Results from Prior NSF-NASA-USGS Support ($450,000 - January 1, 2000 to Dec 31, 2002)
The WInSAR Consortium was funded for three years to purchase ERS SAR data covering the arid areas of Western North America.  Three agencies provided yearly support ($75K-NASA, $25K-NSF and $50K-USGS).  Approximately 1600 scenes were purchased from Eurimage and Spotimage and made available by ftp to the 25 member organizations of WInSAR (see list below).  These funds also paid for regular scheduling of ERS-2 SAR acquisitions over areas of scientific interest including; the Los Angeles basin, the San Francisco Bay area, much of the southern San Andreas fault zone, Long Valley Caldera, the Mojave Desert and other areas of tectonic/volcanic interest.  Previous funding from NASA to SIO provided support for regular acquisitions for the co-seismic and post-seismic acquisitions over the area of the 1999 Hector Mine earthquake.  Because WInSAR had a standing order for data acquisitions over this area, this earthquake has the best SAR coverage ever acquired and it has resulted in major improvements in our understanding of both the small-scale co-seismic deformation of faults in the Mojave Desert and the larger scale post-seismic deformation.  Funding for this activity expired in January 2003.  Since then WInSAR has not scheduled any regular SAR acquisitions.  
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Teaching Activities related to WInSAR Data

University of California, Berkeley – Burgmann, “Processing and analysis of WInSAR data is an option for the research projects required of graduate students taking my EPS216 Active Tectonics course. This last year 2 students did InSAR projects, one of which relied on WInSAR archive data. I also incorporated results from our and other WInSAR research projects in a number of lectures in our general undergraduate intro course EPS050 Planet Earth.”
University of Nevada, Reno – Bell, “In 2001, a new graduate level course in geoscience imaging radar applications was developed under the direction of Jim Taranik: Geology 701h - Radar Imaging Applications Course. The course has been given twice since 2001 and will be offered every 18 month as a standard offering.  Currently taught by Gary Oppliger, eight students are completing term projects involving radar interferogram formation (with ROI_PAC) and interpretation using over 80 ERS-1 and -2 scenes from the WInSAR archive.

Univ. of Texas at Austin – Buckley, “In a newly-developed graduate-level InSAR course, WInSAR data over several locations were used as part of class projects.  These data provided students with hands-on experience processing both earthquake and subsidence-related InSAR data sets.”

Western Washington University –  Crider, “We anticipate WInSAR data being used for student  projects within the context of new courses beginning in the 2004-2005 academic year; these courses will focus on (1) active tectonics and (2) geological remote sensing.”

Scripps Institution of Oceanography – Fialko, “WInSAR data are used in two courses, SIO239 Radar Interferometry and SIO236 Satellite Remote Sensing. In SIO239, each student makes an interferogram using data from the WInSAR archive.”

Stanford University – Zebker, “EE254 Radar Principles is offered each year” 

San Diego State University – Mellors, “Use of WinSAR data in teaching  - Used in several undergraduate and graduate courses in the Department of Geological Sciences. Geol 300 Computer Applications in Geology; Geol 530 Remote Sensing; Geol 600 Radar remote sensing and DEM seminar; Computational Science 600: Problems in the Physical Sciences; Images also used in the undergraduate general education Natural Disasters class (enrollment roughly 5000 per year).

Scientific Rationale for Regular and Repeated Acquisitions SAR Data: 1999 Hector Mine Earthquake

