic geometry, structure, fric-

tion, and prestress. Greater prestress and rate-and-

state friction parameters that are more velocity-

weakening generally lead to enhanced slip, seafloor

deformation, and tsunami amplitude. The Japan

Trench’s small sedimentary prism enhances shal-

low slip but has only a small effect on tsunami

height. In Nankai where there is a prominent splay

fault, frictional parameters and off-fault material

properties both influence the choice of rupture path-

way in complex ways. The splay generates tsunami

waves more efficiently than the décollement. Rup-

ture in Cascadia is buried beneath the seafloor but

causes a tsunami that is highly complex due to

the rough seafloor bathymetry. Neglecting compli-

ant sediment layers leads to substantially different

rupture behavior and tsunami height. We demon-
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strate that horizontal seafloor displacement is a

major contributor to tsunami generation in all sub-

duction zones studied. We document how the non-

hydrostatic response of the ocean at short wave-

lengths smooths the initial tsunami source relative

to commonly used approach for setting tsunami

initial conditions. Finally, we determine self-consistent

tsunami initial conditions by isolating tsunami waves

from seismic and acoustic waves at a final sim-

ulation time and backpropagating them to their

initial state using an adjoint method. We find no

evidence to support claims that horizontal momen-

tum transfer from the solid Earth to the ocean is

important in tsunami generation.
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1 Introduction

Subduction zones span the surface of the Earth

and host the world’s largest earthquakes and tsunamis.

Despite their ubiquity in convergent margins, sub-

duction zones are qualitatively and quantitatively

distinct from one another in several ways that greatly

influence earthquake rupture and tsunamigenesis.

To this point, most models of subduction zone

earthquakes have been highly idealized, and none

have attempted to couple dynamic rupture to tsunami

generation in a realistic setting. In this study, we

perform fully-coupled simulations of subduction zone

earthquakes and tsunamis in order to gain insight

on the following: the influence of geometry, geo-

logic structure, friction, and stress on the megath-

rust rupture process; the role of horizontal and

vertical seafloor motion in contributing to tsunami

height; and the extent to which the standard tsunami
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modeling procedure makes justifiable assumptions,

especially with respect to initial conditions.

We begin by highlighting some of the areas of

greatest difference between subduction zones, mo-

tivating our interest in modeling specific detail in

addition to general subduction features. Decades

of seismic imaging has revealed major differences

in geometry from one subduction zone to the next

(e.g., [13, 42, 57, 61, 62]). Geometrical differences

include the presence or absence of splay faults,

which have been observed since the 1970s, most no-

tably in Alaska [69], Costa Rica [87], and Nankai

[66]. Virtually all subduction zones feature com-

pliant prisms of weakly consolidated sediments,

though these vary widely in their landward ex-

tent between different subduction zones [102] and

along-strike within the same convergent margin

(e.g., [62]). Various ocean drilling projects have

demonstrated the extreme elastic compliance of

sedimentary prisms in Cascadia [97], Nankai [71],

Costa Rica [19], Barbados [96], and Tohoku [32,

61], and while exact values of elastic moduli of sed-

iments vary from margin to margin, they are typi-

cally one or more orders of magnitude smaller than

elastic moduli from deeper parts of the subduction

zone. Lab and drilling results are consistent with

estimates of rigidity from subduction zone earth-

quake data, which pin on-fault shear moduli be-

tween 1 and 10 GPa at shallow depths [6].

In addition to prism size and material com-

pliance, the thickness of sediments on the incom-

ing crust varies between subduction zones. Sedi-

ment thickness, along with crustal age and con-

vergence rate, helps to control the temperature on

the fault and thus the updip and downdip limits

of velocity-weakening friction and possibly seismic-

ity [64]. The updip limit of seismicity has generally

been associated with the dehydration of stable-

sliding smectite clays to velocity-weakening illite

and chlorite as temperature increases with depth

[27, 28, 103]. Field and laboratory data indicate

that this transformation occurs at temperatures

between 100◦C and 150◦C (e.g., [25,31,59]). These

transitional temperatures occur at depths between

2 and 10 km, depending on the subduction zone

[64]. The downdip limit of seismicity may also be

determined in part by a velocity-weakening to velocity-

strengthening transition, relating to increasing tem-

peratures or mineral transformations [7, 56,99].

Plate geometry and tectonic forces, which de-

termine the absolute state of stress in a subduction

zone, vary around the world. Excess pore pressure

is another major determinant of effective stress

[74]. As initially saturated seafloor sediments subduct

and pressurize, they expel water through poros-

ity reduction and mineral dehydration. Here, too,

we observe differences between subduction zones,

where fluid pressures in sedimentary prisms are of-

ten elevated but can fall anywhere in the range

between hydrostatic and lithostatic [59]. Fluid ex-

pulsion rate can vary depending on whether a mar-

gin is accretionary or nonaccretionary, and on the

overall permeability of a fault zone [74].

Given such a diversity in qualitative and quan-

titative subduction zone characteristics, it should

not surprise us to find substantial differences in

rupture style and tsunamigenic efficiency. Tsunamis

from great megathrust events like the Mw 9.1-9.3

2004 Sumatra earthquake [91] result in significant

loss of life and cause massive damage to property

and infrastructure, but so do those from more-

efficient tsunami earthquakes that release hundreds

of times less energy, such as theMw 7.7 2010 Mentawai

event [46]. Meanwhile, other major significant sub-

duction zone earthquakes like the Mw 8.6 2005

Nias-Simeulue event [8] generate only small tsunamis

that do limited damage. The non-monotonicity of

the relationship between earthquake magnitudes

and tsunami heights should cause us to ask which

specific properties of subduction zones influence

tsunami generation, and to what extent they do

so.

The first major focus of this study is how ge-

ometry, friction, stress, and material structure in-

fluence rupture and the ensuing tsunami. We can

link several subduction zone characteristics to dif-

ferences in earthquake rupture and tsunamigenic

behavior. For instance, fault and seafloor geome-

try is a prominent factor in determining tsunami

amplitude. A steeply-dipping décollement or splay

fault will produce a larger portion of vertical up-

lift, which directly corresponds to tsunami height

(e.g., [12, 34]). The angle of a sloping seafloor, in-

cluding the presence of seamounts or any rough

bathymetry, also directly contributes to tsunami

height even if seafloor motion is entirely horizon-

tal [48, 93]. Several studies [12, 34, 111] have used

dynamic rupture simulations of branching faults to

demonstrate that prestress, frictional properties,

and rupture velocity are important in determining

rupture pathway, e.g. whether an earthquake rup-

tures along a steep splay, a flatter décollement, or

both. The results of our Nankai simulations, pre-

sented below, bear out the importance of prestress

and friction on the choice of rupture pathway.

In addition to determining rupture pathway,

fault friction and prestress (particularly the con-

tributions of excess pore pressure) help to con-

trol both rupture speeds and long-term deforma-

tion [51,74,104]. Our previous work shows that the

choice of rate-and-state frictional parameter b− a
has a major influence on rupture velocity, total
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slip, and tsunami height for a simple subduction-

zone-like geometry [50]. That same work demon-

strates the effect of compliant prism materials on

earthquake rupture and tsunami amplitude. In Lotto

et al. [50] we find that larger, more compliant prisms

in a purely elastic medium lead to enhanced shal-

low slip and greater tsunami amplitudes. One can

invoke Hooke’s Law to simply account for this ef-

fect: A more compliant material will be more sus-

ceptible to elastic deformation for a given earthquake-

induced stress change. (Alternatively, Ma [51] ar-

gues that sedimentary prisms are subject to sig-

nificant inelastic deformation during shallow sub-

duction zone earthquakes.) Additionally, normal

stress perturbations caused by slip on a bimaterial

interface—commonly found in shallow subduction

zone faults—can alter earthquake rupture and lead

to unstable slip [3, 52, 110]. Aldam et al. [1] find

that several physical quantities, including slip ve-

locity and normal stress drop, exhibit a nonmono-

tonic dependence on the bimaterial contrast.

Simulations and empirical results from real earth-

quakes support the idea that compliant prisms have

a large effect on earthquake rupture. Numerical ex-

periments by Tamura and Ide [92] of a branching

fault system in a heterogeneous medium with a free

surface show that when the upper medium is more

compliant, rupture is encouraged on the branching

fault. Several slow-rupturing tsunami earthquakes

have been associated with shallow slip through sub-

ducted sediments [36, 70, 78, 94]. Gulick et al. [22]

argue that dewatering and lithification of shallow

sediments in the Sumatra-Andaman margin made

them strong enough to enable shallow rupture dur-

ing the 2004 Sumatra earthquake.

