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SUMMARY

Despite the inter-dependence of long term deformation, earthquakes and tsunamis, few mod-
elling approaches bridge these processes. To advance the understanding of tsunami generation
and earthquake-tsunami interactions, we present new methods for linking physics-based models
of subduction zone geodynamics and seismic cycling, three-dimensional dynamic earthquake
rupture, and tsunami generation, propagation and inundation. This modeling framework en-
sures mechanical consistency across temporal and spatial scales. We first present a simplified
earthquake-tsunami test case, in which an earthquake rupture occurs on a planar, dipping fault
surrounded by a homogeneous material and loaded by a depth-dependent stress field. This is
linked to a hydrostatic tsunami model by porting the coseismic seafloor displacements. We de-
tail the applied filters and discuss adequate spatial resolutions for this linkage. We compare
tsunamis produced by two earthquake sources that vary by fault strength, and therefore slip,
along the top of the fault near the seafloor. The earthquakes exhibit different rupture velocities
and slip distributions, while the seafloor displacements and resulting tsunamis are more simi-
lar. This demonstrates the utility of linked models to evaluate the effects of certain earthquake
characteristics on tsunami behavior. The second test case is more complex, with the initial
conditions for the dynamic earthquake rupture scenario taken from a model of long term sub-
duction zone geodynamics and seismic cycling. These conditions include the lithology, stress
field, fault geometry, and fault strength, which are physically consistent with one another due
to their development together over many slip events in the subduction scenario. Nucleation and
rupture propagation occur spontaneously in the linked earthquake scenario. The time-dependent
seafloor displacements are used to dynamically source the tsunami. We also compare this dy-
namically sourced tsunami with a tsunami sourced by the final, static displacements and find
that the temporal variation in displacements has a clear influence on the solution. This demon-
strates the utility of linked models to isolate the effects of certain modeling choices on the re-
sults. In order to encourage widespread use of these test cases, relevant materials are provided
publicly. These methods facilitate research into the physical relationships between processes
operating across the spatial and temporal time scales of long term deformation, earthquake
rupture, and tsunami propagation.
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1 INTRODUCTION

Subduction zone earthquakes often trigger devastating tsunamis,
such as the 2004 Sumatra, 2010 Maule and 2011 Tohoku
earthquake-tsunami sequences. In many instances, the wave be-
havior is not expected, given the earthquake behavior, or tsunamis

occur from unexpected sources. A recent example of this is the
28 September 2018 strike-slip earthquake that struck Sulawesi,
Indonesia and sourced a tsunami within Palu Bay (Ulrich et al.
2019b). Determining where, when and how tsunamis will occur
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demands improved understanding of the physics of earthquake and
tsunami interactions.

Numerical modeling provides a unique opportunity to advance
knowledge of the physical relationships between long term defor-
mation, earthquakes and tsunamis. However, despite the interde-
pendence of these processes, a modelling approach that bridges
them is both geophysically and computationally challenging. Nu-
merous scales in space and time must be captured and resolving
the relevant processes is difficult, even in individual models. Here,
we review the state-of-the-art modeling approaches that link two of
these processes.

Bridging dynamics relevant at both tectonic and seismic cy-
cling timescales through single framework numerical models is
achieved by van Dinther et al. (2013b, 2014); Sobolev & Mulda-
shev (2017); Dal Zilio et al. (2018) and van Dinther et al. (2019).
Linking separate numerical models is advantageous to traverse spa-
tial and temporal resolutions relevant to tectonics, seismic cycles
and dynamic ruptures and to capture physical complexities. Re-
cently, van Zelst et al. (2019) coupled a 2D subduction zone geo-
dynamic and seismic cycle model to a 2D dynamic rupture model,
thereby spanning timescales from millions of years to fractions of
seconds.

Approaches for linking dynamic earthquake rupture to
tsunami models also exist. 2D dynamic rupture simulations are
coupled to the time-dependent response of water layers hosting
tsunamis by Lotto et al. (2017a,b, 2018). Working with 3D dy-
namic earthquake rupture models, Ryan et al. (2015) use the fi-
nal, static seafloor displacements to source a tsunami, while Wendt
et al. (2009) use the 3D dynamic displacements. Saito et al. (2019)
also use a dynamic, 3D earthquake source to study the influence of
seismic waves on a modeled tsunami.

We present two test cases that demonstrate methods to link
separate physics-based models, using computational tools that are
individually verified. The first test case links a 3D dynamic earth-
quake rupture model to a tsunami model. While honoring critical
parameters and relationships, we keep the model geometry and
physics as simple as possible. We present two scenarios: one with
slip proceeding to the top of the fault at the seafloor and one with
slip restricted to below the surface. The tsunami is sourced by the
dynamic seafloor displacements over the entire earthquake phase.

The second test case uses a 2D seismo-thermo-mechanical
model of long term subduction and seismic cycles to set the ini-
tial conditions for the earthquake model. We follow the methods
of van Zelst et al. (2019), but extend the application to a 3D dy-
namic earthquake rupture. This provides more complex initial con-
ditions for the earthquake model than in the first test case, includ-
ing a curved fault geometry, heterogeneous stress field and fault
strength, and spatially variable material properties. We compare a
tsunami sourced by the resulting dynamic seafloor displacements
encompassing the entire earthquake phase to a statically-sourced
tsunami using the final displacements.

Verification benchmarks exist for dynamic earthquake rup-
ture models (Harris et al. 2009, 2018) and tsunami models (Syn-
olakis et al. 2008), but not for linked modeling. These test cases are
the initial steps toward community benchmarks for bridging earth-
quake and tsunami models. To encourage adoption by others, we
detail the physical models and methods used to link the earthquake
and tsunami models in Sec. 3 and to link the subduction, earthquake
and tsunami models in Sec. 4. We discuss choices and alternatives
in Sec. 5. Technical details and information for running the test
cases with the computational tools used here are available in the
Appendix. We focus on methods here and do not aim to answer

all geophysical questions, but we do evaluate these earthquake and
tsunami scenarios against observations of events in Sec. 5.

2 MODELLING TOOLS

We aim to use consistent vocabulary throughout the manuscript.
A ‘computational model’ is the computer program discretizing the
equations and implementing the numerical workflow. A ‘physical
model’ is the structural setup, governing equations and selected
input parameters. A ‘scenario’ refers to the results achieved by a
computational model and according to a specific physical model.
We attempt to only use ‘model’ when the use of the term is unam-
biguous.

Here, we provide a general overview of the computational
models used. The earthquake and tsunami models both are open-
source, use unstructured grid discontinuous Galerkin schemes, and
are facilitated by highly optimized parallel algorithms and soft-
ware. An open-source library allows for scalable input of data
at several stages of the workflow. The seismo-thermo-mechanical
modeling code is an extension of a long-term geodynamic model
(Gerya 2011) that also captures individual slip events. It is not
open-source.

2.1 Seismo-thermo-mechanical modeling

We use a continuum seismo-thermo-mechanical approach to model
both the subduction dynamics relevant on geodynamic time scales
and the approximation of earthquake cycle dynamics relevant on
seismic cycle time scales (van Dinther et al. 2013a,b, 2014). The
computational model is based on a 2D, coupled thermo-mechanical
code developed for long-term, geodynamic deformation (Gerya &
Yuen 2007). It is extended and validated to simulate earthquake cy-
cles of both analogue (van Dinther et al. 2013a) and natural (e.g.,
van Dinther et al. 2013b) systems. The numerical method is de-
tailed by van Dinther et al. (2013a,b).

The computational model uses a fully staggered Eulerian, con-
servative finite difference scheme to implicitly solve the equations
for conservation of mass, momentum, and energy in an incompress-
ible medium (Gerya & Yuen 2007). Large deformation and asso-
ciated advection of stresses and temperature- and stress-dependent
material properties are accomplished through a Lagrangian marker-
in-cell technique (Gerya & Yuen 2003). Stress and strain are related
through visco-elasto-plastic constitutive relations in which a non-
linear Maxwell rheology is combined with a frictional plastic slider.
Most material parameters are derived from laboratory experiments
(e.g., van Zelst et al. 2019; Gerya & Yuen 2003). Drucker-Prager
plasticity includes an invariant, strongly slip rate dependent fric-
tional formulation to simulate spontaneous frictional instabilities
(van Dinther et al. 2013a). The slip and stress drop characteristics
of these instabilities at spontaneously evolving orientations resem-
ble those of natural earthquakes, albeit at very low slip rates.

2.2 Dynamic earthquake rupture modeling with SeisSol

SeisSol (http://www.seissol.org, https://github.com/

SeisSol/SeisSol) is the computational model used for 3D dy-
namic earthquake rupture. It solves the seismic wave equation in
velocity-stress formulation using an Arbitrary high-order DERiva-
tive Discontinuous Galerkin (ADER-DG) scheme. The computa-
tional domain is discretized on a tetrahedral mesh (Dumbser &

http://www.seissol.org
https://github.com/SeisSol/SeisSol
https://github.com/SeisSol/SeisSol
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Käser 2006), which simplifies automatic mesh generation for com-
plicated geometries and facilitates static mesh adaptivity. Fast time
to solution within SeisSol is enabled by recent computational opti-
mizations targeting strong scalability on many-core CPUs (Breuer
et al. 2014; Heinecke et al. 2014; Rettenberger et al. 2016) and an
efficient local time-stepping algorithm (Breuer et al. 2016; Uphoff
et al. 2017). SeisSol is verified with several community benchmarks
(De La Puente et al. 2009; Pelties et al. 2012, 2014; Wollherr et al.
2018) following the SCEC/USGS Dynamic Rupture Code Verifi-
cation exercises (Harris et al. 2018).

SeisSol meets cutting edge computational and geophysical
challenges. It is used in the largest and longest dynamic rupture
model to date (Uphoff et al. 2017). This scenario of the 2004
Sumatra-Andaman earthquake used a 220 million element mesh,
order 6 accuracy in space and time, and required 13.9 hours on the
entire SuperMUC phase2 supercomputer (86,016 Haswell cores) at
the Leibniz Supercomputing Centre in Garching, Germany. SeisSol
is specifically suited to solve for rupture propagation along com-
plex, 3D fault geometries. For example, Ulrich et al. (2019a) and
Wollherr et al. (2019) capture complex rupture dynamics, includ-
ing branching and rupture jumps, along the 3D, segmented fault
systems ruptured in the 2016 Kaikoura and 1992 Landers earth-
quakes.

