
UNIVERSITY OF CALIFORNIA, SAN DIEGO

Coseismic and Postseismic Deformations Associated With the 1992 Landers,

California, Earthquake Measured by Synthetic Aperture Radar Interferometry

A dissertation submitted in partial satisfaction of the  requirements

for the degree of Doctor Of Philosophy in Earth Sciences

by

Evelyn J. Price

Committee in charge:

David T. Sandwell, Chair
James Arnold
Yehuda Bock
J. Bernard Minster
Hubert Staudigel

1999



Copyright

Evelyn J. Price, 1999

All rights reserved.





iv

This dissertation is dedicated to my parents:

Dr. Albert M. Price and Virginia L. Price



v

"Not everything that I do with my roast chicken is necessarily scientific.  Many

aspects of my method are based on my feeling and experience.  For instance, I

always give my bird a generous butter massage before I put it in the oven.  Why?

Because I think the chicken likes it- and, more important, I like to give it."

Julia Child



vi

TABLE OF CONTENTS

Signature Page................................................................................... iii

Dedication.......................................................................................... iv

Epigraph............................................................................................. v

Table of Contents............................................................................... vi

List of Figures.................................................................................... xii

List of Tables..................................................................................... xvi

Acknowledgements............................................................................ xvii

Vita..................................................................................................... xix

Abstract.............................................................................................. xxii

Chapter 1.  An Introduction to Deformation Studies Using Synthetic
Aperture Radar Interferometry and the 1992 Landers, California,
Earthquake......................................................................................... 1

1.1.  Synthetic Aperture Radar Interferometry...................... 1

1.2.  Deformation of Southern California and the Landers
Earthquake............................................................................. 14

1.3.  References...................................................................... 20

Chapter 2.  Active Microwave Remote Sensing and Synthetic
Aperture Radar................................................................................... 21

2.1.  The Interaction of Electromagnetic Energy With the
Earth's Surface....................................................................... 21

2.1.1.  Electromagnetic Wave Propagation in a
Lossless, Source-Free Medium.................................. 21

2.1.2.  Electromagnetic Wave Propagation in a



vii

Lossy, Source-Free Medium...................................... 22

2.1.3.  Electromagnetic Wave Propagation in a
 Conducting (High-Loss) Source-Free Medium........ 23

2.1.4.  The Reflection Coefficient of
Horizontally Polarized Electromagnetic Waves........ 24

2.1.5.  The Radar Equation........................................ 26

2.1.6.  Backscatter...................................................... 27

2.1.7.  The Relationship Between EM Interactions,
SAR Processing, and InSAR algorithms.................... 28

2.2.  Matched Filter Convolution and Pulse Compression..... 29

2.2.1.  The Signal to Noise Ratio............................... 30

2.2.2.  Matched Filter Design..................................... 30

2.2.3.  The Pulse Compression of a Linear-FM
Chirp Radar Return Signal......................................... 32

2.3. SAR Processing Theory.................................................. 36

2.3.1.  The Description of an Imaging Radar............. 36

2.3.2.  The Range Resolution of a SLAR.................. 38

2.3.3.  The Azimuth Resolution of a SLAR............... 40

2.3.4.  An Example of SLAR Resolution:  ERS-1
and ERS-2 Imaging Radars........................................ 40

2.3.5.  The Range Resolution of Imaging Radars
Whose Transmitted Signal is a Linear-FM Chirp...... 40

2.3.6.  SAR:  Synthesizing the Aperture.................... 43

2.4. The Implementation of the SAR Processor.................... 50



viii

2.4.1.  Loading the Processing Parameters and Data. 52

2.4.2.  Range Compression........................................ 53

2.4.3.  Estimation of the Doppler Centroid Frequency 55

2.4.4.  Range Migration............................................. 56

2.4.5.  Azimuth Compression.................................... 59

2.5.  References...................................................................... 63

Chapter 3.  Small-scale deformations associated with the1992
Landers, California, earthquake mapped by synthetic aperture
radar interferometry phase gradients................................................. 65

(see reprint insert)

3.1 Introduction......................................................................

3.1.1.  Landers Earthquake Observations..................

3.1.2.  Regional Tectonics..........................................

3.1.3.  SAR and InSAR..............................................

3.1.4.  Effects of Propagation Medium on Range
Delay..........................................................................

