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Abstract

The western part of North America is the focus of intensive scientific investigation of a variety of plate boundary processes including earthquakes, volcanism, mountain building, and micro-plate tectonics.  The technique of spaceborne Interferometric Synthetic Aperture Radar (InSAR) provides an excellent means of observing deformation over broad areas and is an ideal tool for measuring land subsidence.  Here we report on the acquisition of spaceborne radar remote sensing data to support scientific research by members of the WInSAR Consortium.  The consortium currently maintains an archive of approximately 3000 scenes of ERS-1/2 data, 1000 scenes of Envisat data, the SRTM archive, and limited data from other sensors for on-line access by the 35 member institutions.  The main scientific objectives of our research are to:

· Monitor strain accumulation and release along the North American/Pacific Plate Boundary with an emphasis on the San Andreas Fault Zone.

· Investigate the co-seismic and post-seismic deformations of the Hector Mine and Landers earthquakes.

· Monitor the deformation of volcanic systems in the western US. 

· Monitor crustal deformation at selected sites in the Basin and Range province and along the Baja California peninsula.

· Investigate the effects of groundwater migration on surface deformation.

These objectives are highly complementary to the Plate Boundary Observatory component of the EARTHSCOPE project.  WInSAR data are being used in undergraduate and graduate education programs around the country.  Our proposal has facilitated InSAR research for many US scientists.  The tasks under this grant were to identify, archive, and distribute data as follows:

· We developed a data acquisition plan for the existing ESA satellite archive based on requests from the WInSAR community. 

· We acquired ERS-1, ERS-2, and Envisat data from the ESA archive to support WInSAR user requests. 

· WInSAR submitted data proposals to ESA to execute the data requests.

· The data were delivered to the WInSAR data centers.
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Background

The WInSAR consortium is a group of scientists at leading U.S universities and government laboratory organizations who conduct basic research using radar interferometry for geoscience applications.  WInSAR has been organized as a standing committee of the Southern California Earthquake Center, but is in the process of transferring management to UNAVCO.  WInSAR is sponsored jointly by The U.S. National Science Foundation, NASA, and the U.S. Geological Survey.  

While the individual experience level of team members varies, the team contains scientists who have been working with InSAR data for over 20 years, as well as those who have recently joined the field.  The references list in the research description section below lists some of the more highly cited papers on InSAR published by consortium members.

WInSAR members have been involved in the earliest demonstrations of spaceborne  radar interferometry, the development of InSAR as a practical technique, analytical and modeling studies that relate measured interferograms to slip and pressure changes beneath the Earth’s surface, and ongoing monitoring of subsurface geophysical processes.  WInSAR’s team  comprises the majority of leading U.S. investigators involved in radar interferometry.

Because of the academic mission of the university participants in WInSAR, many of the team members will be leading research by students who are just learning the craft of radar interferometry.

Scientific scope of research supported

The work enabled by this proposal has many facets, as WInSAR is a collective organization coordinating the interest of many scientists in very different fields.  We concentrate primarily on geophysical modeling of shallow crustal processes such as earthquakes and volcanoes, but consortium members have ongoing research in hydrology, cryospheric studies, vegetation science, and oceanography, as well as sponsoring research in as yet untested application areas.

Technically, most of our innovation has been in the development of new data analysis methods and their application of geophysical problems.  In particular, we have pioneered the use of advanced modeling and inverse methods, quantifying detailed deformation fields in order to learn about processes at depth in the crust.  Much of our work involves numerical and analytical modeling of deformation phenomena, and now is moving toward incorporating extensive time series analysis into data reduction methods.  Covering the breadth of several fields and incorporating large numbers of radar scenes leads to the large volume of data acquired under this proposal.  

The main purpose of WInSAR is to facilitate research in these many areas using pools of shared data, enabling science to be accomplished without requiring each individual proposer to request data for each investigation.  This approach saces considerable effort on the part of ESA in servicing requests from the U.S. research community, as WInSAR catalogs and maintains data for all consortium members.  WInSAR’s approach is also helpful for U.S. sponsoring agencies, as data requests are coordinated and internally peer-reviewed for adherence to WInSAR’s goal of facilitating basic research, reducing the need for the agencies to conduct extensive reviews of many disparate requests.

The western part of North America is the focus of intensive scientific research into a variety of plate boundary processes including earthquakes, volcanism, mountain building, and micro-plate tectonics. The technique of spaceborne Interferometric Synthetic Aperture Radar (InSAR) provides an excellent means of observing deformation over broad areas.  The Western North America InSAR (WInSAR) Consortium is a collection of universities and public agencies created to manage the acquisition and archiving of spaceborne InSAR data.  We have used both Envisat and ERS data, with their unique ground track matching capabilities, for the following primary objectives:

Monitor strain accumulation and release along the North American/Pacific Plate Boundary with an emphasis on the San Andreas Fault Zone.

Monitor the deformation of volcanic systems in the western US.