For all SeisSol models, the physical model is built as follows.
First, the structure is set using computer-aided design software.
This can include topography, bathymetry, material layers, and mul-
tiple, non-planar faults. Second, a mesh is generated for this model
geometry. Next, the type of seismic source is assigned. Kinematic
sources have predetermined fault slip, while slip develops sponta-
neously for dynamic sources depending on the initial stress state
prior to earthquake, the fault geometry, the rock properties and the
fault strength. SeisSol employs an elastic or a viscoelastic constitu-
tive law (Käser et al. 2007; Uphoff & Bader 2016) and also can be
combined with viscoplastic rheologies (Wollherr et al. 2018). Fault
failure follows a laboratory derived frictional failure criterion and
slip is controlled by the selected friction law. For example, linear
slip-weakening (Ida 1972, 1973; Andrews 1976a), classical rate-
and-state (Dieterich 1992; Dunham et al. 2011) and severe velocity-
weakening (e.g., Gabriel et al. 2012) friction laws are available.

The physical model is defined by highly flexible configuration
files using the Easy Initialization Library (easi) (www.github.
com/SeisSol/easi). easi provides several ways to specify how
the parameters vary spatially, for example in layers, according to
a polynomial configuration, following bi- or trilinear interpolation
from a uniform grid, or using a C-like code that is compiled at
run-time. The flexibility of easi is enhanced by the possibility to
combine each component via a function composition.

2.3 Tsunami propagation and inundation modeling with
sam(oa)2

The computational tsunami model is based on the depth-integrated
(hydrostatic) shallow water equations. While these are derived un-
der the assumption that vertical velocities are negligible, they ef-
ficiently model large scale horizontal flows and wave propaga-
tion with high accuracy. The discretization is based on a second-
order Runge-Kutta discontinuous Galerkin scheme (Cockburn &
Shu 1998; Giraldo & Warburton 2008) on triangular grids and fea-
tures an accurate and robust wetting and drying scheme for the sim-
ulation of flooding and drying events at the coast (Vater & Behrens
2014; Vater et al. 2015, 2019). The scheme is mass-conservative,
preserves positivity of the fluid depth and accurately computes

small perturbations from the still water state at rest (e.g., tsunami
waves). The influence of bathymetry and bottom friction is parame-
terized through source terms. Adaptive mesh refinement can enable
the efficient computation of large domains, while at the same time
it allows for high local resolution and geometric accuracy.

This numerical scheme has been recently integrated into
the adaptive mesh refinement package sam(oa)2 (Meister et al.
2016) (https://gitlab.lrz.de/samoa/samoa). sam(oa)2 fea-
tures efficient adaptive mesh refinement for tree-structured triangu-
lar meshes and provides parallelization in shared (using OpenMP)
and distributed (via MPI) memory. It has been shown to scale up
to thousands of compute cores, with problem sizes that exceed one
billion grid cells with dynamic adaptive refinement and coarsening
of cells (Meister et al. 2016).

2.4 ASAGI: a pArallel Server for Adaptive GeoInformation

These linked modeling methods require scalable input of data at
several stages. For these purposes, we use ASAGI, an open-source
library with a simple interface to access Cartesian material and ge-
ographic datasets in massively parallel simulations (Rettenberger
et al. 2016) (www.github.com/TUM-I5/ASAGI). ASAGI organ-
ises Cartesian data sets as a collection of tiles. For dynamically
adaptive simulations, where parallel partitions may move around
in the computational domain, the data tiles are automatically repli-
cated and migrated across compute nodes, if required. In the re-
spective user modes, ASAGI works as a parallel cache, such that
the problem to access material or geographic data at a specific lo-
cation is simplified to a single function call.

3 A TEST CASE FOR LINKING EARTHQUAKE AND
TSUNAMI MODELS

This simple test case links 3D dynamic earthquake rupture to
tsunami generation, propagation and inundation. The spatial coor-
dinates are kept constant in the earthquake and tsunami models,
with the point at x = 0, y = 0, z = 0 bisecting the line where
the fault intersects with the earthquake model surface, which is the
seafloor in the tsunami model. We present two linked earthquake-
tsunami scenarios that differ by the strength of the shallow fault in
the earthquake model. To access the materials needed to run this
test case, see App. A.

3.1 Dynamic earthquake rupture model and scenario

The earthquake physical model extends from x = −325 to 425 km,
y = −375 to 375 km and z = −250 to 0 km. It incorporates a
planar fault that is 200 km along strike and extends from the sur-
face to 35 km depth at a 16° dip. The fault intersects the surface.
The along-dip length of the fault is 127 km. The model is meshed
with a resolution of 400 m element edge lengths on the fault, which
ensures accurate resolution of the dynamic processes at the earth-
quake rupture front. The resolution coarsens away from the fault
to an element edge length of 100 km. The resulting mesh consists
of 16 mio tetrahedral elements. More details about the mesh are
available in App. C1.

The material around the fault is homogeneous with density
ρ = 3775 kg/m3, shear modulus G = 67.5 GPa and Lame pa-
rameter λ = 85.3 GPa. These values reflect those estimated for
oceanic crust in a subduction zone (e.g., Stephenson et al. (2017)),

www.github.com/SeisSol/easi
www.github.com/SeisSol/easi
https://gitlab.lrz.de/samoa/samoa
www.github.com/TUM-I5/ASAGI
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and so are near the high end of the range for rock types in subduc-
tion zones. The pore fluid pressure is depth-dependent and near-
lithostatic at Pf = ρfgz, where ρf = −3000 kg/m3, g is accel-
eration due to gravity and z is depth (negative below the surface)
(Fig. 1a). The three effective principal stresses (S′1 > S′2 > S′3
with compression negative) change linearly with depth, so the ef-
fective shear traction, τ ′s, and the effective normal traction, τ ′n, do
as well (Fig.s 1a and 1b).

The fault fails where and when the absolute magnitude of τ ′s
meets the fault shear strength:

|τ ′s| = c− µdr
s τ
′
n (1)

In addition to τ ′n, the fault shear strength is determined from the
on-fault cohesion, c, and the apparent static friction coefficient, µdr

s .
The superscript dr refers to the earthquake (dynamic rupture) model
and is used for consistency with Sec. 4. We assign a uniform coeffi-
cient of apparent static friction, µdr

s = 0.275 (Fig. 1c). We compare
two earthquake scenarios that differ only by the on-fault cohesion,
c. In Scenario A, c = 0.4 MPa everywhere below 15 km. Above
15 km depth, c gradually increases to 8 MPa at the top of the fault.
In Scenario B, c = 0.4 MPa everywhere. Changing c changes the
shear strength, as shown in Fig. 1d.

After failure, the fault weakens according to the linear slip
weakening friction law (Andrews 1976b) with µdr

s dropping to µdr
d

= 0.250 (Fig. 1c) over the slip weakening distance, Dc = 0.5 m
(Fig. 1e).

In both Scenario A and Scenario B, the earthquake rupture
begins by artificial nucleation (forced weakening over time) in a
predefined patch in the southeast corner of the fault at 26 km depth.
Slip propagates spontaneously outward from this location for ap-
prox. 60 s and is stopped at the three buried fault edges (sides and
bottom). The high strength near the top of the fault in Scenario A
smoothly stops rupture before surface breaking, while slip contin-
ues to the surface in Scenario B. Fig. 2 shows the accumulated fault
slip and final and maximum vertical surface displacements for both
scenarios.

The earthquake in Scenario A has Mw 8.5. The average accu-
mulated slip is 3.8 m and the maximum accumulated slip is 7.6 m.
Due to the increase in c near the surface, slip does not reach the
seafloor; all fault slip is restricted to below the surface. The rupture
velocity is supershear near the nucleation location, but subshear
elsewhere. The maximum seafloor uplift over the entire earthquake
occurs at 56 s and is 2.6 m. The minimum displacement is −1.0 m
and occurs at this same time. The average vertical displacement at
this time is 0.6 m. The seafloor displacements continue to change
until they reach relatively constant final values at ∼ 80 s, with a
spatial maximum at this time of 1.9 m, a minimum of −1.0 m and
an average of 0.9 m. However, surface waves continue to propagate
until the end of the model run at 120 s. The average stress change
on the fault is 3.0 MPa, summed from all positive and negative
stress changes across the fault.

The earthquake in Scenario B has Mw 8.6. The average accu-
mulated slip is 6.5 m and the maximum accumulated slip is 10.9 m.
Fault slip not only reaches the top of the fault, at the seafloor, in this
event, but also reaches a maximum value there. Supershear rupture
velocity occurs as the rupture proceeds updip from the nucleation
location and as the rupture propagates along the top of the fault,
but the rupture velocity is subshear along the deeper portion of the
fault. As in Scenario A, the maximum and minimum seafloor dis-
placements over the entire earthquake occur around 56 s. They are
3.3 m and −1.1 m, respectively, and the average vertical displace-
ment at this time is 1.2 m. The seafloor displacements reach rela-

tively constant final values at ∼ 95 s, with a spatial maximum at
this time of 2.6 m, a minimum of −1.2 m and an average value of
0.9 m. In this scenario as well, surface waves continue to propagate
until the end of the model run at 124 s. The average stress change
on the fault is 3.9 MPa.

3.2 Tsunami propagation and inundation model and scenario

For the tsunami physical model, we choose a simple, synthetic
bathymetry set-up to rule out complex effects resulting from a nat-
ural seafloor bathymetry and coastal topography. The set-up con-
sists of a flat seafloor above the earthquake source displacement
fields and a linearly sloping beach (Fig. 3). Hence, we define the
bathymetry by

b(x, y) =

{
0.05 (x− x0) for x > x0

0 km otherwise,
(2)

where x0 = 200 km is the beach toe, where the slope begins. The
initial sea surface is flat (’sea-at-rest’) and located at z = 2 km,
which means that the coastline is located at x = 240 km. Above
this level, the water depth is set to zero. We refer to the sea surface
height (ssh) as the deviation from the reference height of 2 km. The
size of the domain is from x = −400 to 400 km and y = −400 to
400 km, which is larger than the horizontal extent of the earthquake
physical model in order to minimize model boundary effects. The
minimum mesh size is 12.2 m. More details about the mesh are
available in App. C2.

We account for temporal variations in the seafloor deforma-
tion by adding a perturbation ∆b(t, x, y) derived from the 3D co-
seismic seafloor displacements from the earthquake scenario to the
initial 2D bathymetry. This is accomplished by the method of Tan-
ioka & Satake (1996), which combines the vertical component of
the displacement vector with vertical changes induced by the in-
teraction of horizontal displacement components with bathymetry
gradients. The present model includes only a flat seafloor where
the displacements arise, so the inclusion of horizontal displacement
components has no effect on the tsunami source. However, we in-
clude this so that these methods can be used directly for models
with realistic, non-trivial bathymetry.

