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Introduction

The December 26, 2004 Indian Ocean tsunami and catastrophic loss of life dramatically underscored the vulnerability of coastal populations to large destructive tsunamis. In the US, a large percentage of the population resides in coastal areas of seismically active (western US) and predominantly aseismic (eastern US) regions. Although seismic hazards have long been addressed in the western US, both coasts remain vulnerable to primary or secondary effects of earthquakes and are poorly prepared to cope with losses of the scale recently seen in coastal areas of the Indian Ocean. Therefore, an assessment (eastern and gulf coasts) or reassessment (west coast) of tsunami vulnerability should be a matter of great national priority. 


Tsunamis can impinge upon a coastline from either local or distant seismic sources. Aseismic areas of the eastern and gulf coast region are most vulnerable to tsunami from distant sources, whereas the seismically active west coast of the US is vulnerable to both. Tsunamis generated by local earthquakes can be especially damaging because they can occur within minutes of an earthquake, offering little chance for evacuation or other preparation. It is therefore especially important to identify areas that are vulnerable to locally generated tsunami, and provide decision support tools for retrofitting and hazard mitigation planning. 


The iSERVO project seeks to improve earthquake forecasting ability through the use of high-level simulation tools coupled with observed data, including data available from the NASA-sponsored Southern California Integrated GPS Network (SCIGN) geodetic network. Given the flexibility of the web services paradigm, the QuakeSim seed project can be integrated into tools being developed by SCEC and the USGS for earthquake likelihood estimates as well as FEMA’s HAZUS-MH software. 

Observing and Simulating the Complex Earth System

The last five years have shown unprecedented growth in the amount and quality of space geodetic data collected to characterize geodynamical crustal deformation in earthquake prone areas such as California and Japan. The Southern California Integrated Geodetic Network (SCIGN), the growing EarthScope Plate Boundary Observatory (PBO) network, and data from Interferometric Synthetic Aperture Radar (InSAR) satellites are examples. 


We project major advances in the understanding of complex systems from the expected increase in data. Past and ongoing  projects are now demonstrating the merging of parallel complex system simulations with federated database and datagrid technologies to manage heterogeneous distributed data streams and repositories. The objective is to have a system that can ingest broad classes of data into dynamical models that have predictive capability. Development of this system will ready the scientific community for the expected data deluge from a future InSAR mission and will provide an immediate application for the data. The value of the InSAR data will be increased as it is fused with data from other sources. 


Multiscale integration for Earth science requires the linkage of data grids [Foster, 2004; Berman 2003; Rajasekar, 2003] and high performance computing. Data grids must manage data sets that are either too large to be stored in a single location or else are geographically distributed by their nature (such as data generated by distributed sensors). The computational requirements of data grids are often loosely coupled and thus are embarrassingly parallel. Large-scale simulations require closely coupled systems. SERVO supports both styles of computing. The modeler is allowed to specify the linkage of descriptions across scales as well as the criterion to be used to decide at which level to represent the system. The goal is to support a multitude of distributed data sources, ranging over federated database, sensor, satellite data and simulation data, all of which may be stored at various locations with various technologies in various formats. 


Several modeling tools developed by us to be integrated into iSERVO are ready to be deployed as part of the proposed Integrated System Solution for the benefit of disaster decision makers. These include Simplex, an application that optimally finds a dislocation model of fault slip that accounts for GPS and inSAR deformation data; GeoFEST, a finite element package that includes automated tools for building a faulted crust simulation and displaying the hidden deformations and stresses in the earth; Virtual California, a simulation for exploring the interaction of earthquakes in earthquake fault systems; and the PI (pattern informatics) system, which uses past seismic records to generate an earthquake forecast. 


These tools are integrated into a web services system within iSERVO, along with a fault database (initially of California, but extendable), seismicity and deformation data, a map service, quick visualization, and remote job control system. The experience gained by building this initial iSERVO system puts this team in a unique position to make the logical extensions and adaptations to make a decision support system of high value for disaster management. 


These applications form a sufficiently rich tool set that highly skilled users will find varied and unanticipated ways to combine them to perform assessments of hazard. But we will supply documented examples that will fill immediately anticipated needs of common users. These will include: 

· Import of fault information for a new region into the database for map display and
modeling.
Generation of seismic hot-spot maps for a given region of the Earth, using user-selectable parameters for the historical records and scales of interest. 

· Inversion of large-event and interseismic GPS motion data for a fault slip or volcanic inflation models 

· Use of GeoFEST with realistic earth materials and local fault slip history to indicate areas of most fault-resolved stress, an important indicator of future hazard. 


In addition, we have access to the NASA supercomputer, Project Columbia, the Earth Simulator of Japan, and the QUAKES/AcCESS supercomputer in Australia.  These machines will be used for several of the simulation codes featured in the ISS (GeoFEST, Virtual California, Tsugen) in order to allows users to move beyond single fault analysis to regional analysis with multiple interacting faults. Modeling interactions among slipping faults and possible emergent structures from these nonlinear interactions represents a substantial advance in forecasting earthquake risk and will be integrated into the tools developed in this project. 