No single conceptual model fully captures the

variations between subduction zones [102]. And

while many numerical studies of dynamic rupture

focus on the effects of varying one parameter, re-

cent publications have shown that dynamic rup-

ture experiments produce nonmonotonic or coun-

terintuitive results, especially when multiple vari-

ables are introduced [1, 50]. Given the extensive

qualitative and quantitative differences between sub-

duction zones and the extent to which those dif-

ferences affect rupture and tsunamigenesis, it is

necessary to model individual subduction zones in

some sufficient level of detail in order to make rea-

sonable conclusions about tsunami hazard. In this

study we consider earthquake rupture and tsunami

generation for three distinct subduction zones: the

Japan Trench, the Nankai Trough, and the Cas-

cadia subduction zone. We model each subduction

zone in 2D with realistic geometry and material

properties, and make reasonable choices for fric-

tion, prestress, and pore pressure.

In addition to exploring the effects of using re-

alistic frictional and structural parameters, we are

also motivated by some more fundamental ques-

tions about the physics of tsunami generation. To

what extent does horizontal deformation of the

seafloor contribute to sea surface uplift? Do com-

mon tsunami modeling techniques make valid as-

sumptions about tsunami generation and propaga-

tion?

We are presently aware of only three model-

ing approaches—ours [49] and two others [53,76]—

that attempt the fully coupled problem of dynamic

rupture and tsunami generation. Typical tsunami

generation approaches separate the problem into

several distinct steps: determination of fault slip,

calculation of seafloor deformation, and transla-

tion of that deformation into the ocean to provide

tsunami initial conditions. Breaking the problem

up this way requires making several approxima-

tions, not all of which may be justified.

Tanioka and Satake [93] first theorized the role

that horizontal motion of a sloping seafloor plays

in determining the initial height of a tsunami. The

Tanioka and Satake initial tsunami height, ηts, su-

perimposes the obvious effect of vertical seafloor

displacement, uy, with the kinematic effect of hori-

zontal displacement, ux, of a seafloor with slope m,

and translates that motion to the sea surface under

the assumption of hydrostatic ocean response:

ηts(x) = uy(x)−m(x)ux(x). (1)

Though the contribution of horizontal displace-

ment to ocean uplift (Figure 1) was recognized

over two decades ago, most tsunami models con-

tinue to neglect the second term in equation (1).

Likewise, most tsunami models also do not account

for Kajiura’s [33] nonhydrostatic correction to the

initial tsunami height, which acts as a low-pass fil-

ter, reducing the contribution of short-wavelength

seafloor deformation to ocean uplift. Additionally,

tsunami propagation models based on the shallow

water wave equation neglect dispersion, which is

another consequence of nonhydrostatic ocean re-

sponse at wavelengths comparable to or less than

the ocean depth. Numerical methods that decou-

ple the earthquake rupture and tsunami genera-

tion process also inherently ignore the compress-

ibility of the ocean. Many also neglect the time-

dependent nature of the rupture process.

In addition to the kinematic effects of hori-

zontal seafloor motion described above, Song and

others (e.g., [89, 90]) have argued that horizontal

momentum transfer from the solid Earth to the

ocean is a major contributor to tsunami height. We

have previously found that such an effect is negligi-

ble for subduction zone earthquakes [48], at least



4 Gabriel C. Lotto et al.

ocean

Earth

ocean

Earth

uy(x)

slope m(x) ux(x)Horizontal
displacement

Vertical
displacement

uy(x)

-m(x) � ux(x)

Fig. 1 The role of vertical and horizontal seafloor deformation in setting initial sea surface height, according to the
theory of Tanioka and Satake [93] and equation (1). Figure redrawn from that publication.

for the specific geometries studied in that work.

Fully-coupled methods like ours naturally account

for momentum transfer, whereas typical tsunami

models neglect it by setting initial horizontal ve-

locity in the ocean to zero.

To what extent are these sundry assumptions

valid for real subduction zone earthquakes? Through

our simulations we aim to determine the relevance

of the following factors on tsunami generation and

propagation: horizontal seafloor displacement, non-

hydrostatic corrections to ηts, tsunami dispersion,

ocean compressibility, and a time-dependent rup-

ture process.

2 Modeling Framework

We perform fully-coupled simulations of earthquakes

and tsunamis at three subduction zones using 2D

profiles centered at the oceanic trench and extend-

ing hundreds of kilometers both landward and sea-

ward. Seafloor and fault geometries as well as ma-

terial properties are based upon seismic surveys

and ocean drilling experiments. Our models re-

flect the complexities of seafloor bathymetry and

include major fault bends, although we do not ex-

plicitly consider short wavelength fault roughness

or a finite-width fault damage zone. The subduc-

tion zone models also capture complexities in ge-

ology where they are known to exist, including

smoothly varying material properties, compliant

prisms, subducted sediments, and mantle wedges.

We simulate coupled earthquakes and tsunamis

using a provably stable and high-order accurate fi-

nite difference code that couples an acoustic ocean

in the presence of gravity to an elastodynamic Earth

[45]. Surface gravity waves are incorporated via a

linearized boundary condition that imposes grav-

ity on perturbations about an ocean initially in hy-

drostatic balance [49]. This approach allows us to

model the full seismic, ocean acoustic and tsunami

wavefield in one self-consistent framework. Tsunami

waves are generated by time-dependent seafloor

deformation in response to dynamic earthquake

rupture, and propagate dispersively in a compress-

ible ocean.

Dynamic rupture is modeled on the plate bound-

ary fault—and on a splay fault, for Nankai–using

a differential form of rate-and-state friction de-

scribed by Kozdon and Dunham [43] that allevi-

ates issues of instability and ill-posedness associ-

ated with bimaterial interfaces:

dτ

dt
=
aσ̄

V
tanh

(
τ

aσ̄

dV

dt

)
− |V |

L

[
τ − σ̄fss(V )

]
, (2)

for time t, shear strength τ , slip velocity V , and

state evolution distance L. Effective normal stress

σ̄ is defined as the difference between total normal

stress and pore pressure,

σ̄ = σ − p. (3)

The steady-state friction coefficient, fss, is depen-

dent on V as

fss(V ) = f0 − (b− a) ln(V/V0), (4)

where V0 is a reference velocity and b − a is a di-

mensionless variable that determines the extent to

which friction increases or decreases with increas-

ing slip velocity (b − a > 0 is velocity-weakening

and b − a < 0 is velocity-strengthening). The pa-

rameter f0 is the friction coefficient for steady slid-

ing at V0. For all simulations of all subduction

zones, we set a constant V0 = 10−6 m/s and L =

0.8 m.

We account for undrained poroelastic changes

in pore pressure, ∆p, in response to changes in

total normal stress, ∆σ, with a linear relation of

the form ∆p = B∆σ. Considering the poroelastic

effect lets us rewrite effective normal stress as [45]

σ̄ = σ̄0 + (1−B)∆σ, (5)
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which acts to partially buffer changes to effective

normal stress. Equation 5 is a limiting case of a

model [10] for a fault that is bounded by dam-

aged material, where B is Skempton’s coefficient.

Across all simulations, we choose a moderate value

of B = 0.6 (where in the B → 1 limit, effective

stress would remain constant).

At the coast of each of our subduction zone

models is a vertical “cliff,” a nonphysical feature

that allows us to include a clear ocean-Earth bound-

ary and has no effect on earthquake rupture or the

first few hundred seconds of tsunami propagation

in the open ocean. The cliff tends to produce its

own tsunami signal as it moves horizontally in re-

sponse to seismic waves, but this tsunami is not a

realistic feature.

For each subduction zone simulation, grid points

along the fault are separated by about 200 m,

though this varies because of the curved geometry.

The time step size is 5× 10−4 s. This allows us

to accurately capture wave frequencies lower than

∼ 0.5 Hz, though the frequency resolution is re-

duced in low velocity layers. At distances hundreds

of kilometers away from the fault, we progressively

stretch the grid to place the outer boundaries far
from the region of interest so that numerical re-

flections are unnoticeable.

In the following sections, we introduce our three

subduction zones of interest, justify our choices of

physical parameters, and present results for each

subduction zone. This is followed by a comprehen-

sive discussion of the more general issues raised in

this introduction.

3 Japan Trench - Background

The 2011Mw 9.0 Tohoku earthquake, Japan’s most

recent great megathrust event, ruptured a large

portion of the Japan Trench and generated a dev-

astating tsunami, several meters high in the open

ocean [16,65]. Observational and modeling evidence

supports the idea that the earthquake ruptured to

the trench, rapidly deforming the seafloor by ∼20

to 50 m and contributing to the extreme tsunami

amplitude [17,40,43,81].

Our model of the Japan Trench uses seafloor

and fault geometry that is essentially identical to

that of our previous efforts to model the Tohoku

event [43,44,48], based on seismic lines from Miura

et al. [57], but with somewhat smoother interfaces

and bathymetry. The material properties are de-

rived from the structural models of Miura et al.

[57] and Nakamura et al. [61]. The structure (Fig-

ure 2) features a fairly small accretionary prism

that extends 22 km downdip along the décollement,

and a 2 km layer of sediments along the seafloor

landward of the oceanic trench. The depth of the

ocean at the trench is 7.5 km. At the coastline

(x = −220 km, where x = 0 is the trench), the wa-

ter meets the land in a nonphysical “cliff,” as men-

tioned in section 2. We nucleate the earthquake at

a depth of 20.8 km, by quickly increasing shear

stress over a small region along the fault.