Fig. 3 shows the physical model and the bathymetry perturba-
tion field produced by the Scenario A earthquake at t = 102 s.
Though it shows only one instance in time, we use the time-
dependent seafloor displacements from the entire earthquake sce-
nario. We use the displacements at a resolution of 1000 m. Techni-
cal details for this are provided in App. C2.

We apply a temporal filter to the resulting time-dependent
bathymetry perturbation field ∆b that aims to remove Rayleigh
waves present in the earthquake seafloor displacements. We first
estimate the frequency range of Rayleigh waves to be higher than
0.006 Hz. We then apply a low-pass filter with a cut-off frequency
of 0.0032 Hz. In the resulting filtered bathymetry perturbations,
Rayleigh waves are effectively removed, while the displacement
signal is essentially untouched. This filtering is further discussed in
Sec. 5.1.1 and detailed in App. C2.

During the tsunami, the sea surface reaches a maximal height
that matches the maximum seafloor uplift of 2.6 m in Scenario A
and 3.3 m in Scenario B. Fig. 4a-c compare cross sections through
the sea surface showing the wave profiles from both scenarios at
different times. Fig. 4a at t = 120 s shows that slip not reach-
ing the seafloor in Scenario A produces a smooth wave, while slip
reaching the seafloor in Scenario B initially produces a step-wise
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discontinuity. While in reality a step in the sea surface height (ssh)
is certainly nonphysical, the nature of a one-layer shallow water
approximation imprints the source displacements directly into the
water column and thus a step is visible in the tsunami initial state.
Fig. 4b shows both waves at t = 1200 s, the approximate moment
of first inundation. The shape of the waves continues to differ. Near
t = 1600 s, the Scenario A wave reaches a maximum height at
the beach of ssh = 2.7 m, while the Scenario B wave reaches
ssh = 3.0 m (Fig. 4c).

Fig.s 4d and 4e show time series at x = 240.1 km (10 km in-
land from the coast) and y = −150 km, y = 0 km, or y = 150 km,
thus tracking the wave height at different locations over time. The
highest wave height shown for both Scenario A and Scenario B
occurs at y = 0 km. The wave heights in both scenarios are asym-
metric, with higher waves at y = 150 km than at y = −150 km.
Note that y = 150 km corresponds to the part of the coast that
is farther from the earthquake hypocenter. This is consistent with
the locations of higher fault slip and uplift here in both earthquake
scenarios (Fig. 2).

The main characteristics of the inundation for both scenarios
are shown in Fig. 5. In both scenarios, the waves reach a maximum
runup of 52 m at the center of the beach (near y = 0). Away from
the center, the runup is smaller. The wave heights are asymmetri-
cal around the center of the beach and are larger toward y > 0. In
Scenario A, the flooding at the coast (x = 240 km) extends across
the interval of y ∈ [−155.25, 184.5] km. This is wider than in
Scenario B, in which y ∈ [−135, 148.5] km is flooded. 40 m in-
land from the coast, the wave from Scenario A floods a smaller ex-
tent, across the interval of y ∈ [−47.25, 76.5] km, while the wave
from Scenario B floods across the interval of y ∈ [−54, 87.75] km.
The wave sourced by the earthquake with fault slip restricted to
below the surface in Scenario A inundates a longer stretch of the
beach, but a smaller area overall. In contrast, the wave sourced by
the earthquake that ruptures all the way to the seafloor in Scenario
B inundates a shorter stretch of the beach, but a larger area overall.

4 A TEST CASE FOR LINKING SUBDUCTION,
EARTHQUAKE AND TSUNAMI MODELS

We now add complexity by linking a 2D model of geodynamics and
seismic cycling capturing long term subduction to the earthquake
model, then linking this to a tsunami model. This extends the meth-
ods of van Zelst et al. (2019) from 2D to 3D earthquake rupture
and creates an earthquake source that is still simplified relative to
nature, but includes more complexity than that in the earthquake-
tsunami test case. For access to the materials for this test case, see
App. A. Technical details are available in App. D.

The three physical models have x = 0 in the same location.
In the earthquake model, y = 0 bisects the fault and runs through
the earthquake hypocenter. It is in the same location in the tsunami
model, bisecting the seafloor. The surface/seafloor is initially lo-
cated at z = 0 in both the earthquake and tsunami models.

4.1 Long term subduction

4.1.1 Subduction physical model

The physical subduction model is 2D and has an extent of 1500 km
in the x-direction by 200 km in the z-direction. The subducting
oceanic plate consists of 4 km thick sediments, a 2 km thick basaltic

upper crust, a 5 km thick gabbroic lower oceanic crust, and a litho-
spheric mantle (Fig. 6a). The continental plate consists of a sedi-
mentary wedge, an upper and lower continental crust and a litho-
spheric mantle layer. A constant velocity of 7.5 cm/yr is applied
to the subducting plate to initiate and sustain subduction. Free slip
boundary conditions are used at the sides and the top of the model,
and there is an open boundary at the bottom. A sticky air approxi-
mation is used for the free surface.

The subduction geometry, lithological properties, and temper-
ature develop spontaneously over 4 million years through solv-
ing thermo-mechanical conservation equations with a time step
of 1000 years (compare Fig.s 6b and 6c). At temperatures below
100◦C, materials are velocity strengthening and a transition be-
tween 100◦C and 150◦C leads to velocity weakening at higher tem-
peratures. The down-dip limit of the seismogenic zone develops as
viscous deformation becomes progressively more dominant at tem-
peratures above 350◦C (van Dinther et al. 2013b). Subsequently,
for approximately 30,000 years, the time step is gradually reduced
to 5 years to start the seismic cycle phase of the model. The subduc-
tion geometry (Fig. 6c) shows the oceanic plate subducting with an
average dip of 14.8◦ above 95 km depth during this phase.

Progressive brittle failure constitutes a slip event in the sub-
duction model and occurs according to Drucker-Prager plasticity.
Yielding initiates when the second invariant of the deviatoric stress
tensor σ′II (Fig. 6d) meets the yield strength:

σ′II = C + µ
[
1− (Pf/P )

]
P (3)

Here, C is cohesion, P is the mean pressure, Pf is the pore fluid
pressure and µ is the friction coefficient. Note that in the subduction
model, there is no differentiation between bulk cohesion of intact
rock and on-fault cohesion, c, after failure. Slip behavior after fail-
ure is viscoplastic rate dependent, with µ decreasing from its static
value µsc

s to a dynamic value µsc
d . For consistency with van Zelst

et al. (2019), we use the superscript sc to refer to the subduction
(seismic cycling) model.

4.1.2 Subduction scenario

Slip events in the subduction scenario are quasi-periodic. They oc-
cur mainly in the subduction channel and the accretionary wedge.
The events typically nucleate in the basalt, after which they rupture
within the sediments in the shallow part of the subduction channel.

We choose one representative slip event for linking. The onset
of the slip event is the first time step at which two adjacent points
are at failure. Slip initiates at 216–225 km along the fault and pro-
ceeds mainly up-dip, where it is stalled in the velocity strengthen-
ing region. Slip also arrests down-dip, in the domain dominated by
ductile creep. The event exhibits a peak slip of 9.7 m, an average
stress drop of 3.9 MPa, and a maximum stress drop of 26.1 MPa.
The stress drop is material dependent, with a higher mean stress
drop of 10.3 MPa in the basalt and a lower mean stress drop of
1.5 MPa in the sediments.

4.2 Dynamic earthquake rupture

4.2.1 Earthquake physical model

We link long term geodynamics to 3D dynamic rupture by passing
the material properties, fault geometry, stress field and frictional
parameters for the chosen subduction slip event to the earthquake
model. Technical information about how the subduction output is
mapped to the earthquake model is in App. D.
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The earthquake physical model extends from x = −800 to
800 km, y = −800 to 800 km and z = −500 to 0 km. x = 0
is in the same position as x = 0 in the section of the subduction
model shown in Fig. 6c. The earthquake model domain contains
the 3D fault (Fig. 7), for which the geometry must be prescribed.
First, fault locations are taken from the subduction slip event every
500 m in the positive x-direction and at the depth of the maximum
strain rate over the entire slip event. Then, the 3D fault is built by
copying these locations in the positive and negative y-direction (see
App. D2). The resulting fault extends along strike from y = −200
to 200 km, from x = 50 to 373 km and from z = −6 to −95 km.
It does not intersect the surface. Its dip gradually increases with
depth, ranging from 2.3◦ to 34◦ and averaging 14.8◦.

We mesh this structural model with an on-fault element edge
length of 400 m. Away from the fault, the mesh resolution is grad-
ually decreased to a maximum element edge length of 100 km at
the model boundaries. Additional mesh information is available in
App. D2.

In order to assign 3D properties, we assume that all parame-
ters from the 2D subduction slip event are laterally uniform in the
y-direction. The material properties of density, ρ, and shear modu-
lus, G, are taken from the onset of the subduction slip event. The
subduction model assumes incompressible rocks with a Poisson’s
ratio of ν = 0.5. The earthquake model requires compressible ma-
terials, so we assign ν = 0.25 and calculate λ, which results in
λ = G. We discuss this further in Sec. 5.1.2.

The effective Cartesian stresses also are mapped to the earth-
quake model from the onset of the subduction slip event. We use
the term effective to indicate the presence of pore fluids. The pore
fluid pressure, Pf , is near-lithostatic at all depths (Fig. 8a), as
γ = Pf/P = 0.95 occurs all locations that have fluid present and
this is the case along the entire fault in the subduction slip event
(van Dinther et al. 2014). The effective normal traction magnitudes
are somewhat linearly dependent on depth (Fig. 8a), but the effec-
tive shear traction magnitudes reach minima near the surface and
deep along the fault, and a maximum near 43 km depth (Fig. 8b).

In the earthquake model, failure occurs according to the fric-
tional criterion in Eq. 1 and is dependent on the effective static
coefficient of friction, µdr

s , on-fault cohesion, c, and the effective
normal and shear traction magnitudes. µdr

s is determined following
van Zelst et al. (2019) from the friction in the subduction model at
the onset of the slip event, µsc

ini, as:

µdr
s = µsc

ini(1− γ) = 0.05µsc
ini (4)

We use the superscript dr to refer to the earthquake (dynamic rup-
ture) model and the superscript sc to refer to the subduction (seis-
mic cycling) model for consistency with van Zelst et al. (2019).
Values for µdr

s are shown in Fig. 8c. c is set to equal to C from the
subduction model (van Zelst et al. 2019) and is shown in Fig. 8d.