Geodetic observation strategy is motivated by models of the earthquake cycle [e.g., Tse and Rice, 1986, Figure 1].   Above a depth of about 30 km, plate boundary deformation occurs on discrete faults.  Within the seismogenic zone (< 12 km), sliding is episodic because the static coefficient of fault friction is greater than the dynamic coefficient of friction (velocity weakening) [Tse and Rice, 1986].  At greater depths, slip is steady state because the strength of the fault increases with sliding velocity (velocity strengthening).  The time and depth variations in slip depend on a number of poorly constrained model parameters as well as the orientation and intensity of the applied stress field.  Geodetic measurements can reveal the distribution of slip with distance from the fault and thus can be used to infer the slip distribution with depth [Rundle and Jackson, 1977; Thatcher, 1983; Turcotte and Schubert, 1982; Lorenzetti and Tullis, 1989; Savage, 1990].  Networks of seismometers, GPS antennae, and other geodetic instruments provide exceptional temporal coverage of the co-seismic, post-seismic, and inter-seismic motions along the North American Pacific Plate boundary, but their spatial coverage is poor.  Interferometric synthetic aperture radar (InSAR) complements these systems by providing complete 100-m spatial resolution but at a much lower sampling rate (> 35 days).
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We argue that it is critical to have a SAR data acquisition plan in place prior to a major earthquake.  This requires paying the appropriate space agency to task the satellite and to purchase a large quantity of that data.   Consider the case of the 1999 Hector Mine Earthquake.  A variety of instrumentation and investigations were used to obtain of a rather complete understanding of this major earthquake [Rymer et el., 2002].  The observations include: prior geologic mapping to locate faults and assess their paleo-activity, seismology for measuring pre-seismic, co-seismic and post-seismic activity as well as to establish the rupture dynamics of the main event; GPS (both continuous and campaign) to measure vector motions with good temporal resolution and moderate spatial coverage; geologic and geodetic field programs after the event to measure co-seismic and triggered slip; and most recently InSAR to provide very high spatial coverage to measure co-seismic and post-seismic deformation.  This newer tool is highly complementary and, as described below, offers unique observations of the earthquake cycle.

One of the roles of WInSAR is to acquire a comprehensive data before, during, and following major earthquakes along the San Andreas Fault system to insure that high quality interferograms will be available to the science community.  The Hector Mine Earthquake was extraordinarily well imaged by the ERS-2 spacecraft for a number of reasons: 

· First, WInSAR funds were used to schedule the monthly data acquisitions along the entire SAF system for 4 months prior to and 12 months following the event when the gyros on ERS-2 failed. ESA was able to acquire most of the descending tracks requested and about 1/3 of the ascending requested.  This is unusual because, for most parts of the world, a nominal data acquisition schedule is once or twice per year.  Since the orbit of the ERS-2 satellite is controlled in a 2000 m diameter tube it typically takes 10-20 repeat orbits (1-2 years) to match a reference orbit to within the desired 100 m baseline.  Thus the number of pre-earthquake acquisitions usually determines minimum time span of the interferometric match. 
· In the case of the Hector Mine earthquake, the descending co-seismic pair has the minimum possible time span of 35 days, it was acquired just 4 days after the event, and it also has an extraordinarily short baseline of only 18 m.  This short baseline is not a fluke of statistics but rather an effort by the European Space Agency to control the satellite orbit to optimize data collection for the 1999 Izmit, Turkey earthquake that occurred just one month before the Hector Mine event.
· The Mojave Desert, with low vegetation and low rainfall, is an ideal surface for retaining interferometric coherence over time spans of 8 years or more.  High coherence enables one to probe the shortest wavelengths in the interferometric phase to reveal the details of the rupture. 
· Finally, the precision orbit determination for ERS-1/2 is optimal over North America because of the accurate tracking by satellite laser ranging stations [Scharoo and Visser, 1998].  Because these precise orbits are readily available, it is unnecessary to flatten the interferometric phase measurements.  Flattening of the phase without using, for example precise, GPS control points, could remove part of the long-wavelength deformation signature and lead to inaccurate and inconsistent results.
Indeed, it is unlikely that such an optimal interferometric image of a large earthquake will occur in the next decade, especially given the current plans for future SAR missions. Because of this optimal InSAR coverage the co-seismic and postseismic deformation was extremely well determined. 