Dynamic rupture simulations on faults in elas-

tic media require setting several parameters re-

lating to friction and prestress. In order to se-

lect a, b, and f0, we appeal to several experimen-

tal results obtained from the Japan Trench Fast

Drilling Project (JFAST), conducted during Inte-

grated Ocean Drilling Program Expeditions 343/343T

[60]. The JFAST project penetrated a part of the

plate boundary fault that had experienced large

shallow slip during the 2011 Tohoku earthquake

and recovered a core of clay-rich material from 822

m below the seafloor [9]. Additionally, a temper-

ature observatory was installed in the drilled hole

through the plate boundary, which recorded tem-

perature observations over a 9-month period [18].

The observed temperature anomaly in the vicin-

ity of the fault corresponded to an apparent fric-

tion coefficient of 0.08. High-velocity (1.3 m/s) fric-

tion experiments on JFAST fault samples showed

very low shear stress and a correspondingly small

stress drop [101]. More recent laboratory exper-

iments on Japan Trench material at sub-seismic

velocities have found a range of somewhat higher

values for the friction coefficient, from 0.17 [23] to

0.20 [29] to ∼ 0.35 [82]. Inspired by these data, we

run two sets of simulations of the Japan Trench,

one using f0 = 0.15 and the other using f0 = 0.35
at shallow depths. At x < −22 km the décollement

is no longer bounded by a highly compliant sedi-

mentary prism and we transition f0 from the lower

values above to a more moderate value of 0.5 over

several kilometers.

There are also several experimental results that

measured the rate-and-state parameters a and b

for various Japan Trench samples. It is often as-

sumed that clay minerals, which comprise the shal-

low parts of subduction zone faults, exhibit velocity-

strengthening behavior. However, laboratory ex-

periments have shown that the frictional behav-

ior of smectite-rich sediments is not always sta-

ble; for example, Saffer and Marrone [73] observed

velocity-weakening behavior in smectite at room

temperature under low slip velocities. Tests of smectite-

rich materials recovered from the Japan Trench

showed frictional behavior that is mostly velocity-

strengthening but sometimes velocity-weakening or

velocity-neutral [29]. More recently, Sawai et al.

[82] showed that JFAST core samples exhibited
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Fig. 2 Material structure and geometry of the Japan Trench used for our simulations, colored by shear wave speed
β. Bold black lines trace the plate boundary fault and the seafloor.

both velocity-weakening and velocity-strengthening

behavior under a range of combinations of tem-

perature and slip velocity, and that b − a often

responded non-monotonically to those variables.

Given the poorly constrained nature of shallow

friction in subduction zones including the Japan

Trench, we run simulations with four different val-

ues of b − a in the region adjacent to the prism:

b− a = −0.004,−0.002, 0.000, or 0.002.

Deeper in the subduction zone, we set b− a =

0.004, a solidly velocity-weakening value that al-

lows for earthquake nucleation and propagation

at depth. Velocity-weakening friction is required

to nucleate an earthquake but this choice of b −
a is also supported by results from Sawai et al.

[83], who report that blueschist fault rocks, likely

present at seismogenic depths at the Japan Trench,

exhibit velocity-weakening behavior at tempera-

tures relevant to hypocentral depths. Similarly to

f0, b−a transitions from one of the values above to

b−a = 0.004 as the fault descends past the prism.

Downward along the décollement (x = −180 km),

in order to smoothly cease rupture propagation,

we transition the fault from velocity-weakening to

strongly velocity-strengthening by gradually increas-

ing the value of a by an order of magnitude.

Since our simulations consider only linear elas-

tic deformation of the solid, stress and pore pres-

sure need only be initialized on the fault. Total

normal stress is assumed to increase lithostatically

as a function of fault depth below seafloor d as

σ = ρgd, with g = 9.8 m/s2 and density at a con-

stant, nominal value of ρ = 2000 kg/m3. This for-

mulation approximates a state of stress in which

the minimum principal stress is vertical and the

décollement is nearly horizontal.

As equation (3) indicates, pore fluid pressure

plays a major role in determining stress on the

fault. We introduce the Hubbert-Rubey fluid pres-

sure ratio [26], λ, to quantify pore pressure relative

to lithostatic pressure for a submarine fault:

λ =
p

ρgd
. (6)

A pore pressure ratio of λ = 1 corresponds to

pore pressure that increases lithostatically. For our

nominal density of ρ = 2000 kg/m3 in the earth,

λ = 0.5 means pore pressure increases hydrostat-

ically. Anywhere in between, pore fluid are over-

pressured. Both Seno [85] and Kimura et al. [39]

argue that pore fluid pressure is highly elevated in

the Japan Trench, with λ > 0.9 everywhere along

the décollement. We ran sets of simulations with

λ = 0.7 and λ = 0.9, though we prefer the latter

value.

To inhibit excess slip at depth, we follow the

example of Rice [72] and assume that below some

depth, pore pressure begins to increase lithostat-

ically, i.e. λ = 1, and effective normal stress no

longer grows. This occurs at a depth such that

the maximum effective normal stress is σ̄max =

40 MPa. We also assume that the fault has some

minimum strength near the trench, such that σ̄min =

1 MPa. Initial shear stress along the entire fault is

calculated as τ = f0σ̄.

4 Japan Trench - Results

The Japan Trench serves as something of a base

case scenario within this study, given its relatively

simple geometry and structure and our prior mod-

eling of the 2011 Tohoku earthquake and tsunami

[43, 44, 48]. In this section, we present a range of

numerical experiments that explore the variability

produced by adjusting friction and initial stress.

We first examine the effects of varying the rate-

and-state friction parameter b − a in the shallow

part of the subduction zone, as in the upper left

plot of Figure 3. For the Japan Trench, shallow

b − a has a clear but limited effect on slip and
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Fig. 3 Initial conditions on frictional parameters b − a and f0, and shear stress τ , for the three subduction zones
considered in this study. For our Japan Trench simulations, we run two sets of simulations, one with f0 = 0.15
and one with f0 = 0.35 near the trench. For each subduction zone, we vary b − a among four options: b − a =
−0.004,−0.002, 0.000, and 0.002. We also vary the pore pressure ratio, λ, between 0.7 and 0.9. This leads to two
different versions of initial shear stress for Nankai and Cascadia (and four for the Japan Trench, given the two
parameterizations of f0 for that subduction zone). Dashed lines for the Nankai Trough refer to conditions on the
splay rather than the plate boundary fault.

on final tsunami height (at t = 500 s). Figure 4

shows results for two extreme conditions of stress,

λ = 0.9, f0 = 0.15 and λ = 0.7, f0 = 0.35. In

both cases, smaller values of b− a (more velocity-

strengthening friction) lead to less slip across the

whole fault but especially at the prism, as unsta-

ble slip is inhibited near the trench. The effect of

changing b−a is greater, as is total slip, for the case

with greater initial stress (i.e., λ = 0.7, f0 = 0.35).

Tsunami height varies in accordance with slip, al-

though in a less noticeable way.

These results fit reasonably well in the context

of our previous work on compliant prisms [50], for

which we varied compliance, prism size, and shal-

low b−a in an idealized subduction zone geometry.

In that work, we used a structural model where

material properties were piecewise constant, hav-

ing one set of values outside the prism and another

set inside the compliant prism. We characterized

the compliance of the prism by a nondimensional

parameter r, defined as the ratio of shear wave

speeds β in the prism and elsewhere in the Earth,

r = βprism/βearth. Prism size W was characterized
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as the downdip extent of the prism. Though the

Japan Trench geometry in this study has a more

complex structure and initial stress distribution,

we can make rough estimates of W = 22 km and

r ≈ 4. For those sets of parameters, our previous

work shows that b−a has a similarly modest effect

on slip and tsunami height (see Fig. 5c and d of

Lotto et al. [50]).

We now focus on the effects of the friction co-

efficient and pore pressure ratio, selecting a mod-

erate value of b − a = −0.002 (slightly velocity-

strengthening behavior) near the trench and mod-

ifying shallow f0 and λ. In this set of simulations,

presented in Figure 5, initial stress (as modified

via pore pressure ratio) is the single greatest factor

affecting slip, horizontal and vertical seafloor dis-

placement, and tsunami height. Lower initial shear

stresses (see lower left plot of Figure 3) lead to

lower stress drops (see Supplementary Figure 21)

and thus less slip throughout the fault. The ef-

fect of f0 on slip is apparent only beneath the

prism where higher f0 means higher initial shear

stress. Changes to f0 and λ have similar effects

on horizontal and vertical seafloor displacement.

Differences in tsunami heights are also largely de-

termined by pore pressure ratio, and despite the

enhanced slip near the trench with f0 = 0.35, the

tsunami—especially its landward wave—barely reg-

isters that difference. (Note that the tsunami sig-

nal at the far left of Figures 4 and 5e at x < −175

km is a wave propagating from the coast toward

the ocean, caused by horizontal displacement of

the artificial ocean-earth “cliff” during seismic de-

formation. This byproduct of our structural model

is not a realistic feature and would not be ob-

served.)