After failure, the fault weakens according to the assigned lin-
ear slip-weakening friction law. The friction coefficient changes
from µdr

s to an apparent dynamic value, µdr
d . If the fault location is in

a velocity strengthening region of the subduction model, we assign
µdr
d = 0.05µsc

max, where µsc
max is the maximum friction reached

at that location during the entire slip event. This then results in
µdr
d > µdr

s . If the fault location is in a velocity weakening region, we
assign µdr

d = 0.05µsc
min, where µsc

min is the minimum value reached
at that location during the entire slip event. Values for µdr

d are shown
in Fig. 8c. The decrease from µdr

s to µdr
d occurs over the slip weak-

ening distance,Dc.Dc is calculated from the subduction slip event
following the methods of van Zelst et al. (2019) and its values are
shown in Fig. 8e.

Fig. 9 compares the fault strength and the effective shear trac-
tion, τ ′s, along a cross-section through the 3D fault in the earth-
quake model. This reveals that the failure criterion in Eq. 1 is met
in three locations initially. These locations are within the shallow
sediments, at one additional point at 74.7 km depth, and between
40 and 43 km depth. We prevent failure in the sediments in the
earthquake model by setting c = 5 MPa here, which is the value of
c in the deeper basalt. Note that in the subduction model, velocity
strengthening restricts slip here, but this is not invoked in the earth-
quake model. We also prevent failure at 74.7 km depth by assigning
µdr
s = 0.02 here.

Between 40 and 43 km depth is where the subduction slip
event begins, so we set the nucleation zone here in the earth-
quake model. This zone is centered at x = 267 km, y = 0 km,
z = −41.5 km and has a radius of 1.3 km. As shown in Fig. 8, τ ′s is
locally relatively high here. In addition, µdr

s is locally relatively low,
which decreases the fault strength. The minimum value of µdr

s here
is 0.019 and so we ad-hoc set µdr

s = 0.019 within the nucleation
zone. In order to restrict nucleation laterally, we set µdr

s = 0.025 in
the region outside of, but at the same depth as, the nucleation zone.

We make one additional adjustment to the earthquake physical
model. Near the material contrast at 27 km depth, µdr

s and µdr
d are

anomalously large (Fig. 8c). We reset the static friction coefficients
at the locations of these outliers to the values of material below,
such that µdr

s = 0.025 and µdr
s = 0.0097.

4.2.2 Earthquake scenario

The earthquake begins in the nucleation zone and slips progres-
sively outward in all directions along the fault. In contrast to in the
earthquake model from the earthquake-tsunami test case in Sec. 3,
this nucleation is not forced, but occurs spontaneously due to the
locally high shear traction magnitudes and locally low static fric-
tional strength inherited from the subduction slip event (Fig. 9).
This results in a Mw 9.0 earthquake with an average stress change
(i.e., dynamic stress drop) of 2.2 MPa. The stress change is cal-
culated from all stress changes (positive and negative) across the
fault.

Fault slip does not reach the top of the fault near the surface,
but remains restricted to depth. The accumulated slip reaches max-
ima of 95.5 m in two locations, as shown in Fig. 10a. The average
accumulated slip is 42.2 m. As in the subduction slip event, slip
along the deep portion of the fault, below the nucleation depth, is
restricted. Slip occurs for approximately 150 s, but waves continue
to propagate after this. Slow surface waves in the sediments still
are visible at the end of the model run at 241 s in Fig. 10b and 10c.
This is further discussed at the end of App. D2.1.

The s-wave speed for the basalt around the fault is 3.2 km/s
and the rupture velocity in the earthquake scenario exceeds this
near the nucleation location and laterally along the fault at the depth
of nucleation, where the fault strength is low relative to the local
shear traction magnitudes. The majority of the rupture occurs at
sub-shear speeds, however.

The maximum vertical surface displacement after the earth-
quake is complete (at 241 s) is 15.7 m, the minimum is −6.7 m
(Fig.s 10b and 10c), and the average is 3.3 m. However, the max-
imum uplift over the entire earthquake is 28.1 m and occurs at
100 s (Fig. 11). At this time, the minimum vertical displacement
is −5.6 m and the average is 3.6 m.
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4.3 Tsunami propagation and inundation

4.3.1 Tsunami physical model

The set-up for the tsunami model is the same as that described for
the earthquake-tsunami test case in Sec. 3.2, except that the beach
toe, where the slope begins, is located at x0 = 500 km (Fig. 11), the
coast is located at x = 540 km, and the size of the domain is from
x = −600 to 600 km and y = −600 to 600 km. Again, we use
the time-dependent 3D seafloor displacements from the earthquake
scenario to compute a bathymetry perturbation ∆b(t, x, y), which
is the source for the initial wave generation in the tsunami model.
In contrast to the earthquake-tsunami test case, the displacements
here are symmetrical about the x-axis during the entire earthquake
(Fig.s 10c and 11). We use the displacements at a resolution of
1000 m and technical details regarding this are in App. D3.

For the temporal filtering to remove Rayleigh waves, we esti-
mate their displacement spectrum to carry non-negligible energy at
frequencies above 0.016 Hz. To not significantly alter the longer-
period displacement signal close to the center of the earthquake, the
cutoff frequency of the low-pass filter is set to 0.0155 Hz. In con-
trast to Sec. 3.2, this damps the Rayleigh waves by only ≈ 62 %.
The non-trivial choice of filtering with respect to surface waves is
further discussed in Sec. 5.1.1 and D3.

4.3.2 Tsunami scenario

Three cross sections through the sea surface along y = 0 at differ-
ent moments in time are shown in Fig. 12. The sea surface height
(ssh) initially reflects the vertical displacement magnitudes from
earthquake (Fig. 12a). The tsunami then develops a circular wave
propagating away from the source. The wave arrives at the coast
(located at x = 540 km) at ∼ 2050 s (Fig. 12b). Wave height
reaches a maximum of ssh = 23 m at 2450 s (Fig. 12c).

Fig. 13 shows the history of inundation. Inundation is symmet-
ric around the center of the coast at y = 0 km. The coast between
y ∈ [−414.0, 414.0] km is inundated after 3100 s. At 281 m away
from the coast, only areas in the interval y ∈ [−126.0, 126.0] km
are flooded. The maximum runup length is 527 m, which is reached
after 2310 s.

5 DISCUSSION

5.1 Linking methods: choices and alternatives

In developing these methods for linking subduction, earthquake and
tsunami models, we have made several decisions about how to han-
dle the linkage across space and time. We also have simplified the
physical models relative to the capabilities of the computational
models used. We discuss these choices and alternatives here.

5.1.1 Earthquake-tsunami linkage: temporal filtering

How to handle seismic surface waves in the tsunami source depends
both the modeling choices and the scenario. In terms of modeling
choices, we note that it is the hydrostatic approach of the tsunami
computational model used here that requires consideration of filter-
ing. The seafloor displacement fields produced by the earthquake
model include seismic surface waves (aka Rayleigh waves) that
disturb the tsunami model, due to the fact that shallow water the-
ory cannot account for such fast waves. When a fast seismic wave

is used in the time dependent bathymetry perturbation, ∆b, it ex-
cites the water column from below much faster than any tsunami
wave can travel and causes an artificial signal. In reality, these seis-
mic waves transform into acoustic or other high-frequency waves
that are quickly dissipated in the water column and do not con-
tribute significantly to the hydrodynamic sea surface displacement.
However, we must consider them in this modeling framework. For
a contrasting example, Lotto et al. (2018) use a 2D, full-physics
approach that couples dynamic earthquake rupture, the acoustic
ocean response and the tsunami wavefield in one self-consistent
framework. This does not require any additional consideration of
the seismic surface waves. In terms of how the scenario influences
the need for filtering, we point to recent work by Saito et al. (2019),
which finds that when the high-frequency content of seismic waves
is limited, it has little influence on low-frequency sea surface dis-
placement.

We choose to damp the high-frequency components in the
bathymetry perturbation in the methods we present here in order to
avoid any possible non-physical effects and to widen the applica-
bility of these methods to many scenarios. We choose a low-pass
filter that damps the fast traveling seismic surface waves, while
leaving the longer period displacement signal at the center of the
earthquake displacement field untouched. Since the computed fre-
quencies for the gravity waves (i.e. the relevant tsunami waves) are
below 0.0015 Hz, we are confident that the filtering does not re-
move any signals important for the tsunami. Low-pass filters of
high order provide a viable option, as they allow a high magnitude
descent after the cutoff frequency. However, as shown in Sec. 4.3,
this approach does not always lead to a complete removal of fast
seismic surface waves. Other scenarios might require the develop-
ment of more sophisticated methods.

5.1.2 Subduction-earthquake linkage: porting the material, yield
and slip conditions

The subduction model is 2D and the earthquake model is 3D, which
presents numerous possibilities for mapping conditions from the
subduction slip event to the earthquake model. By assuming that the
fault, material properties and all linked on-fault conditions are con-
stant in the y-direction, we choose a technically simple approach.
This provides a straight-forward presentation of model linkage, but
likely does not reflect subduction zone characteristics.

Another significant decision is in assigning Poisson’s ratio, ν,
in the earthquake model. The subduction model assumes incom-
pressible rock with ν = 0.5, which is valid over long time frames,
but not appropriate for dynamic earthquake rupture modeling. We
choose ν = 0.25. Keeping all other parameters constant, van Zelst
et al. (2019) find that, when linking a subduction slip event to a 2D
earthquake model, using a larger ν results in less fault slip during
the earthquake. Therefore, increasing ν is one way to decrease slip
magnitudes in a subduction-linked earthquake scenario. Material
dependence of ν could also be considered.

Yielding is governed by different processes in the subduction
and earthquake models. The subduction model employs Drucker-
Prager plastic yielding to capture the brittle failure of intact rock
(Eq. 3), while the earthquake model follows a laboratory-derived
criterion for frictional failure along a pre-existing surface (Eq. 1).
The linking methods presented here assume that the two yield crite-
ria can be governed by the same initial conditions. This is expressed
by Eq. 4, which relates the static coefficients of friction in the sub-
duction and earthquake models and results from equating the two
yield criteria and solving (van Zelst et al. 2019). This assumption
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is valid down to at least 55 km depth and is reasonable up to 95 km
depth (van Zelst et al. 2019). Following these methods, we see pro-
gressive slip in the subduction slip event and spontaneous nucle-
ation, propagation and arrest in the linked 3D earthquake scenario.