Co-seismic vector displacement along Hector Mine Rupture - The nearly optimal co-seismic InSAR observations provided 3-D vector displacements that showed good agreement with the more widely-spaced GPS measurements [Fialko et al., 2001] (Figure 2) and geologic mapping of the surface rupture.  These combined GPS/InSAR data were inverted for the slip distribution at depth [Simons et al., 2002; Jonsson et al., 2002] with much greater detail than could be obtained by the available seismic and GPS measurements.  The inversion revealed a remarkably detailed picture of the co-seismic motion including an enigmatic shallow slip deficit that may suggest distributed inelastic yielding in the upper few kilometers of the crust during or soon after the earthquake.
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Figure 2.  ERS interferometry provided measurements of three components of surface displacement – ascending track (a), descending track (b), and azimuthal offsets (c) – that can be uniquely transformed into three Cartesian components, vertical (d), east (e), and north (f).  Comparison of these vector measurements with GPS data shows good agreement at the 5-10 cm level.  From Fialko et al., [2001].

Triggered Slip Nearby Large Earthquakes - One of the most intriguing observations from the co-seismic interferograms was the prevalence of triggered slip adjacent to the main rupture (Figure 3) [Sandwell et al., 2000].  Triggered slip occurs on the previously mapped, parallel faults [Jennings, 1994] and the sense of displacement switches polarity according to the lobate displacement structure of the main rupture, suggesting that this may reflect amplification of the co-seismic strain change rather than a triggered response to existing tectonic stress.  On the southwest side of the main rupture, the southern strands of sub-parallel faults (i.e., Emerson, Hidalgo, and West Calico) all display a few mm of right-lateral offset.  In contrast the northern strands of the connecting faults (e.g. Calico and Rodman) display a few mm of left-lateral offset or west-side-up offset. An ascending interferogram was used to confirm the left-lateral triggered slip (opposite the regional stress field).  The most reasonable explanation is the response of compliant fault zones to permanent co-seismic stress changes [Fialko et al., 2002].  The induced fault displacements imply decreases in the effective shear modulus within the kilometer-wide fault zones. 
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Figure 3. Lineaments in the east component of the phase gradient follow previously mapped faults [green dots  Jennings 1994] and represent small amounts of triggered slip in both right-lateral and left-lateral directions.  This geolocated phase gradient map was available on the web just 7 days after the event for use by geologists in the field (http://topex.ucsd.edu/hector).  From Sandwell et al., [2000].

Post-seismic displacement following Hector Mine Earthquake – The ERS-2 pass collected just 4 days after the Hector Mine Earthquake was also highly important for studying post-seismic processes since the most significant earthquake displacement usually occurs within the first 40 days after the main shock [Shen et al., 1994; Massonnet et al., 1996].  There have been several analyses of the postseismic displacement following the Hector Mine event.  Postseismic deformation in the near field reveals deformation consistent with shallow after slip and fault-zone collapse [Jacobs et al., 2002].  The timescale of this deformation is 135 days which is consistent with the near-field deformation following the Landers 1992 event [Shen et al., 1994].  The cause of the far-field postseismic deformation is still a matter of debate.  Pollitz et al., [2001] use the vertical deformation derived from InSAR to show deep after slip is not a viable model (Figure 4).  They argue for transient flow in the upper mantle. While there is debate about the cause of this deformation, the SAR data acquisition on October 20, just 4 days after the earthquake was key to revealing these processes.  This track probably would not have been acquired without the standing order from the WInSAR consortium.
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Figure 4.  Postseismic displacement following the Hector Mine earthquake from Pollitz et al. [2001] shows that the deep after slip model is inconsistent with the vertical deformation.  Recent poroelastic models are also consistent with the observed deformation pattern although Pollitz et al., [2001] favor the upper mantle flow model.  

San Simeon Earthquake – In contrast to the excellent InSAR coverage of the 1999 Hector Mine event, InSAR coverage of the December 22, 2003 San Simeon will be very poor.  No acquisition plan for either Envisat or Radarsat was in place when the earthquake occurred so the most critical data just prior to and just following the earthquake were not acquired.   Funding from this proposal would be used to implement an acquisition plan for both satellites in preparation for the next major event.