We now introduce another way to quantify earth-

quake rupture, seismic potency per distance along

strike:

P (t) =

∫ l2

l1

s(l, t) dl, (7)

where s is slip and the variable l follows the downdip

fault axis from l1 to l2. Potency is defined as earth-

quake moment per unit rigidity; we use potency

rather than moment to avoid ambiguities in the

choice of rigidity on a bimaterial fault plane. We

further define potency rate per distance along strike,

Ṗ , as the rate of change in potency over time,

Ṗ (t) =
dP

dt
. (8)

We use potency rate to compare and contrast the

time-dependent earthquake source process between

different simulations. For example, in Figure 5b

we see that earthquakes with λ = 0.7 rupture for
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longer and have more total potency than earth-

quakes with λ = 0.9, but that going from f0 =

0.15 to f0 = 0.35 only affects the rupture process

marginally.

5 Nankai Trough - Background

The Nankai Trough in southern Japan has hosted

five Mw 8+ earthquakes since the beginning of the

eighteenth century [2]. Each event launched a sig-

nificant tsunami and caused over 1000 fatalities.

The last pair of tsunamigenic earthquakes were the

1944 Tonankai (Mw 8.1) and 1946 Nankaido (Mw

8.3) events. Consequently, the Nankai Trough has

been closely studied by earth scientists for decades.

Southeast of Shikoku Island and the Kii Penin-

sula, the Philippine Sea Plate subducts beneath

the Eurasian Plate and produces a very large ac-

cretionary prism [66]. The prism, which has been

developing since the Miocene, consists of compli-

ant materials, mainly offscraped and underplated

from turbidites and Skikoku Basin sediments [67].

The Nankai Trough is distinguished from other

subduction zones by its prominent splay fault, a

thrust fault that bends up from the megathrust to

the seafloor at a higher angle than the décollement

[66].

A geodetic slip inversion of the 1944 and 1946

earthquakes by Sagiya and Thatcher [75] suggested

a highly complex source process for the two events,
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which they associated in part with coseismic slip

on splay faults. The presence of splay faults has

major implications for tsunami generation; an earth-

quake rupture that branches off of the main megath-

rust and continues along a steeper splay could pos-

sibly generate a tsunami with a higher amplitude

and certainly with a different wave profile than

one that continues along the décollement. Though

Tanioka and Satake [95], drawing from an inversion

of tsunami waveforms from the 1946 event, found

that large slip on splay faults was not required to

fit available data, other publications have reached

the opposite conclusion. Cummins and Kaneda [11]

argued that the tsunami data could be matched

equally well if all slip was confined to a splay rather

than the plate boundary fault.

Scientific opinion is more unified with respect

to the 1944 Tonankai event. A topographical ar-

gument was made by Kikuchi et al. [38], who rea-

soned that the repetition of fault motions must

be responsible for the rough profile of the Ku-

mano Basin above the inferred slip distribution of

the 1944 earthquake. Moore et al. [58], analyzing

the results of 2D and 3D seismic reflection sur-

veys, showed that there has been more activity on

the splay than on the décollement and concluded

that the splay fault likely contributed to the 1944

tsunami. Geothermometric measurements on core

samples from the Nankai Trough revealed evidence

of frictional heating on shallow portions of both

the splay fault and the plate boundary fault, im-

plying that coseismic rupture has occurred on both

segments [77].

Several studies, inspired by the splay fault at

Nankai, have used numerical models to explore
various parameters that influence rupture in the

vicinity of a branching fault system. Kame et al.

[34] focused on the effects of prestress, rupture ve-

locity, and branch angle (in an unbounded, homo-

geneous, elastic medium) and found that the pre-

stress has a significant effect on the favored rup-

ture direction, though enhanced dynamic stress-

ing sometimes resulted in slip on a less-favorably

oriented segment. Collapsing the geometry of the

Nankai Trough into the context of their parameter

space study, they predicted that coseismic rupture

would follow the splay fault and cause negligible

slip along the plate boundary fault. DeDontney

and Hubbard [12] expanded on that work, using

realistic initial stress states derived from elastic

wedge theory and a range of values for friction

and dip angle to produce a variety of simulations

where rupture propagated along the main fault, a

branching fault, or both. Simulating dynamic rup-

ture in 3D, Wendt et al. [111] observed rupture

remaining on the plate boundary thrust for a ho-

mogeneous prestress, but found that the introduc-

tion of a stress barrier leads to activation of splay

faults. Tamura and Ide [92], modeling a branching

fault system in a 2D bimaterial medium with a free

surface, reported that for homogeneous prestress,

rupture is enhanced on the branching fault when

the upper material is more compliant, as would be

likely the case in a subduction zone. These studies

advance the hypothesis that rupture on the splay

is plausible or even likely, but they greatly simplify

the Nankai Trough; our simulations capture realis-

tic geometric and geologic features, with spatially

variable prestress and frictional properties.

Our geometric and structural model for Nankai

is based upon two seismic profiles extending from

the Kii Peninsula out past the trench axis: a wide-

angle seismic survey (profile KR9806) interpreted

by Nakanishi et al. [62] and waveform tomography

images from Kamei et al. [35]. Thus, our model

(Figure 6) is representative of the segment of the

Nankai Trough through which the 1944 Tonankai

earthquake ruptured. A compliant layer of sedi-

ments, 1-3 km in thickness, underlies the seafloor

and fills the prism bounded by the décollement and

splay. At the trench (x = 0), the ocean reaches its

maximum depth of 5.1 km. The splay branches off

the décollement at x = −42 km (a depth of 8.5

km) and breaches the seafloor at x = −24 km.

Our approach to assigning initial stresses on

the fault is somewhat different for Nankai and Cas-

cadia than for Tohoku. Rather than assuming a

simple depth dependent normal stress on the faults,

we instead opt for the more self-consistent approach

of prescribing a stress field everywhere in the solid

and resolving it onto the faults. We draw on the

work of DeDontney and Hubbard [12], who use

critical and elastic wedge theory to determine the

stress state of a Nankai-like subduction zone geom-

etry. They characterize the stress state in the prism

by a ratio of principal stresses, σ1/σ3, and by the

angle of σ1 (the more horizontal principal stress

component) relative to the dip of the plate bound-

ary fault, Ψ (Figure 7). For the Nankai-like subduc-

tion zone geometry, they determine that Ψ = 13.5◦

and σ1/σ3 = 2.28 are appropriate values. Our ap-

proach is to have σ1 increase lithostatically with

depth below seafloor and to scale σ3 according to

the ratio of principal stresses above. The resulting

stress state is resolved onto the faults, and the ratio

τ/σ on the fault is used to determine an approxi-

mate f0. This approach yields values of f0 = 0.4 on

the splay, f0 = 0.25 on the shallow plate boundary

thrust, and f0 = 0.35 on the deep plate bound-

ary fault. These values are consistent with experi-

mental results that pin friction on the splay fault

between f0 = 0.36 and f0 = 0.46 [23, 30]. The-
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ory and experimental data for the plate boundary

thrust are also supportive but less precise—one es-

timate has 0.16 ≤ f0 ≤ 0.26 [41] and another finds

0.32 ≤ f0 ≤ 0.40 [30]. For a chosen value of λ, we

use equations (6) and (3) to calculate effective nor-

mal stress and τ = f0σ̄ to calculate initial shear

stress.

With regard to the choice of λ for Nankai simu-

lations, published estimates for pore pressure vary

widely between and within studies. While Seno [85]

gives a pore pressure ratio as high as λ ≈ 0.98 on

the megathrust, other results yield more moder-

ate values of λ ≈ 0.8 and 0.68 ≤ λ ≤ 0.77 [88, 98].

Pore pressure on the splay is probably similarly el-

evated, with Tsuji et al. [100] estimating that the

pore pressure ratio lies roughly between λ ≈ 0.6

and λ ≈ 0.9. Given the wide spread of estimates

of λ and the influence of prestress on the results of

dynamic rupture experiments, we run two sets of

simulations, one with λ = 0.7 on both splay and

megathrust and another with λ = 0.9.

To choose rate-and-state parameters a and b,

we appeal in part to Ikari and Saffer [30], whose

experiments on Nankai Trough sediments showed

mostly velocity-strengthening friction, but with sig-

nificant variability on both the splay and the megath-

rust. As with the Japan Trench, we run simulations

with four possible values of b−a (−0.004,−0.002, 0.000,

and 0.002), allowing that parameter to vary inde-

pendently on the splay and the megathrust for a

total of 16 permutations.

6 Nankai Trough - Results

The Nankai Trough is unique in this study, in that

rupture nucleated at depth comes to a fault junc-

ture, and can choose between propagating along

the steeper splay, the flatter décollement, or both.