Processes after yielding also differ in the subduction and
earthquake models. To link these conditions, we set the dynamic
friction coefficient in the earthquake model to the maximum or
minimum friction reached during the subduction slip event, de-
pending on whether the location is in a velocity strengthening or
velocity weakening region, respectively. The distance over which
weakening occurs, Dc, is constrained such that the friction drop is
the same in the subduction and earthquake models (van Zelst et al.
2019). However, the peak slip magnitudes in the earthquake sce-
nario are much higher than those in the subduction slip event and
may be unrealistic. In contrast, the average stress drops are simi-
lar in the subduction slip event and the earthquake scenario. Thus,
alternative methods for linking the models after yielding must be
considered carefully.

5.1.3 Modeling capabilities

Both test cases are simplified relative to nature and the capabilities
of the employed computational models. We restrict the constitutive
behavior of all earthquake models to purely elastic and employ a
simple linear slip weakening friction law, though SeisSol provides
alternatives. We also exclude complex topography and bathymetry,
though realistic representations are permissible in all three compu-
tational models. In addition, we account for bathymetry’s influence
on the seafloor displacements in the methods for linking the earth-
quake and tsunami models, so no modifications to the methods are
required to incorporate bathymetry and topography. We look for-
ward to developing additional test cases in the future that take ad-
vantage of the more complex capabilities of these and other com-
putational models.

A few studies use more complex applications of these com-
putational models. van Zelst et al. (2019) incorporate the subduc-
tion zone topography into a linked, 2D earthquake model and un-
derscore the importance of using material dependent stresses and
frictional properties that develop during long term subduction to
accurately produce the seismic wavefield in linked 2D earthquake
scenarios. Wollherr et al. (2018) present similar 2D linked mod-
els, but focus on the influence of plastic off-fault deformation in
the earthquake models. Ulrich et al. (2019b) incorporate strongly
rate-weakening friction and off-fault plasticity into a model of the
2018 strike-slip Sulawesi earthquake. By coupling the results to
a tsunami model honoring complex bathymetry within Palu Bay,
where a subsequent tsunami occurred, Ulrich et al. (2019b) produce
a tsunami scenario that matches the available data. These studies
highlight the geophysical insights facilitated by linked modeling
approaches.

5.2 Utility of linked modeling approaches

These methods to link subduction, earthquake and tsunami models
facilitate research on the ways we study tsunami genesis and the
physical relationships between processes operating across the spa-
tial and temporal scales of long term deformation, earthquake rup-
ture and tsunami propagation. We demonstrate that these methods
permit further study of when and where modeling choices influ-
ence results by comparing the dynamically-sourced tsunami from
the subduction-earthquake-tsunami test case to a statically-sourced

tsunami. We demonstrate that these methods permit further study of
how certain initial model conditions influence the results by com-
paring the two scenarios from the earthquake-tsunami test case.

5.2.1 Static vs. dynamic tsunami sources

The earthquake in the subduction-earthquake-tsunami test case
yields high variation of the seafloor displacement in time (Fig. 14).
We thus choose the tsunami scenario from this test case in this anal-
ysis of the differences that result from using a dynamic versus a
static source.

We use the filtered bathymetry perturbation, ∆b(t, x, y), at the
end of the earthquake scenario as a static tsunami source. We shift
the simulation time by 380 s compared to the dynamically sourced
tsunami, in order to synchronize the scenarios to the time when the
coast is first inundated. This allows for a better comparison of the
waves on a temporal scale. Note that the maximum seafloor uplift
is 16.6 m after the earthquake is complete (Fig. 10b), but that the
maximum uplift during the entire earthquake is 29.1 m and occurs
at 100 s (Fig. 11).

Fig. 14 shows a comparison of the sea surface height (ssh)
along two cross sections for waves from both sources at t = 420 s.
The general pattern of the wave is similar for both sources, but ssh
differs locally. In the cross-section at y = 0, the peak of the stat-
ically sourced wave is 1.1 m higher than the dynamically sourced
wave at that location. Along the line at y = 150 km, it is 1.3 m
lower. Differences increase away from the wave peaks. This shows
how the different sources can affect the spatial distribution of the
tsunami waves.

Temporal differences between the statically and dynamically
sourced waves are large near the center of the coast, but not ev-
erywhere. Fig. 15 shows time series of ssh near the coast at x =
540 km and at y = 0 km and y = 150 km. Clearly visible is the
larger wave in the case of the static source at y = 0 km. However,
the wave behaviors over time are similar at y = 150 km.

Fig. 16 shows the spatial distribution of the difference in tem-
poral maxima of inundation depth between the dynamic and the
static source. In agreement with the ssh time series near the coast,
we see that the static source causes a higher inundation depth, by
up to 2.3 m, at the center of the beach. Farther from the center, the
differences are less and the inundation depth of the dynamically
sourced wave is larger, by up to 0.6 m, than that of the statically
sourced wave.

We conclude that results from a static versus a dynamic
tsunami source may differ when the seafloor displacement field
varies through space and time. This strongly depends on the nature
and extent of the earthquake scenario. We present this analysis to
demonstrate how the earthquake-tsunami linking methods facilitate
such comparisons and can help determine when different modeling
approaches are most appropriate.

5.2.2 Influence of fault slip near the seafloor

We now compare the two scenarios in the earthquake-tsunami test
case in order to show the usefulness of these models to isolate the
influence of certain source characteristics. In comparing the earth-
quakes and tsunamis, we focus on slip, displacement and wave
height characteristics and do not analyse the scenarios in terms of
other macroscopic earthquake and tsunami behavior (e.g. rupture
speed, seismic radiation efficiency, tsunami velocity), as this test
case does not provide enough information to do so satisfactorily.
Several of these other characteristics are discussed in Sec. 5.3.
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The higher strength along the top of the fault in the earthquake
model for Scenario A prohibits slip to the surface, while a max-
imum slip value is reached at the top of the fault in Scenario B.
Maximum accumulated slip reaches 7.6 m and 10.9 m in Scenar-
ios A and B, respectively, while average slip is 3.8 m in Scenario A
and 6.5 m in Scenario B. This large difference is notable, as earth-
quakes are often characterized by their average slip.

For these scenarios, the large difference in slip magnitudes
and distributions on the fault, even near the seafloor, do not re-
sult in large differences in the vertical displacements or tsunami
heights. Maximum uplift is 2.6 m in Scenario A and 3.3 m in Sce-
nario B and these maxima occur at 56 s (Fig. 2b and Fig. 2e). The
maximum wave heights for the resulting tsunamis match these dis-
placements, and so differ by 0.7 m. When the tsunami waves along
y = −54.8 km arrive at the coast, the difference in the wave heights
is 0.3 m (Fig. 4c). The Scenario A tsunami inundates a longer
stretch of the coast, but a smaller area overall, while the Scenario
B tsunami inundates a shorter stretch of the coast, but a larger area
overall (Fig. 5). However, the waves have the same runup distance
of 52.0 m from the coast and inundate at similar rates.

Given that data collected for tsunamis is typically disparate, it
is likely that it would not be possible to observationally distinguish
between these two tsunamis. It follows that the data constraints
might not be robust enough to choose between these two possible
earthquake sources. At the same time, it is possible that the noted
variations in wave heights and indundation patterns, though small,
directly relate to the variation in slip accumulated at the top of the
fault where it intersects the surface and the resulting seafloor dis-
placements in these two scenarios. These earthquake models and
methods can be adjusted to test the influence of this earthquake
characteristic (i.e. slip to the trench) more rigorously.

5.3 Realistic scenarios?

While the primary focus of this work is on linking methods, here
we put the linked models into context by comparing them against
observed events. For the earthquake-tsunami test cases, in general,
the Scenario A earthquake is more realistic than the Scenario B
earthquake. However, both earthquake scenarios produce tsunamis
that are realistic when compared to data. Both the earthquake
and tsunami scenarios from the subduction-earthquake-tsunami test
case exhibit some unrealistic characteristics, though comparison
against data is challenging.

5.3.1 Earthquake-tsunami test case scenarios

Based on their magnitudes (Mw 8.5–8.6), fault area (125 km by
200 km), and slip distributions, the two earthquakes scenarios in the
earthquake-tsunami test case are comparable to tsunami-generating
subduction zone events such as the Mw 8.5 Bengkulu earthquake
that occurred off the southwestern coast of Sumatra in 2007 (Gus-
man et al. 2010; Seno 2014) and the Mw 8.5 South Peru earth-
quake that occurred in 2001 (Pritchard et al. 2007; Seno 2014). The
Bengkulu earthquake had slip restricted to below 10 km depth, with
most slip occurring at 16–40 km depth and reaching a maximum of
6–7 m (Gusman et al. 2010). The slip distribution and maximum
slip in the Scenario A earthquake are consistent with this event. In
the 2001 South Peru earthquake, high slip may have occurred at
shallower (5–10 km) depths, though whether or not slip occurred
at the trench is inconclusive (Pritchard et al. 2007). The slip dis-
tribution in the Scenario B earthquake is similar to this. However,

slip in this scenario reaches maxima of 10.9 m, including at the
trench, versus the 6 m maximum reported for the South Peru event
(Pritchard et al. 2007).

Subduction zone earthquakes typically exhibit sub-shear rup-
ture speeds on average. The Scenario A earthquake exhibits lo-
calised supershear rupture velocity near the hypocenter, but not
elsewhere. Such localized supershear episodes may occur in na-
ture, but are difficult to resolve. The Scenario B earthquake exhibits
supershear velocities near the hypocenter and also along the fault
where it intersects with the surface, which has not been observed
for subduction zone earthquakes. So, the very low strength on the
top of the fault near the seafloor in this model allows unrealistic
rupture speeds to occur. It is typical in dynamic rupture models to
increase cohesion (or assign velocity-strengthening behavior) close
to the surface to prevent supershear rupture velocity. However, this
can have the consequence of prohibiting some types of recently ob-
served near-surface behavior, such as the large slip near the trench
in the 2011 Tohoku earthquake (Wei et al. 2012). We are unable to
adequately explore this complexity here, but aim to provide simple
examples through these test cases that illuminate basic differences
in rupture behaviour and the related effects on tsunami genesis. We
point out that these models are readily extendable to more complex
and realistic parametrisations, to address the very issues raised here
or others related to earthquake-tsunami behaviors and interactions.