3.2 Data processing................................................................

3.2.1 Estimation of Interferometer Baselines from
 Orbital Knowledge....................................................

3.2.2 Interferogram Filtering......................................

3.2.3 Phase Gradient Computation............................

3.3 Interferogram Interpretation and Transformation of
Displacement and Deformation Gradient Into the
Satellite Reference Frame......................................................



ix

3.4. Results.............................................................................

3.4.1 End of the Main Rupture...................................

3.4.2 Calico Fault and Newberry Fractures...............

3.4.3 Barstow Aftershock Cluster and Coyote Lake..

3.5. Discussion.......................................................................

3.6. Conclusions.....................................................................

3.Appendix A. Interferometer Geometry and Equations.......

3.A1. Range Difference Due to Spheroidal Earth......

3.A2. Range Difference Due to Topography on a
Spheroidal Earth.........................................................

3.A3. Range Difference for Topography and
Deformation on a Spheroidal Earth...........................

3.A4. Scale Factors for Interferograms Which
Have Had the Flat Earth Correction Applied.............

3.Appendix B. Low-Pass and Gradient Filters......................

3.Acknowledgements.............................................................

3.References...........................................................................

Chapter 4.  Vertical displacements on the 1992 Landers,
California earthquake rupture from InSAR and finite-fault
elastic half-space modeling................................................................ 67

4.1. Abstract........................................................................... 67

4.2. Introduction..................................................................... 68

4.3. Interferometric Method................................................... 70

4.3.1 Scaling Vertical and Horizontal



x

Displacements into the Satellite LOS........................ 77

4.4. Data Processing and Reduction...................................... 81

4.5. Modeling Method............................................................ 89

4.6. Results............................................................................. 90

4.6.1. Interferometric Observations........................... 90

4.6.2. Forward Modeling Results............................... 98

4.6.3. Inverse Modeling Results................................ 99

4.6.4. Moment Analysis of the Slip Model................ 104

4.6.5.  Resolution Analysis of the Vertical
Slip Model.................................................................. 105

4.7. Discussion....................................................................... 107

4.7.1. A Comparison Between the Field
Measured and the Interferometrically
Measured Vertical Slip.............................................. 107

4.7.2. Did the Iron Ridge Fault Stop the
Rupture?..................................................................... 109

4.7.3. A Comparison Between
Modeled Vertical Displacements and
Modeled Right-lateral Slip......................................... 111

4.7.4. Interpretation - transient and long-term
strain fields................................................................. 112

4.8. Conclusions..................................................................... 116

4.9. References....................................................................... 118

Chapter 5.  Postseismic Deformation Following the 1992
Landers, California Earthquake......................................................... 123



xi

5.1. Introduction..................................................................... 123

5.2. Postseismic Deformation Mechanisms........................... 126

5.2.1.  Deep Afterslip................................................. 126
5.2.2.  Viscoelastic Rebound...................................... 128

5.2.3.  Fault Zone Collapse........................................ 131

5.2.4.  Pore Fluid Pressure Re-equilibration.............. 132

5.3.  Data Processing and Reduction..................................... 132

5.4.  Modeling Method........................................................... 136

5.5.  Results............................................................................ 138

5.5.1.  Interferometric Observations.......................... 138

5.5.2.  Modeling Results............................................ 141

5.5.2.1.  Slip Models...................................... 141

5.5.2.2.  Forward Predictions......................... 144

5.5.2.3.  Variance Reduction.......................... 144

5.5.2.4.  Moment Analysis............................. 150

5.6. Discussion....................................................................... 150

5.6.1.  Comparison of LOS Displacements
with GPS Horizontal Displacements......................... 150

5.6.2.  Postseismic Deformation Mechanisms........... 153

5.7. Conclusions..................................................................... 154

5.8.  References...................................................................... 156

Chapter 6.  Conclusions..................................................................... 159



xii

LIST OF FIGURES

Chapter 1.

Figure 1.1.  The locations, types, and data sources of published

InSAR surface Change studies...........................................................  2

Figure 1.2.  The geometry of a simple interferometer.......................  5

Figure 1.3.  A SAR system configuration..........................................  6

Figure 1.4.  The ERS SAR receiving stations....................................          8-9

Figure 1.5.  InSAR geometry............................................................. 10

Figure 1.6.  The limitations of InSAR displacement measurements. 13

Figure 1.7.  The ERS frames and published studies over S. California 16

Figure 1.8.  The InSAR and USGS DEM.......................................... 17

Chapter 2.

