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Abstract (maximum ~200 words). 

The Southern California Earthquake Center (SCEC) earthquake system science research program focuses on improving physics-based 
seismic hazard analysis and applying it to reduce earthquake risk and increase community resilience. NSF supported advanced computing 
infrastructure is essential for continued progress in this research. We call on the NSF to take a broad and forward-looking view of advanced 
computing research needs, and to increase their portfolio of advanced computing capabilities, to meet the increased need for advanced 
computing in earthquake science and other NSF-supported research areas. The NSF advanced computing portfolio should provide a 
balance of scientific software, compute-intensive, and data intensive capabilities, and these advanced computing capabilities should be 
matched with programs that train, mentor, and support the scientific and computing personnel required to make effective use of these tools. 

Question 1 Research Challenge(s) (maximum ~1200 words): Describe current or emerging science or engineering research challenge(s), 
providing context in terms of recent research activities and standing questions in the field. 

The Southern California Earthquake Center’s (SCEC’s) need for advanced computing is driven by the goal of improving the physical 
representations of earthquake processes. Through physics-based simulations, SCEC translates basic earthquake research into practical 
products for reducing seismic risk and improving community resilience, by seeking to explain and represent earthquake occurrence, fault 
rupture, and the ensuing wave propagation and surface ground motion. An accurate quantitative characterization of seismic hazards can 
provide the scientific basis for civic actions which can mitigate risk and increase resilience. Earthquake simulations that more closely model 
the real world have the potential to reduce uncertainty in ground-motion predictions, leading to more resilient engineering design of 
structures (buildings, bridges, dams, power plants) and infrastructure networks (roads, aqueducts, electricity and communication). It is well-
known that better designs help save lives and contribute to building a more robust economy capable of quickly recovering from natural 
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disasters. 

The accuracy of SCEC earthquake simulations is driven by the accuracy of the physical models which serve as input. Using models to 
make valid scientific inferences about the real world requires an iterative process of model formulation and verification, physics-based 
predictions, validation against observations, and data assimilation to improve the models themselves. For the earthquake problem, these 
models include representations of material behavior, surface and subsurface geometry, fault rupture dynamics, and frequency of 
earthquake occurrence, as well as their uncertainties. SCEC seeks to improve the realism of models via computational efforts in five main 
areas: (1) forward ground-motion simulation at high frequencies; (2) deterministic regional probabilistic seismic hazard models; (3) source 
physics and rupture dynamics; (4) full three-dimensional tomography inversions of the Earth's lithosphere; and (5) multi-cycle dynamics of 
crustal deformation and fault rupture occurrence for earthquake forecasting. Each of these areas may make use of one or more codes with 
different implementations, for cross-verification. 

SCEC uses advanced computing, a term used in this response to include both compute- and data-intensive capabilities, to tackle a rapidly 
growing range of challenging geo-scientific and civil engineering problems. Over the past decade, NSF support for advanced computing 
capabilities have been essential to our progress earthquake system science, including high-speed networks, TeraGrid, XSEDE, and Blue 
Waters computing systems, Geoinformatics supported research, and scientific software programs including SI2 have all contributed to the 
growth and advancement of this research program. Together, these areas of advanced computing produce an improved understanding of 
earthquake system science as a whole. 

Question 2 Cyberinfrastructure Needed to Address the Research Challenge(s) (maximum ~1200 words): Describe any limitations or 
absence of existing cyberinfrastructure, and/or specific technical advancements in cyberinfrastructure (e.g. advanced computing, data 
infrastructure, software infrastructure, applications, networking, cybersecurity), that must be addressed to accomplish the identified 
research challenge(s). 

SCEC’s earthquake system science research program has a full spectrum of computing needs that include extreme scale compute-
intensive capabilities, data-intensive computing and distribution capabilities, and data analysis and visualization capabilities. And each of 
these areas requires specialized software. 

For example, high frequency deterministic earthquake ground motions simulations currently require over 100,000 CPUs or 10,000 GPUs for 
12-24 hours. Full 3D tomography methods used to develop improved regional earth structure models are constrained by disk storage, 
requiring hundreds of terabytes for each of dozens of iterations. Physics-based seismic hazard model calculations requires the coordinated 
execution of an ensemble of hundreds of millions of loosely coupled earthquake reciprocity calculations over a period of weeks. 