We also compare the resulting tsunami scenarios to data
recorded for the tsunami following the 2001 South Peru earthquake.
This earthquake produced a tsunami with peak-to-trough maximum
wave heights of 1.0–2.5 m at three different tide stations (USGS
2019). This is similar to the tsunami results in both Scenarios A
and B, which have maximum wave heights equal to the maximum
displacements of 2.6 m and 3.3 m, respectively, that then decrease
over time until the waves reach the coast. It is of note that the Sce-
nario B earthquake may not be dynamically realistic, but sources
a reasonable tsunami, at least when compared against sparse data.
As discussed in Sec. 5.2.2, observational tsunami data may not be
able to distinguish between these two tsunamis or the discriminate
between these two possible sources.

5.3.2 Subduction-earthquake-tsunami test case scenarios

The earthquake from the subduction-earthquake-tsunami test case
is a Mw 9.0 event. This magnitude and the model fault dimensions
are similar to those for the Mw 9.0 Tohoku megathrust earthquake
that occurred in 2011. The largest difference is that slip is restricted
along the shallow fault near the surface in the scenario, while the
near-surface part of the megathrust fault likely slipped during the
Tohoku earthquake (Sun et al. 2017). We note that this is influenced
by the linkage methods, in which we impose a higher cohesion
in the sediments near the surface in the earthquake model, where
rate-dependent velocity-strengthening is permitted in the subduc-
tion model (Sec. 4.2.1). Otherwise, a rupture front develops here in
the earthquake scenario.

The average accumulated slip in the earthquake scenario is
42.2 m and the maximum is 95.5 m and occurs in two separate lo-
cations on the fault (Fig. 10a). This maximum slip is high relative
to many estimates from slip inversions for the Tohoku earthquake,
but is similar to the highest maximum values out of a compilation
of inversion models (Sun et al. 2017). While this comparison is lim-
ited, given that maximum fault slip is hard to resolve by inversion
due to restrictions in resolution and uniqueness, and is not available
observationally, this scenario may be modified by the interested
modeler to yield lower on-fault slip. For example, magnitudes of
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the shear moduli in the subduction model are on the low end of
inferred values, and are therefore low in the earthquake model as
well, which generally increases fault slip. Also, the methods by
which the material properties are linked from the subduction to the
earthquake model also influences slip, as discussed in Sec. 5.1.2.
Finally, smaller slip maxima may be achieved by earthquake mod-
els that account for non-smooth fault geometry in the trench parallel
direction, off-fault plasticity, and/or more complex on-fault friction
laws.

The rupture speed of this earthquake varies along the fault,
but averages ∼ 2.1 km/s. This is sub-shear relative to the s-wave
speed in the basalt around the model fault (3.2 km/s) and similar
to the 2.5 km/s mean rupture speed estimated for the Tohoku earth-
quake (after 80 s) by Ammon et al. (2011). Supershear rupture ve-
locities occur locally near the hypocenter and in isolated regions
along the fault at the depth of nucleation, where the fault strength
is low relative to the local shear traction magnitudes. As discussed
in Sec. 5.2.2, local occurrences of supershear may be realistic, but
are challenging to resolve observationally. This makes it difficult to
evaluate how realistic the scenario is in this sense.

The vertical seafloor displacements from the Tohoku earth-
quake are estimated to be ∼ 10 m at the trench (Fujiwara et al.
2011). The maximum uplift produced in this earthquake scenario is
away from the trench and is 28.1 m, while the average vertical dis-
placement at this time is 3.6 m. The tsunami sourced by this earth-
quake scenario reaches a peak-to-trough height of∼ 15 m (Fig. 15),
which also is large when compared to estimates for the tsunami
that followed the Tohoku earthquake. A maximum value of 6.8 m
was reached at Iwate Kamaishi-oki, while heights of 6 m were
reached at several other locations (Japan Meteorological Agency
2019). Though this comparison is difficult, due to the complex in-
terplay of bathymetry, sea surface height, and wave travel time, it
seems likely that the maximum uplift and the height of the tsunami
wave in this earthquake scenario are high. Suggestions for decreas-
ing uplift during this earthquake scenario include those previously
suggested for decreasing fault slip.

5.4 Toward community benchmarks

Community benchmarks exist for dynamic earthquake rupture
models alone and for tsunami models alone, but not for linked mod-
els. The here presented test cases form a basis for community ver-
ification benchmarks of linked modeling. Toward this goal, they
are kept as simple as possible and most of the tools used to build
and run the models are open-source. Information about access to
model input and output files, scripts and meshes is available in App.
A. Where to find the computational models is included in App. B.
Technical details for building and running the models are provided
in App.s C and D.

6 CONCLUSIONS

Past earthquake-tsunami sequences have been surprising, with dev-
astating consequences, motivating a better understanding of the
physical connections between tectonics, earthquake dynamics and
tsunami genesis. Linked modeling approaches that ensure mechan-
ical consistency in physical parameters across temporal and spa-
tial scales are ideally suited to such research. We present methods
for linking subduction, earthquake rupture and tsunami models in
the form of two test cases. We do not aim to answer all geophysi-
cal questions raised by these test cases, but to present methods for

linkage, demonstrate the utility of linked modeling, and facilitate
discussion of best practices.

The earthquake-tsunami test case is highly simplified, mak-
ing it well-suited for reproduction by others using alternative com-
putational tools or linked modeling approaches. We also use this
test case to demonstrate the utility of linked models to isolate the
influence of a single parameter on earthquake and tsunami behav-
ior. We compare two earthquake sources: one with high strength at
the top of the fault and one with low strength. The former yields
a buried rupture, while the latter allows slip to occur all the way
to the seafloor and has localized high slip magnitudes and rupture
velocity. The different earthquake sources produce tsunamis that
differ in terms of runup patterns, but are indistinguishable in many
other aspects.

The subduction-earthquake-tsunami test case presents meth-
ods for linking geodynamically constrained seismic cycling, 3D
dynamic earthquake rupture, and tsunami propagation and inun-
dation. This test case is aimed at understanding how long term
and short term processes relate, and how to best link these pro-
cesses across numerical models. To assess the influence of mod-
eling approaches on tsunami results, we compare a dynamically-
sourced tsunami with a tsunami produced by static displacements
only. The two sets of modeled waves are distinct, suggesting that
the temporal variation of seafloor displacements should not be ig-
nored when modeling tsunamis sourced by complex, long-lived
earthquakes. However, the influence of the displacement dynamics
varies through time and begs further study.
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Table 1. Reference material properties of the SC model. Note that the actual density in the SC model is temperature-dependent, which also affects the seismic
velocities. Seismic velocities are calculated assuming a Poisson’s ratio of 0.25.

Material ρ G vp vs µscs µscd C

(kg/m3) (GPa) (m/s) (m/s) (-) (-) (MPa)

Sediments 2600 5 2402 1387 0.35 0.105 2.5
Continental crust 2700 12 3651 2108 0.72 0.216 10
Upper oceanic crust 3000 12 3463 2000 0.5 0.15 5
Lower oceanic crust 3000 12 3463 2000 0.85 0.255 15
Mantle 3300 35 5641 3257 0.6 0.18 20

Figure 1. Parameters for the earthquake models in the earthquake-tsunami test case along a cross section at y = 0 through the 3D fault: (a) effective normal
traction and pore fluid pressure, (b) shear traction, (c) apparent coefficients of static and dynamic friction, (d) on-fault cohesion and fault strength, and (e)
slip-weakening distance. Note that only (d) change in the earthquake models for Scenario A and Scenario B.
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Figure 2. Earthquake scenarios in the earthquake-tsunami test case. For Scenario A: (a) accumulated slip, (b) vertical surface displacements at 56 s (time of
maximum uplift) and (c) final vertical displacements. For Scenario B: (d) accumulated slip, (e) vertical surface displacements at 56 s (time of maximum uplift)
and (f) final vertical displacements.
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Figure 3. Bathymetry (flat seafloor) and bathymetry pertubation (∆b(t, x, y)) from the Scenario A earthquake at t = 102 s for the tsunami model in the
earthquake-tsunami test case. In red are lines at y = −150.0 km, y = −54.8 km, y = 0, and y = 150.0 km and points along the beach at x = 240.0 km.
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Figure 4. Sea surface height (ssh) in the tsunami scenarios from the earthquake-tsunami test case along a cross section at y = −54.8 km and at (a) the end of
the earthquake, (b) the approximate time of the first inundation, and (c) the approximate time of maximum inundation. Time series of ssh at 3 probes located
10 m from the coast at x = 240.1 km for (d) Scenario A and (e) Scenario B.
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Figure 5. Color plot of inundation over time for the tsunami scenarios from the earthquake-tsunami test case: (a) Scenario A and (b) Scenario B. The coast is
located at x = 240 km. Time is the model time at which the location is first inundated. The stepwise inundation distribution is due to the mesh resolution near
the coast.
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Figure 6. (a,b) Set-up of the subduction physical model and (c) final geometry of the subduction zone at the approximate time of the subduction slip event used
in the subduction-earthquake-tsunami test case. (d) Log of the second invariant of the deviatoric stress tensor, σ′II , which controls yielding in the subduction
model (see Eq. 3). Note that the coodinates change from (a,b) to (c,d).

Figure 7. Structure of the earthquake model in the subduction-earthquake-tsunami test case. Volume (yellow) is 1600 km along each side and 500 km deep.
Fault (pink) is 400 km along strike.
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Figure 8. For the earthquake model in the subduction-earthquake-tsunami test case: variation along a cross section at y = 0 through the 3D fault of (a) normal
traction and pore fluid pressure, (b) shear traction, (c) static and dynamic friction coefficients, (d) on-fault cohesion and (e) slip-weakening distance. Values
are before corrections are made to c in the sediments and to µdr

s at outliers, as discussed in text.