Figure 2.1.1.  The reflection and transmission of an EM wave......... 25

Figure 2.2.1.  The power spectrum of an ERS-like transmitted pulse 34

Figure 2.2.2.  The result of matched filtering a Linear FM Chirp..... 35

Figure 2.3.1.  The imaging radar geometry....................................... 36

Figure 2.3.2.  The orbital configuration............................................. 38

Figure 2.3.3.  The SLAR geometry.................................................... 39

Figure 2.3.4.  The center of an ERS-like transmitted pulse............... 42

Figure 2.3.5.  The along-track geometry............................................ 45

Figure 2.3.6.  The lines of constant range and Doppler shift............. 46



xiii

Figure 2.3.7.  The relative range offset in successive radar pulses.... 47

Figure 2.3.8.  The power spectrum of the along-track filter.............. 49

Figure 2.4.1.  The diagram of a SAR processing algorithm.............. 51

Chapter 3.

Plate 1.  The 60-meter digital elevation model..................................

Plate 2.  The coseismic interferogram................................................

Figure 1.  Earth and Radar rectangular coordinate systems and

rotation matrix....................................................................................

Figure 2.  The coseismic phase gradient............................................

Plate 3.  An enlargement of the rupture area.....................................

Plate 4.  An enlargement of the Mojave Valley area.........................

Plate 5.  An enlargement of the Coyote Lake and Barstow Cluster

area.....................................................................................................

Figure A1.  InSAR geometry.  No topography.  No displacement....

Figure A2.  The InSAR geometry......................................................

Figure B1.  Filters..............................................................................

Chapter 4.

Figure 4.1.  The ERS-1 and ERS-2 imagery used in this chapter...... 71

Figure 4.2.  The coseismic interferogram..........................................       72-73

Figure 4.3a.  The InSAR geometry.................................................... 75

Figure 4.3b.  The geometry for projecting horizontal displacements



xiv

into the across-track direction............................................................ 76

Figure 4.4a.  The radar LOS displacement scale factor.....................       78-79

Figure 4.4b.  The horizontal displacement scale factor.....................        78-79

Figure 4.5.  The synthetic coseismic interferogram...........................       82-83

Figure 4.6.  The residual LOS displacement......................................       84-85

Figure 4.7.  The inverse model predictions.......................................        86-87

Figure 4.8.  Across-rupture profiles of displacement and topography      94-95

Figure 4.9.  Along-rupture profiles of displacement and topography       96-97

Figure 4.10.  The plot of misfit versus roughness..............................          100

Figure 4.11.  The vertical slip models for various roughness............          101

Figure 4.12.  The vertical and dextral slip models.............................          103

Figure 4.13.  The resolution analysis.................................................          106

Figure 4.14.  The interpretation and vertical displacement map........   114-115

Chapter 5.

Figure 5.1.  The SAR imagery used in this study..............................          125

Figure 5.2.  Postseismic deformation mechanisms............................          127

Figure 5.3a.  The 5-215 day interferogram........................................          129

Figure 5.3b.  The 40-355 day interferogram......................................          130

Figure 5.3c.  The 355-1253 day interferogram..................................          135

Figure 5.4.  The model parameterization...........................................          137

Figure 5.5a.  The 5-215 day afterslip model......................................          140



xv

Figure 5.5b.  The 40-355 day afterslip model....................................          142

Figure 5.5c.  The 355-1253 day afterslip model................................          143

Figure 5.6a.  The 5-215 day model predictions.................................          145

Figure 5.6b.  The 40-355 day model predictions...............................          146

Figure 5.6c.  The 355-1253 day model predictions...........................          147

Figure 5.7a.  The data histograms......................................................          148

Figure 5.7b.  The residual histograms................................................          149

Figure 5.8.  The data and model profiles along the USGS geodetic array   151



xvi

LIST OF TABLES

Chapter 1.

Table 1.1.  The civilian SAR satellites used for InSAR studies 4

Chapter 2.

Table 2.4.1.  The SAR processing parameters.......................     54-55

Chapter 5.