We anticipate that over the next 10 years, the computational requirements of SCEC simulations will grow by a factor of 500 to 50,000. This 
growth in simulation is motivated by increasing the maximum simulated frequencies to include those of engineering interest, and continuing 
to incorporate more realistic physics models. For example, efforts are currently underway to include nonlinear rock response, frequency-
dependent attenuation of seismic waves, and small-scale fault roughness into our models at higher frequencies, enabling extensive 
comparisons with historical seismic recordings. A critical aspect of computing earthquake ground motions at engineering-relevant 
frequencies is to be able to model crustal velocity variations on the scale of meters to hundreds of meters. Models of such fine-scale 
variation (some statistical, some high-resolution tomographic) are becoming available. In parallel, numerical simulation codes must evolve 
to accommodate new models accurately. For example, the need to include the near-surface lower velocities and higher velocities in the 
deeper crust dictates the need for developing efficient codes with variable grid spacing or unstructured meshing. Integration of more 
complex, more precise models will continue to improve seismic hazard estimates. 
While our research program is making rapid progress in computational methods, and community acceptance of simulation results, we find it 
increasingly challenging to maintain our current level of access to advanced computing resources. Access to the required level of 
computing resources now forms a significant constraint on our research program as more researchers are making use of available 
computing resources and new scientific advances require working at higher resolutions. 

We would like to see the next-generation advanced computing systems developed that can meet the needs of earthquake system science 
problems. In our view, NSF can support our needs through a balanced advanced computing capabilities, provided in collaboration with 
other national HPC resources. SCEC’s largest computational problems including full 3D tomography, and ensemble-based probabilistic 
seismic hazard model calculation, will require exascale computing even for regional studies. If NSF does not build an exascale system, they 
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should provide NSF supported researchers with access to such a system through a cooperative agreement with resource providers. As 
large amounts of physics-based earthquake simulation data are produced, storage and dissemination requirements grow. In order for 
engineers and seismologists to use the simulation products, user-friendly tools to store and retrieve time series and intensity data are 
needed. SCEC has produced small prototypes of such storage sites and dissemination systems in the past, but the resources to maintain 
the products were not available. Future efforts should include a plan to support hosting and distribution of simulation data. Some SCEC 
research calculations require the execution of complex workflows that challenge the most advanced HPC systems. SCEC research 
calculations make use of high-throughput workflow management tools to support our simulations. These tools have been successfully 
deployed to many large-scale HPC systems to manage the data and job dependencies of multiple hazard model calculations, which 
combine the execution of massively parallel calculations with hundreds of millions of loosely coupled post-processing jobs. We plan to 
increase the seismic frequency of the model for greater engineering applicability and to integrate more complex earthquake rupture 
forecasts in the next two years. Continued development of workflow tools is necessary to make simulations of this scope tractable. 

The need for advanced scientific software is common to these advanced computing needs. Scientific software is often useful through 
several generations of computing hardware. NSF support for highly valuable scientific software is critical to our advanced research 
program. NSF should recognize the need for software developers on most computational research programs. Funding for software staff to 
operate and maintain research software is essential and should augment, rather than reduce, available research funds. 

Question 3 Other considerations (maximum ~1200 words, optional): Any other relevant aspects, such as organization, process, learning 
and workforce development, access, and sustainability, that need to be addressed; or any other issues that NSF should consider. 

Future advanced computing systems will only provide benefit if there are researchers equipped to develop software which can fully utilize 
the machine. With this in mind, we identify training and support of qualified personnel as a major concern. Advances in hardware for 
scientific computing need to be better coupled with computer science training for domain science researchers, as well as with professional 
track opportunities for personnel in research environments with overlapping knowledge between computational and domain science fields. 
Currently, our research team’s day-to-day work is mostly if not entirely supported by scientific research projects that only rarely support 
allocation of resources to software development. Development of modeling and simulation software that can fully use the next generation of 
HPC systems will require a commitment by funding agencies to support the work of teams that have experience in developing software for 
use in HPC systems. Advanced computing development and usage for open science cannot and should not rest solely on the shoulders of 
graduate education trainees, but should rather be supported by career professionals with access to funding opportunities. Otherwise, 
hardware and software advances can easily surpass or overwhelm domain science teams without advanced training in computational 
science, negatively impacting the return of investment in advanced computing. 
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