Figure 9. (a) Failure analysis according to the earthquake model failure criterion at points along a cross section at y = 0 through the 3D earthquake model
fault. Variables are defined in the text near Eq. 1. Green stars are locations initially at failure, before changes are made to c in the sediments and to µdr

s at
several outliers, as discussed in the text. Zoom is to region near the nucleation zone.
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Figure 10. Earthquake scenario from the subduction-earthquake-tsunami test case at t = 230 s: (a) accumulated slip on the fault, (b) oblique view of the
vertical surface displacements, and (c) map view of the vertical surface displacements. Black lines in (b) and (c) outline the fault.
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Figure 11. Bathymetry with bathymetry pertubation (∆b(t, x, y)) at t = 100 s for the tsunami model in the subduction-earthquake-tsunami test case. A line
at y = 0 and the coast at x = 540 km are marked in red.
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Figure 12. Sea surface heights (ssh) from the tsunami scenario in the subduction-earthquake-tsunami test case along y = 0 at (a) the end of the earthquake,
(b) the approximate time of first inundation and (c) the approximate time of maximum inundation.
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Figure 13. Inundation in space and time for the tsunami scenario in the subduction-earthquake-tsunami test case. The coast is located at x = 540 km.
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Figure 14. Comparison of sea surface heights (ssh) from statically and dynamically sourced tsunamis at t = 420 s for cross sections at (a) y = 0 km and (b)
y = 150 km.
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Figure 15. Comparison of sea surface heights (ssh) over time for the statically and dynamically sourced tsunamis at points on the coast at (a) x = 540 km
and y = 0 km, and (b) x = 540 km and y = 150 km.
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Figure 16. Difference in maximum inundation depth between dynamically and statically sourced tsunamis (dynamic minus static).
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APPENDIX A: MATERIALS FOR RUNNING THESE TEST
CASES

The materials required to run the earthquake and tsunami models
involved in these test cases are provided on Google Drive at https:
//bit.ly/2NmM57q and later will be shared on www.zenodo.org.
Outputs for the STM, earthquake and tsunami models also are pro-
vided. Details about these files and additional technical information
for running both test cases are outlined in the following sections.

APPENDIX B: WHERE TO FIND THE COMPUTATIONAL
MODELS

The STM code used to model long term subduction links geody-
namics and seismic cycling. It is not publicly available.

SeisSol is used for the dynamic earthquake rupture mod-
els presented here. It is available at https://github.com/

SeisSol/SeisSol along with compilation instructions, a user
manual and examples. Information also is available at http://
www.seissol.org.

sam(oa)2 is used for the tsunami models presented here. It is
available at https://gitlab.lrz.de/samoa/samoa.

APPENDIX C: MODELING DETAILS FOR THE
EARTHQUAKE-TSUNAMI TEST CASES

C1 The earthquake model with SeisSol

The earthquake physical model includes an elastic constitutive law,
a dynamic earthquake source, and a linear slip-weakening friction
law. Running the model requires several input files: the mesh, a pa-
rameter file (.par) providing modeling choices, such as the selected
friction law and sampling rates, one easi file (.yaml) that sets the
stress and assigns the frictional parameters, and one easi file (.yaml)
that sets the material properties. easi is the Easy Initialization Li-
brary (www.github.com/SeisSol/easi) and the two .yaml files
configure the SeisSol input.

The structural model and mesh both are generated with
the open-source software Gmsh (www.gmsh.info) (Geuzaine &
Remacle 2009). Mesh structure and resolution are set in a .geo file.
This is optimized and converted to a .msh file as:

>> gmsh xxx.geo -3 -optimize

Then, the .msh is converted to the gambit mesh format (.neu)
using gmsh2gambit, which is provided with SeisSol. It is now pos-
sible to combine these 2 steps into one as:

>> gmsh xxx.geo -3 -optimize -format neu

Meshing is performed with the software PUMGen (https:
//github.com/SeisSol/PUMGen/) (Rettenberger 2017), which
also exports the mesh into the efficient PUML format used by Seis-
Sol. PUMGen embeds MeshSim from SimMetrix, the underlying
mesh generator of SimModeler (www.simmetrix.com), such that
the mesh generation may be run in parallel on a compute cluster.
This is crucial for generating high-resolution meshes of hundreds
of millions of elements (e.g. Uphoff et al. (2017)). This mesh was
created on 1 node in a few minutes.

The resolution of the mesh is 400 m on the fault. The model
order of accuracy, set to 6, sets the number of additional on-fault
integration points and results in an actual on-fault resolution of
400/6 = 66 m. The mesh coarsens gradually off the fault to a
maximum mesh size of 100 km. The resulting mesh consists of
16 million tetrahedral elements. Following (Wollherr et al. 2018),
and using the script Calc_CohesiveZoneError.py available with
SeisSol, we determine the following expected average errors for the
model results for this mesh: 0.09% for the rupture arrival, 7.6% for
the peak slip rate, and 0.8% for the final slip magnitude. These meet
the recommendations from Day et al. (2005) for acceptable errors,
as follows: rupture arrival below 0.2%, peak slip rate below 7% and
final slip below 1%. However, we note that these are derived for a
different model set-up.

Nucleation occurs in a predefined region on the fault with a
reduced mesh element edge length of 250 m. Failure initiates and
becomes a sustained rupture as the friction is decreased over time
in this patch, as specified in the easi file (.yaml) for setting the stress
and frictional properties, in lines 17–24.

We provide the .geo, .msh, .neu and final mesh files. The final
mesh files are an .xdmf file and a file with the same name, but no
explicit format.

We provide the output for both scenarios along the fault and
at the surface. We view the model results in Paraview (https:
//www.paraview.org). Each set of output consists of 3 files that
must be in the same folder, then the .xdmf file is opened in Par-
aview. We used the predefined filter to convert cell data to point
data before calculating maxima, minima and averages.

C2 The tsunami model with sam(oa)2

Running the tsunami models requires two input files which hold
the converted displacement fields on uniform meshes. The corre-
sponding bathymetry is set in the compilation configuration, which
is build on Scons.

As temporal and spatial scales differ between the earthquake
and tsunami models linked here, several adjustments of the seafloor
displacement fields were made. The raw displacements are pro-
vided as the earthquake model output. We provide with the tsunami
materials the filtered bathymetry perturbations for both scenarios, a
list of measured coordinates, and the required compilation configu-
ration to run the models. We also provide the output of the tsunami
scenarios at the given positions and supplementary videos of the
wave fields.

For the temporal filtering, we provide a python script to repro-
duce our approach. To apply temporal filtering, we first generate
the time-frequency representation of the earthquake displacement
field at positions where Rayleigh waves appear exclusively. For the
two earthquake scenarios in the earthquake-tsunami test case, the
measured frequencies lie in a range of [0.004,0.015] Hz. For refer-
ence, we do same analysis close to the center of the displacement
fields and the measured frequency range is [0.0001,0.01] Hz. The
premise of this temporal filtering approach is to filter out measured

https://bit.ly/2NmM57q
https://bit.ly/2NmM57q
www.zenodo.org
https://github.com/SeisSol/SeisSol
https://github.com/SeisSol/SeisSol
http://www.seissol.org
http://www.seissol.org
https://gitlab.lrz.de/samoa/samoa
www.github.com/SeisSol/easi
www.gmsh.info
https://github.com/SeisSol/PUMGen/
https://github.com/SeisSol/PUMGen/
www.simmetrix.com
https://www.paraview.org
https://www.paraview.org
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frequency ranges of Rayleigh waves as well as possible, while leav-
ing the reference close to the earthquake as untouched as possible.
In these earthquake scenarios, the ranges are close to each other,
or even overlap, so the filter requires a steep descent between the
high frequency stop band and the low frequency pass band. But-
terworth filters of high order, in this case order 10 and 11, show
this high descent and are numerically stable. We use order 11 for
the tsunami models in this test case. We do an a posteriori analy-
sis of the frequency ranges of the temporally filtered displacement
fields, to see how well the Rayleigh waves are filtered out and how
much the filter affects the displacement field close to the center of
the earthquake. Repeating this routine and adjusting the threshold
leads to the chosen cut-off frequencies.

SeisSol produces surface displacements on an unstructured
triangular mesh, in which each cell holds the averaged displace-
ment. sam(oa)2 utilizes an adaptive refined triangular mesh. There-
fore, we project the displacements from the earthquake scenario
onto a uniform intermediate grid of constant resolution. Tests show
that a resolution of 1000 m is sufficient to represent the displace-
ment field and higher resolutions only lead to marginal improve-
ments. The result is linearly interpolated and assigned as an ini-
tial condition in the tsunami model by the ASAGI library (see
Sec. 2.4). The projected displacements are generated with a custom
script that can be found at https://gitlab.lrz.de/samoa/

displacement-converter.git.
We run the tsunami model with a mesh resolution of 3125 m to

12.2 m. Dry tolerance is set to 0.01 m. Adaptive Mesh Refinement
is set to keep the highest resolution along the coast, while cells
inside the ocean are refined based on an error estimate. We generate
the maximum and minimum gradient of the sea surface height (ssh)
(water column + bathymetry) for all cells. Cells that are within a 1%
range of the minimum are coarsened, while cells within 10% of the
maximum error are refined.

APPENDIX D: MODELING DETAILS FOR THE
SUBDUCTION-EARTHQUAKE-TSUNAMI TEST CASE

D1 The seismo-thermo-mechanical subduction model

The seismo-thermo-mechanical (STM) model has minimum reso-
lution of 500 m in the subduction channel and a maximum res-
olution of 2000 m at the model edges. The final grid consists of
1654× 270 nodes. A maximum of 51.6 million markers is used to
track the materials.

We provide the section of the model output that is used as
input for the earthquake model in a text file. This information is on
a grid comprised of 1800 points in the x-direction and 1034 points
in the z-direction at a resolution of 500 m. It covers a region that
extends from x = −174.75 to 724.75 km and from z = 11.75 to
−504.75 km. This region is shorter in the x-direction and longer
in the z-direction than the subduction model domain. Values in the
text file that are beyond the subduction model limits are copied
from the closest depth and repeat. The region in the text file is also
slightly larger than the region originally cut from the subduction
model output, so values also repeat near the x-limits of the text
file as well. This reflects the methods for linking a subduction slip
event to a 2D SeisSol earthquake model, for which the text file must
cover the entire earthquake model domain (van Zelst et al. 2019).
Note that values at the limits of the provided text file do not affect
behavior in this model. We provide these details only so that the
interested modeler knows exactly what is provided. However, other

physical models might require different procedures for porting the
subduction model output to the earthquake model.

The 2D fault coordinates, determined after the slip event is
complete, also are provided as a text file.

D2 The earthquake model with SeisSol

D2.1 SeisSol earthquake model

The earthquake physical model uses the fault geometry and initial
conditions from the selected subduction slip event. The physical
model domain extends from x = −800 to 800 km, y = −800 to
800 km and z = −500 to 0 km. The fault dips, with limits at y =
−200 and 200 km, x = 50 and 373 km and z = −6 and −95 km.
It does not intersect the surface. We use GOCAD (www.pdgm.com)
to build the structural model for the SeisSol earthquake model. We
build the fault by following these steps:

(i) Import fault x, z data as Cultural Data from the provided text
file

(ii) Select “closed curve”
(iii) Filter every 5000 m
(iv) Copy curve to desired y-locations
(v) Create 1 curve from all curves

(vi) Bridge nodes from every other set of neighboring curves at
top of fault, then connect opposite neighbors at bottom of
fault, making a zig-zag

(vii) Create new points set from this curve
(viii) Create new surface from this points set

(ix) Export from GOCAD as Surface > DXF file

NB: Do not beautify triangles on fault, as this distorts fault shape.
We provide the GOCAD project files.

