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1 Scientific/Technical/Management

This project focuses on using advanced InSAR deformation imaging to fully illuminate tectonic processes, surface processes and anthropogenic processes that act in concert to produce the complex surface deformation field of Central California. InSAR data from a number of spacecraft with L, C and X-band SAR instruments, spanning a period of more than twenty years, will be combined in a rigorous analysis and interpretation effort to improve our understanding of active surface deformation processes and natural hazards in the region. We propose continued acquisition of UAVSAR repeat-pass interferometry along flight-lines designed to capture details of three-dimensional deformation associated with shallow fault creep, active deep-seated landslides, subsiding coastal unconsolidated sediments and land fill, and heterogeneous land-subsidence and uplift over groundwater basins, hydrocarbon reservoirs and geothermal fields in the region. The UAVSAR system also provides the capability to rapidly respond to small and large natural and anthropogenic deformation events, including any earthquakes that occur during our study. We will explore, interpret and model both spatial and temporal details in the active deformation field and the underlying processes. 

1.1 Introduction and Results from Prior NASA Support
Thanks in large part to prior support by NASA, we have built an active crustal deformation monitoring program relying on InSAR data collected over the San Francisco Bay Area and surrounding regions of Central California. Most recently, a three-year NASA award has provided support for UC Berkeley graduate student Julien Cohen-Waeber, and postdoctoral fellows Manoochehr Shirzaei (now on faculty at ASU) and Estelle Chaussard (now on faculty at SUNY Buffalo). We have developed a broad interdisciplinary research effort relying on these measurements and complementary geological and geophysical data to study active deformation features and associated hazards in the region (Bürgmann et al., 2000a; Bürgmann et al., 2000b; Segall et al., 2000; Schmidt and Bürgmann, 2003; Ferretti et al., 2004; Hilley et al., 2004; d'Alessio et al., 2005; Johanson and Bürgmann, 2005; Manaker et al., 2005; Schmidt et al., 2005; Bürgmann et al., 2006; Funning et al., 2007; Johnson et al., 2007; Templeton et al., 2008; Rolandone et al., 2008; Ryder and Bürgmann, 2008; Schmidt and Bürgmann, 2008; Jolivet et al., 2009; Johanson and Bürgmann, 2010; Quigley et al., 2010; Shirzaei and Bürgmann, 2012, 2013; Shirzaei et al., 2013; Chaussard et al., 2014, 2015a, 2015b; Turner et al., 2015; Huang et al., 2015; Floyd et al., 2015, manuscript in review at Nature Geoscience). In this work we continue to improve what can be done with geodetic imaging methods to study natural processes and hazards associated with active faults, subsurface fluid flow and landsliding. Thanks to the NASA, NSF and USGS funded WInSAR and GeoEarthScope archives at UNAVCO, the ASF in Fairbanks, along with individual PI data-access grants for data from Canadian, European and Japanese space agencies, we are able to build a comprehensive InSAR data set from multiple spacecraft of one of the most dynamic active tectonic regions in the US. Depending on the research application and required spatio-temporal resolution, we have pursued different data analysis approaches including permanent scatterer methods (e.g., Hilley et al., 2004; Bürgmann et al., 2006; Funning et al., 2007; Cohen-Waeber et al., 2013), and various small-baseline interferometry approaches (e.g., Schmidt and Bürgmann, 2003; Shirzaei and Bürgmann, 2013; Chaussard et al., 2014, 2015a, b). 
We have come to realize that substantial components of the measured surface deformation in Central California are due to non-tectonic climate and anthropogenic processes. These include local areas of rapid settling of young sediments and reclaimed land around the San Francisco Bay (Ferretti et al., 2004; Bürgmann et al., 2006; Brooks et al., 2012), regional seasonal and long-term deformation due to hydrospheric loads (Amos et al., 2014; Argus et al., 2014; Borsa et al., 2014), as well as deformation over aquifers (Schmidt & Bürgmann, 2003; Chaussard et al., 2014), hydrocarbon fields (Brooks et al., 2012) and geothermal fields associated with extraction and recharge of fluid (Vasco et al., 2013). In the proposed effort, we hope to further develop this natural laboratory as a test bed for the application of geodetic imaging for scientific study of deformation associated with interior, surface and anthropogenic processes and to address related hazards and societal needs. 
This effort will also include developing higher-level data products and application of acquisitions from NASA’s UAVSAR system, focusing on and taking advantage of the unique aspects of this system. Our initial studies with data from UAVSAR indicate that those advantages lie in the improved coherence and resolution of UAVSAR InSAR measurements, flexibility in imaging geometry and the response capability of the airborne system. We have been able to build a substantial database of acquisitions focused in particular on the Hayward and Calaveras faults, active landslides in East Bay Hills, and land subsidence in the Santa Clara Valley. We have started to develop advanced time series analysis tools to maximize our ability to take advantage of these data for improved analysis of time-dependent 3D deformation (see below). 
PI Roland Bürgmann, Co-I’s Eric Fielding and Manoochehr Shirzaei, and a graduate student at UC Berkeley will use air- and space-borne InSAR together with complementary geophysical data to explore and model the kinematics and dynamics of active faulting, landslides, coastal subsidence, and fluid extraction and recharge. 

1.2 Response to ESI Goals and Expected Significance

Our efforts directly address the goals of the Earth Surface and Interior Program to “exploit the time-variable signals associated with other natural and anthropogenic perturbations to the Earth system, including those associated with the production and management of natural resources” and the question of “how do tectonics and climate interact to shape the Earth’s surface and create natural hazards“ (ROSES 2015 NRA Appendix A.25). The San Francisco Bay Area and surrounding regions of Central California represent an ideal natural laboratory that exemplifies the connections between interior, surface and anthropogenic processes targeted in the call for proposals. We can thus target “solid-Earth surface or near-surface processes or properties using signals associated with natural resource production and management“. 
Our proposed research cuts across several of the Earth Surface and Interior goals. We specifically target NRA subsection 2.2 Anthropogenic Lithospheric Processes, but the work will also directly address several goals of subsection 2.3 Dynamic Solid-Earth Events. We aim to characterize “solid-Earth processes or properties informed by anthropogenic natural-resource signals”, as well as systems affected by anthropogenic land use and climatic forcing. We will be using satellite InSAR and airborne UAVSAR geodetic imaging to study the structure and dynamics of active faults, the dynamics of active landslides affected by urban development and precipitation events, the mechanics of settling reclaimed lands, and the response of the earth to anthropogenic extraction and recharge of fluids. 

The proposed research will benefit NASA’s NISAR mission planned for launch in 2020, near the end of the proposed funding period. By comparing the information that can be derived from existing X-, C- and L-band satellite missions and the airborne L-band UAVSAR, we can help recommend characteristics to best achieve NASA science goals FOR NISAR. The experience and expertise that we will gain from this project will be beneficial for maximizing the success of NISAR and future US InSAR missions. 
Geodetic imaging can play an important role in the characterization and response to natural and manmade hazards and decision making by federal agencies, natural resource districts and developers and governments. We believe that our efforts will further enhance the knowledge and use of such data by society. Results from this work will directly benefit geohazard assessment and response efforts related to active faulting, subsurface reservoir dynamics, land subsidence, and landsliding. Our ultimate research objective is to assess and mitigate the natural hazards associated with earthquakes, land subsidence and landslides and to improve understanding of anthropogenic processes and their interactions with the solid Earth. The new data sets we will produce will provide the observational basis for our own interpretive and modeling analyses, but will also be available to others interested in various NASA focus areas such as earthquake cycle dynamics, the water cycle, landslide dynamics, and flooding hazards. We aim to produce the most accurate representation of surface deformation with the maximum spatial and temporal resolution that can be achieved with existing and soon-to-be acquired data. Towards this goal, we will continue to work on improving the capabilities of advanced data analysis techniques. 
1.3 Research Targets
Time-dependent surface deformation in Central California captured by geodesy is the result of a number of processes, both natural and manmade. This involves perturbations by natural processes related to climate and hydrology, including deformation of the Earth’s crust due to surface loading by water and snow, variations in rates of active landsliding modulated by precipitation, and land subsidence and uplift over aquifers whose groundwater levels respond rainfall and natural recharge processes. We will focus in particular on the role of anthropogenic processes, including fluid extraction and recharge of aquifers, geothermal fields and hydrocarbon reservoirs, settling of developed reclaimed land, and landslides in urban environments. 
Through integration and analysis of all available space-geodetic data over Central California, we will image three-dimensional surface deformation with the maximum accuracy and spatial and temporal resolution. InSAR methods measure changes in the distance from the satellite to the ground by estimating phase changes in the radar signal between different satellite passes (Figure 1, e.g., Bürgmann et al., 2000). While the InSAR method has allowed the measurement of deformation at unprecedented spatial resolution over broad areas, several sources of random and systematic errors can confound the ability to resolve the deformation component. Thus, substantial effort will still go into reducing such error sources, such as through the characterization and removal of atmospheric delay artifacts, optimization of coherence in time series analysis and reduction of long-wavelength errors associated with orbit uncertainty and ionospheric delay. We will continue to put effort into utilizing and further developing advanced InSAR processing methods. These methods allow for measurements spanning the whole region we focus on, provide for sufficient spatial resolution to recognize and account for spatially complex non-tectonic motions, and achieve a precision of the obtained range-change time series and rates that allows us to resolve sub-mm/yr displacement rates and detect mm-level deformation events. The key geodetic observations contributed by this project will be an expanded database of high- precision and resolution InSAR measurements of surface deformation. We will significantly expand our geodetic imaging database of range change with multiple look directions to improve measurement precision of 3-D deformation. In particular, integration of ERS-1/2 and Envisat data using short-baseline techniques for two-decade-long time series (Shirzaei and Bürgmann, 2012; Chaussard et al., 2015a, b) enable significantly improved characterization of time-dependent and transient deformation. We will further expand and formally integrate historic data from ALOS and RADARSAT-1, and ongoing ALOS-2 and Sentinel-1A acquisitions over the region. Over specific target region, we will focus on using high-resolution and short orbit repeat data available from the X-band TerraSAR-X and COSMO-SkyMed missions. We have established PI data awards with most of the missions whose data is not currently freely available for research purposes. 
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	Figure 1. InSAR-measured deformation of Central California. Mosaic of ~1992-2000 range change rates for points from ERS 1&2 data from four frames collected along three descending tracks across the Bay Area. LP: Subsiding epicentral area of 1989 Loma Prieta earthquake; SCV: Seasonally rebounding Santa Clara Valley aquifer; HF: Creeping Hayward fault; SFO: Rapidly settling sediments near San Francisco airport; B: Berkeley Hills landslides; SD: Subsiding San Joaquin/Sacramento Delta; Gys: Subsidence over Geysers geothermal field. 