Future Challenges and Scientific Justification for Continued Data Purchases

The previous section highlighted the role of InSAR and the WInSAR Consortium in revealing crustal deformations that simply could not be detected previously.  In addition there have been numerious discoveries from other events.  Example included small-scale yet pervasive displacements on faults adjacent to the mainshock rupture of the 1999, Izmit, Turkey,  earthquake [Wright et al., 2001], aseismic strain accumulation on active crustal faults [Burgmann et al., 2000; Peltzer et al., 2001], and volcanic activity in remote or non-monitored areas [Amelung et al., 2000; Pritchard and Simons, 2002, Wicks et al., 2003]. The InSAR-derived displacement maps also allow detailed inferences about the amount and distribution of slip on earthquake faults [e.g., Jonsson et al., 2002; Simons et al., 2002; Fialko, 2004], and the associated stress transfer within the seismically active crust [Masterlark and Wang, 2002; Pollitz et al., 2001]. Knowledge of the co-seismic and post-seismic stress changes is important for estimates of future seismic hazard. 

Future challenges include (i) a retrieval of full 3-component vector displacement fields from the InSAR observations from different vantage points, and (ii) a robust detection of subtle deformation, e.g., due to post-seismic relaxation transients or groundwater effects, as well as the interseismic strain accumulation leading up to earthquakes. The latter task will require processing of massively redundant InSAR acquisitions in order to suppress the observation errors (in particular, the atmospheric noise), and push the accuracy of the InSAR technique to its theoretical limit of the order of millimeter-scale displacements over 10-km horizontal distances. Initial experiments with stacking of multiple interferograms [Peltzer et al., 2001; Fialko and Simons, 2001; Lyons and Sandwell, 2003; Fialko, 2004] indicate that such accuracy is achievable with the existing data.  Several groups, mostly outside of the US, are developing permanent scattering approaches to extract subtle crustal deformation in areas where decorrelation at C-band is severe.  Figure 5 shows the line-of-sight surface displacement field due to the postseismic relaxation following the 1992 magnitude 7.3 Landers earthquake in southern California, obtained from stacking of about 40 interferograms over a time period of 1992-1999.
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Figure 5. Stacked InSAR data from the ERS track127. Colors denote the average LOS velocities of the ground, in cm/yr, positive toward the satellite. Black wavy lines denote the Quaternary faults [Jennings, 1994]. Titles indicate the time period spanned by the interferometric stack, and numbers in the parentheses correspond to the number of interferograms in the stack.

Future repeated SAR acquisitions will be used in combination with continuous GPS measurements to address a number of outstanding problems including:

Postseismic Deformation and Stress Transfer – Frequent InSAR measurements may allow a robust determination of the mechanisms of post-seismic relaxation such as deep afterslip, poroelastic flow, or asthenospheric readjustment to the new stress field.   Measuring and modeling this process will provide crucial insights into the overall rheological behavior of the Earth's crust and lithosphere, as well as into the suspected yet poorly understood relationships between the co- and post-seismic stress perturbations and triggered seismicity.

Volcanic Systems - Similar approaches may be fruitful for studies of magma transport in the Earth's interiors and our understanding of the volcanic cycle [Wicks et al., 1998]. Little is known about deformation on many volcanoes in the Western US because only a small fraction is monitored. Because the magma-induced deformation is in many ways simpler than that due to earthquakes, monitoring of surface deformation in neovolcanic areas is an essential component of forecasting of potentially devastating eruptions. Through a combination of highly accurate space geodetic observations and sophisticated numerical simulations, it may be possible to constrain the driving mechanisms of deformation, the geometry and location of the magmatic sources at depth, and perhaps estimate the hazards posed by the inferred volcanic unrest. Ultimately, one might be able to discriminate a pre-eruptive activity from episodes of magmatic unrest that do not ultimately result in eruptions.  A continued acquisition and access to the radar data is essential for monitoring the on-going deformation, testing and discriminating the existing models, and developing the new predictive capabilities.