We use SimModeler (www.simmetrix.com) with PUMgen to
generate the mesh (Fig. A1). First, the GOCAD file must be con-
verted to an .stl file format. Execute convertDXFtoStl.py (avail-
able with SeisSol) as:

>> python convertDxf2Stl.py --isolate xxx.dxf

To show all options, use -h.
Launch SimModeler and import the .stl file as “discrete data”.

Using “isolate” in the .dxf to .stl conversion means that, when
opened in SimModeler, you do not need to specify angles that sep-
arate regions from one another and can leave the boxes unchecked.
Next, set the Meshing and Analysis parameters. We used the fol-
lowing values:

(i) gradation rate = 0.3
(ii) aspect ratio = 8.0

(iii) volume ratio = 12.0
(iv) on-fault mesh resolution = 400 m
(v) volume mesh resolution = 100000 m

We provide the .dxf, .stl and .smd (SimModeler) files.
We generate the mesh with PUMGen, as done for the earth-

quake model in the earthquake-tsunami test case (Fig. A1a). The
mesh size is 43 mio elements with a minimum in-sphere of 18 m.
The model order of accuracy of 6 sets the number of additional on-
fault integration points, resulting in an actual on-fault resolution of
400/6 = 66 m. As for the model in the earthquake-tsunami test
case, we accurately resolve the estimated minimum cohesive zone
width of 150 m (Wollherr et al. 2018) and the same errors are ex-
pected.

https://gitlab.lrz.de/samoa/displacement-converter.git
https://gitlab.lrz.de/samoa/displacement-converter.git
www.pdgm.com
www.simmetrix.com
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We also tested and provide a 13 mio element mesh that bal-
ances element sizes more efficiently. This mesh has an element
edge length resolution of 1 km on the fault, 5 km within a mesh re-
finement zone surrounding the fault, and a maximum element edge
length of 20 km. We used the following values:

(i) gradation rate = 0.3
(ii) aspect ratio = 6.0

(iii) volume ratio = 12.0
(iv) on-fault mesh resolution = 1000 m
(v) volume mesh resolution = 20000 m

(vi) mesh refinement cube = 5000 m

For this mesh, instead of resolving the minimum cohesive zone
width on the fault (150 m), we take the 15th percentile (225 m),
determined using the script estimateMinimumCohesiveZone.py
that is provided with SeisSol. We find no difference in the results
from the model run with this versus the original mesh. We also note
that this model was run for 420 s and the slow waves in the sedi-
ments near the surface persist at this point in time (see Sec. 4.2.2
and Fig. 10b, c).

D2.2 Running the SeisSol earthquake model

The earthquake physical model includes an elastic constitutive law,
a dynamic earthquake source, and a linear slip-weakening friction
law. Running the model requires several input files: the mesh, three
NetCDF files (.nc) containing the input parameters, a parameter
file (.par) calling on those files and providing additional modeling
choices, and two easi files (.yaml) that configure the SeisSol input.
We provide each of these files, as well as the model output.

Three 2D NetCDF files are created from the provided text file
of subduction model output using the provided Matlab script. These
NetCDF files use the exact points provided in the text file at 500 m
resolution (i.e. no interpolation). The three NetCDF files separately
contain (1) the material properties shown in Fig. A2, (2) the stress
field and on-fault frictional parameters reflecting the values shown
in Fig. 8 except for the static friction coefficient, and (3) the static
friction coefficient. For SeisSol, it is helpful to keep the static fric-
tion coefficient separate in this way because it is used in the nu-
cleation process. The material properties and on-fault information
are kept separate from one another so that they can cover different
spatial domains, if desired.

These NetCDF files are converted to the format used by Seis-
Sol by running the asagi2paraview tool once. Both the original
and the converted (including conv in the name) are provided. This
tool is available with ASAGI (see Sec. 2.4 and www.github.com/

TUM-I5/ASAGI). Running the tool again converts the NetCDF file
back to the original format.

The 2D information from these NetCDF files is mapped into
the third dimension (in the y-direction) during the SeisSol model
run by the Easy Initialization Library, easi (www.github.com/
SeisSol/easi). This is done according to the two .yaml files, one
setting the material properties and one setting the stress field and
frictional parameters. In addition, any part of the earthquake model
domain outside of the region covered by the NetCDF in the x- and
z-directions is assigned information from the closest point. This ca-
pability allows the 2D NetCDF files to reflect the region of the pro-
vided subduction model output (here x = −174.75 to 724.75 km,
z = −504.75 to 11.75 km), but provide input for the entire earth-
quake model domain (here x = −800 to 800 km, y = −800 to
800 km and z = −500 to 0 km).

Note that, in this earthquake model, a linear elastic constitu-
tive law is used. The material properties are required everywhere
throughout the earthquake model domain, while information about
the stress field and frictional properties are required only on the
fault. Different constitutive relations require different input config-
urations. For example, if a viscoplastic rheology is invoked (e.g.,
Wollherr et al. 2018), a stress tensor must be assigned to all loca-
tions in the model domain.

We provide the model output along the fault and at the surface.
Each consists of 3 files. We view the model results in Paraview
(https://www.paraview.org) by loading the .xdmf file, but all
3 output files must be in the same folder. Using a predefined filter
in Paraview, we converted cell data to point data before calculating
maxima, minima and averages.

D2.3 Assessment of accuracy in mapping the slip event
conditions to the earthquake model

For accurate mapping of subduction model parameters to the earth-
quake model, it is critical that the faults in both models are the same
shape. This ensures that they experience the same stress field and
host the same on-fault properties. To test this, before running the
earthquake model, we compare fault locations, fault dip, effective
shear traction, and failure on the 2D subduction model fault and
along a 2D slice at y = 0 through the 43 mio earthquake model
mesh. The subduction model fault has 649 locations and the slice
through the earthquake model fault has 849 fault locations. As de-
tailed below, we find that the the two faults have the same shape
and capture the same initial conditions.

Fig. A3a shows that the differences between fault locations
are below the 500 m by 500 m resolution of the subduction model
output that is supplied to the earthquake model. Fig. A3b shows
that the profile of the earthquake model fault is slightly smoother,
without the very small variations in dip along the subduction model
fault. Along the subduction model fault, the average dip is 14.8◦,
the minimum dip is 2.3◦, and the maximum dip is 34.4◦. Along the
slice through the earthquake model fault, the average dip is 14.9◦,
the minimum dip is 2.8◦, and the maximum dip is 31.8◦.

Variation in shear traction along both faults with depth is
shown in Fig. A4. The two model fault host shear tractions that
are free of any systematic differences. Along the subduction model
fault, the average shear traction magnitude is 14.9 MPa, the mini-
mum is 1.3 MPa, and the maximum is 54.5 MPa. Along the slice
through the earthquake model fault, the average shear traction mag-
nitude is 15.0 MPa, the minimum is 0.9 MPa, and the maximum is
54.7 MPa.

Fig. A4 shows at each depth the shear traction, the static fault
strength, and any points at failure, where the absolute magnitude
of the shear traction exceeds the fault strength. Both faults have
the same regions at failure: within the sediments and near 42 km
depth, where the subduction slip event begins and where we set the
nucleation zone in the earthquake model. A focus on this region
reveals that it extends for ∼ 3 km with depth along both faults.
Note that the slice through the earthquake model fault has more
points at failure here, because it has more fault locations overall.

D3 The tsunami model with sam(oa)2

Running the tsunami model requires a single file holding the con-
verted displacement field. Bathymetry is again set in the compila-
tion configuration. We provide filtered bathymetry perturbations, a

www.github.com/TUM-I5/ASAGI
www.github.com/TUM-I5/ASAGI
www.github.com/SeisSol/easi
www.github.com/SeisSol/easi
https://www.paraview.org
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list of coordinates to generate the presented results and the required
compilation configuration to run the model. We also provide the
output of the simulation at the given coordinates and a supplemen-
tary video.

As for the earthquake-tsunami test case, we temporally filter
and project the bathymetry perturbations. See also the explanations
in App. C2. For the spectral analysis for temporal filtering, we
choose to analyze the point (x, y) = (−200 km, 0 km) to track
Rayleigh waves. To apply temporal filtering, we first generate the
time-frequency representation of the displacement field at positions
where Rayleigh waves appear exclusively. For this test case, the
measured frequencies lie in a range of [0.016,0.025] Hz. We do the
same analysis close to the center of the earthquake and the mea-
sured frequency range is [0.001 - 0.01] Hz. We apply an order 10
Butterworth (low-pass) filter.

SeisSol produces the surface displacement field on an unstruc-
tured triangular mesh, while sam(oa)2 utilizes an adaptive refined
triangular mesh. Therefore, we project the displacements onto a
uniform intermediate grid with a resolution of 1000 m, as for
the tsunami model in the earthquake-tsunami test case. The re-
sult is linearly interpolated and assigned as an initial condition
by the ASAGI library (see Sec. 2.4). The projected displacements
are generated with a custom script that can be found at https:
//gitlab.lrz.de/samoa/displacement-converter.git.

The model mesh has a resolution of 4687 m to 36 m. Dry tol-
erance is set to 0.01 m. See Sec. C2 for information about Adaptive
Mesh Refinement.

https://gitlab.lrz.de/samoa/displacement-converter.git
https://gitlab.lrz.de/samoa/displacement-converter.git
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Figure A1. 43 mio element mesh used for the SeisSol earthquake model in the subduction-earthquake-tsunami test case.
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Figure A2. Material properties from the subduction slip event linked to the earthquake model in the subduction-earthquake-tsunami test case. Red curve is the
fault that develops in the subduction slip event. Lame’s parameter is equal to the shear modulus here, because a Poisson’s ratio of 0.25 is used (see text).
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Figure A3. Comparison between (a) locations and (b) dip of faults in the earthquake and subduction models for the subduction-earthquake-tsunami test case.

Figure A4. (a) Comparison between the effective shear traction, τ ′s, on the faults in the subduction and earthquake models for the subduction-earthquake-
tsunami test case. Failure analysis according to the earthquake model failure criterion (Eq. 1) at points along (b) the subduction model fault and (c) along a
slice at y = 0 through the earthquake model fault. Variables are defined in text near Eq. 1. Values are before changes are made to c in the sediments and to µs
at outliers, as discussed in the text.
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