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 partia 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

Y ehuda Bock

J. Bernard Minster
Hubert Staudigel

1999



Copyright
Evelyn J. Price, 1999

All rights reserved.



The dissenation of Evelyn Jeanne Price is approved, and it

15 acceptable in quality and form for publication on microfilm:

Afﬁc’f/ \_(i—.‘:'-ﬁfé/z:{.ﬁ,/y

Chair

University of California, San Diego

19949

il




This dissertation is dedicated to my parents:

Dr. Albert M. Price and VirginiaL. Price



"Not everything that | do with my roast chicken is necessarily scientific. Many
aspects of my method are based on my feeling and experience. For instance, |
always give my bird a generous butter massage before | put it in the oven. Why?

Because | think the chicken likes it- and, more important, | liketo giveit."

Julia Child



TABLE OF CONTENTS

SIQNALUIE PAJE.......coiveeie ettt e n e e i
DI CALION. ...ttt 0\
[0 0 =" ) PSR %
Table Of CONENES.......coviiiieieie e Vi
LISt Of FIQUIES.....ecieceeee ettt Xii
List Of TADIES... .o XVi
ACKNOWIEAGEMENLS......ceeieeeieceesie e XVii
LY L USRS Xix
ADSITACL. ... XXii

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

EarthqUaKe...........coveeeeeee e 1
1.1. Synthetic Aperture Radar Interferometry..........c........... 1
1.2. Deformation of Southern California and the Landers
Earthquake...........ccoooeeiieeeecese e 14
1.3. REFEIENCES......ooiiieer e 20

Chapter 2. Active Microwave Remote Sensing and Synthetic
APEIUrE RAEN.........ccueeie e 21

2.1. TheInteraction of Electromagnetic Energy With the
Barth's SUMaCe.........ouieeeee e 21

2.1.1. Electromagnetic Wave Propagationin a
Lossless, Source-Free Medium..........cccceieeeieeeenenne. 21

2.1.2. Electromagnetic Wave Propagationin a

Vi



2.2. Matched Filter Convolution and Pulse Compression

Lossy, Source-Free Medium..........ccccooveeeveenieceenene.

2.1.3. Electromagnetic Wave Propagationin a
Conducting (High-Loss) Source-Free Medium........

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

2.1.5. The Radar EQUation...........ccccevvrvverveceesiennenn.
2.1.6. BacksCatter.........ccooeriiireieeee e

2.1.7. The Relationship Between EM Interactions,

SAR Processing, and InSAR agorithms....................

2.2.1. The Signal to Noise Ratio...........cccccvevvrrveennene.

2.2.2. Matched Filter DeSign.......ccccceveeveieeneseenene,

2.2.3. The Pulse Compression of a Linear-FM

Chirp Radar Return Signal..........cccceeeveecienecieseene,
2.3. SAR Processing ThEOIY.......ccceveevereerieseee e

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

2.3.2. The Range Resolution of aSLAR..................

2.3.3. The Azimuth Resolution of aSLAR...............

2.3.4. An Example of SLAR Resolution: ERS-1

and ERS-2 Imaging Radars............cccooveveevveeennenene.

2.3.5. The Range Resolution of Imaging Radars
Whose Transmitted Signal isaLinear-FM Chirp

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

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

Vil

22

23

24

26

27

28

29

30

30

32

36

36

38

40

40

40

43

50



2.4.1. Loading the Processing Parameters and Data.
2.4.2. Range COMPIreSSION......ccceveerrereerreeeessessenssens
2.4.3. Estimation of the Doppler Centroid Frequency
2.4.4. Range Migration...........cccoveeeereeieeseenseessennnenns
2.4.5. Azimuth COMPressioN.........ccceeeeveeseeereeseenens

2.5, REFEIGNCES. ...t eaaans

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

(see reprint insert)

ICT00 I 1 011 (0o [F Tox 1 o] o TR
3.1.1. Landers Earthquake Observations..................
3.1.2. Regional TECtONICS........cccevvererreerieeiesieeienes
3.1.3. SARANA INSAR.....cciiiiiire e

3.1.4. Effects of Propagation Medium on Range

I DL = o] £0]0r=5S 1 o S

3.2.1 Estimation of Interferometer Basalines from
Orbital Knowledge.........ccovvevereenereseeie e

3.2.2 Interferogram Filtering.........cccccvvvevievieveccienens
3.2.3 Phase Gradient Computation.............ccccceeeenen.
3.3 Interferogram Interpretation and Transformation of

Displacement and Deformation Gradient Into the
Satellite Reference Frame..........occoeverenenenencneceneeeeee

viii

52

53

55

56

59

63

65



3.4.1 End of the Main RUptUre...........cccceveeeenennennens
3.4.2 Calico Fault and Newberry Fractures...............
3.4.3 Barstow Aftershock Cluster and Coyote Lake..

