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Abstract

Multi-petaflop fully coupled earthquake-tsunami modeling

Earth modeling is highly complex – and when the earth quakes, there are
additional dynamic complexities. While computational seismology has
been a pioneering field for high-performance computing, earthquake
source processes are very ill-constrained and highly non-linear. Earthquake
science is increasingly data-rich, but the lack of quantitative data on
timescales capturing multiple large earthquake cycles is a fundamental
impediment for progress in the field. Physics-based simulations provide
the only path for overcoming the lack of data and elucidating multi-scale
dynamics and spatio-temporal patterns that extend the knowledge beyond
sporadic case studies and regional statistical laws.
We present recent developments and future directions for data-driven
seismological, geodetic, tectonic and experimental analyses that can be
integrated synergistically with multi-physics modeling. Physic-based
modeling can shed light on the dynamics, severity and cascading hazards
of earthquake behaviour and enables an unparalleled degree of realism
exploiting high-performance computing. We demonstrate the potential of
Solid Earth community software for performing data-integrated large-scale
scenarios of recent powerful multi-fault earthquake cascades; simulating
3D partially and fully-coupled Earth and ocean models of tsunami
generated during earthquakes; evolution of complex localization patterns
in fault zones and coupling between changes of elastic moduli in failing
regions and subsequent rupture properties. The degree of realism achieved
in these simulations is enabled by modern software, e.g. allowing for multipetascale computational efficiency and high-order accuracy in time and
space. The inclusion of probabilistic and Bayesian frameworks, geometric
transformations and diffuse interface approaches to avoid manual meshing
are future directions for exploiting the expected exascale computing
infrastructure.
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Current challenges in earthquake simulations:
• Fault zone structures and fault networks evolve over very broad spatial scales,
and involve off-fault deformation that Is predominantly inelastic and brittle.
Current simulations typically assume predefined faults with stationary
geometry, and elastic response off the assumed faults
• Deformation rates governing crustal dynamics vary widely from slow tectonic
loading to seismic slip. Physical rupture processes vary from milliseconds to
millennia.
• Multi-scale simulations of faulting processes and current observations
generate vast volumes of data
• Current earthquake simulators generate primarily one type of data
(seismicity). Such signals are non-unique and challenging to compare to real
seismic data that exist on incomplete time scales.

Figure 8: TANDEM (Uphoff et al., https://tear-erc.github.io/tandemegu21/) a new seismic cycling open-source code exploring the
symmetric interior penalty Galerkin (SIPG) method to combine
geometric flexibility, high-order accuracy and natural ability to deal
with discontinuities leveraging supercomputing. Examples BP1
(Erickson et al., SRL, 2020) and megathrust with multiple splay
faults.

Figure 5: SeisSol multi-physics extension to solve the elastic wave equation coupled to non-linear
frictional sliding in a complex fault network + the acoustic wave equation, describing perturbations
about an equilibrium hydrostatic state in a compressible, inviscid ocean of variable depth + the
effects of gravitational restoring forces through a modification of the standard free surface boundary
condition.
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Motivation

• A devastating 'surprise' tsunami related to a Mw 7.8 strike-slip earthquake propagating at supershear
speed crossing the narrow Bay of Palu (e.g., Ulrich et al., 2019)
• One-way linking to shallow water solvers may omit tsunami dispersion, acoustic waves and tsunami
generation complexity
• Fully coupled acoustic-elastic coupling with gravity, via free surface tracking (gravitational effects) by
linearised free surface boundary condition was previously used in 2D: Maeda & Furumara, 2013, Lotto et
al., 2015, 2017
• 3D implementation in SeisSol of fully coupled acoustic-elastic coupling with gravity, applied to
resolve the dynamics of the 2018, Palu Sulawesi earthquake and tsunami
• Measured wave excitation of up to 30 Hz in the Fourier spectra of the recorded acoustic velocity time
series and demonstrate scalability and performance of the MPI+OpenMP parallelisation on various
peta-scale machines including SuperMuc-NG, Shaheen II and Mahti
• Benchmark in the Computing Facility Application Partner competition for NSF’s future Leadership
Class Computing Facility (LCCF)

HPC for volumetric seismic cycle
modeling

Figure 6: Snapshots of vertical
displacement of the ocean
surface within Palu Bay in the
fully-coupled Sulawesi
earthquake-tsunami simulation
compared to a one-way linked
2D shallow water tsunami
simulation (lower row). While
both models capture the overall
dynamics of the dynamic
earthquake-ocean response we
observe differences in the
sharpness of wave fronts in
addition to the excitation of
acoustic waves as was observed
in the deep ocean benchmark
(fast seismic and acoustic waves
are not shown here but visible in
Fig. 5). Fully-coupled 3D
simulations open the possibility
to explore the effects of variable
depth ocean non-hydrostatic
response, compressibility and
acoustic wave generation across
complex bathymetry.

Numerical simulations provide the only path for overcoming the lack of
quantitative long-term data on dynamics of earthquakes and faults. Physicsbased simulations, empowered by supercomputing and validated with
available geophysical and geological data can elucidate spatio-temporal
patterns that extend the knowledge beyond regional statistical laws (e.g.,
Gutenberg-Richter statistics), clarify processes leading to potential large events
and mitigate cascading hazards.
Figure 1: Dynamic rupture modelling in
diffuse fracture zones with co-seismic
off-fault shear cracks, using adaptive
mesh ref inement with ExaHyPE.
Gabriel et al. (2021), Philosophical
Transactions of the Royal Society A
379: 2020013, Reinarz et al., CPC, 2020.

Figure 2: Pre-existing short branches affect
main rupture in a variety of ways including
post-rupture shear and normal stress
heterogeneity, enhanced high frequency
generation, and possible promotion of
super-shear (Ma and Elbanna, 2019).
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Future directions
• GPU and ARM based optimisations on the road to
exascale computing
• Fusion and assimilation techniques for multiple data
streams combining currently separate data layers (e.g.,
seismicity, surface deformation, fault geometry
characteristics, and seismic ground motion)
• Scalable workflows for storing, curating, and
visualizing data
• Time-adaptive resolution to model regional scale
domains throughout many seismic cycles
• Methods that bridge localized and distributed
deformation from submillimeter scale to hundreds of
kilometers.
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Figure 3: Emerging diffuse interface and
curvilinear mesh approaches. 3D curvilinear
meshes via multi-block boundary conforming
curvilinear meshes (Duru et al., JSC’21 & Duru
et al., https://arxiv.org/abs/1907.02658

Figure 4: Broadband dynamic rupture models up to 5 Hz of
the 2016 Amatrice earthquake based on a smooth Bayesian
dynamic source inversion (Taufiqurrahman et al., AGU’21)

Figure 7: Strong scaling of the largest high-order
SeisSol production run (518 million element mesh, ≈261
billion degrees of freedom), reaching > 70-95% parallel
efficiency on three pre-exascale supercomputers. Note,
we are on the verge of being memory bound (O <=4 )
as machine balance decreases
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European H2020 infrastructure
project for a hyperbolic PDE
engine on exascale
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