1.3.1 Groundwater Extraction and Recharge

One of the most significant sources of surface deformation in the Bay Area is due to redistribution of water in the sub-surface and settling of unconsolidated sediments and landfill along the Bay margins (Figure 2). Schmidt and Bürgmann (2003) inverted 115 differential interferograms for a time-dependent deformation signal in the Santa Clara Valley, California. The time series was calculated by performing a linear inversion that solves for the incremental range change between SAR scene acquisitions. In the Santa Clara Valley, cumulative land uplift of up to 41 ± 18 mm is observed during the period from 1992 to 2000. Uplift is also observed east of San Jose. Seasonal uplift and subsidence dominate west of the Silver Creek Fault near San Jose with a maximum amplitude of ~35 mm. Chaussard et al. (2014) use time-series analysis of ERS and Envisat to resolve 1992-2011 ground deformation in the Santa Clara Valley, California. Principal Component Analysis (PCA) successfully isolates temporally variable deformation patterns embedded in the multi-decadal time series (Figure 2). The data reveal uplift at ~4 mm/yr between 1992-2000 and < 1 mm/yr during 2000-2011, illustrating the end of the aquifer system’s poroelastic rebound following recovery of hydraulic heads after the 1960s low stand. Integration of this deformation with hydraulic head data enables characterization of the aquifer system storativity and elastic skeletal specific storage. After a period of calibration, InSAR can be used to characterize basin-wide water level changes without well measurements within 70%, which demonstrates that it provides useful data for groundwater management. The pattern of seasonal versus long-term uplift provides constraints on the spatial and temporal characteristics of water-bearing units within the aquifer. The Silver Creek Fault partitions the uplift behavior of the basin, suggesting that it acts as a hydrologic barrier to groundwater flow.
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	Figure 2. Results of the Principal Component analysis. a) Plot of the percentage of variance explained by each Principal component (PC). b) Eigenvectors of PC1 (top) and PC2 and 3 (bottom, red triangles and green squares, respectively) showing the temporal variability of the PCs deformation patterns. PC2 and 3 eigenvectors are superimposed to highlight their time lag, emphasized by the red double arrows on the top. The grey bars show the monthly precipitation. c) Maps showing the spatial patterns of the deformation of three first PC. A score map can be converted to deformation units by multiplying it by the eigenvector at a given time. 


Building on the work in Chaussard et al. (2014), we propose to carry out more advanced modeling of the deformation partitioning across the Silver Creek Fault to better constrain the fault’s last tectonic activity, hydraulic conductivity, and material composition. We will have access to a period of temporally dense acquisitions by the COSMO-SkyMed satellite constellation which will provide much improved temporal resolution of the interplay of precipitation, groundwater use and recharge efforts. We will also examine in more detail additional zones of aquifer deformation south of Oakland, and in the Livermore and Hollister valleys that reflect sub-surface groundwater changes (Figure 1). These data will provide useful constraints for efforts to protect and manage the sub-surface groundwater system in the greater San Francisco region. 

1.3.2 Deformation and Seismicity of Geysers Geothermal Field

The Geysers geothermal field is the largest in the US and surface deformation and seismicity have accompanied steam production since the 1960s. Geodetic measurements beginning in the 1970s have revealed that the Geysers area has experienced rapid long-term subsidence (e.g., Mossop and Segall, 1997). While the rugged and vegetated terrain of the Geysers area challenges InSAR applications, advanced analysis methods and use of L-band data have succeeded in capturing surface deformation related to the extraction and injection activity. PS-InSAR processed ERS-1/2 data from 1992-2000 indicate subsidence of up to 5 cm/yr in the Geysers area, while 2011-2012 TerraSAR-X data suggest lower rates likely due to increasing injection activity, which initiated in 1997 (Vasco et al., 2013). 
We have begun to compile a number of datasets we plan to integrate for a detailed look at the spatio-temporal evolution of deformation in the Geysers field. This includes the 1992-2000 ERS data, 2005-2011 Envisat data, May 2011 to October 2013 TerraSAR-X data and 2011-2015 COSMO-SkyMed data (see examples of processed data in Figure 3). We request funds in this proposal to purchase data at academic research pricing to extend the TerraSAR-X acquisitions to the present and through the project period. L-band ALOS and ALOS-2 acquisitions we are able to obtain though JAXA research awards complement the coverage, albeit at a lower temporal resolution. We will also examine UAVSAR data acquired over the geothermal field. 
In unfunded student research (Totten et al., 2015, manuscript in preparation), we have illuminated the correlation of seismicity rate variations (obtained via ETAS modeling of 140,000 earthquakes from 2005-2015) and injection rates, which both exhibit strong annual cycles. In our preliminary analysis of the 2005 – 2011 Envisat and 2011-2013 TerraSAR-X time series, we also see strong seasonal cycles in small patches in the field. We hope to further explore the temporal variations of surface deformation and relate them to the sub-surface seismicity changes and the injection and stream production activity. This can form the basis of modeling analysis that can improve the understanding of the mechanics of the geothermal system. We also aim to further explore how the Geysers field deformation and underlying volume strains affect stress on nearby faults of the San Andreas fault system. 
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1.3.3 Compaction of Coastal Reclaimed Lands

The PS-InSAR analysis also reveals highly localized areas of rapid subsidence (~10 mm/yr, see Figure 1) along San Francisco Bay that were not captured by our earlier standard interferograms (Ferretti et al., 2004; Bürgmann et al., 2006). SBAS analysis also captures these small-scale features (Lanari et al., 2007; Shirzaei et al., 2015 manuscript in preparation). We find that these areas of rapid subsidence are generally located on reclaimed land overlying artificial landfill and Holocene bay mud deposits. These areas also experienced significant liquefaction during the 1906 and 1989 earthquakes (Knudsen et al., 2000). We thus interpret these regions to be subsiding due to compaction and settling of the unconsolidated substrate. At the same time, sea level rise of order 2 mm/yr puts these areas at increasing risk of flooding. Many of these areas are developed by port, airport, and industrial facilities, as well as housing developments. The data produced by this project will provide valuable input for mitigation efforts to limit the risk from flooding, and from ground amplification of earthquake shaking of these vulnerable lands. 
	RSAT example for subsidence
	Figure X. 


1.3.4  Time-dependent Faulting and Earthquake Potential 

A primary goal of space geodetic imaging of surface motions is to characterize the deformation resulting from elastic and inelastic deformation processes associated with the earthquake cycle and the distribution of aseismic slip on partially coupled faults. One of our ongoing goals is to precisely measure the fault-related deformation of the San Andreas Fault system at maximum spatial and temporal resolution to further improve our understanding of the underlying dynamics and associated hazards of the crustal deformation. GPS has been the primary tool for crustal deformation measurements in the region since the early 1990s; our long-term campaign GPS measurements and establishment of continuous GPS networks provide mm-level precise measurements of motion at about 200, sparsely distributed locations. InSAR data provide much improved spatial coverage, which makes them particularly valuable for resolving fine-scale deformation features and vertical motions (Figure 1). If data from multiple viewing geometries and/or 3D GPS velocities are available, InSAR also provides the ability to constrain three components of deformation (Figure 2). The vastly greater spatial resolution of InSAR measurements is especially needed to better image shallow, aseismic fault slip. To improve knowledge of the distribution of plate boundary deformation, elastic strain accumulation and aseismic fault slip, we will expand and integrate our analysis of ~20 years of ERS 1&2 and Envisat data with historic RADARSAT-1 and ALOS data, and with new data collected by Sentinel-1A and ALOS-2 during the project period. 
One of our foremost goals will be to precisely measure the time-dependent, fault-related deformation along the partially coupled Rodgers Creek (Funning et al., 2007); Hayward (e.g., Shirzaei and Bürgmann, 2012), Calaveras (e.g., Chaussard et al., 2015a, b), and San Andreas (e.g., Turner et al., 2015) faults at maximum spatial and temporal resolution to further improve our understanding of the underlying dynamics and associated hazards associated with this fault. The Hayward Fault is one of the major faults that exhibits aseismic slip along its complete surface trace, but also produces large earthquakes in a region that is fully urbanized along its trace. It last ruptured in the M≈7 October 21, 1868 earthquake. Estimated cost and loss of life from such an event exceeds 100 billion dollars and several thousand deaths, respectively. The probability of a M > 6.7 event striking the Bay Area is now estimated at 72 % over the next 30 years (UCERF-3, http://dx.doi.org/10.3133/fs20153009 ; 2015; Field et al., 2015), and the Calaveras-Hayward-Rodgers Creek Fault Zone has been assigned the highest probability for producing one or more destructive earthquakes. Integration of GPS and InSAR data from various spacecraft collected over the Hayward fault will continue to improve our knowledge of the kinematics of locked and creeping portions of the fault and their temporal variations. The airborne UAVSAR system will give us the capability to respond to small and large deformation events associated with seismic or aseismic fault slip. 

Thanks to their high spatial resolution, InSAR data are particularly well suited to studying the complex deformation fields associated with faults that accommodate significant aseismic slip. We continue to improve the spatial resolution of sub-surface fault slip (Figure 3), as well as changes in slip rate with time (Shirzaei and Bürgmann; 2012; Chaussard et al., 2015a, b). Using the integrated data set developed for this project, we propose to further improve geodetic imaging constraints of both spatial and temporal details of the fault slip distribution along all partially coupled faults in Central California. The improvements in kinematic models of the spatial and temporal distribution of fault slip that we hope to gain from the proposed analysis will allow us to develop more physical, dynamic models that elucidate the mechanics of the aseismic slip process. Knowledge of the kinematics of sub-surface fault slip and locking will allow us to develop more sophisticated physical models of the fault zone and will be extremely valuable for source event characterization and hazard estimation studies (e.g., Shirzaei et al., 2013). Improved knowledge of the location of locked asperities on the Hayward fault informs earthquake strong ground-motion models that show, with unprecedented accuracy, the potential shaking, damage and loss that could result from a future event on the Hayward fault (Aargaard et al., 2010). Infrastructure and life lines in Central California are impacted by both fault creep and earthquake hazard and thus results from this component will be of direct value to society.
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	Figure 2. Estimate of three components of motion derived from 18 years of ERS and Envisat acquisitions (Shirzaei and Bürgmann,2012) and GPS velocity field from selected continuous stations. Circles indicate horizontal velocities of GPS stations not used in the decomposition.  
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	MAY NOT USE: Figure 3. (A) Coverage of L-band UAVSAR acquisitions for which we are developing time series. Continued measurements along these lines will produce much improved constraints of the near-field deformation along the Hayward and Calaveras faults and nearby landslides and areas of land subsidence. (B) Example of L-band PALSAR data collected along ALOS track 222. We plan to continue acquisitions using ALOS-2 supported by RA data awards by JAXA. 
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	Figure 3. Spatial and temporal distribution of aseismic fault slip. (A) Models of the slip distribution on the Hayward-Calaveras faults from inversion of SBAS-processed 1992-2011 ERS-Envisat InSAR data (from Chaussard et al., 2015b). In top view north is toward the left (facing HF), in bottom view north is toward the right (facing CF). Black dots are repeating microearthquakes with their size proportional to 1992-2011 cumulative slip, white stars are historical earthquake locations, and white diamonds show alignment-array locations. The black dashed lines highlight locked patches (<1mm/yr) and the white dashed lines low slipping patches (<3 mm/yr). The inset on the top right shows the RMS as a function of model roughness (inverse of the Laplacian smoothing factor). (B) Time-dependent slip inversion of WABInSAR-processed 1992-2011 InSAR data (from Shrirzaei and Bürgmann, 2012). 3D perspective of the Hayward fault creep rate and creep time series at various patches along the fault.