3.5, DISCUSSION...cciieeeieeeeeeeeeeee e e e e e eeeeeeeaeeeeaeaeeeeeeeaeeeesaaannnees

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

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

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

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

3. ACKNOWIedgEMENLS.........cceieeeieciee e

Chapter 4. Vertical displacements on the 1992 Landers,

Cdlifornia earthquake rupture from InSAR and finite-fault

elastic half-space Modeling.........cccevveerinceseccec e
4.1 ADSITACE.....cceiiiiceeceeeeeee e
4.2, INrOAUCLION. ..o

4.3. Interferometric Method...........oo oo,

4.3.1 Scaling Vertical and Horizontal

67

67

68

70



Displacementsinto the Satellite LOS.......................
4.4. Data Processing and Reduction.............cccceeeveneeieseeennn.
4.5. Modeling Method............ccoooeieiinecce e
4.6. RESUITS......oviiiiiieie e
4.6.1. Interferometric Observations...........ccccceeenee.
4.6.2. Forward Modeling Results...........cccceveevevveenee.
4.6.3. Inverse Modeling Results..........ccceevvveiieenee
4.6.4. Moment Analysis of the Slip Moddl................

4.6.5. Resolution Analysis of the Vertical
SHIPMOGE.....ceieeecee e

4.7. DISCUSSION....cuviiiiiniinienieeiesie et
4.7.1. A Comparison Between the Field
Measured and the Interferometrically
Measured Vertical Slip......cccoovvieevenieeneiiese e,

4.7.2. Did the Iron Ridge Fault Stop the
RUPBLUIE?. ...t

4.7.3. A Comparison Between
Modeled Vertical Displacements and
Modeled Right-lateral Slip......c.cccoovevviiieieceeieceee,

4.7.4. Interpretation - transient and long-term
strain fleldS... ..o

4.8. CONCIUSIONS. ... e e e e e eeeeeaaeeenn
4.9, REFEIENCES. ...t e e e e e e e e e e e enaaeeean

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

77

81

89

90

90

98

99

104

105

107

107

109

111

112

116

118

123



5.1. Introduction

5.2. Postseismic

Deformation Mechanisms........cccccceeeeeeeennnn.

5.2.1. Deep Afterdip....ccccoeveeiecieceiiere e,

522. Vi

scoelastic Rebound..........coooeeeeeeeeeeeeeeiennne.

5.2.3. Fault Zone Collapse........ccccoveveeieeinseeiinsieenn.

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

5.3. DataProcessing and Reduction............ccccceeeeveeiveriennns

5.4. Modeling Method..........ccccoeeveieeiesiere e

5.5.2. Modeling ResUlts.........cccceevvveeveiieene e,

55.2.1. SlipModés......cceovevvrierrriereene

5.5.2.2. Forward Predictions..........cccccceeenn....

5.5.2.3. Variance Reduction......cccccccvvvvveennnn.

5.5.2.4. Moment AnalySiS........ccccevvevvseennnne

5.6. Discussion..

5.6.1. Comparison of LOS Displacements
with GPS Horizontal Displacements...........c.cccceeun.

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

D7 CONCIUSIONS. ... e e e e e e e eeeeeaeeeeeaaans

5.8. References.

Chapter 6. Conclusions

Xi

123

126

126
128

131

132

132

136

138

138

141

141

144

144

150

150

150

153

154

156

159



Chapter 1.

Figure 1.1.

LIST OF FIGURES

The locations, types, and data sources of published

INSAR surface Change StUAIES..........ccccveeeieeie v

Figure 1.2.
Figure 1.3.
Figure 1.4.
Figure 1.5.
Figure 1.6.
Figure 1.7.
Figure 1.8.

Chapter 2.

The geometry of asimpleinterferometer...........c...........
A SAR system configuration............cceceveeveereeienseninnns
The ERS SAR receiving Stations..........cccceveeeeneseennns
INSAR QEOMELNY ..o
The limitations of INSAR displacement measurements.
The ERS frames and published studies over S. California

The INSAR and USGS DEM......coooooeeeee e

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

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

Figure 2.2.2. The result of matched filtering aLinear FM Chirp.....

Figure 2.3.1. Theimaging radar geOmMELry.........ccceeveveereereeieesrennnn.

Figure 2.3.2. The orbital configuration.............cccceeceevveresceeresieennnn.