Key components of the project 
Earthquake forecasts 

This approach is based on a new Pattern Informatics method (PI), which quantifies variations in seismicity [Mogi, 1985; Turcotte, 1991; Lomnitz, 1994; Keilis-Borok, 2002; Scholz, 2002; Kanamori, 2003; Frankel, 1995; Kossobokov, et al., 2000; Rundle, et al., 2002; Tiampo, et al., 2002a; Tiampo, et al., 2002b; Rundle, et al., 2003]. The output is a map of areas in a seismogenic region ("hot spots") where earthquakes are likely to occur in a future forecast interval, typically a 10-year span. The method has been applied to California, to Japan, and on a worldwide basis. The hot spot map for California was published in 2002, and since then, 12 of the 14 earthquakes with magnitudes greater than five have occurred on the hot spots or within the margin of error. For California and Japan, the margin of error is ± 0.1o. For the world-wide map (Figure 1), the margin of error is ± 1o. On October 23, the M = 6.8 Niigata earthquake occurred. The world-wide map was presented on December 14 and 17 at the American Geophysical Union meeting in San Francisco. Subsequently, the December 23 M = 8.1 Macquarie Island event, and the December 26 M=9.0 Northern Sumatra event occurred, both on hotspots identified on the map. 
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Figure 1. Map of the likely locations for large earthquakes (M > 7) over the decade January 1, 2000 - 2010. The map is constructed by analyzing the patterns of smaller earthquakes with M > 
5. The map was presented at the American Geophysical Union meeting on December 14, 2004. The green circles are all events having M > 7 through December 14, 2004. Subsequently, the M = 8.1 Macquarie Island earthquake occurred on December 23, 2004, followed by the M = 9.0 Sumatra earthquake on December 26. Both of these events are indicated by blue circles.  It can be seen that both of these large events fell on anomalies that had appeared earlier on the map. 

Virtual California is a code that utilizes the Monte Carlo method in order to generate simulated, realistic earthquakes on an arbitrary fault surface mesh. It uses topologically realistic networks of independent fault segments that are mediated by elastic interactions. These segments can be designed to represent fault systems spanning the region of California. This method would be utilized to perform a true statistical analysis by testing hundreds of scenarios with differing fault geometries and frictional properties. 


For this proposal, we propose to focus on 1) Improving the PI method, with the idea of forecasting likely locations for large submarine earthquakes capable of producing tsunamis; and 2) With these locations, we can then estimate maximum and minimum earthquakes from the size of the hotspot.  These data can then be used in codes that either compute the elastic wave field from a source originating at the hotspot location, or the tsunami wave field from the sub-oceanic hotspot location. 


With respect to improvements in the method, we will investigate the use of Molchan statistics to optimize the forecast methods, as well as better definitions of the geographic regions so as to optimize the statistics.  For the latter, we focus on a recent large earthquake in the region, and then choose the change interval that optimizes the forecast for that event, as judged by the likelihood test.  For the former, we plan to develop improved visual pattern statistics by using Molchan diagrams to choose the hotspot color bar-cutoff value. These Molchan diagrams plot the fraction of large earthquakes successfully forecast as a function of the fraction of the active area presented as colored spots.  The idea is to choose a color bar cutoff that produces the largest fraction of successful forecasts, as judge by a recent trial period, and the minimum number of false alarms. 


In addition, we plan to investigate additional schemes for producing hotspot maps, including new mappings that make explicit use of the idea of phase dynamics.  In this approach, we interpret the square root of the PI value as the phase of a complex exponential, consistent with the view of the earthquakes as an example of threshold phase dynamics.  The scale factor is the root-mean-square. Using this idea, we can then define a probability for large events in terms of the real part of the complex exponential.  Preliminary work with this function indicates that it performs substantially better at forecasting the future large event locations than the original PI method. 


The result of our research will be improved hotspot maps, together with forecast locations for the tsunami-genic events.  The software we develop will be ported to our SERVO web portal for use by interested parties. 


With respect to Virtual California and similar models, the present model for interacting fault segments involves only land-based vertical strike-slip faults. As part of this project we will extend these techniques to dipping faults on offshore subduction zones. For example, we can use GeoFEST to compute the stress and deformation Green's functions for the Cascadia subduction zone. Using these Green’s functions, we can then compute the probability of a tsunami-genic earthquake occurring there or in any subduction zone of interest. 

Deformation models 
Simplex produces an optimal model of faulting that accounts for observations of strain, deformation, and InSAR differential patterns, using a common uniform half-space GeoFEST uses stress-displacement finite elements to model stress and flow in a realistic model of the Earth's crust and upper mantle in a complex region [http://www.physics.hmc.edu/GL/geofest42]. The model includes stress and strain due to the elastic response to an earthquake event in the region of the slipping fault, the time-dependent viscoelastic relaxation, and the net effects from a series of earthquakes. The physical domain may be two or three-dimensional and may contain heterogeneous materials and an arbitrary network of faults. Recent NASA-sponsored improvements have promoted GeoFEST to a system that can follow hundreds of years of evolution of fault slip, deformation and stress in regions up to 1000 km square, from the surface down to the mantle. 
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Figure 4. 10M Element Landers coseismic uplift coded as radar phase, 256 Processors of SGI “Cosmos” system at JPL. Inset: Finite element mesh colored by partition 
Simplex and GeoFEST have been incorporated into the SERVO environment as lightly-packaged research tools. We propose to enhance this environment by adapting it to evaluate conditions of interest to disaster managers, with well-documented examples. These will include: 

· Estimation of coseismic slip from GPS data (Simplex). 

· Detection and characterization of slow-event slip from InSAR and GPS data (Simplex) 

· Computation of residual fault-aligned stress after simulating a model sequence of historic large earthquakes 
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