1.3.5 Active Landslides in an Urban Environment
Resolving the kinematics of slow-moving, continuously creeping landslides is a pre-requisite for improving our understanding of the mechanics of these hazardous features and the factors that influence their movement. We are especially interested in the response of landslides to urban development, precipitation events and earthquake shaking. In earlier work (Hilley et al., 2004) we used ERS1/2 InSAR data processed using the permanent scatterer (PS-InSAR) technique to detect and quantify the velocity of several deep-seated landslides in the Berkeley Hills, previously known to have caused damage to houses and utility lines in the area. The location and extent of some landslides can be determined by geologic mapping and damage assessment, but it has been difficult to develop spatially detailed characterizations of their rates of movement over large areas and time spans. The high-resolution PS data allowed us to resolve the rates of slow-moving landslides in the East Bay Hills (Hilley et al., 2004; Quigley et al., 2010 in press). These slides are located in a rapidly uplifting zone (~0.5 mm/yr dip-slip component; Chaussard et al., 2015) adjacent to the Hayward Fault. Range-change rates of 5 to 7 mm/yr, indicate average downslope sliding velocities of 27-38 mm/yr. Preliminary analysis of LiDAR data collected by Geo-EarthScope along the Hayward fault, suggests that some of the landslides are expressed in the morphology of the hillside, indicating that they must have been active for some time. Almost all the landslides initiate at, or just above the Hayward fault trace, suggesting that they are associated directly with the fault, possibly due to the hill-slope and hydrological discontinuity represented by the fault (Hilley et al., 2004). 
Using data from the descending ERS as well as ascending RADARSAT-1 data, we can determine both horizontal and vertical velocities assuming downslope motions (Quigley et al., 2010). Starting in of 2009 we obtained X-band SAR data from the German TerraSAR-X spacecraft, including a year of ~1m-spacing Spotlight data from 4 different viewing geometries and by now five years of 3-m posting Stripmap data along a descending orbit (Figure 5B, C). Thanks to 11-day repeat acquisitions we have been able to obtain a spatio-temporally well-resolved signal over the landslides (Cohen-Waeber et al., 2013). Thanks to support by LBNL, we have been able to deploy six continuously operating GPS systems on active landslides in the Berkeley Hills, mostly at LBNL but also on Blakemont slide in El Cerrito, CA. 
Time-series analysis suggests that sliding occurs mainly during the high-precipitation season; during the 1997–1998 El Nino event, range change rates increased to as much as 11 mm/yr (Hilley et al., 2004; Quigley et al., 2010; Cohen-Waeber et al., 2013). A possibly nonlinear relationship between landslide creep and precipitation rates (Hilley et al.,2004) suggests that increased pore fluid pressures within the shallow subsurface may initiate and accelerate these features. At best monthly resolution (due to 35-day orbit repeat) of the ERS time series showed that sliding accelerated during the winter season, but did not allow us to determine the time of seasonal slide-acceleration vs. the time of initial rain fall, or to explore the response to major precipitation events. The 11-day orbit repeat of TerraSAR-X will allow us to substantially improve our ability to correlate landslide motion with precipitation and improve understanding of their mechanics. 

While there are comprehensive analyses relating triggered landslides on > 20° slopes to the magnitude and nature of strong ground motion (e.g., Meunier et al., 2007; Lacroix et al., 2014), there is little knowledge of the dynamic response of deep-seated slides to shaking. Both scientifically, and for societal reasons, it is very important to understand how deep-seated landslides get mobilized by both precipitation and shaking events, and how such a response scales with the magnitude and duration of such forcing. We inferred that a M=4 event in 1998 below El Cerrito may have advanced a landslide by a few cm, but the precision of our measurements did not allow for determining this response in any detail (Hilley et al., 2004). One of our GPS systems on a landslide at LBNL shows an apparent response to an M 4 earthquake, but there was also a precipitation event within a few days (Figure 4, Cohen-Waeber et al., 2013). 
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	Figure 4. (left) Air photo of LBNL landslide with current GPS station locations. (right) Displacement time history of station LRA 1 with respect to a reference GPS station (P224) to the south.  Dashed vertical line shows time of March 5, 2012 M4 earthquake located ~10 km to the NW (Shirzaei et al., 2013).


While motions along the central portion of the slide should be in the down-slope orientation, rotational motions near the base and head-scarp of the slide help reveal the internal deformation and depth of the slide mass (e.g., Bishop, 1999). In cross section, the area change of the landslide due to subsidence in the head-scarp zone should equal the downslope transport. Data collected several times per year from multiple viewing geometries with UAVSAR will significantly improve our ability to fully characterize the kinematics of the landslides(Delbridge et al., 2015, manuscript submitted to J. Geophys. Res.). 
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	Figure 5. Satellite and UAVSAR InSAR observations of 2009-2014 Blakemont landslide motion. (A) Range-rate map of descending-orbit TerraSAR-X data over Blakemont landslide in Berkeley Hills. Data was processed using SqueeSAR algorithm (Ferretti et al., 2011). (B) Time series of cumulative precipitation (blue line) vs. TerraSAR-X range change of sections near top, middle and bottom of the landslide. (C) Preliminary result from Blakemont time series of 3D motions derived from UAVSAR measurements. Color insert shows inferred horizontal displacement parallel to the average landslide orientation. The plot shows inferred time series of points at top, middle and bottom of the slide. The inferred displacement of the first epoch is likely an artifact. 


1.4 Data, Technical Approaches and Methodology

1.4.1 InSAR Procesing
Our basic observational approach to measure tectonic deformation is advanced interferometric processing of SAR data acquired by satellites and the airborne NASA/JPL UAVSAR system combined with time series analysis of the InSAR data and complementary data sets. We will integrate continuous GPS and field measurements obtained independently from the work to be funded by this proposal. 

InSAR relies on temporally stable scattering properties of the Earth’s surface; thus, vegetation or surface modification by erosion severely limit our ability to remotely image surface deformation (e.g. Fielding et al., 2005). InSAR images to date of the Bay Area are primarily coherent over urban developed regions, whereas undeveloped regions that are vegetated and have steep topography are difficult for standard interferometry with the available C-band (5.6 cm wavelength) radar. We thus have put a lot of effort into utilizing InSAR over areas with relatively scattered “islands of coherence” and overall poor coherence. Traditional InSAR methods often reduce the spatial resolution of the interferogram to increase the signal-to-noise ratio of the interferogram, or stack interferograms from different time periods to reduce atmospheric effects. We found that improved phase unwrapping algorithms (Chen and Zebker, 2001) and careful selection of image pairs are helpful in maximizing our geodetic imaging. 

Standard InSAR measurements that rely on one or a stack of several interferograms are often hampered by significant noise introduced by atmospheric delays (often equivalent to several cm of surface motion) and by loss of coherence in vegetated or high-relief terrain. We use the JPL/Caltech SAR interferometry package ROI_pac for our routine InSAR processing, but we have been working on some additional techniques beyond the usual methodology. We will utilize optical images from MODIS, now available from the JPL OSCAR project on which Co-I Fielding is a Co-I, (and possibly the MERIS optical imager on the ENVISAT satellite) and regional atmospheric models determined from CGPS network analysis to produce first order correction for atmospheric delays in our interferograms. The successor to ROI_pac, the InSAR Scientific Computing Environment (ISCE) has been developed at JPL and Stanford under a NASA AIST project. 

More integrated InSAR processing techniques, such as the Permanent Scatterer method (PS-InSAR; Ferretti et al., 2000, 2001, 2011) allow for the identification and integration of individual phase-stable points (outcrops, buildings, utility poles, etc.) in all SAR images of an area of interest. Instead of using spatial averaging, filtering, or stacking of interferograms, the PS-InSAR and other persistent scatterer methods (Hooper et al., 2004) identify individual radar-bright and radar-phase-stable pixels (i.e., permanent scatterers of incident radar) that exist within a radar scene and use these reliable targets to separate surface motions, atmospheric and elevation error components of the range-change measurement. This approach is particularly well suited over urban areas, where an abundance of man-made structures results in large numbers of suitable radar-bright and phase-stable reflectors, but also usually includes sufficient points in more remote areas that are often incoherent in standard InSAR, such as the vegetated and steeply-uplifted regions we focus on.  Modified PS-InSAR methods, such as the Stanford Method for Persistent Scatterers (StaMPS) provide more data in non-urban areas by relaxing the brightness criterion and requiring some spatial coherence among PS points (Hooper et al., 2004). Short-baseline methods (SBAS) obtain similarly high-quality results through combination and time series analysis of most all short temporal and orbit baseline data (Berardino et al., 2002; Lanari et al., 2007). Spatio-temporal maps of the deformation field are also produced with the WabInSAR (Wavelet based InSAR) approach following Shirzaei (2013). We have modified the SBAS approach by selecting image pairs by coherence, rather than just temporal and spatial baselines, achieving much improved coherence over rough and vegetated terrain (Chaussard et al., 2015b). For this project, we will continue to utilize and develop standard interferometry, the StamPS and PS-InSAR persistent scatterer analysis methods and SBAS and WabInSAR time series generation approaches. 

The SBAS approach uses data from all available combinations of InSAR pairs to produce time series of motion for individual stable pixels. Using the SBAS approach, data from all three satellites can be combined into a single deformation time series, resulting in a continuous deformation map from 1992 to present (e.g.; Shirzaei and Bürgmann, 2013; Chaussard et al., 2014). This is not possible with PS-InSAR (Ferretti et al., 2001), as this method fails to bridge a large temporal gap in the ERS 2 data (during which the satellite transitioned from mono-gyro to zero-gyro modes) and is not able to directly combine ERS and Envisat measurements. 