Monitor crustal deformations at selected sites in the Basin and Range province and along the Baja California peninsula. 

The Western North America InSAR (WInSAR) Consortium is a collection of universities and public agencies created to manage the acquisition and archiving of spaceborne InSAR data over western North America for their mutual benefit. WInSAR team members have been involved in the earliest demonstrations of spaceborne  radar interferometry, the development of InSAR as a practical technique, analytical and modeling studies that relate measured interferograms to slip and pressure changes beneath the Earth’s surface, and ongoing monitoring of subsurface geophysical processes.  WInSAR’s team comprises the majority of leading U.S. investigators involved in radar interferometry. While the work described here concentrates primarily on geophysical modeling of shallow crustal processes such as earthquakes and volcanoes, consortium members investigate many other phenomena as well, including hydrology, cryospheric studies, vegetation science, and oceanography, plus anticipated research in as yet untested application areas.

Detailed Description

I. Objective

The western part of North America is the focus of intensive scientific research into a variety of plate boundary processes including earthquakes, volcanism, mountain building, and micro-plate tectonics. For example, the characterization and more complete understanding of the plate boundary deformation system, and its relationship to the occurrence of earthquakes, is a rich scientific problem that may ultimately lead to a reduction in seismic risk.  Other natural processes that induce surface deformation such as land subsidence induced by water or oil extraction are also at work in western North America. The technique of spaceborne Interferometric Synthetic Aperture Radar (InSAR) provides an excellent means of observing deformation over broad areas.  It is capable of 10's of meters spatial resolution at monthly or greater intervals.  InSAR has proven to be a powerful tool to characterize large-scale deformation associated with active faults.  It also can resolve small-scale deformation features such as shallow creep, postseismic and interseismic deformation.  And it is an ideal tool for measuring land subsidence and improving digital terrain models.  Western North America InSAR (WInSAR) Consortium is a collection of universities and public agencies created to manage the acquisition and archiving of spaceborne InSAR data over western North America for their mutual benefit.  The major objectives of WInSAR are to:

Promote the use and development of InSAR technology for scientific investigations, in particular butnot limited to, seismic and magmatic processes, plate boundary deformation, land subsidence, and topographic mapping.

Acquire SAR imagery in western North America, archive and catalog the data, and disseminate it for use by member organizations.

Provide value-added InSAR products and software for use by the scientific community.

Advocate the open exchange of SAR data by seeking to enlarge the number of memberorganizations.

Solicit funds and promote programs and space missions to meet these objectives. 

WInSAR was initially formed to obtain ERS SAR data in sufficient quantity and at an acceptable price from agents of the European Space Agency (ESA - owner and operator of satellites ERS1 and ERS2) for shared academic purposes.  The ability to share data among this research group offers a method to crosscheck research findings without having to go through the time and expense of duplicating data sets.  Funding for WInSAR activities is provided by the US National Science Foundation, NASA, and the USGS through the Southern California Earthquake Center (SCEC).

II Methodology

The WInSAR consortium currently manages a password-protected data archive of over 4000 scenes of raw SAR data for Western North America (see http://winsar.stanford.edu).  Our approach follows:  WInSAR members make a priority list of SAR data requests from the ESA archive.  These data requests are submitted to ESA and executed according to ESA priorities and quotas. As our research applications for this proposal use only archived data, near-real time access is not required.  However, in case of a large earthquake, a pending volcanic event, or other natural disaster WInSAR submits a detailed acquisition plan to ESA and makes special arrangements for rapid data delivery or archived scenes that would be useful in interpretation of these major events.  In all cases, one copy of the relevant data are mailed to the WInSAR archive.  Authorized WInSAR users have access to SAR data in the WInSAR archive for scientific research; ESA continues to own the data in the archive and any copies made by members.  This approach maximizes the scientific use of these data and minimizes the impact on the ESA data distribution system.

III Algorithm to be used

Members of the WInSAR group have developed software and archive capabilities for processing many scenes of raw ERS and JERS SAR data to interferograms, DEM's and crustal strain maps.  This involves: pre-processing of Level 1.0 raw data and merging with the most precise orbital information available;  focussing of SAR images; sub-pixel alignment of images; formation of interferograms and removal of topographic phase.  More advanced analysis related to phase unwrapping, stacking of interferograms, DEM generation and crustal dynamic modeling are also available in the group.

We continue to modify this capability to accommodate advancing processing methods.  Depending on copyright restrictions, we will submit software developed for SAR processing to the ESA Research Team and make it freely available to interested scientists. 

IV Results

Our main product is scientific research in the form of publications, meeting presentations, and participation in the team meetings. Depending on travel budgets, the PI and other WInSAR members attends the team or project meetings.  In addition to an overview of the research results, this Final Report contains a list of relevant scientific research publications.  