Because the splay dips at a higher angle and breaks

the seafloor surface closer to the coast, the rupture

pathway is expected to have serious implications

for tsunami hazard. Indeed, we find that the choice

of rupture pathway has a qualitative effect on the

the tsunami waveform and a quantitative effect on

its amplitude.
We start by looking at simulation results where

pore pressure ratio is constant at λ = 0.9 and

shallow b − a varies between b − a = −0.004 and

b−a = 0.002. We focus on simulations where b−a
is the same on both the splay and décollement; we

ran several versions where b−a was different on the

two fault segments above the juncture, but there

is no particular reason to believe that one segment

is more or less velocity-weakening than the other,

and we observe plenty of variability in outcomes

even when b− a is identical.

Figure 8a shows cumulative slip on the fault for

both the splay (dashed lines) and the décollement

(solid lines). We see that small changes in b − a

result in major changes to the choice of rupture

pathway. The most velocity-strengthening model,

with b−a = −0.004 (blue lines), ruptures very lit-

tle along the décollement, producing almost zero

slip at the trench. However, that same model pro-

duces greater slip on the splay than any other

model, despite experiencing a relatively low stress
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drop on the splay (see Supplementary Figure 22).

The other three choices of b− a all produce about

the same slip on the splay, but, unsurprisingly, the

more velocity-weakening models produce greater

slip on the décollement. Interestingly, all four sim-

ulations result in slip along the splay, and that slip

is greater at the seafloor than at the fault junc-

tion. Potency rate (Figure 8b)—defined in equa-

tions (7) and (8) and summed over both the splay

and décollement—shows that ruptures that con-

tinue along the décollement produce more slip for

longer periods of time than ruptures with less slip

at the trench.

Slip is directly responsible for horizontal and

vertical seafloor deformation (Figure 8c and d).

Displacements peak at x = 0 and x = −23.8 km,

where the décollement and splay reach the seafloor.

Both peaks in vertical displacement correlate strongly

with the shallow slip on the splay and décollement

faults, with the b − a = −0.004 model causing

maximum displacement on the splay peak and the

b−a = 0.002 model topping the décollement peak.

The splay peak sees greater displacement due to

the higher angle of the splay fault compared to

the décollement. The left-most peak in horizontal

seafloor displacement, however, is strictly greater

for models with more velocity-weakening friction.
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In other words, models with greater b− a more ef-

ficiently produce horizontal deformation even with

less slip along the splay.

When the seafloor is sloping, as it does in the

subduction zones presented in this study, verti-

cal and horizontal seafloor motion both directly

contribute to tsunami generation. Tsunami height,

which is plotted at a time of t = 400 s in Figure 8e,

shows the influence of both factors. The seaward

wave (on the right side) and the landward wave

each have two peaks, one each associated with the

splay and the décollement. The leading seaward

wave is caused by slip at the trench, and thus it

does not exist for the b − a = −0.004 model. The

second seaward peak—the higher amplitude of the

two—is caused by splay rupture, and is greatest

for the model with the most velocity-strengthening

friction. The landward tsunami (excluding the sec-

tion where x < −100 km, which is a seaward-

traveling byproduct of the unrealistic ocean “cliff”

in our structural model) also has two major peaks.

Unlike the seaward tsunami, the leading landward

wave is larger due its association with the splay.

The height of the secondary landward signal scales

strongly with b− a.

We see several qualitative similarities for Nankai

Trough simulations where pore pressure ratio is

set to λ = 0.7 (Figure 9), instead of λ = 0.9

(Figure 8), though for λ = 0.7 the higher pre-

stress leads to overall greater slip, seafloor dis-

placements, and tsunami heights than for λ = 0.9.

Fault displacement on the shallow décollement—

and to a lesser extent on the deep plate boundary

fault—scales strongly with shallow b − a, ranging

from zero slip on the trench (b − a = −0.004)

to nearly 40 m (b − a = 0.002). As with λ =

0.9, we see that the model with the most velocity-

strengthening friction actually produces the most

slip on the splay, though the other models all pro-

duce some slip there as well. Models that slip to the

trench produce secondary peaks in potency rate

due to the greater length of the décollement and

the extended slip amidst low-velocity sediments.

Once again, vertical and horizontal seafloor dis-

placement features two main peaks, one each asso-

ciated with the splay and the décollement. Hor-

izontal displacement is everywhere greater with

higher b − a. Vertical displacement around x = 0

similarly scales with b− a, but the x = −23.8 km

peak is largest for b − a = −0.004 and virtually

identical for the other three simulations. The re-

sulting tsunami also shows two peaks traveling to-

ward land and toward the sea. For all simulations

except that with b− a = 0.002, the tsunami wave

peak produced by the splay is the larger of the

two, and therefore more important for hazard. The

b − a = −0.004 simulation produces the highest

and broadest splay peak, despite having the most

velocity-strengthening friction.

Throughout this study, we have used structural

models that are as realistic as possible, using con-

straints from seismic and drilling data. Such de-

tailed structural models are rarely used in earth-

quake or tsunami studies, however. Here, we ex-

plore the full significance of the subduction zone

structure by comparing the realistic structural model

in Figure 6 to the two far simpler structural mod-

els in Figure 10d. Such compromises or simplifica-

tions to structure are commonly used, for example

when converting fault slip to seafloor displacement

using analytical solutions for dislocations in homo-

geneous half-spaces.

The first simplified structural model employs

uniform material properties in the solid, using prop-

erties typical of rock fairly deep along the subduct-

ing plate (density ρ = 2800 kg/m3, s-wave speed

β = 4 km/s, and p-wave speed α = 7 km/s). The

second model simplified structural uses those val-

ues at all points deeper than approximately y =

−8.51 km, the depth of the fault branch junction,

and has values representative of shallow sediments

(ρ = 2.2 kg/m3, β = 1.5 km/s, and α = 3.1 km/s)

above that junction.

Figure 10 compares the results of using the

three structural models on simulations where λ =

0.9 and b−a = −0.002 on both the splay and shal-

low décollement. For this set of plausible parame-

ters, the two-layer structural model decreases the

magnitude of slip and tsunami height, and reduces

the maximum potency rate relative to the realis-

tic, heterogeneous structural model. However, the

uniform structural model fundamentally changes

the character of the earthquake rupture. With the

uniform model, all slip is confined to the splay, po-

tency rate is consistently smoother and reveals a

shorter rupture process, and the tsunami (exclud-

ing the nonphysical effects at x < −100 km) has a

lower amplitude than either of the other two struc-

tural models.

7 Cascadia Subduction Zone - Background

The Cascadia Subduction zone is distinct from the

Japan Trench and the Nankai Trough in that it

has a relative absence of interplate seismicity over

the historical record (e.g., [106, 107]). Still, great

megathrust earthquakes are a known feature of the

Cascadia margin over the past several millennia

[112]. The most recent such event, inferred from

evidence of coseismic subsidence in North Amer-

ica and an “orphan tsunami” in Japan, occurred
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final time.

on the evening of 26 January 1700 [63,79]. The ap-

proximately Mw 9.0 event was the latest in a series

of full-margin ruptures that recur every 500-530

years (which, when combined with smaller events

in southern Cascadia, leads to an average recur-

rence period of ∼240 years in that section) [20].

There have been few attempts to simulate dy-

namic earthquake rupture in the Cascadia Subduc-

tion Zone. Previous studies [14,47,80,107,108] have

primarily used elastic dislocation models to esti-

mate coseismic seafloor deformation and coastal

subsidence given some prescribed fault slip. Those

seafloor deformation calculations have sometimes

been used to simulate tsunamis, although the pro-

cess of converting earthquake slip to seafloor defor-

mation to tsunami amplitude is not as straightfor-

ward as is often assumed for realistic earthquake

scenarios [48]. The elastic dislocation models for

Cascadia have been constrained mostly by evidence

of coseismic subsidence from paleoseismic data, but

also by thermal constraints, strain rate observa-

tions, and recurrence rates [107]. The growing pa-

leoseismic evidence has for many years shown that

at several locations along the Pacific Northwest

coast, subsidence between 0.5 and 1.5 m occurred

(e.g., [5, 21, 86]). More recent interpretations of

subsidence data have confirmed the general mag-

nitude of subsidence but inferred heterogeneous
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slip along-strike for the 1700 event [37, 108], as is

typical for recorded megathrust earthquakes. For

the dislocation models, uncertainties in the sub-

sidence data lead to a wide variety of acceptable

slip models. And, crucially for tsunami hazard ap-

plications, coastal subsidence estimates carry no

information to constrain shallow slip or tsunami

height [108]. Earthquake rupture models that nei-

ther prescribe slip nor make too many assumptions

about tsunami generation may prove useful for un-

derstanding local hazard in Cascadia.

Our 2D structural model draws on interpre-

tations of two seismic transects: Line SO10 from

the ORWELL Project [15] and Line 4 from the

COAST dataset [24, 109]. The two seismic lines

both cross the Cascadia margin just south of lat-

itude 47◦N, by Grays Harbor and Willapa Bay in

Southwest Washington. Both profiles focus on the

shallow portion of the subduction zone (depths less

than 20 km), so we use the Juan de Fuca slab

model of McCrory et al. [55] to inform the deeper

geometry of our plate boundary fault.