ESA has launched their next-generation SAR, Sentinel-1A, which will provide excellent C-band InSAR coverage with a 12-day repeat cycle, hopefully for the duration of our project. The main operational mode planned for Sentinel-1A is interferometric wide-swath (TOPS mode), which has a different imaging geometry and processing issues but will be able to cover the whole San Francisco Bay area in one or two swaths.

To capture deformation in areas with limited coherence, we will continue to rely on data acquired by the longer-wavelength L-band ALOS instrument over the region. Since last year, the new ALOS-2 L-band mission has begun to acquire data and we have begun assembling ALOS-2 data from Central California via our RA4 PI project (#1298, “ALOS-2 InSAR Imaging Of Active Tectonics in Central California“ with quota of 50 scenes per year), with all data being archived at WINSAR for distribution to accepted Co-I colleagues. While the shorter duration, sparser sampling in time and non-optimal geometry of the ALOS and ALOS-2 acquisitions will limit the utility of these data for studying the regional plate boundary deformation, they should be of great value for capturing deformation associated with the fluid extraction and injection, land subsidence and landsliding in non-urban areas. We have obtained all ALOS-1 PALSAR data acquisitions through our ALOS RA1 PI project (#69) and WInSAR acquisitions through the ASF L1 Data Pool. ALOS PALSAR data has only been acquired on ascending tracks that are least sensitive to the motion on the SAF system, but ALOS-2 data is being acquired in both ascending and descending geometry. We will consider purchasing additional data from ALOS-2 depending on the final status and cost of data from this important L-band mission. 

1.4.2 Airborne UAVSAR Data Analysis

The UAVSAR airborne InSAR system is now fully operational and has collected many repeat acquisitions over the San Francisco Bay region (Figure 3). UAVSAR provides several important advantages over the previously available satellite SAR systems that will increasingly benefit our proposed research as longer time series acquisitions are established. The airborne SAR platform allowed us to plan the flight directions and temporal coverage to optimize the study of the fault creep and landslide motion. Our UAVSAR flight lines are parallel and perpendicular to the Hayward Fault (see Figure 3). This provides line-of-sight vectors that are optimally sensitive to the strike-slip creep on the Hayward Fault and to the down-slope motion of the landslides roughly normal to the fault. The higher spatial resolution and L-band (23.5 cm wavelength) will allow us to make measurements of the surface deformation that have not been possible with existing data. We also plan to investigate what additional information can be extracted from the polarimetric UAVSAR when multiple polarizations are processed. To date, only HH interferograms have been released. We are greatly encouraged by the excellent coherence, successful removal of airplane motion artifacts and overall quality of the data, and recent processing of SLC images suitable for time series analysis. 

Importantly, UAVSAR will allow us to respond to earthquakes and episodic slip and deformation transients along the Hayward fault that may occur during the project period. This capability has been well established in the successful response to the 2014 M6 South Napa earthquake. The Hayward Fault exhibits time-dependent fault slip in the form of slow earthquakes and slip rate variations in response to regional deformation events. Rapid response of the UAVSAR in the case of a large rupture event on other faults in Central California will reflect its capability to significantly contribute to the immediate response and evaluation of earthquake effects following a major event (including structural damage, landslide motions, fault offsets and lifeline disruption, and liquefaction). Data collected for this project provides the base survey to make such a contribution possible. 

MANOO, CAN YOU PLEASE ADD A PARAGRAPH AND EXAMPLE FIGURE ON YOUR UAVSAR ANALYSIS. 
1.5 Perceived Impact to State of Knowledge

Our research will advance the state of knowledge about how faults in the Earth’s crust behave in active deformation zones to illuminate the earthquake cycle. We will continue to study the Hayward fault, which has been identified as the highest risk of a large earthquake with the potential to cause significant or major damage in a heavily populated area of the USA. We will also apply similar strategies to exploring the locking behavior of the Concord-Green Valley and Calaveras fault zones. We will obtain models of the aseismic slip distribution on these faults that acts to release stress that might otherwise be released in a future earthquake. These studies will enable the development of models for the Earth’s crust that we will use to evaluate the risk of future earthquakes in this region and in other plate boundary systems including the broad zone in the western United States. 

Our research will advance our knowledge of the direct relationship of climate, sub-surface hydrology and surface deformation. We will explore the spatial and temporal distribution of deformation associated with rain fall patterns, and pumping and recharge efforts. The distribution and temporal patterns of soft-sediment settling along the Bay will provide insights in the mechanics of these unconsolidated, water-saturated soils and their susceptibility to liquefy in case of an earthquake. 
Our research will also advance the understanding of the mechanics of deep-seated landslides. We will study the landslides in the Berkeley Hills and their response to precipitation and earthquake shaking, to improve geophysical models for this type of landslide. These studies will enable better prediction of the future motion of landslides in the Berkeley Hills and many other locations around the USA and the world where deep-seated landslides threaten human population and infrastructure.
1.6 Work Plan 

Dr. Roland Bürgmann of UC Berkeley is the PI of the proposed investigation.  He is responsible for the quality and direction of the proposed research and the proper use of all awarded funds. Bürgmann will directly participate in efforts focused on the interpretation and modeling of the deformation measurements and integration with other data for improved understanding of crustal deformation and hazard. This will include work with the graduate student and Co-I’s on developing advanced geodetic imaging datasets and increasingly physical models of the crustal deformation, land-subsidence, fluid flow, and landsliding processes we observe. Finally, he will interface with research community and others to provide data resources they will be able to use in research, hazard investigation and mitigation efforts. 

Building on our prior work, we propose a 3-year project to fully develop, explore and interpret satellite InSAR and UAVSAR-imaged deformation in the San Francisco Bay Area. The results will be used in our investigation and characterization of a wide range of Earth interior and surface processes and associated natural hazards. Towards this goal, we will:

· Continue to build our database of InSAR data from all available spacecraft and schedule UAVSAR observations four times a year of the previously established flight lines. We will carefully compare, validate and calibrate the obtained results. This will allow for refinement of the data analysis for optimal UAVSAR deformation data products.
· Formally evaluate time-varying deformation signals through integrated analysis of the varying data sets. Separate contributions from atmospheric, seasonal, ground stability and tectonic processes to the time varying displacements through a formal inversion approach. 

· Build surface velocity models and time series that integrate all available deformation data including UAVSAR, GPS and InSAR across the Bay Area. Formally invert the regional data for strain accumulation rates from lower crustal shear that provide geodetic estimates of fault slip rates. Analyze the implications of rapid subsidence and contraction in the late aftermath of the Loma Prieta earthquake for the rheology of the lower crust and upper mantle under the Bay Area. Refine models of the spatio-temporal distribution of locked and creeping patches on the Hayward fault, develop rate-state frictional models exploring the mechanics of active, time-dependent fault creep, and provide input into earthquake scenario and hazard models. 
· Identify precise boundaries of active aquifers that are undergoing rapid uplift and subsidence in response to groundwater level changes and characterize local settling regions situated over unconsolidated Bay muds and manmade fill. Explore the spatio-temporal details of vertical deformation above groundwater aquifers and Bay margin settling regions to improve understanding of underlying processes. The Late Cenozoic basins and settling areas are expected to experience enhanced seismic shaking due to strong ground amplification effects.
· Map out detailed distribution and rates of mobile, deep-seated landslides located on the Berkeley Hills. These data will allow us to construct mechanical models of the mechanics of active slides, their response to rain fall and seismic shaking, and the hazard they pose. 
· Evaluate the variety of satellite and airborne InSAR data characteristics to advise on optimal parameters for NISAR mission, and help define regional to continental deformation products from InSAR. 
Co-I Manoochehr Shirzaei is an Assistant Professor at Arizona State University and will be responsible for advancing the methodology and application of integrated analysis of the UAVSAR data, starting from the original SLC data products. He will lead the application of these data to improve characterization of 3D landslide deformation and shallow fault creep. He provides extremely valuable experience in advanced InSAR processing and modeling of various processes of earth deformation and has been involved in related research for the last four years, including as a postdoc in Berkeley. 
FROM 2010 NEEDS UPDATING: Dr. Eric Fielding of the JPL Solid Earth group, Co-I, will be the primary point of contact for the UAVSAR acquisitions over the San Francisco Bay area, planning the flight lines to optimize the scientific value of the repeat-pass interferometry products and coordinating the acquisitions with the UAVSAR team. Fielding will also work closely with the UAVSAR team to help define the optimal data products and assess RPI data quality. He is co-located in the same building as the UAVSAR team and has 15 years of InSAR processing experience to aid these tasks. Fielding will work closely with the UC Berkeley project team members in all aspects related to the analysis and interpretation of the UAVSAR RPI products, and advise the Berkeley team on advanced InSAR processing techniques. Of particular interest will be the comparison of UAVSAR InSAR measurements with those made by the various satellites over the same area. He will lead the effort to calculate and apply atmospheric corrections to the InSAR measurements, working closely with the OSCAR (Online Services for Correcting Atmospheric in Radar) project at JPL, on which he is a Co-I.

· Year 1: JPL activities will include the planning and acquisition and analysis of UAVSAR data products and work with collaborators on the interpretation of the early observations. Atmospheric corrections from MODIS and MERIS data will be calculated and applied to UAVSAR and satellite InSAR. First observational results from UAVSAR illuminating the spatial pattern of landslide and Hayward Fault deformation will be presented at the 2011 AGU Fall Meeting.
· Year 2: JPL and UCB will jointly conduct a range of careful data comparisons and calibration, to fully explore, evaluate and optimize the satellite InSAR and UAVSAR system capabilities. We will integrate all existing field measurements including GPS and InSAR data for detailed descriptions of the kinematics of active landsliding over the Berkeley Hills and other landslides in the Bay Area. JPL will continue monitoring the UAVSAR acquisitions, expand the atmospheric correction calculations to include other sources of data on tropospheric water vapor, including numerical weather models that have been merged with the MODIS and MERIS optical data, and evaluate the effects of the corrections on the measurement of regional deformation. Results will be presented at the 2012 AGU Fall Meeting. 