Figure 2.3.3. The SLAR QEOMELIY.........coeiiriirieriieeeieee e

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

Figure 2.3.5. The aong-track geometry...........cccceveeririerieeienienieenes

Figure 2.3.6. Thelines of constant range and Doppler shift.............

Xii

10

13

16

17

25

34

35

36

38

39

42

45

46



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...........cc.cceevrvvvireennnne.

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

Figure 1. Earth and Radar rectangular coordinate systems and

FOLAETON IMALIIX ...ttt eaeas
Figure 2. The coseismic phase gradient............cccceevvceeveceeneseenenn,
Plate 3. Anenlargement of the rupture area............ccccceeeveveeceernennen.
Plate 4. Anenlargement of the Mojave Valley area.........................

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

Figure Al. InSAR geometry. No topography. No displacement....

Figure A2. The INSAR QEOMELTY........cccoevveereiieresie e eee e

FIQUrE BL. FilLErS....oiieiecee e

Chapter 4.

Figure4.1. The ERS-1 and ERS-2 imagery used in this chapter...... 71
Figure 4.2. The coseismic interferogram..........ccccceeveveevesceeseesenenns 72-73
Figure 4.3a. The INSAR QEOMELTY........c.coeeiieiiiieieie e 75

Figure 4.3b. The geometry for projecting horizontal displacements

Xiii



iNto the acroSS-traCk dir€CHION. .. ..ueeeeeeee e 76

Figure 4.4a. Theradar LOS displacement scale factor..................... 78-79
Figure 4.4b. The horizontal displacement scale factor..................... 78-79
Figure 4.5. The synthetic coseismic interferogram.............cccccveveenee. 82-83
Figure 4.6. Theresidual LOS displacement...........cccccevvvvevereennene. 84-85
Figure4.7. Theinverse model predictions............ccceeeeeveeieeseeeennens 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..............cccccvevene.. 100
Figure4.11. Thevertical slip modelsfor various roughness............ 101
Figure 4.12. Thevertical and dextral slip models...........ccccevuvenennee. 103
Figure 4.13. Theresolution analysiS........ccceeeveeveeieseeneere e 106
Figure 4.14. Theinterpretation and vertical displacement map........ 114-115
Chapter 5.

Figure5.1. The SAR imagery used inthisstudy.........c..cccccevveennne. 125
Figure 5.2. Postseismic deformation mechanisms............ccccceeeeneee. 127
Figure5.3a. The 5-215 day interferogram...........ccccccevveveecnseeneene 129
Figure 5.3b. The 40-355 day interferogram...........ccccevcveveereecensreennn. 130
Figure 5.3c. The 355-1253 day interferogram...........ccccevvevveeeruenne 135
Figure 5.4. The model parameterization............ccocerveeveeieenerenennenne. 137
Figure 5.5a. The 5-215 day afterslip model..........ccccooveviiiicncnenne. 140

Xiv



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

Figure 5.5c. The 355-1253 day afterslip model...........ccccevveivennnne. 143
Figure 5.6a. The 5-215 day model predictions...........ccccceevvevverneenee. 145
Figure 5.6b. The 40-355 day model predictions............cccceecvevenuenne. 146
Figure 5.6¢c. The 355-1253 day model predictions............ccccvevuenee. 147
Figure5.7a. The datahistograms...........ccccvvveveiienesieeneceese e 148
Figure 5.7b. Theresidual histograms...........cccceveveveervsceesiesieeseseenee 149

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

XV



LIST OF TABLES

Chapter 1.
Table 1.1. Thecivilian SAR satellites used for INSAR studies 4
Chapter 2.
Table2.4.1. The SAR processing parameters...........ccceveueens 54-55
Chapter 5.
Table5.1. INSAR pairs considered in this study................... 133

XVi



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 thelist 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. Yehudas 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. 1'd aso like to
recognize the contributions of Hubert Staudigel and James Arnold who asked thought-provoking
guestions 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 ora 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 Birgmann of the University of California at Berkeley provided the GPS

XVii



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. | thank the professors who taught those classes for raising my awareness of geophysical
methods to a level appropriate for high quality research. | 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.

Ouitside 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
origina 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 areprint of the material as it appears in Journal of
Geophysical Research. | 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].

XViii



Vita

March 26, 1970 Born, Philadel phia, 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, Cadlifornia, 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 dip 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,

Cadlifornia, earthquake measured by SAR interferometry, Eos Trans. AGU, 79
(45), Fall Meet. Suppl., F36, 1998.