Monitor Crustal Deformation in the Basin and Range Province and Baja California -  One of the benefits of InSAR measurements is that wide area coverage is available several times per year in almost any part of the Earth.  The Plate Boundary Observatory will make continuous GPS measurements over the areas of highest tectonic strain but cannot cover the broader areas of Western North America.  Crustal deformation due to large earthquakes and volcanic activity can be monitored on a much wider scale if InSAR acquisitions are scheduled prior to an event.

Groundwater Migration – An important but unexpected discovery from the analysis of the WInSAR data was the ubiquitous surface deformation associated with groundwater effects.  The most prominent examples include the LA- Basin [Bawden et al., 2001; Watson et al., 2002] and the Las Vegas area [Bell et al., 2004].  Indeed InSAR has become an important tool for assessing groundwater reservoirs [Buckley, 2002].   Almost every interferogram from the western US contains ground motion signatures associated with groundwater migration.  This is an important signal for hydrogeologists but an annoying noise source for scientists interested in crustal deformation [Bawden et al., 2001].  A knowledge of the spatial distribution of groundwater-induced motions will be essential for optimal deployment of the Plate Boundary Observatory.
Proposal
This is a 3-year proposal submitted to NASA, NSF and USGS for the purchase of raw ERS, Envisat, and Radarsat Synthetic Aperture Radar data to be used for scientific research by the members of the WInSAR Consortium.  We feel that the ability to share raw data among several competing research groups provides and important scientific crosscheck that is largely unavailable to the international SAR research community.  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 deformation 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.

We request a total of $150K/year ($50K each from NASA, NSF and USGS) to acquire SAR data and make it available to the WInSAR consortium members.  Specifically we will obtain:
· ERS Archive Data - Data currently held in ESA archive which can be purchased at about  $290/scene depending on negotiations with Eurimage.  We have also proposed to be allowed to purchase these data at a reduced cost of $100/scene under the category-1 academic research proposal price offered by ESA.

· Envisat New Acquisitions – We will obtain data from Envisat at the lowest possible cost.  Our preferred approach is to be selected by ESA under a Category-1 basic science proposal (as mentioned above) that will include the 25-members of the WInSAR consortium as co-investigators.  The cost of Category-1 data is $100/scene.  If this proposal fails we will negotiate with the resellers for the purchase of data in Category-2 (applications).  Several members of the WInSAR consortium already have approved investigations for Envisat that will be used to schedule data acquisitions over Western North America.

· Radarsat Archive and New Acquisitions – We are negotiating with the Alaska SAR Facility to obtain data from the Canadian Radarsat satellite at the lowest possible cost.  Data acquired within the ASF downlink mask are in principle free to us, save for nominal transcription costs, and there is currently an additional $150/swath fee for data acquired at foreign ground stations.  For data acquired by Radarsat, there is no geographical limitation and hence WInSAR in principle will be able to provide worldwide coverage to the consortium members.

· We are also negotiating with JAXA for access to ALOS L-band SAR data from a satellite to be launched in December, 2004.  At this point we do not request funds to obtain ALOS data.

The WInSAR consortium currently manages a password-protected data archive of about 2000 scenes of raw ERS SAR data for Western North America.  The data are stored in several locations where WInSAR scientists update and maintain the archives.  Currently, archive sites include Scripps (topex.ucsd.edu/winsar), Caltech (winsar.Caltech.edu), and Stanford (winsar.Stanford.edu).

The data will be delivered to WInSAR via hard media or electronic transfer, and will be logged and placed in the data centers for archive and distribution.  The WInSAR representatives will meet at least once per year to discuss issues related to these activities as well as to set scientific priorities for upcoming data acquisitions.

The WInSAR Consortium and Bylaws

I.
Purpose

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.