· Year 3: JPL activities will include monitoring the UAVSAR acquisitions and data processing, ongoing updates and integration of the atmospheric corrections into the data products, and participation in modeling and interpretation of the landsliding, tectonic deformation and subsidence in the Bay area. Results from the project will be presented at the 2013 AGU Fall Meeting. The whole team will contribute to the preparation of several reports and publications on our results. 
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	Professor, Dept. of Earth and Planetary Science, UC Berkeley

Associate Professor, Dept. of Earth and Planetary Science, UC Berkeley

Assistant Professor, Department of Geology & Geophysics, UC Berkeley 

Assistant Professor, Department of Geology, UC Davis


Selected Service Since 2010: 


	2011 – 2014
	Member, National Earthquake Prediction Evaluation Council (NEPEC)

	Since 2012
	Member, Southern California Earthquake Center (SCEC) Board of Directors

	Since 2013
	Member, Earth Science Subcommittee of NASA Advisory Council

	Since 2013
	Member, Facilities Committee of DEFORM 

	Since 2014
	Member, AGU Tectonophysics Union Fellows Committee

	Since 2014
	Co-Chair, IRIS Grand Challenge Science Advisory Committee

	Since 2014
	Member, SSA Honors Committee

	2014-2015
	Member, Organizing Committee, Future Seismic and Geodetic Facility Needs in the Geosciences Workshop

	Since 2015
	Chair, Advisory Board for COMET (Centre for the Observation and Modelling of Earthquakes, Volcanoes and Tectonics), Leeds UK

	Since 2015
	Member, Organizing Committee, 2016 UNAVCO Science Workshop


Awards:

Miller Institute Research Professor, UC Berkeley, 2014

Elected Fellow, American Geophysical Union, 2013

Birch Lecturer, American Geophysical Union, 2013 Fall Meeting 

UC Berkeley Faculty Award for Excellence in Postdoctoral Mentoring, 2012

Alexander von Humboldt Foundation, Friedrich Wilhelm Bessel Award, 2005

Relevant Publications From Last Three Years:
Amos, C. B., P. Audet, W. C. Hammond, R. Bürgmann, I. A. Johanson, and G. Blewitt (2014), Contemporary uplift and seismicity in central California driven by groundwater depletion, Nature, 509, 483-486, doi:10.1038/nature13275.

Bürgmann, R., and W. Thatcher (2013), Space geodesy: a revolution in crustal deformation measurements of tectonic processes, in The Web of Geological Sciences: Advances, Impacts, and Interactions, edited by M. E. Bickford, Geological Society of America Special Paper 500, doi:10.1130/2013.2500(12).

Chaussard, E., R. Bürgmann, H. Fattahi, R. M. Nadeau, T. Taira, C. W. Johnson, and I. Johanson (2015), Potential for larger earthquakes in the East San Francisco Bay Area due to the direct connection between the Hayward and Calaveras Faults, Geophys. Res. Lett., 2015GL063575, doi:10.1002/2015GL063575.

Chaussard, E., R. Bürgmann, M. Shirzaei, E. Fielding, and B. Baker (2014), Predictability of hydraulic head changes and characterization of aquifer system and fault properties from InSAR-derived ground deformation, J .Geophys. Res., 119, doi:10.1002/2014JB011266. 

Huang, M.-H., R. Bürgmann, and F. Pollitz (2015), Lithospheric rheology constrained from twenty-five years of postseismic deformation following the 1989 Mw 6.9 Loma Prieta earthquake, Earth Planet. Sci. Lett., in press.
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Shirzaei, M., T. Taira, and R. Bürgmann (2013), Implications of recent asperity failures and aseismic creep for time-dependent earthquake hazard on the Hayward fault, Earth and Planetary Science Letters, 371-372, doi:10.1016/j.epsl.2013.1004.1024. 

Taira, T., R. Bürgmann, R. M. Nadeau, and D. D. Dreger (2014), Variability of Fault Slip Behavior along the San Andreas Fault in the San Juan Bautista Region, J. Geophys. Res., 119, doi:10.1002/2014JB011427. 
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Turner, R. C., M. Shirzaei, R. M. Nadeau, and R. Bürgmann (2015), Slow and Go: Pulsing Slip Rates on the Creeping Section of the San Andreas Fault, J. Geophys. Res., 120, doi:10.1002/2015JB011998.

See http://www.seismo.berkeley.edu/~burgmann/PUBLICATIONS for a complete reference list.

Manoochehr Shirzaei, Co-I
Professional Preparation

	Amir-Kabir University of Technology, Tehran, Iran
	Surveying engineering
	B.A., 2001

	Tehran University, Tehran, Iran
	Geodesy
	M.S., 2004

	University of Potsdam, Potsdam, Germany
	Geophysics
	Ph.D., 2010

	
	
	


Appointments

	Assistant Professor
	Arizona State University
	2013-present

	Postdoctoral Scholar
	University of California, Berkeley
	2011-2013

	Researcher
	German Research Centre for Geosciences (GFZ), Potsdam, Germany
	2007-2011


Selected products

	· Shirzaei, M. (2015), A seamless multitrack multitemporal InSAR algorithm, Geochem. Geophys. Geosyst., 16, doi:10.1002/2015GC005759.

	· Shirzaei, M., R. Buergmann, N. Uchida, Y. Hu, F. Pollitz, and T. Matsuzawa (2014), Seismic versus aseismic slip: Probing mechanical properties of the northeast Japan subduction zone, Earth and Planetary Science Letters, 406, 7-13, doi:10.1016/j.epsl.2014.08.035.

	· Shirzaei, M. (2013), A wavelet based multitemporal DInSAR algorithm for monitoring ground surface motion, GRSL, doi: 10.1109/LGRS.2012.2208935.

	· Shirzaei, M., R. Bürgmann, and T. a. Taira (2013), Implications of recent asperity failures and aseismic creep for time-dependent earthquake hazard on the Hayward fault, Earth and Planetary Science Letters, 371–372(0), 59-66, doi:http://dx.doi.org/10.1016/j.epsl.2013.04.024.

	· Shirzaei, M., and R. Bürgmann (2013), Time-dependent model of creep on the Hayward fault from joint inversion of 18 years of InSAR and surface creep data, JGR, doi: 10.1002/jgrb.50149.

	· Shirzaei, M., and T. R. Walter (2010), Time-dependent volcano source monitoring using InSAR time series: Acombined Genetic Algorithm and Kalman Filter approach, J. Geophys. Res., 115, B1042, doi:10.1029/2010JB007476.


Synergistic Activities

· Member of EGU (2002-present)

· Member of AGU (2009-present)

Collaborators and Affiliations 
· Ramon Arrowsmith, Roland Bürgmann, Michael Manga, Matthias Hort, Thomas Walter, Maxwell Rudolph 
· PhD advisor: Thomas Walter (GFZ, Germany)
· Postdoctoral Sponsors: Roland Bürgmann (UCB)

Graduate students

· Megan Miller, Guang Zhai, Mostafa Khoshmanesh, Zac Yung-Chun Liu, Alexandra Horne

Postdocs

· Jennifer Weston
Eric Fielding, Co-I
Education:

· Ph.D. in Geological Sciences from Cornell University; Thesis advisor: Bryan Isacks; Title: Neotectonics of the Central Andean Cordillera from satellite imagery, August 1989

· A.B. in Earth Sciences from Dartmouth College, June 1982

Employment:

· Jet Propulsion Laboratory, California Institute of Technology, Principal Scientist, October 2010 to present; Research Scientist, November 1999 to October 2010; Research Scientist (contractor), September 1994 to August 1998

· University of Cambridge, Cambridge, England, Visiting Research Scientist, November 2001 to November 2004

· University of Oxford, Oxford, England, Senior Research Scientist, September 1998 to November 1999

· University of Southern California, Los Angeles, California, Consulting Scientist, October 1994 to July 1997

· Cornell University, Ithaca, New York, Research Associate, 1992–1994; Postdoctoral Associate, 1989–1992

· Goddard Institute for Space Studies, New York, New York, Research Assistant, 1981

Most Relevant Publications:
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Fielding, E. J., A. Sladen, Z. Li, J.-P. Avouac, R. Bürgmann, and I. Ryder (2013), Kinematic fault slip evolution source models of the 2008 M7.9 Wenchuan earthquake in China from SAR interferometry, GPS and teleseismic analysis and implications for Longmen Shan tectonics, Geophys. J. Int., 194(2), 1138-1166, doi:10.1093/gji/ggt155.

Fielding, E. J., Lundgren, P. R., Taymaz, T., Yolsal-Çevikbilen, S., and Owen, S. E., 2013, Fault slip source model for the 2011 M7.1 Van earthquake in Turkey from SAR interferometry, pixel offset tracking, GPS and seismic waveform analysis: Seismological Research Letters, v. 84, no. 4, p. 579-593.

Oskin, M.E., Arrowsmith, J.R., Corona, A.H., Elliott, A.J., Fletcher, J.M., Fielding, E.J., Gold, P.O., Garcia, J.J.G., Hudnut, K.W., Liu-Zeng, J. & Teran, O.J., 2012. Near-Field Deformation from the El Mayor-Cucapah Earthquake Revealed by Differential LIDAR, Science, 335, 702-705.

Wei, S., Fielding, E.J., Leprince, S., Sladen, A., Avouac, J.-P., Helmberger, D.V., Hauksson, E., Chu, R., Simons, M., Hudnut, K.W., Herring, T. & Briggs, R.W., 2011. Superficial simplicity of the 2010 El Mayor–Cucapah earthquake of Baja California in Mexico, Nature Geosci, 4, 615-618.

Hayes, G.P., Briggs, R.W., Sladen, A., Fielding, E.J., Prentice, C., Hudnut, K., Mann, P., Taylor, F.W., Crone, A.J., Gold, R., Ito, T. & Simons, M., 2010. Complex rupture during the 12 January 2010 Haiti earthquake, Nature Geosci, doi:10.1038/ngeo1977.

Fielding, E.J., Lundgren, P.R., Bürgmann, R., and Funning, G.J., 2009, Shallow fault-zone dilatancy recovery after the 2003 Bam earthquake in Iran: Nature, v. 458, p. 64-68.