XiX



Price, E.J., INSAR observations of spatial deformation anomalies associated with the
1992 Landers, CaliforniaM 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

Magjor Field: Earth Sciences

Studiesin Applied Mathematics
Professors William Y oung and Glen lerley

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

Studiesin 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

XX



Studiesin Numerical Methods
Professor Glen lerley

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

Studiesin Satellite Remote Sensing
Professor David Sandwell

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

XXi



ABSTRACT OF THE DISSERTATION

Coseismic and Postsei smic Deformations Associated With the 1992 Landers,

Cdlifornia, Earthquake Measured by Synthetic Aperture Radar Interferometry

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 InNSAR and its application

to movements of the Earth's surface are given in Chapter 1. In Chapter 2, microwave

XXii



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-dlip in an elastic half-space. Chapter 6 lists the main

conclusions of Chapters 3,4, and 5.
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Chapter 1
An Introduction to Defor mation Studies Using Synthetic Aperture Radar

Interferometry and the 1992 L anders, California, Earthquake

1.1. SYNTHETIC APERTURE RADAR INTERFEROMETRY

This dissertation focuses on using a relatively new remote sensing technology
caled "InSAR" to map movements of the Earth's surface caused by the 1992 Landers,
Cdlifornia, earthquake. InSAR, an acronym for Interferometric SAR, is a method of
combining imagery collected by imaging radar systems on board airplane or satellite
platforms to map the elevations, movements, and changes of the Earth's surface. To
measure the movements of the Earth's surface, "repeat-pass’ InSAR, using imagery
collected by satellite-borne radar, is employed. It is called "repeat-pass’ because an
image of an area taken at one time, the "reference” time, is combined with images taken
at other times, the "repeat” times, by the same radar.

The applications of INSAR extend well beyond the study of earthquakes. InSAR
detectable movements of the Earth's surface can be due to natural phenomena including
earthquakes, volcanoes, glaciers, landdlides (Figure 1.1), and sat diapirism; or
anthropogenic phenomena including groundwater and petroleum extraction, watering of
farms, or underground explosions. INSAR detectable changes in the Earth's surface can
be due to fires, floods, forestry operations, moisture changes, vegetation growth, and
ground shaking. Hence, applications include mitigation and assessment of natural and
man-made hazards and quantification of the impact of human interaction with natural

resources.
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Figure 1.1. The locations, types, and data sources of published InSAR surface
change studies.



The first study that demonstrated the usefulness of INSAR for measuring
movements of the Earth's surface was published by Gabriel et al., [1989]. They used
imagery collected by an L-band radar system aboard the Seasat satellite to detect swelling
of the ground due to selective watering of fields in Californias Imperial Valley.
However, until the publication of the spectacular displacement maps of ground
movements caused by the 1992 Landers, California earthquake [Massonnet et al., 1993;
Zebker et al., 1994] and ice movements within the Rutford Ice Stream, Antarctica
[Goldstein et al., 1993], the method's usefulness as a geodetic tool had gone
unrecognized by the geoscience community. Since that time, a multitude of workers
have used data from the ERS, JERS, Radarsat, and the Space shuttle's SIR-C/X-SAR
radar imaging systems (Table 1.1) to study earthquakes, volcanoes, glaciers, landslides,
ground subsidence, and plate boundary deformation (Figure 1.1).

Before discussing how InSAR works, it is illuminating to consider how an
interferometer, for example one that might be found in a physics laboratory, measures a
distance difference. A basic, two-sensor interferometer is used to measure the difference
in the lengths of two paths (Figure 1.2). The interferometer is composed of two
electromagnetic field sensors, s, and s,, separated by a known distance called the baseline
B. One path p, begins at sensor s, and ends at the target t. Another path p, begins at
sensor s, and ends at t. A sinusoidal signal is transmitted by sensor s,, reflected off the
target, and received at both sensors. This sinusoidal signal has amplitude and phase. |f
the triangle whose sides are p;, p,, and B is not isosceles the phases of the reflected
signals received back at s, and s, will be different. The difference in the lengths of p, and

p, can be computed by differencing the phases of the two reflected signals and
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Figure 1.2. The geometry of a simple interferometer. | is the wavelength of the signal
transmitted by sensor s,. The other symbols are described in the text.

multiplying by the wavelength of the sinusoidal signal. The phase difference ¢ is a
measure of the path length difference in wavelengths.

As a satellite platform orbits the Earth the imaging radar system on board maps
out a swath on the Earth by transmitting and receiving pulses of microwave
electromagnetic energy (Figure 1.3). This mapping is repeated after a number of days
determined by the orbital characteristics of the satellite (Table 1.1). The radar's antenna
is pointed to the side at an angle called the "look angle" and the beam pattern is
determined by the antenna's dimensions and the frequency of the transmitted signal.