II.
Objectives

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.  The major objectives of WInSAR are to:

•
Promote the use and development of InSAR technology for scientific investigations, in particular but not 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 member organizations.

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

III.
WInSAR Institutions

The not-for-profit organizations listed in Table 1 created WInSAR in order to obtain 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 academic purposes.  Under agreements with ESA's agents (Spotimage and Eurimage), these organizations may communally share SAR data purchased through the consortium at a prescribed cost per image. Each WInSAR institution is represented by an appointed correspondent for purchasing data, and that correspondent will be the contact point for all issues regarding use of these data by persons in their respective home institutions.  Each institution (i.e., the appointed correspondent) in WInSAR must be approved by ESA, and must sign the ESA data use contract.  Procedures for increasing the number of member institutions are described in the WInSAR-SC bylaws (see Section V below).

TABLE 1

1.  California Institute of Technology

2.  Jet Propulsion Laboratory

3.  University of California, San Diego

4.  University of California, Berkeley

5.  University of Miami

6.  Cornell University

7.  University of Hawaii

8.  University of Texas, Austin

9.  University of Colorado, Boulder

10. U.S. Geological Survey

11. Stanford University

12. San Diego State University

13. University of Memphis

14. University of Southern California

15. University of California, Los Angeles

16. Central Washington University

17. University of Utah

18. University of California, Santa Cruz

19. Western Washington University

20. University of Alaska

21. Lawrence Livermore National Laboratory

22. Massachusetts Institute of Technology

23. University of Nevada, Reno

24. Arizona State University

25. University of Missouri

IV.
Organization

WInSAR is organized under the auspices of the Southern California Earthquake Center (SCEC), or its successor, in order to manage more effectively and to promote the use and development of InSAR technology in western North America.  SCEC provides a broad community framework for effective application of the technology and for the anticipated growth of the consortium as InSAR becomes a mainstream technology for scientific research.

WInSAR is a Standing Committee (SC) of the Southern California Earthquake Center and answers to the SCEC Board of Directors (Figure 1).  It is governed by the WInSAR-SC Bylaws (see Section VI below).  The main points are outlined as follows:

•
The WInSAR-SC consists of one representative from each WInSAR institution and the SCEC Center Director and SCEC Science Director.  The representatives  are appointed by the host institutions. The SC is the decision-making body for the consortium.

•
New members may be added to the SC at such a time as their respective institutions are added to the list of WinSAR member institutions (see section VII on Addition of New Member Institutions).

•
The SC will elect a Chair, Vice-chair, and Secretary for two year terms.

•
An Executive Committee (EC) of the SC, drawn from and elected by members of the SC, will carry out day-to-day activities on behalf of the SC.  The EC will consist of: the Chair, Vice-chair, and Secretary of the SC, and two members elected at large from the SC for two year terms.

•
A quorum will consist of two-thirds of the standing committee.   All decisions will require at least a majority vote of the entire SC membership for approval.

•
The SC may establish ad hoc or permanent sub-committees as needed.

•
Meetings of the SC will be open forums.

•
There will be a Data Center Managers Working Group consisting of one representative of each data center.  The chair of the Data Center Managers Working Group will be appointed by the chair of the WInSAR-SC.

•   
It is the intention of SCEC and WInSAR to assist candidate (ie, new members) institutions in securing approval from ESA to participate in the data sharing consortium.

V.
New WInSAR Member Institutions


WinSAR member institutions agreed to abide by the rules of the consortium, and to enter into a contractual agreement with ESA and their data distributors.  Consequently, the addition of WInSAR member institutions is largely governed by the willingness of the candidates to enter into such a contract, and to honor its conditions. It is the intention of SCEC and WInSAR to promote the widest possible scientific use of SAR data. Consequently, any research institution with a legitimate scientific use of such data is welcome to apply for membership in the consortium. It will be WInSAR and SCEC policy to assist such candidates in the process of obtaining ESA approval.