Fielding, E.J., Talebian, M., Rosen, P.A., Nazari, H., Jackson, J.A., Ghorashi, M., and Berberian, M., 2005, Surface ruptures and building damage of the 2003 Bam, Iran earthquake mapped by satellite synthetic aperture radar interferometric correlation: Journal of Geophysical Research, v. 110, no. B3, p. B03302, doi:10.1029/2004JB003299.
4 Summary of Work Effort

	Name
	Organization
	Role
	Work Commitment to be funded by NASA (fraction of year)

	
	
	
	Year 1
	Year 2
	Year 3

	Prof. Roland Bürgmann
	UC Berkeley
	Principal Investigator 
	0.042
	0.042
	0.042

	Dr. Manoochehr Shirzaei
	ASU
	Co-Investigator
	0.025
	0.025
	0.025

	Dr. Eric Fielding
	JPL
	Co-Investigator
	0.14
	0.14
	0.14

	Graduate student, TBD
	UC Berkeley
	Graduate Student
	1
	1
	1

	
	
	
	
	
	

	
	
	
	
	
	


5 Current and Pending Support

Roland Bürgmann, PI

Location of Projects:  University of California, Berkeley
Current Support
Agency: 

Moore Foundation
Period: 

11/3/10 – 12/31/15

Grant No.:

GALA #2754
Project Title:

Tremorscope: Imaging the deep workings of the San Andreas Fault
Effort Committed:  none
Agency: 

Moore Foundation
Period: 

11/28/11 – 12/31/16

Grant No.:

GALA #3024
Project Title:

West Coast ShakeAlert Research
Effort Committed:  none
Agency: 

National Science Foundation

Period: 

10/01/11 – 09/30/16

Grant No.:

EAR-1135452
Project Title: 
FESD Proposal Type II: CIDER-II Synthesis Center: Cooperative Institute for Dynamic earth Research
Effort Committed:  none

Agency: 

JPL 

Period: 

10/01/12 – 09/30/16

Grant No.:

1466422
Project Title: 
Postseismic Deformation and Stress Transfer after the 2010 M7.2 El Mayor-Cucapah (BajaCalifornia) Earthquake. 
Effort Committed:  0.5 months/year

Agency: 

NASA / JPL

Period: 

08/24/12 – 08/23/16

Grant No.:

NNX12AQ32G
Project Title: 
InSAR Imaging of Active Faulting, Land Subsidence and Landsliding in the San Francisco Bay Area, California
Effort Committed:  0.5 months/year

Agency: 
    USDI

Period: 

08/01/15 – 07/31/16

Grant No.:

G15AP00106
Project Title: 
Periodic Loading, Deformation and Seismicity in California
Effort Committed:  0.2 months/year
Agency:  NASA / JPL

Period: 

11/01/13 – 11/1/15

Grant No.:

1492856
Project Title: 
The Slumgullion Natural Laboratory: Landsliding Mechanisms Revealed by InSAR
Effort Committed:  0.5 months/year
Agency: 
    NSF

Period: 

08/15/14 – 07/31/17

Grant No.:

EAR-1416986
Project Title: 
Collaborative Research: Ten Years Later: Resolving the Postseismic Deformation Processes of the 2002 Denali Fault Earthquake
Effort Committed:  0.2 months/year
Agency: 
    USDI

Period: 

12/1/14 – 11/30/15

Grant No.:

G15AP00002
Project Title: 
Linkage between Cascadia Earthquake Cycle Deformation and Stress Evolution and Hazard in the Western US
Effort Committed:  0.2 months/year

Pending Support – Roland Bürgmann, 
Agency: 
    NSF

Period: 

06/01/15 – 05/31/18

Grant No.:

pending
Project Title: 
Collaborative Research: Earthquake Cycle Deformation Associated with the 2015 Nepal Earthquake Sequence
Effort Committed:  0.5 months/year

Agency: 
    NASA
Period: 

03/01/16 – 02/28/19

Grant No.:

pending
Project Title: 
Landsliding Mechanics revealed by InSAR and SAR pixel offset tracking

Effort Committed:  0.5 months/year
Agency: 
    NASA
Period: 

03/01/16 – 02/28/19

Grant No.:

pending
Project Title: 
Postseismic deformation and lithospheric structure of the Himalayas and Tibet
Agency: 
    NASA
Period: 

06/01/16 – 05/31/19

Grant No.:

pending
Project Title: 
Geodetic imaging and elastic damage models to improve fault slip estimates for large magnitude strike-slip earthquakes
Effort Committed:  0.5 months/year

Manoochehr Shirzaei, Co-I

Location of Projects:  Arizona State University, Tempe
	Investigator: Shirzaei, Manoochehr
	Other agencies(including NSF) to which this proposal has been/will be submitted 

	    Support:    [image: image17]Current    [image: image18]Pending   [image: image19]Submission Planned in Near Future    [image: image20]*Transfer of Support

    Project/Proposal Title:

 

Application of InSAR and Modeling to Investigate Time-Dependant Seismic Hazard Associated with Waste Water Injection

 

 

 

    Source of Support:

DOI-USGS

    Total Award Amount: 

$46,086.00

     Total Award Period Covered: 5/1/2015 - 4/30/2016

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 1



	    Support:    [image: image21]Current    [image: image22]Pending   [image: image23]Submission Planned in Near Future    [image: image24]*Transfer of Support

    Project/Proposal Title:

 

Time-dependent creep model of the central creeping section of the San Andreas Fault from 21 years of InSAR GPS and repeating earthquakes

 

 

 

    Source of Support:

NSF-GEO

    Total Award Amount: 

$262,322.00

     Total Award Period Covered: 5/1/2014 - 4/30/2016

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 1



	    Support:    [image: image25]Current    [image: image26]Pending   [image: image27]Submission Planned in Near Future    [image: image28]*Transfer of Support

    Project/Proposal Title:

 

Collaborative Research: Origin of hydrologic responses to earthquakes: constraints from New Zealand Taiwan Chile and USA

 

 

 

    Source of Support:

NSF-GEO-EAR

    Total Award Amount: 

$101,852.00

     Total Award Period Covered: 4/15/2014 - 3/31/2017

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 1



	    Support:    [image: image29]Current    [image: image30]Pending   [image: image31]Submission Planned in Near Future    [image: image32]*Transfer of Support

    Project/Proposal Title:

 

CAREER: Constraining fault mechanical properties and temporally variable seismic hazard: Application of multitemporal geodetic observations and time-dependent models

 

 

 

    Source of Support:     

 

NSF

    Total Award Amount: 

$746,020.00

     Total Award Period Covered: 1/1/2016 - 12/31/2020

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 0



	    Support:    [image: image33]Current    [image: image34]Pending   [image: image35]Submission Planned in Near Future    [image: image36]*Transfer of Support

    Project/Proposal Title:

 

Predictability of the hydraulic heads and surface fissures across Phoenix valley from InSAR ground deformation

 

 

 

    Source of Support:     

 

NSF

    Total Award Amount: 

$351,887.00

     Total Award Period Covered: 1/1/2016 - 12/31/2018

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 0



	    Support:    [image: image37]Current    [image: image38]Pending   [image: image39]Submission Planned in Near Future    [image: image40]*Transfer of Support

    Project/Proposal Title:

 

Characterizing the source of fluid injection and induced seismicity using InSAR deformation time series and time-dependent modeling

 

 

 

    Source of Support:     

 

DOE-OS

    Total Award Amount: 

$387,848.00

     Total Award Period Covered: 4/1/2015 - 3/31/2018

    Location of Project:

Arizona State University

    Person-Months Per Year Committed to the Project.     Cal: 0    Acad: 0    Sumr: 1.5



	*If this project has previously been funded by another agency, please list and furnish information for immediately preceding funding Period.


Eric Fielding, Co-I

Location of Projects: Jet Propulsion Laboratory, California Institute of Technology 
Current Awards

	Name of Principal Investigator on Award
	Award/Project Title
	Program Name/ Sponsoring Agency/ Point of Contact telephone and email
	Period of Performance
	Commitment
(FTE per year)

	Eric Fielding
	Postseismic deformation and stress transfer after the 2010 M7.2 El Mayor-Cucapah (Baja California) earthquake
	Earth Surface and Interior/ NASA/ Ben Phillips, 202-358-

ben.phillips@nasa.gov 
	06/01/2012 – 05/31/2016
	0.28

	Eric Fielding
	Integrated Imaging for Fault Ruptures of Large Earthquakes
	Applications of Geodetic Imaging/ NASA/ Craig Dobson, 202-358-0254, Craig.Dobson@nasa.gov
	08/15/2012 – 08/14/2015
	0.31

	Eric Fielding
	The Slumgullion Natural Laboratory: 
Landsliding Mechanics revealed by InSAR
	Applications of Geodetic Imaging/ NASA/ Craig Dobson, 202-358-0254, Craig.Dobson@nasa.gov
	08/15/2012 – 08/14/2015
	0.28

	Roland Bürgmann, PI

Eric Fielding, Co-I
	InSAR Imaging Of Active Faulting, Land Subsidence and Landsliding in the San Francisco Bay Area, California
	Applications of Geodetic Imaging/ NASA/ Craig Dobson, 202-358-0254, Craig.Dobson@nasa.gov
	08/15/2012 – 08/14/2015
	0.2

	Hook Hua, PI

Eric Fielding, Co-I
	Agile Big Data Analytics of High-Volume Geodetic Data Products for Improving Science and Hazard Resp
	Advanced Information Systems Technology (AIST) / NASA-ESTO

Michael Little
(202) 358-

Michael.Little@nasa.gov
	06/01/2015– 05/31/2017
	0.05


Pending Awards

	Name of Principal Investigator on Award
	Award/Project Title
	Program Name/ Sponsoring Agency/ Point of Contact telephone and email
	Period of Performance
	Commitment
(FTE per year)

	Eric Fielding
	Imaging Earthquakes and Landslides with NISAR
	NISAR mission Science Definition Team/ NASA/ Craig Dobson, 202-358-0254, Craig.Dobson@nasa.gov
	10/01/2015 – 9/30/2018
	0.23

	Hook Hua, PI

Eric Fielding, Co-i
	Integrating SAR Data Processing and Discovery with Archives

	ACCESS/ NASA/ 

	03/01/2016 – 02/28/2018
	0.05


6 Budget Justification

UC Berkeley Budget Narrative

The funding to UC Berkeley is to support the scientific analysis, interpretation and modeling of the deformation data. The yearly budget consists of salary for the PI and a graduate student, meeting travel expenses, computing support, purchase of TerraSAR-X SAR scenes to continue InSAR time series analysis over two target regions, incidental supplies, and publication costs. 
Personnel: 
PI: Roland Bürgmann:  0.5 summer month each year 

01/01/16   Monthly Rate =  
$16,456
Graduate Student: 9 academic-year months at 49.9% and 3 summer months at 100% each year
01/01/16   Monthly Rate =  
$4,213
Benefit Rates: PI: 18% 

Salaries are based on current levels with projected annual increases as follows: 2% range adjustments as applicable effective October 1 and 3% merit increases as applicable effective July 1.  The University of California, Berkeley Fringe Benefit Rates have been reviewed and federally approved by the Department of Health and Human Services for use by all fund sources for FY13-14. Rates beyond June 30, 2014 are estimates and are provided for planning purposes only. The fringe benefit costs ultimately charged to the sponsored project will always be based on the DHHS-approved fringe rates in existence at that time.

Equipment: In year 1, we request support to purchase a dedicated workstation for the massive amount of InSAR processing and follow-up analysis associated with this project. This is essential, as we find that computing power and disk-space needs in recent years produced a severe bottleneck for this work.  Given the expected amounts of data to be acquired and analyzed for this project, we request funds for a Linux server with >10 cores, 128 GB of RAM, and 100 TB of RAID disk space, which be budget at $15k based on current pricing. This is based on advice by JPL colleagues and UCB IT staff. 

Travel support is requested for the student to attend the AGU meeting in San Francisco and present results from this project, each year. Per UC rules, only abstract fee, registration cost and transportation are budgeted ($500). We also request travel support (airfare, hotel, meals, and ground transport, estimated at $1300) for the PI or the graduate student to JPL each year to work with the JPL team on the analysis and refinement of the satellite and UAVSAR data products and to discuss the project and preparations for NISAR. 