Compared with the other subduction zones in

this study and in the world, Cascadia is unique

in terms of its structure and seismic quiescence

[20,109]. Cascadia also has one of the hottest plate

boundary thrusts, because of its young (∼8 Ma)

subducting plate and thick incoming sediments; its

high temperature may contribute to its dearth of

interplate seismicity [54]. On the left side of our

profile, there is a smooth, 2.5-3 km thick layer of

undeformed sediments sitting above the oceanic

crust. Starting at the deformation front (defined as

x = 0), sediments form a large accretionary prism,

whose outer wedge is interpreted to contain several

landward vergent thrust faults [109] (though these

have not been included in our simulations). The

décollement in this section dips at an extremely

shallow angle, less than 4◦. A bathymetric feature

known as the Quinault Ridge (at x ≈ 38 km) sepa-

rates the outer wedge from the lower slope terrace,

or midslope terrace, where the prism continues to

thicken. To the right of this section, starting at

x ≈ 50 km, is an older section of the accretionary

prism. The continental shelf begins at x ≈ 76 km,

where a shallow layer of ocean (∼200 m depth)

continues up to the coast, at x = 142 km. At its

greatest depth, the ocean above the Cascadia mar-

gin is only 2.7 km deep, far shallower than the wa-

ter above Nankai and the Japan Trench.

Neither seismic transect we use to build our

Cascadia geometry shows evidence of a plate bound-

ary thrust fault that breaches the seafloor at the

deformation front. The lack of historic interplate

earthquakes means that it is difficult to infer the

rupture pathway at shallow depths. It is possible

that the 1700 Cascadia earthquake ruptured to the

trench, and elastic dislocation models that allow

for trench-breaking rupture can sufficiently fit the

subsidence data [108]. However, seeing no direct

evidence of a décollement that meets the seafloor,

we use a buried thrust fault in our simulations.

Prestress on the fault is set using the same

procedure as in the Nankai Trough simulations.

We calculate a depth-dependent pair of principal

stresses σ1 and σ3 and project them onto the plate

boundary thrust. The ratio of shear to normal stress

projected on the fault allows us to estimate the

friction coefficient f0, which in this case is set to

f0 = 0.2 below the accretionary prism and linearly

ramped up to 0.4 at the deepest part of the fault

(Figure 3).

There is a good amount of evidence that the

pore fluid along the fault is, as with Nankai and the

Japan Trench, highly overpressured. Shear stress

on the Cascadia subduction fault has been shown

to be very low from heat flow measurements and

focal mechanism solutions, and near-lithostatic pore

pressure in the fault zone has been deemed to be

the cause [105]. Others have invoked near-lithostatic

pore pressure, especially at depth, to explain high

Vp/Vs ratios beneath southern Vancouver Island

[4, 68]. Seno [85] gives a quantitative estimate for

the pore pressure ratio as λ = 0.93 for Washington

and λ = 0.895 for South Vancouver Island. Once

again, we run two sets of simulations, one with

λ = 0.7 and the other with λ = 0.9.

We vary the shallow rate-and-state friction pa-

rameter b−a in the same way we do for the Japan

Trench, running various simulations with b − a =

−0.004,−0.002, 0.000, or 0.002 under the accretionary

prism, and b− a = 0.004 at depth (Figure 3).

8 Cascadia Subduction Zone - Results

The Cascadia Subduction Zone is the only one in

our study with a completely buried plate boundary

thrust. Its rupture behavior is, in many ways, much

simpler than that of the Japan Trench or Nankai

Trough, because it neither encounters a junction

nor breaches the seafloor. However, we find that

tsunamis generated in Cascadia have a surprisingly

complex signal and source.

In Figure 12, we feature a set of Cascadia sim-

ulations with pore pressure ratio λ = 0.9, with

shallow rate-and-state parameter b − a varied be-

tween b − a = −0.004 and b − a = 0.002. Though

we only plot the results with λ = 0.9, simula-

tions with λ = 0.7 produce qualitatively similar re-

sults but with greater slip (30-80% more for mod-

els with λ = 0.7), tsunami heights, etc. As ex-
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pected, the more velocity-weakening models ex-

perience greater stress drop (Supplementary Fig-

ure 23) and yield greater overall slip, especially in

the region where b − a varies (x < 50 km, as per

the upper right plot of Figure 3). Cumulative slip

is independent of shallow friction at the deepest

and shallowest sections of the fault. Potency rate

has a very similar history between simulations; the

earthquake behaves in a qualitatively similar man-

ner regardless of shallow b− a.

Horizontal seafloor displacement (Figure 12c)

scales very clearly with slip, and shows a depen-

dence on shallow b − a for the region where 0 <

x < 100 km. Vertical seafloor displacement, how-

ever, shows the effects of varying slip to a lesser

degree and in a more limited region, x < 50 km,

with a maximum near x = 0 where the fault is clos-

est to the surface. The final tsunami profile is more

complex than those from the other two subduction

zones due to the shallow depth of much of the fault

slip and the roughness of the seafloor bathymetry.

The details of the tsunami process will be discussed

further in the next section, but here we note that

the differences in the tsunami profiles between the

various models in Figure 12e stem from differences

in shallow slip and vertical seafloor displacement.

9 Comparison of Subduction Zones

The three subduction zones we focus on in this

study show great variation in their geologic struc-

ture, seafloor bathymetry, and fault geometry. Thus

far we have compared differences in results within

each individual subduction zone, but in this sec-

tion we make some comparisons across subduc-

tion zones. For each one, we select one reason-

able parameter set and explore how unique fea-

tures of each subduction zone influence earthquake

rupture and tsunami generation and propagation.

For the Japan Trench, we use the case with λ =

0.9, f0 = 0.35, and b− a = −0.002; for Nankai, we

use λ = 0.9 and b− a = −0.002; and for Cascadia

we use λ = 0.9 and b− a = 0.000.

9.1 Rupture Process

At each subduction zone, earthquake rupture be-

gins with nucleation at depth and proceeds in both

updip and downdip directions. Supplementary Fig-

ure 24 shows potency rate functions for the three

subduction zones on the same plot, giving a rela-

tive sense of the time history of each rupture.

The Japan Trench rupture proceeds in a very

similar way to that of the ruptures in our prior

study of idealized subduction zones with compli-

ant prisms [50]. We see in Figure 13a that rupture

velocity gradually increases as the rupture propa-

gates toward the trench then slows as it reaches the

accretionary prism. There, slip velocity accelerates

despite friction becoming more velocity-strengthening

at the trench, leaving enhanced slip profiles like

those of Figure 5a. This is caused by interactions

with the seafloor and free surface and wave energy

being trapped within the compliant prism.

In the Cascadia Subduction Zone (Figure 13b),

rupture propagates more smoothly. As the earth-

quake travels updip, through moderately compli-

ant materials but not through extremely weak sed-

iments, slip velocity gradually increases around the

rupture front. Since we do not allow rupture to

continue up to the seafloor, the slip velocity does

not increase explosively and rupture ceases near

the deformation front, causing only limited reflec-

tion of slip downdip.

For the Nankai Trough, we visualize slip sep-

arately for the splay fault and the décollement.

Downdip of x = −42 km, the junction between the

splay and décollement, Figure 13c and d are iden-

tical because they show the same fault segment.

Though not all Nankai simulations result in iden-

tical patterns of slip on the splay and décollement,

the case shown here is typical in that rupture first

continues to propagate along the décollement but

later jumps to the middle of the splay fault. Slip on

the décollement is patchier than it is for the other

subduction zones. Slip on the splay tends to pro-

ceed from the middle outward, increasing at the

trench but slipping less near the junction, leading

to the final slip pattern shown in dashed lines in
Figure 8.

9.2 Tsunami Generation and Propagation

One of the primary benefits of modeling subduc-

tion zone earthquakes and tsunamis in a fully cou-

pled framework is the ability to observe the en-

tire tsunami generation process without relying

on various approximations typically used to con-

vert seafloor displacement to tsunami initial condi-

tions. Whereas typical tsunami models must con-

vert seafloor displacements to sea surface height

before running a tsunami simulation, our approach

takes into account the full physics of the problem,

including any possible contributions from momen-

tum transfer between the Earth and ocean [48,89].