Table 5.1.  InSAR pairs considered in this study...................                 133



xvii

ACKNOWLEDGEMENTS

There are many people and organizations that contributed to my experience in graduate

school.  I'd first like to thank those who contributed directly to the realization of this dissertation.  At

the top of the list is my advisor and chair of the thesis commitee, David Sandwell, who supported my

research, acted as an advocate on my behalf, and allowed me relative freedom in the pursuit of new

and interesting science during my 6 years of graduate school.  Next are two other members of the

committee: Yehuda Bock and Bernard Minster.  Yehuda's interest in my studies of postseismic

deformation was a welcome motivating factor.  Bernard's skills as an editor, enthusiasm for the

InSAR method, and advice regarding my professional career are much appreciated.  I'd also like to

recognize the contributions of Hubert Staudigel and James Arnold who asked thought-provoking

questions during the qualifying and final exams.

In addition to my committee, there are several people at IGPP who contributed to the

scientific quality and defense of this dissertation.  Duncan Agnew previewed Chapter 3 before it was

sent to the journal and made suggestions that contributed substantially to the manuscript.  Hadley

Johnson provided the basic framework and impetus for the geodetic inversions performed in Chapters

4 and 5.  Karen Scott did an excellent job of formatting Chapter 3 for journal publication.  Suzanne

Lyons, Lydie Sichoix, and David McMillan listened to a practice version of my oral defense

presentation and their constructive criticisms significantly improved its clarity and organization.

Finally, I'd like to thank Lydie and Suzanne for being understanding, friendly, and generous

computer-lab-mates during my last few months of thesis writing.

Outside of IGPP, a few people contributed substantially to this dissertation.  Professor

Howard Zebker of Stanford University provided us with versions of computer code for InSAR

processing and expressed much interest in our work.  One of the main ideas in Chapter 4, to subtract

Wald and Heaton's dextral slip model from the coseismic interferogram to look for vertical slip on the

Landers earthquake rupture, came from Dr. Wayne Thatcher of the U.S. Geological Survey.

Professor Roland Bürgmann of the University of California at Berkeley provided the GPS



xviii

displacements of Freymueller et al., [1994] and his comments contributed significantly to the quality

of Chapter 4.

My entire academic experience at IGPP rode on the inertia created by my first year of

classes.  I thank the professors who taught those classes for raising my awareness of geophysical

methods to a level appropriate for high quality research.  I also thank my fellow classmates Greg

Anderson, Keith Richards-Dinger, Harm Van Avendonk, and Lois Yu for their comradery and

dedication to excellence during that first year and beyond.

Outside of academic pursuits, the enjoyment of my time in graduate school was catalyzed by

a number of friends, associates, and organizations.  Rob Sohn redefined, for me, the meaning of

friendship and proved to be a most capable recreational companion.  Vera Schulte-Pelkum paid half

the rent and provided the much-needed distractions that galvanized me for the final thesis crunch.

Though a recent one, my good friend Chris Small affirmed my tendencies towards individuality and

original thought.  Two organizations associated with UCSD provided the facilities for an occasional

escape from the daily grind.  The Mission Bay Aquatic Center made available an array of boats for

my sailing pleasure.  Fat Baby Glass Works and its staff, especially Sergeant Eva, allowed me to

explore my artistic capabilities and fascination with blown glass.

The text of Chapter 3, in part or in full, is a reprint of the material as it appears in Journal of

Geophysical Research.  I was the primary researcher and author and the co-author listed on the

publication directed and supervised the research which forms the basis for that chapter.  Many of the

figures in this dissertation were made using the Generic Mapping Tools (GMT) software provided by

Wessel and Smith, [1991].



xix

Vita

March 26, 1970 Born, Philadelphia, Pennsylvania

1992 A.B., Princeton University

1992-1993 Lab Assistant, Woods Hole Oceanographic Institution

1993-1999 Research Assistant, Scripps Institution of Oceanography,
University of California, San Diego

1999 Ph. D., University of California, San Diego

PUBLICATIONS

Price, E.J. and D.T. Sandwell, Small-scale deformations associated with the 1992
Landers, California, earthquake mapped by synthetic aperture radar
interferometry phase gradients, J. Geophys. Res., 103, 27001-27016, 1998.

Sandwell, D.T. and E.J. Price,  Phase gradient approach to stacking interferograms,
J. Geophys. Res., 103, 30183-30204, 1998.

