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SeisSol — a flagship code for earthquake and wave simulations
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SeisSol — a flagship code for earthquake and wave simulations
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Tandem — a new flagship code for seismic cycle simulations

Tandem is an open-source PETSc SIPG-DG solver for elliptic seismic cycling Main 0 50
problems, that allows for

o geometric flexibility: enables unstructured, curvilinear,
triangular/tetrahedral grids (future seamless linking to hyperbolic
dynamic rupture solvers such as SeisSol)

® natural handling of discontinuities: using a using a double-valued
numerical flux there is no need to split nodes or to introduce Lagrange
multipliers at the fault T T

o we show that SIPG achieves arbitrary high-order accuracy for analytic,
manufactured, and SEAS applications

® well suited to complex large-scale simulations (tested on ~5000 MPI
ranks on SuperMUC-NG)
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Uphoff et al., GJI 2023 P N R i o
A discontinuous Galerkin method for sequences of
earthquakes and aselsmic slip on multiple faults v
using unstructured curvilinear grids
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SC1.2 Next generation of earthquake simulators for the Hellenic arc and Iceland

SC leader LMU Partners |TUM, CNRS, UM Type Basic research, hazard assessment

Description: This capacity SC will perform dynamic rupture, earthquake and slip simulations across many cycles of
earthquake sequences at two relevant natural laboratories for which interdisciplinary geo- and hazard-data was acquired and
unified for HPC applications in ChEESE-1P: the Hellenic Arc and the Southwest Iceland transform zone. While historical
and geological records (extending over several thousands of years) have been used to construct catalogs of major earthquakes
on known natural fault systems, constructing seismic hazard maps and estimating probabilities of aftershocks in the aftermath
of large earthquakes are challenged by the lack of space-time complete, quantitative data on fundamental observables of the
seismic cycle (e.g. magnitude and recurrence interval of large earthquakes). Also, the mechanics and feedback of earthquake
fault networks throughout the seismic cycle remains poorly understood. The Hellenic Arc case will integrate nowvel
high-resolution 3D structures developed using SPECFEM3D in PD2 (SC2.2) with earthquake-tsunami modeling capabilities
of SeisSol to the developments in complex multi-source tsunami modeling of PD4. The model region is large and complex;
the Hellenic Arc subduction zone itself extends over an area of 860km x 625km x 90km, including a complex slab geometry.
Tsunami generating carthquakes may involve secondary splay fault activation. Time scales under consideration span from 35
Ma (starting point of SC8.2"s geodynamic modeling of the evolution of the tectonic structure of the upper plate) to the
seconds of seismic wave propagation. The modeling of the seismic cycle of the Southwest Ieeland transform zone (~130x50
km), that poses the largest threat to the majonty of the population, will be constrained 1n the long-term by the histoncal
earthquake catalog (~1000 years) and in the short-term by the deformation measurements and earthquake hypocentral
locations of recent decades, including the high-resolution measurements of the ongoing volcano-tectonic episode (since
2019). The modeling results will directly feed into SC1.3 where earthquake scenarios consistent with seismic cycle modeling
will be simulated using physics-based approaches leading to non-ergodic hazard assessment and urgent shaking scenarios.
The SC's physics-based results for aftershock sequences and short-term seismic hazard will be venfied by independent,
Southwest Iceland regional-specific ETAS statistical modeling.
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SCl1.3 Physics-based PSHA and urgent UQ for Iceland: next generation hazard map