Materials and supplies needed are primarily data media, image analysis software and basic office supplies. We anticipate publication charges for three or more major journal publications specifically focused on the interpretation and modeling of the data, which will form the core of the graduate student’s PhD thesis. We request funds to purchase InSAR data not available through either free distribution (ESA) or our PI awards. We only have access to a limited number of recent and historic TerraSAR-X data in the region from two successful PI awards. Thus, we are including $5k for purchase of data from this system in each year, allowing for ~20 acquisitions over the Berkeley Hills and Geysers Geothermal fields to continue time series of deformation over these top-priority targets (the cost per scene is € 175,- assuming purchase of 31 – 100 scenes). We will include others interested in using these data in the data agreement with the German space agency DLR to allow for community access via the WInSAR archive, as we did already for our existing data. Depending on the status of data use for scientific studies, we may use some of these funds to purchase acquisitions by other satellites, such as the L-band ALOS-2. We have an existing ALOS-2 RA data award for 50 ALOS-2 PALSAR scenes per year for the Bay Area and are submitting a follow-up proposal this month. 

Publications: $3000 is requested to allow the publication of results in years 2 and 3. This is based on recent publication costs for two or three research journal publications. 
Computing: We request funds each year for partial support for the PI’s contribution to the BSL Geophysical Computing Laboratory (GCL) facility which provides all of the computing resources that will be used in the proposed data analysis and research. The GCL cost is comprised of two components: an expendable cost component (supplies and expenses such as software licenses, back up tapes, etc.) and a computer infrastructure component (network charges, hardware maintenance, data storage, etc). This support is administered through a campus recharge system. $1,500 per year.
Indirect costs: Exclude graduate student health insurance, fees, and tuition remission benefits. The indirect cost rate of 56.5% of MTDC (base) was used until 06/30/15. As of 07/01/15 the rate increases to 57%.  The indirect cost rate agreement was approved by the Department of Health and Human Services (DHHS), the Federal Cognizant Audit Agency for UC Berkeley as of June 29, 2012.
ASU Budget Narrative

Senior personnel

PI Shirzaei is the project leader and requests .30 summer salary each year to sustain his efforts in coordinating the project, supervising students, and liaising with the other major organizations (USGS, SCEC, etc.) active in the field of earthquake hazards. 

Other Personnel

Graduate student and task definition: A Graduate Student will be hired to work 20 hours per week over 9 academic months (FTE 4.5 months), which is considered to be 100% academic effort by ASU. The salary for the Graduate Student position is $17,846.

Task 1: (year 1-2): Developing new algorithms for multitemporal InSAR processing with a focus on the UAVSAR data sets. These algorithms also allow combining InSAR and GPS data. The developed algorithm and software will be applied to selected study areas in California to map the time series of surface deformation at high accuracy and resolutions.

Task 2 (year 2-3): Developing new algorithms for time-dependent probabilistic slip inverse modeling. These algorithms and software will be used to jointly invert InSAR, GPS and seismic data and constrain the fault slip distribution as a function of time. 

Direct Labor

Fringe Benefits Costs 

	TYPE
	2017
	2018
	2019

	Faculty
	29.56%
	30.45%
	31.36%

	Post Doc
	25.75%
	26.52%
	27.32%

	Staff
	41.82%
	43.07%
	44.36%

	RA
	12.98%
	13.37%
	13.77%

	Hourly Student
	1.75%
	1.80%
	1.85%

	Part Time < .49 
	11.33%
	11.67%
	12.02%


Arizona State University defines fringe benefits as direct costs, estimates benefits as a standard percent of salary applied uniformly to all types sponsored activities, and charges benefits to sponsors in accordance with the Federally-negotiated rates in effect at the time salaries are incurred.  Benefit costs are expected to increase approximately 3% per year; the rates used in the proposal budget are based on the current Federally-negotiated Rate Agreement rate plus annual escalation for out years.

Other Direct Costs

Publication/Documentation Costs

We consider $3K each year for publication cost, which allows us publishing our results in high ranked peer reviewed journals. Publishing in AGU journals, including colored figures, vary between $1K and $2K pre article. We anticipate publishing 1 to 2 articles per year discussing the results and developments through this project.
Tuition 

Tuition is included as a benefit for graduate students and is charged to projects in proportion to the amount of effort the graduate student will work on the project. The tuition charge for graduate students is estimated to be based on chart below.   Tuition charges are exempt from the Facilities and Administrative (F&A) costs.

	TUITION
	2017
	2018
	2019

	AY
	$15,803 
	$17,067 
	$18,433 

	Summer
	$1,028 
	$1,110 
	$1,199 

	Total
	$16,831 
	$18,177
	$19,632

	Tuition Rates = 8% escalation
	


F&A

Facilities & Administrative costs are calculated on Modified Total Direct Costs (MTDC) using F&A rates approved by Department of Health and Human Services. The most current rate agreement is dated 6/15/15 and the rate is 54.5% for Organized Research. Items excluded from F&A calculation include: capital equipment, subcontracts over the first $25,000, student support, participant support, rental/maintenance of off-campus space, and patient care fees. 

JPL Budget Narrative

The cost proposal for JPL expenses was prepared using JPL’s Pricing System and the current internally published Cost Estimation Rates and Factors, dated October 2010. The derivation of the JPL cost estimate is a grassroots methodology based on the expert judgment from a team of experienced individuals who have performed similar work. The team provides the necessary relevant experience to develop a credible and realistic cost estimate. The cognizant individuals identify and define the products and the schedule needed to complete the tasks for each work element. Then they generate the resource estimates for labor, procurements, travel, and other direct costs for each work element.  The resource estimates are aggregated and priced using JPL’s Pricing System. JPL’s process ensures that lower level estimates are developed and reviewed by the performing organizations and their management who will be accountable for successfully completing the proposed work scope within their estimated cost. 

	


7 Facilities and Equipment
University of California, Berkeley

Modeling, image processing, GIS and InSAR data analysis software used in this project will be run at UCB. The UC Berkeley Seismological Laboratory and EPS Geophysics group maintains a network of over 50 basic workstations and the student will be provided with a linux desktop machine. The Active Tectonics group relies on several TBytes of disk space at the BSL for GPS and InSAR data processing and archiving, FEM modeling and other needs. 

Arizona State University, Tempe

The proposed effort leverages field, lab, computational facilities, large theaters and expertise at Arizona State University (ASU). In addition, the School of Earth and Space Exploration (SESE) will provide office space to all visiting students and postdocs and host the annual workshops through the new Interdisciplinary Science and Technology Building IV (ISTB-IV), the largest Arizona State research building with 300,000 square feet of high-tech space.

Lab and equipment 

· Complete Laser total survey station and differential GPS total survey station packages. GPS was used extensively for field projects in Nepal, Chile as well as Alaska.

· Full access to ASU’s engineering facilities lab for projects such as this to carry out all needed experiments on radar signals and calibration tests.

· Full access to Remote Sensing and Tectonic Geodesy Laboratory at SESE. This lab is equipped with GIS and SAR processing software such as ArcGIS, ENVI and GAMMA as well as high performance computing facilities, which can be used within this project to analyze SAR data acquired from various satellites

Computing facilities

· The School of Earth and Space Exploration has several computing facilities in ISTB- IV, including multiprocessor LINUX workstations, a small visualization theater with 3D projection that will be used in this effort. 

· The remote sensing and tectonic geodesy lab has its own super computer (named Frankie), which allows handing large SAR and gravity data used in this project. 

· Data visualization, analysis and processing software for remote sensing imagery and GIS data are also developed in-house to complement numerical models. 

· Personal computers (PC and LINUX Ubuntu) are available to all project participants, equipped with printers and Ethernet connections to servers for file sharing and database access.
Jet Propulsion Laboratory

Several computing systems will be used in this project. A cluster of seven SunFire servers with 100 TB of attached RAID storage is the primary computing facility. Three of these servers have 16 to 48 GB of RAM and two quad-core Intel Xeon CPUs, while the other four have two single-core or dual-core AMD64 CPUs. The PI also has high-end Mac workstations available for other tasks.
8 Detailed Budgets
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PROPOSED BUDGET



Agency Salary (Per Month)* Appointment (Months) Year One Year Two Year Three Total
Project Year Start Date 1 2 3 4 5 1 2 3 4 5 6/1/16 6/1/17 6/1/18



Name No. Pers. FTE % 
A. Senior Personnel
PI 1 100.00% 16,456 17,278 18,142 19,049 20,002 0.5 0.5 0.5 0.0 0.0 8,228 8,639 9,071 25,938
Senior pers. 1 100.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0



Total Senior Personnel 8,228 8,639 9,071 25,938



B. Other Personnel
Postdoctoral Assocs.



1 100.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0
1 100.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0
1 100.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0



0 0 0 0
Graduate Students



1 49.90% 4,213 4,424 4,645 0 0 9.0 9.0 9.0 0.0 0.0 18,921 19,867 20,860 59,648
1 100.00% 4,213 4,424 4,645 0 0 3.0 3.0 3.0 0.0 0.0 12,639 13,271 13,934 39,844



31,560 33,138 34,794 99,492



Undergrads 0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0



Administration Staff
0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0



Other Academic
1 0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0
1 0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0
1 0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0
1 0.00% 0 0 0 0 0 0.0 0.0 0.0 0.0 0.0 0 0 0 0



0 0 0 0



Total Salaries and Wages 39,788 41,777 43,865 125,430



Benefits
# OF 



PROJECT 
MOS TO END 



OF FY



# OF 
PROJECT 



MOS IN 
NEXT FY



1 11



PI's
FY16 18.00% 123 123
FY17 18.00% 1,358 130 1,488
FY18 18.00% 1,425 136 1,561
FY19 19.00% 1,580 1,580
FY20 19.00% 0
FY21 19.00% 0



Postdocs
FY16 18.00% 0 0
FY17 18.00% 0 0 0
FY18 18.00% 0 0 0
FY19 19.00% 0 0
FY20 19.00% 0
FY21 19.00% 0



Grad students
FY16 0.00% 0 0
FY17 0.00% 0 0 0
FY18 0.00% 0 0 0
FY19 0.00% 0 0
FY20 0.00% 0
FY21 0.00% 0



Undergrad
FY15-20 0.00% 0 0 0 0



Administration Staff
FY16 43.00% 0 0
FY17 43.00% 0 0 0
FY18 44.00% 0 0 0
FY19 45.00% 0 0
FY20 45.00% 0
FY21 45.00% 0



Other Academic
FY16 35.00% 0 0
FY17 35.00% 0 0 0
FY18 36.00% 0 0 0
FY19 37.00% 0 0
FY20 37.00% 0
FY21 37.00% 0



Tuition 17,184 18,043 18,945 54,172



C. Total Benefits 18,665 19,598 20,661 58,924



Total Salaries and benefits 58,453 61,375 64,526 184,354










PROPOSED BUDGET

Agency Salary (Per Month)* Appointment (Months) Year One Year Two Year Three Total

Project Year Start Date 1 2 3 4 5 1 2 3 4 5

6/1/16 6/1/17 6/1/18

Name No. Pers. FTE % 

A. Senior Personnel

PI 1100.00% 16,45617,278 18,14219,049 20,002 0.5 0.50.5 0.00.0 8,228 8,639 9,071 25,938

Senior pers. 1100.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

Total Senior Personnel 8,228 8,639 9,071 25,938

B. Other Personnel

Postdoctoral Assocs.