Phipps Morgan, J., W.J. Morgan, and E. Price, Hotspot melting generates both
hotspot volcanism and hotspot swell?, J. Geophys. Res., 100, 8045-8062, 1995.

Williams, C.A., C. Connors, F.A. Dahlen, E.J. Price, and John Suppe, Effect of the
brittle-ductile transition on the topography of compressive mountain belts on
Earth and Venus, J. Geophys. Res., 99, 19947-19974, 1994.

ABSTRACTS

Price, E.J., SAR interferogram displacement maps constrain depth, magnitude, and
duration of postseismic slip on the 1992 Landers, California earthquake
rupture, Eos Trans. AGU, 80 (17), Spring Meet. Suppl., S77, 1999.

Price, E.J., and D.T. Sandwell, Postseismic deformation following the 1992 Landers,
California, earthquake measured by SAR interferometry, Eos Trans. AGU, 79
(45), Fall Meet. Suppl.,  F36, 1998.



xx

Price, E.J., InSAR observations of spatial deformation anomalies associated with the
1992 Landers, California M 7.3 earthquake, Eos Trans. AGU, 78 (45), Fall Meet.
Suppl., F157, 1997.

Price, E.J., and D.T. Sandwell, Small, linear displacements directly related to the
Landers 1992 earthquake mapped by InSAR, Eos Trans. AGU, 77 (46), Fall
Meet. Suppl., F50, 1996.

Price, E.J., and D.T. Sandwell, Phase unwrapping of SAR interferograms using an
FFT method.  Application of the method to prediction of topography, Eos Trans.
AGU, 76 (46), Fall Meet. Suppl., F64, 1995.

Price, E.J., C. Connors, F. A. Dahlen, J. Suppe, and C. A. Williams, Accretionary
wedge mechanics on Venus:  A brittle/ductile critical taper model, 23rd Lunar
and Planetary Sciences Conference proceedings, part 3, 1105, 1992.

FIELDS OF STUDY

Major Field:  Earth Sciences

Studies in Applied Mathematics
Professors William Young and Glen Ierley

Studies in Geodynamics
Professors Jason Phipps-Morgan and David Sandwell

Studies in the Geology of Convergent Plate Margins
Professors James Hawkins, Paterno Castillo, and Kevin Brown

Studies in Geomagnetism and Paleomagnetism
Professors Robert Parker and Catherine Constable

Studies in Geophysical Data Analysis
Professors Catherine Constable and Duncan Agnew

Studies in Geophysical Inverse Theory
Professor Robert Parker

Studies in Marine Geology and Geophysics
Professors Jason Phipps-Morgan, David Sandwell, John Sclater, and Edward
Winterer



xxi

Studies in Numerical Methods
Professor Glen Ierley

Studies in the Physics of Earth Materials
Professors Duncan Agnew and Freeman Gilbert

Studies in Satellite Remote Sensing
Professor David Sandwell

Studies in Seismology
Professors Peter Shearer, Freeman Gilbert, Bernard Minster, and John Orcutt



xxii

ABSTRACT OF THE DISSERTATION

Coseismic and Postseismic Deformations Associated With the 1992 Landers,

California, Earthquake Measured by Synthetic Aperture Radar Interferometry

by

Evelyn J. Price

Doctor of Philosophy in Earth Sciences

University of California, San Diego, 1999

Professor David T. Sandwell, Chair

This dissertation focuses on using a relatively new technology called

Synthetic Aperture Radar Interferometry (InSAR) to measure the displacements of

the Earth's surface during the coseismic and postseismic deformation phases of the

1992 Landers, California, earthquake.  An introduction to InSAR and its application

to movements of the Earth's surface are given in Chapter 1.  In Chapter 2, microwave
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remote sensing and the range-Doppler Synthetic Aperture Radar (SAR) processing

algorithm are discussed.  In Chapter 3, the "phase gradient" method is used to map

fractures and triggered slip on faults induced by the Landers earthquake.  In Chapter

4, we investigate the vertical component of displacement on the Landers earthquake

rupture and generate a coseismic vertical displacement map using a combination of

InSAR displacement maps and elastic half-space modeling.  In Chapter 5, we map

displacements of the Earth's surface during the postseismic phase of deformation

using InSAR measurements and predict these displacements assuming that the

deformation mechanism is after-slip in an elastic half-space.  Chapter 6 lists the main

conclusions of Chapters 3,4, and 5.