In this section, we track the entire tsunami process

from generation to propagation, and compare be-

tween the three subduction zones of interest.
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In Figure 14 we plot the whole life cycle of a

Japan Trench tsunami, for a simulation with pa-

rameters λ = 0.9, f0 = 0.35 and shallow b − a =

−0.002. Figure 14a shows the sea surface height

at time t = 500 s, as in Figure 5e. This tsunami

profile is the final slice of the space-time plot of

sea surface height (Figure 14b). Earthquake nu-

cleation occurs at about x = −110 km at time

t = 0, with subsequent fault slip generating vari-

ous guided waves including oceanic Rayleigh waves

and leaking P-wave modes (or oceanic PL waves)

[44] that are apparent on the ocean surface. The

rupture continues to the trench at x = 0, where

shallow slip leads directly to seafloor deformation,

causing the beginnings of a tsunami at around

t = 50 s. Rupture to the trench generates addi-

tional ocean-guided waves, especially in the sea-

ward direction due to directivity. Since they travel

at speeds much greater than the surface gravity

wave speed, the tsunami emerges as a distinct fea-

ture by t ≈ 200 s. The tsunami propagates disper-

sively until the end of the simulation. In this plot

we also observe a tsunami wave caused by the hor-

izontal motion of the nonphysical coastal “cliff” at

x = −220 km, mentioned in previous sections and

visible in the bathymetry profile of Figure 14d.

It is not possible to visualize a true initial con-

dition on sea surface height; seafloor deformation

occurs over tens of seconds and continuously ex-

cites surface gravity waves. Those waves begin to

propagate even as the seafloor continues to deform.
Furthermore, the dynamic nature of the tsunami

generation process means that the initial tsunami

waveform is superimposed with ocean acoustic waves,

guided Rayleigh waves, oceanic PL waves, and other

seismic waves. In Figure 14c we show two approaches

to estimate the “initial” tsunami height. The first

approach is to calculate the Tanioka and Satake

initial condition on sea surface height, ηts, from

equation (1) using the static seafloor displacement.

We plot the total ηts(x) as well as the separate con-

tributions from vertical and horizontal displace-

ment, uy(x) and −m(x)ux(x). The Tanioka and

Satake initial condition considers neither nonhy-

drostatic effects nor the time-dependent rupture

process, and therefore is a very simple interpreta-

tion of the initial tsunami. But it does yield an

understanding of the relative importance of verti-

cal and horizontal seafloor deformation.

The second approach involves running an iden-

tical simulation but with gravitational acceleration

set to zero, i.e., g = 0. The zero gravity simulation
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results in a static sea surface perturbation, ηzg,

that captures contributions from both vertical and

horizontal displacements of the seafloor as well as

the nonhydrostatic response of the ocean [33]; it is

as close as possible to an initial condition for the

tsunami.

We see that vertical and horizontal displace-

ments both play a substantial role in generating

the tsunami at the Japan Trench. The horizon-

tal contribution, −mux, increases gradually from

x ≈ −100 km to the trench, while the vertical

contribution, uy, is about level until x ≈ −20 km,

where it dips a bit before peaking at the trench

due to the influence of the compliant prism. We

find that ηzg is nearly equivalent to ηts except,

notably, in the vicinity of the trench. The differ-

ences can be attributed to nonhydrostatic effects,
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which effectively filter short wavelengths to make

ηzg smoother than ηts.

Figure 15 shows the life cycle of a tsunami in

the Nankai Trough, for the simulation with λ = 0.9

and shallow b − a = −0.002. Figure 15a shows

the final tsunami height, while Figure 15b shows

the tsunami’s progression from start to finish. For

this set of parameters, we observe that the splay

(x ∼ −25 km) is the largest contributor to tsunami

height, though slip on the décollement produces

waves that manifest in the final tsunami height as

an extension of the first seaward peak and in the

second landward peak. Dispersion is clearly visible

in the final tsunami profile between x = −50 km

and x = 25 km. As with the Japan Trench, we

observe oceanic Rayleigh waves and other guided

waves traveling seaward.

The zero gravity sea surface profile, ηzg, shows

the relative contributions of slip on the splay and

décollement in the initial tsunami. (This plot would

look substantially different for other Nankai simu-

lations which have more or less slip on the décollement.)

In the Nankai Trough, uy plays a larger role in

tsunami generation than−mux, except in the vicin-

ity in the compliant prism and in the sloping area

near the continental shelf, −100 < x < 80 km;

much of the region between here and the surface

expression of the splay is flat, i.e. m ≈ 0. Also, as

seen for the Japan Trench, nonhydrostatic ocean

response at short wavelengths smooths ηzg relative

to ηts.

The tsunami in the Cascadia Subduction Zone

(Figure 16) is more complex than that of either of

the others, from start to finish. Rather than being

dominated by one or two leading peaks traveling

in opposite directions, the final tsunami profile is

replete with many smaller peaks and troughs, aris-

ing from complexities in the seafloor bathymetry

as well as dispersion during the subsequent prop-

agation. The initial tsunami profile as determined

from a zero gravity simulation shows at least seven

small crests. Closer to the coast, where the fault

rupture is deeper, the Tanioka and Satake initial

condition ηts closely parallels ηzg, but that match

breaks down closer to the deformation front, where

x < 45 km. A closer look at the components of ηts
reveals that most of the variations in the tsunami

perturbation are due to horizontal deformation,

and that vertical seafloor displacement is quite even.

Had we interpreted a smoother, more simpli-

fied version of the seafloor bathymetry, we would

not observe such a complex tsunami profile. Some

of the peaks in Figure 16(a) might not be present

in a real Cascadia tsunami due to along-strike vari-

ations in slip and seafloor bathymetry. Those vari-

ations would produce even more complexity in the

tsunami signal, even though many of the features

of our bathymetry profile are fairly coherent along

the direction parallel to the coast.

In order to better understand the complexity of

the Cascadia tsunami, we run an equivalent simu-

lation using a simple form of the shallow water

wave equations linearized about a state of rest,

similar to our previous study [48]. The equations

are written as ∂η/∂t+ ∂(hv)/∂x = 0 and ∂v/∂t+

g∂η/∂x = 0, with ocean depth h, sea surface height

η, and depth-averaged horizontal velocity v. The

water is inviscid and incompressible; advection, non-

linearity, and bottom friction are neglected. The

latter processes become relevant near shore and

during inundation, but the approximations are jus-

tified given our focus on tsunami generation and

offshore propagation. The shallow water equations

require two initial conditions: one on initial sea

surface height η0(x) and another on initial veloc-

ity v0(x). For the initial condition on sea surface

height, we use η0(x) = ηzg, the sea surface per-

turbation for the zero gravity simulation. We set

v0(x) = 0, as is typically assumed, though we re-

visit the question of appropriate initial conditions

in the next section.

Figure 17 shows the propagation of the tsunami

using the shallow water wave equations, as well as

a comparison of the final “full physics” tsunami of

Figure 16a to the best-matching time step of the

shallow water solution. Due to the finite rupture

process of the full physics model, the shallow wa-

ter solver is initiated at t = 52 s; this provides

the best match in solutions at t = 500 s. We see

in Figure 17a that the two simulations have sig-

nificant disagreements; even where peaks can be

colocated they tend to differ from one another in

amplitude. Comparing Figures 16b and 17b reveals

that the differences are largely due to the absence

of dispersion in the shallow water model and its

presence in the full physics simulation. The finite

rupture duration is also responsible for some of

the disparities, although its effect is small because

the tsunami does not travel very far in the ∼50 s

source process.

9.3 Tsunami Initial Conditions

In this section we take a closer look at the ini-

tial conditions of the tsunamis in our study, us-

ing an adjoint wavefield procedure developed by

Lotto et al. [48]. While there may be several ad-

vantages to using fully-coupled numerical meth-

ods to model earthquakes and tsunamis, shallow

water approaches tend to be far more computa-

tionally efficient and are therefore widely used by
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the tsunami modeling community. Still, it is im-

portant to justify our assumptions with regard to

tsunami initial conditions. Song and collaborators

(e.g. [89,90]) have argued that horizontal momen-

tum transfer from the Earth to the ocean requires

the use of a nonzero initial condition on depth-

averaged horizontal velocity, v0, but virtually all

other studies assume v0 = 0. In our previous work

[48] we demonstrated that v0 = 0 is the optimal

initial condition for subduction zone earthquakes,

though we largely studied a simplified subduction

zone geometry. Here, we extend our previous work

but with more realistic subduction zone geome-

tries.

To generate self-consistent initial conditions for

the Japan Trench, Nankai, and Cascadia, we begin
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by running a full-physics simulation to some final

time where all seismic and ocean acoustic waves

have left the computational domain, leaving only

the slower-traveling tsunami. We then use the re-

sulting stress and velocity fields as an initial condi-

tion on a time-reversed adjoint simulation, which

involves simply flipping the sign of the particle ve-

locity. We continue to use absorbing boundaries on

the sides and bottom of the computational domain,

and the waves that have left the domain are not

re-injected in the adjoint problem. The governing

equations are self-adjoint, so running it backward

in time requires no additional changes to the code.

The tsunami waves propagate backward in time

toward the center of the domain where they con-

verge above the earthquake source region, unper-
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turbed by seismic or acoustic waves as they were

in the forward simulation. We choose as the initial

condition the point when sea surface height most

closely matches ηzg from the zero gravity simula-

tion. To determine v0, the initial condition on hor-

izontal velocity, we take the average of horizontal

particle velocity over the ocean depth.