1100.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

1100.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

1100.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

0 0 0 0

Graduate Students

1 49.90% 4,213 4,424 4,645 0 0 9.0 9.09.0 0.00.0 18,921 19,867 20,860 59,648

1100.00% 4,213 4,424 4,645 0 0 3.0 3.03.0 0.00.0 12,639 13,271 13,934 39,844

31,560 33,138 34,794 99,492

Undergrads 0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

Administration Staff

0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

Other Academic

1 0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

1 0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

1 0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

1 0.00% 0 0 0 0 0 0.0 0.00.0 0.00.0 0 0 0 0

0 0 0 0

Total Salaries and Wages 39,788 41,777 43,865 125,430

Benefits

# OF 

PROJECT 

MOS TO END 

OF FY

# OF 

PROJECT 

MOS IN 

NEXT FY

1 11

PI's

FY16 18.00% 123 123

FY17 18.00% 1,358 130 1,488

FY18 18.00% 1,425 136 1,561

FY19 19.00% 1,580 1,580

FY20 19.00% 0

FY21 19.00% 0

Postdocs

FY16 18.00% 0 0

FY17 18.00% 0 0 0

FY18 18.00% 0 0 0

FY19 19.00% 0 0

FY20 19.00% 0

FY21 19.00% 0

Grad students

FY16 0.00% 0 0

FY17 0.00% 0 0 0

FY18 0.00% 0 0 0

FY19 0.00% 0 0

FY20 0.00% 0

FY21 0.00% 0

Undergrad

FY15-20 0.00% 0 0 0 0

Administration Staff

FY16 43.00% 0 0

FY17 43.00% 0 0 0

FY18 44.00% 0 0 0

FY19 45.00% 0 0

FY20 45.00% 0

FY21 45.00% 0

Other Academic

FY16 35.00% 0 0

FY17 35.00% 0 0 0

FY18 36.00% 0 0 0

FY19 37.00% 0 0

FY20 37.00% 0

FY21 37.00% 0

Tuition  17,184 18,043 18,945 54,172

C. Total Benefits 18,665 19,598 20,661 58,924

Total Salaries and benefits 58,453 61,375 64,526 184,354
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Equipment
Equipment 15,000 15,000
Fabricated Equipment 0
D. Equipment 15,000 0 0 15,000



E. Travel 1,800 1,800 1,800 5,400
Domestic 1,800 1,800 1,800
Foreign
F. Participant Support 0 0 0 0



G. Other Direct Costs
1. Materials 5,000 5,000 5,000 15,000
2. Publications 0 3,000 3,000 6,000
3. Consultant 0 0 0 0
4. Computer services 1,500 1,500 1,500 4,500
5. Subawards- ASU 57,433 59,962 62,634 180,029
6. JPL allocation will be directly funded by NASA 58,690 60,120 61,910 180,720



Total Other Direct Costs 122,623 129,582 134,044 386,249



H. Total Direct 197,876 192,757 200,370 591,003



I. Indirect Costs



Modified total direct(BASE) 133,259 114,752 118,791 341,802
# OF 



PROJECT 
MOS TO 



END OF FY



# OF 
PROJECT 



MOS IN 
NEXT FY



1 11          



FY15 57.0% 6,330 6,330
FY16 57.0% 69,628 5,451 75,079
FY17 57.0% 59,958 5,643 65,601
FY18 57.0% 62,068 62,068



Total Indirect Cost Rate 75,958 65,409 67,711 209,078



J.Total direct and indirect 273,834 258,166 268,081 800,081










Equipment

Equipment 15,000 15,000

Fabricated Equipment 0

D. Equipment 15,000 0 0 15,000

E. Travel 1,800 1,800 1,800 5,400

Domestic 1,800 1,800 1,800

Foreign

F. Participant Support 0 0 0 0

G. Other Direct Costs

1. Materials  5,000 5,000 5,000 15,000

2. Publications 0 3,000 3,000 6,000

3. Consultant  0 0 0 0

4. Computer services 1,500 1,500 1,500 4,500

5. Subawards- ASU 57,433 59,962 62,634 180,029

6. JPL allocation will be directly funded by NASA 58,690 60,120 61,910 180,720

Total Other Direct Costs 122,623 129,582 134,044 386,249

H. Total Direct 197,876 192,757 200,370 591,003

I. Indirect Costs

Modified total direct(BASE) 133,259 114,752 118,791 341,802

# OF 

PROJECT 

MOS TO 

END OF FY

# OF 

PROJECT 

MOS IN 

NEXT FY

1 11           

FY15 57.0% 6,330 6,330

FY16 57.0% 69,628 5,451 75,079

FY17 57.0% 59,958 5,643 65,601

FY18 57.0% 62,068 62,068

Total Indirect Cost Rate 75,958 65,409 67,711 209,078

J.Total direct and indirect 273,834 258,166 268,081 800,081




ASU Detailed Budget
	Cost Categories
	Period 1
6/1/2016
5/31/2017
	Period 2
6/1/2017
5/31/2018
	Period 3
6/1/2018
5/31/2019
	Cumulative

	Senior/Key Personnel:
	$3,783
	$3,924
	$4,070
	$11,777

	   Manoochehr Shirzaei
	$2,920
	$3,008
	$3,098
	$9,026

	      ERE:
	$863
	$916
	$972
	$2,751

	      Effort (FTE Months; AY/SUM/CAL):
	0/0.3/0.3
	0/0.3/0.3
	0/0.3/0.3
	

	Other Personnel:
	$20,162
	$20,840
	$21,540
	$62,542

	   Graduate Student TBD01
	$17,846
	$18,382
	$18,933
	$55,161

	      ERE:
	$2,316
	$2,458
	$2,607
	$7,381

	      Effort (FTE Months; AY/SUM/CAL):
	4.5/0/4.5
	4.5/0/4.5
	4.5/0/4.5
	

	Total Number Other Personnel
	1
	1
	1
	3

	Total Salary, Wages and ERE:
	$23,945
	$24,764
	$25,610
	$74,319

	Equipment:
	$0
	$0
	$0
	$0

	Travel:
	$0
	$0
	$0
	$0

	1. Domestic
	$0
	$0
	$0
	$0

	2. Foreign
	$0
	$0
	$0
	$0

	Participant/Trainee Support Costs:
	$0
	$0
	$0
	$0

	1. Tuition/Fees/Health Insurance
	$0
	$0
	$0
	$0

	2. Stipends
	$0
	$0
	$0
	$0

	3. Travel
	$0
	$0
	$0
	$0

	4. Subsistence
	$0
	$0
	$0
	$0

	5. Other
	$0
	$0
	$0
	$0

	6. Number of Participants/Trainees
	0
	0
	0
	0

	Other Direct Costs:
	$18,803
	$20,067
	$21,432
	$60,302

	1. Materials and Supplies
	$0
	$0
	$0
	$0

	2. Publication Costs
	$3,000
	$3,000
	$3,000
	$9,000

	3. Consulting Costs
	$0
	$0
	$0
	$0

	4. ADP/Computer Services
	$0
	$0
	$0
	$0

	5. Subaward/Consortium/Contractual
	$0
	$0
	$0
	$0

	6. Equipment or Facility Rentals/User Fees
	$0
	$0
	$0
	$0

	7. Alterations and Renovations
	$0
	$0
	$0
	$0

	8. Tuition Remission
	$15,803
	$17,067
	$18,432
	$51,302

	9.
	$0
	$0
	$0
	$0

	
	$0
	$0
	$0
	$0

	Direct Costs:
	$42,748
	$44,831
	$47,042
	$134,621

	Indirect Costs:
	$14,685
	$15,131
	$15,592
	$45,408

	Total Direct and Indirect Costs:
	$57,433
	$59,962
	$62,634
	$180,029


JPL Detailed Budget
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CES_by_PY



Hours / (FTEs)
(JPL PI) 263 (0.15 FTE) 263 (0.15 FTE) 263 (0.15 FTE) 788 (0.45 FTE) Hours / (FTEs)



Total Hours: 263 (0.15 FTE) 263 (0.15 FTE) 263 (0.15 FTE) 788 (0.45 FTE) Subtotal



Amount JPL Direct Labor Cost w/o Fringe
Fringe Fringe
Category A Cat A Direct Labor Cost



Total Direct Compensation Subtotal
(includes Employee Benefits)



Travel Direct Travel Cost



JPL Services Direct Services Cost



Procurements
Chargebacks Direct Chargebacks cost
Subcontracts Direct PS cost
Procurement RSA Direct RSA cost
Purchase Orders Direct PM cost
Caltech Transfers Direct CT cost



Multi-Program Support Direct MPS cost



Total Direct Costs Subtotal



Allocated Direct Charge Total ADC



General & Admin Total G&A



Reserves (Burdened)



Total JPL Costs Subtotal



Government Co-I's Bypass
Not in JPL's Costs



Total Costs Subtotal



$0 $0 $0 $0



$59,160 $60,340 $62,820 $182,320



$0 $0 $0 $0



$59,160 $60,340 $62,820 $182,320



$6,630 $6,770 $7,080 $20,480



$44,500 $45,820 $47,910 $138,230



$8,030 $7,750 $7,830 $23,610



$2,980 $2,870 $2,980 $8,830



$0 $0 $0 $0
$0 $0 $0 $0



$0 $0 $0 $0
$0 $0 $0 $0



$1,760 $1,760 $1,740 $5,260



$0 $0 $0 $0



$0 $0 $0 $0



$39,760 $41,190 $43,190 $124,140



$14,250 $14,560 $15,360 $44,170
$0 $0 $0 $0



$25,510 $26,630 $27,830 $79,970



Imaging Anthropogenic and Solid-Earth Deformation Processes in Central California
ESI 2015



Timephased Cost Estimate Sheet
Dollars (Does not include Gov't Co-I's)



Jun 2016 -   May 
2017



Jun 2017 -   May 
2018



Jun 2018 -   May 
2019 Total Program











ii