SC leader LML Partners |IMO, BSC, TUM Type |Hazard assessment, urgent computing

Description: This capacity SC brings together state-of-the-art physics-based probabilistic seismic hazard analysis
(PB-PSHA) with physics-based earthquake scenario forecasting (SC1.2) and strong ground shaking simulations that shall be
launched immediately after seismic and/or deformation events in the Southwest Iceland transform zone to more accurately
predict which areas are affected, and to what extent (UC service). In ChEESE-1P, the first PB-PSHA was carried out using
time-independent finite-fault earthquake catalogs simulated on the basis of the 3D fault system model, for which earthquake
rupture modeling and ground motion simulations were carried out using the fully probabilistic Southern California
Earthquake Center (SCEC) CyberShake framework. Here, the seismic cycle modeling (SC1.2) is expected to directly inform
on the likely hot-spots of tectonic loading along the zone in the short-term. It will thus serve as the gateway to the seamless
migration from time-independent PB-PSHA to urgent and short-term earthquake scenario modeling and ground motion
simulations for time-dependent forecasting, with important implications for expected impact and risk for those modem
society’s systems that are vulnerable to strong seismic motions. To this end, SC1.3 will unify the range of physics-based
forward and ensemble simulations constrained by regional observations to which a seismic cycle model is calibrated for
Southwest Iceland (SC1.2), thus ensunng consistency of all required geophysical information to enable modeling based
hazard assessment.




Physics-based dynamic rupture models, fault
interaction and ground motion simulations for
the segmented Hisavik-Flatey Fault Zone,
Northern iceland
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On the Validation of CyberShake for Southwest Iceland
Transform Zone Earthquakes

Otilio Rojas’, Marisol Monterrubjo-Velasco’, Juan E. Rodriguez', Scoun Callaghan’,
Claudia Abril’, Benedikt Halldérsson**, Milad Kowsari®, Farnaz Bayat®, Kim Olsen®,
Alice Agnes-Gabriel™, Josep de la Puente'
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g3 Figare 3. CyberShabe PSA o 35 for events of M _6.0 aml 6.5 are conperad 1o a reference GMIPE
Figure 1. One realization of the symthetic foulr systes soded (red lines) for an earthguake cotalogue of 500 years,
comprising 223 dexeral rravesform foulrs in SISZ RPOR and the Invpocherical recording statkons with 10 km grid spacing

(triangles). The nearby popealation cenfers ave shown in gray circles, their relative diooeters indicating popadation size
differerces.



PD1 Extreme-scale modeling of seismic hazards
PD leader LMU Partners IMO, TUM, CNRS, BSC Derived SCs SC1.1, 8C1.2,8C1.3

Problem description: This PD combines high-fidelity earthquake and seismic wave simulations performed with 4
ChEESE-2P flagship codes in order to catapult seismic simulations to bridge spatial and temporal scales by enabling the
efficiency, versatility and flexibility required to allow the integration of multiphysics simulations, physics-based probabihistic
hazard assessment, rapid response urgent earthquake and shaking simulations and modeling the highly complex seismic
wavefield at high-frequencies, such as ubiquitous anthropogenic “noise”. PD1 will allow combining simulations that are well
validated with available data with probabilistic frameworks and uncertainty quantification towards next generation
physics-based hazard assessment. Using a physics-based description of earthquakes, modem numerical methods as well as
hardware-specific optimisation will shed light on the dynamics, severity and cascading hazards of earthquake behavior and
enable an unparalleled degree of realism exploiting high-performance computing. As a complement to forward HPC
modeling, PD1 will also explore ML-based solutions that can obtain fast analogs to seismic simulations, fundamental for
parameter exploration and early assessment of hazard.

Objective: The objective of this PD is to improve the scalability and time-to-solution of the earthquake modeling and seismic
wave propagation codes SeisSol, ExaHyPE, SPECFEM3D and Tandem. These flagship codes will be enhanced with respect
to new features in model physics (such as viscoelasticity), IO including capabilities for importing and exporting 3D volume
data for one-way or two-way multiphysics coupling, and mesh generation. The developed multiphysics, probabilistic and
data-integration capabilities will be tailored towards future DestinE integration in digital twin components, such as those
developed in DT-GEO, and specific models and data will be prepared to be shared via EPOS, utilizing synergies with
Geo-INQUIRE, and inform rapid response simulations.