For each of the three subduction zones (Fig-

ures 18, 19 and 20), we can find a time step in the

time-reversed simulation that produces a tsunami

closely matching ηzg. We observe that at the deter-

mined adjoint initial conditions, the tsunami from

each subduction zone is associated with a small but

nonzero horizontal velocity. The peaks in horizon-

tal velocity may be loosely correlated with bathy-

metric features, although that relationship is diffi-

cult to distinguish. We used the results of the Cas-

cadia adjoint simulation (with small, but nonzero

v0) as initial conditions for a shallow water sim-

ulation, as in Figure 17 which has v0 = 0, and

found only negligible differences between the two

shallow water simulations. Thus, we conclude that

the contribution of horizontal velocity to tsunami

height is inconsequential.
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10 Conclusions

Though most earthquake rupture models consider

subduction zone geometries and structures that

are idealized to a greater or lesser extent, there

is much to be gleaned from making realistic choices

about material properties and seafloor bathymetry.

In the Japan Trench, we have a classic subduc-

tion zone geometry, with a plate boundary fault

dipping from the seafloor through a layer of sedi-

ments and a relatively small sedimentary prism all

below a deep ocean layer. The presence of the com-

pliant prism leads to enhanced slip and seafloor

deformation near the trench, but this causes only

a slight increase in tsunami height, given the small

width of the prism (∼20 km) relative to wave-

lengths filtered by the nonhydrostatic response of

the ocean (<∼ 40 km).

The presence of a prominent splay fault and

a large and compliant sedimentary prism makes

it hard to predict rupture pathway in the Nankai

Trough. Some evidence suggests that rupture has

occurred on the splay, and indeed all of our sim-

ulations show at least 10 m of slip at the splay

fault tip. The magnitude of slip on the décollement

is highly variable. Simulations with shallow highly

velocity-strengthening friction result in almost zero

décollement slip, whereas most others have slip on

both fault segments. The splay poses the greater

near-field hazard; motion on the splay more effi-

ciently generates tsunami waves and those waves

emanate from locations closer to shore, meaning

that they will have the first and often greatest im-

pact on human settlements.

The lack of a trench-breaking fault in our Cas-

cadia model causes earthquakes and tsunamis to

behave quite differently. Cascadia’s thick sediment

layer and gradually dipping plate boundary thrust,

along with its rough bathymetry, lead to a com-

plex tsunami signal. To the extent that its bathy-

metric ridges are coherent along strike we expect

them to play a major role in tsunami generation,

via the second term of equation (1). Even if they

are not coherent along-strike, they will contribute

to tsunami generation, but in an incoherent man-

ner. Since the recent historic record includes no

significant interplate seismicity in Cascadia, it is

difficult to constrain the behavior of an tsunami-

genic earthquake here. In a real event, thrust faults

verging up from the décollement may be activated

during a megathrust rupture, which could alter

the pattern of shallow slip and thus the tsunami

source.

In addition to focusing on individual subduc-

tion zones, we can make some general conclusions

about the influence of friction, stress, and material

structure on the earthquake rupture and tsunami

generation process. Increases in prestress—including

those due to decreases in pore pressure λ—consistently

lead to increased fault displacement, seafloor mo-

tion, and tsunami height. The value of the rate-

and-state parameter b − a also has a major influ-

ence on shallow slip and tsunami heights. Not sur-

prisingly, more velocity-strengthening friction usu-

ally leads to less slip, although in the Nankai case

that relationship is complicated by the fact that

changes in friction can lead the rupture to take en-

tirely different pathways. Figure 10 demonstrates

the effect of using realistic structural models on

rupture pathway and tsunami height. Structural

models with uniform material properties and mod-

els that only crudely employ compliant sediments

tend to underestimate tsunami amplitudes.

Simulating realistic subduction models allows

us to gain insights about tsunami physics and ini-

tial conditions for tsunami models decoupled from

earthquake rupture. Running zero gravity simu-

lations allows us to get a sense of initial tsunami

height without interference from acoustic and seis-

mic waves. By comparing sea surface profiles from

those zero gravity simulations, ηzg, to the compo-

nents of the Tanioka and Satake tsunami initial

condition, ηts, we observe that vertical and hor-

izontal components of seafloor motion both con-

tribute significantly to tsunami height. Neglect-

ing contributions from horizontal seafloor displace-

ment would cause one to underestimate tsunami

height and qualitatively misrepresent the shape of

the tsunami waveform.

But simply using ηts as a tsunami initial con-

dition would not be appropriate; the ocean’s non-
hydrostatic response smooths out the short wave-

length variations in ηts. This filtering effect, first

described by Kajiura [33], accounts for the differ-

ence between ηts and ηzg in Figures 14, 15, and

16. Ignoring the nonhydrostatic correction to ηts
would produce overly sharp peaks in the tsunami

waveform.

What accounts for the differences between the

tsunami of our full-physics model and that of the

shallow water wave model in Figure 17? Space-

time plots of sea surface height reveal that dis-

persion is responsible for much of the mismatches

in the two profiles. To a lesser extent, the time-

dependent rupture process of the full-physics model

contributes disagreement, although in the cases

studied it is acceptable to assume the tsunami does

not travel sufficiently far over the tsunami source

duration to require a time-dependent initial con-

dition. The compressibility of the ocean in the full-

physics model also has a negligible effect on tsunami

propagation, echoing conclusions of much earlier
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studies [84]. We also use an adjoint wave prop-

agation method to run our full simulation back-

ward in time, to produce initial tsunami condi-

tions. The adjoint simulations demonstrate that,

just as for the simplified geometry of our previous

study [48], depth-averaged horizontal velocity in

the ocean has a very small amplitude and hence

a negligible effect on tsunami height for realistic

subduction zone geometries.

Fully-coupled earthquake and tsunami codes

can be difficult to implement and are more com-

putationally expensive than methods that decou-

ple the tsunami from its source process. However,

coupled earthquake and tsunami simulations en-

able us to understand the details of subduction

zone megathrust behavior and answer key ques-

tions about the physics of tsunami generation.

References

1. Michael Aldam, Shiqing Xu, Efim A Brener,
Yehuda Ben-Zion, and Eran Bouchbinder. Non-
monotonicity of the frictional bimaterial effect.
Journal of Geophysical Research: Solid Earth, 2017.

2. Masataka Ando. Source mechanisms and tectonic
significance of historical earthquakes along the
Nankai Trough, Japan. Tectonophysics, 27(2):119–
140, 1975.

3. David J Andrews and Yehuda Ben-Zion. Wrinkle-
like slip pulse on a fault between different materi-
als. Journal of Geophysical Research, 102:553–571,
1997.

4. Pascal Audet, Michael G Bostock, Nikolas I Chris-
tensen, and Simon M Peacock. Seismic evidence
for overpressured subducted oceanic crust and
megathrust fault sealing. Nature, 457(7225):76,
2009.

5. Boyd E Benson, Brian F Atwater, David K Ya-
maguchi, Lorin J Amidon, Sarah L Brown, and
Roger C Lewis. Renewal of tidal forests in Wash-
ington State after a subduction earthquake in AD
1700. Quaternary Research, 56(2):139–147, 2001.

6. Susan L Bilek and Thorne Lay. Rigidity variations
with depth along interplate megathrust faults in
subduction zones. Nature, 400(6743):443, 1999.

7. Michael L Blanpied, David A Lockner, and
James D Byerlee. Frictional slip of granite at hy-
drothermal conditions. Journal of Geophysical Re-
search: Solid Earth, 100(B7):13045–13064, 1995.

8. Richard W Briggs, Kerry Sieh, Aron J Meltzner,
Danny Natawidjaja, John Galetzka, Bambang
Suwargadi, Ya-ju Hsu, Mark Simons, Nugroho
Hananto, Imam Suprihanto, et al. Deforma-
tion and slip along the Sunda megathrust in the
great 2005 Nias-Simeulue earthquake. Science,
311(5769):1897–1901, 2006.

9. Frederick M Chester, Christie Rowe, Kohtaro
Ujiie, James Kirkpatrick, Christine Regalla,
Francesca Remitti, J Casey Moore, Virginia Toy,
Monica Wolfson-Schwehr, Santanu Bose, et al.
Structure and composition of the plate-boundary
slip zone for the 2011 Tohoku-Oki earthquake. Sci-

ence, 342(6163):1208–1211, 2013.

10. M Cocco and JR Rice. Pore pressure and poroelas-
ticity effects in Coulomb stress analysis of earth-
quake interactions. Journal of Geophysical Research:

Solid Earth, 107(B2), 2002.

11. Phil R Cummins and Yoshiyuki Kaneda. Possi-
ble splay fault slip during the 1946 Nankai earth-
quake. Geophysical Research Letters, 27(17):2725–
2728, 2000.

12. Nora DeDontney and Judith Hubbard. Applying
wedge theory to dynamic rupture modeling of fault
junctions. Bulletin of the Seismological Society of

America, 102(4):1693–1711, 2012.

13. Sean W Fleming and Anne M Tréhu. Crustal
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