In the process of meeting these scientific objectives, we performed basic and applied research in the following areas 

High resolution DEM's were generated in the radar co-ordinate system of Envisat ASAR.  These are based on a combination of the best available DEM's from the USGS along with unwrapped residual phase from ASAR.  Stacking is needed to reduce phase artifacts due to changes in the atmosphere and ionosphere between the reference and repeat passes. 

Diastrophism - this is the primary focus of our research.

Volcano Monitoring - the secondary focus of our research 

Avanced interferometric methods applied to ERS - this is addressed in the modification of our basic InSAR codes

Accuracy improvement for InSAR data - improved accuracy requires the best possible orbital information, models of ionospheric delay based on the regional GPS array, and stacking of interferograms to reduce atmospheric delay. 

V Ground Truth Data

Two types of ground-truth data have been provided by the Southern California Earthquake Center.  In particular, regional ionospheric delay models derived from the existing GPS array in California are used to suppress phase-delay errors in ASAR data.  Two-way delays at C-band (35 degree incidence angle) are typically 15 m [Curlander and McDonough, 1991, p381].  Relative delays within the radar swath are much smaller but may still be important at the cm-level.   Three-dimensional displacement vectors from the GPS-array are projected into the ASAR line-of-sight and compared with interferograms.  Comparison Envisat with C-band interferograms from ERS-1/2 and ALOS L-band interferograms provides additional ground-truth.  Ground truth for the DEM's is provided by known locations of GPS monuments and radar reflectors on California as well as SRTM-derived DEM's.

VI Product Utilization Plan

We have requested two types of information from the ERS program.  Precise orbital information is needed to compute interferometric baselines.  Post-processing of the planned GPS tracking data may provide orbital accuracies of better than 0.1 m in radial and cross-track position but even the nominal 1.0-m accuracy is quite good.  The second data type is the Level-0 SAR data and accurate clock information. Nighttime data have lower ionospheric and tropospheric errors so these are be best for our experiment. Descending passes are needed for improved strain recovery in subtly-deforming areas, such as on the northwest-trending San Andreas fault.
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Data requirement details

The main areas of interest to the WInSAR members are located in Western North America.  More specifically, data from the following ERS and Envisat tracks cover this part of the world:

Tracks required: 005, 012, 013, 019, 020, 026, 027, 033, 034, 041, 042, 048, 055, 062, 063, 069, 070, 076, 077, 084, 091, 098, 099, 105, 106, 112, 113, 119, 120, 127, 128, 134, 141, 142, 148, 149, 155, 156, 162, 163, 169, 170, 171, 176, 177, 184, 185, 191, 198, 199, 205, 206, 212, 213, 214, 219, 220, 227, 228, 234, 241, 242, 248, 249, 255, 256, 262, 263, 270, 271, 277, 284, 285, 291, 292, 298, 299, 305, 306, 33, 314, 320, 327, 328, 334, 335, 341, 342, 348, 349, 356, 357, 363, 370, 371, 377, 378, 384, 385, 391, 392, 399, 400, 406, 413, 44, 420, 421, 427, 428, 434, 435, 441, 442, 443, 448, 449, 456, 456, 457, 463, 470, 471, 477, 478, 484, 485, 486, 491, 492, 499, and 500.

The portions of these tracks from about 25 deg. N to 55 deg N. are of most interest.  

Our interest is only for SAR data.  Limited optical data may be used in some investigations, but this work addresses only the radar data now.

Many of these tracks should be acquired on each opportunity to build the time series necessary for temporally-variable processes or for those containing such subtle signals that much averaging is required to view the radar signal confidently.  We select a small number of modes to acquire these data in to maximize the interferometric utility of the data.

All of our products are in Level 0 format, as we distribute data in this form so that any combination of scenes  may be combined to form optimal interferograms.  Since Doppler centroids and other imaging parameters change from scene to scene, we prefer not to process data until we have examined the details of each acquisition.

Number of equivalent products obtained by region (though we prefer to receive 1000-km level-0 swaths that we frame as needed):

San Andreas Fault Zone
600/yr

Volcanoes
200/yr 

Basin and Range
300/yr

Baja California
200/yr

Other North America
400/yr

Data processing and analysis equipment

Currently the WInSAR archive of ERS data is stored on mass storage systems at Caltech, Stanford, and SIO.  The Caltech system also holds geodetic and seismic data for the Southern California Earthquake Center.  The 12 terabyte system at SIO is primarily used for global seismic data, reflection seismic data, GPS data and SAR data from ERS. These systems are improved regularly and have sufficient capacity to hold and distribute the requested SAR scenes.  All systems are funded by the US National Science Foundation, NASA, and the US Geological Survey.  In addition to the mass storage devices, each investigator in the WInSAR Consortium has access to modern workstations capable of processing multiple scenes of raw SAR data.  Funding for these systems will also come from US agencies.  The speed of the internet in the US, and especially the Western US, easily accommodates transfer of 300 Mbyte files of raw SAR data so all data access will be by http and ftp.