After the signal datais collected, it istransmitted to Earth and received at a number of



Satellite trajectory

SAR Antenna

L ook Angle

Radar Pulses

Figure 1. 3. A SAR system configuration. As the satellite orbits the Earth, the
imaging radar maps out a swath on the ground by transmitting electromagnetic
pulses at a fixed repetition frequency and recording their echoes. The ERS-1 and
ERS-2 radars |ook to the side with an average look angle of 20°. Although the radar
footprint is quite large, computer processing of the signal data improves the image
resolution. The swath-width of the ERS-1 and ERS-2 SAR systemsis 100 km.



strategically located data receiving stations (Figure 1.4). The data are then processed into
high-resolution imagery using algorithms based on the signal's characteristics and the
satellite orbit: this is described in Chapter 2. The high-resolution imagery is an array of
complex numbers representing the amplitudes and phases of the radar signal reflected
from patches of ground corresponding to pixelsin the image.

After radar imagery has been collected more than once over a particular location
on the Earth, consecutive images can be combined to detect topography and surface
change using the INSAR method. The INSAR method utilizes the "phase coherent” part
of the radar's signal, the spatial separation of the positions of the satellite during its two
passes over the same area (Figure 1.5), and knowledge of the wavelength of the signal
emitted by the radar system to form an interferometer. Because randomly oriented
scatterers within an image resolution element have reflected the signal detected by the
radar, the phase of the detected signal has both a random part and a deterministic part.
The random part is "incoherent” while the deterministic part is "coherent.” If the random
part of the phase in the reference image is different from that of the corresponding phase
in the repeat image, the coherence of the phase difference in the interferogram islost. An
imaging radar interferometer is capable of measuring changes in the round-trip distances,
or range changes, of the electromagnetic signals traveling between the satellite and
targets on the ground at the times of the reference and repeat passes of the satellite.

The observed range change can be due to a variety of factors including the
geometry of imaging, topography, displacements of the Earth's surface, changes in
atmospheric refraction, and noise. The measurements forming maps of interferometric

phase, which is proportional to range change, are sometimes expressed as portions of a



Figure 1.4. The ERS SAR receiving dstations. This figure is adapted from
http://earthl.esrin.esa.it/f/ee03.324/groundstations map 230997.gif.
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Reference pass §

Figure 1.5. The InSAR geometry for a spheroidal Earth with topography and
surface deformation. In this diagram, p is the range from the "reference” satellite
pass to a location on the surface of the Earth at elevation z, p + dpe + O isthe
range from the "repeat” satellite pass to the same location, p + dpa + 0p + Oy isthe
range from the repeat pass of the satellite to the same piece of Earth if it has been
displaced by D, 6 is the look angle, a is the baseline elevation angle, B is the
baseline length. The subscripts e, t, and d refer to the "reference Earth", topography,
and displacement respectively. When measuring ground displacement using space-
based INSAR, the three range rays in the figure can be considered parallel to each
other making 068y essentially zero. The INSAR measured component of the
displacement, D, is that which isin the direction of the satellite line-of-sight (LOS).
This displacement is equal to dpy.
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phase cycle or "wrapped" and sometimes "unwrapped" and converted to range change.
The basic information that an interpreter of a wrapped interferogram needs to know isthe
amount of range change per 2p increment of phase, also called a "fringe", which is equal
to one half of the wavelength of the signal transmitted by the radar. For example, this
number is 28 mm in ERS C-band interferometry. Because using a computer algorithm to
add the appropriate number of 2p increments to each phase measurement, called
"unwrapping the phase”, sometimes results in a loss of signal over an area that has
visually interpretable fringes, leaving the phase wrapped is sometimes advantageous.
While fringes in an interferogram may be observable by the naked eye, computer phase
unwrapping methods will fail if the level of the noise in an area of the interferogram is
too high.

The range of spatial and temporal scales over which the INSAR method can be
applied is dependent on the radar’ s wavelength and swath width, and the pixel size and
noise characteristics of the radar imagery data. The amount of time that an interferogram
may span while retaining "phase coherence” is controlled by the characteristics of the
surface (e.g., vegetated or barren). Phase coherence is a measure of the correlation
between the phase returned from a target in the reference image and the corresponding
phase in the repeat image. Over time, the movement of scatterers or a change in the
dielectric properties within a patch of ground will cause the phase of the signals returned
from that patch to be uncorrelated with the phase of previously returned signals. Thisis
caled "phase decorrelation”. If this happens, the interferometric phase cannot be

recovered. Phase decorrelation can be linear with time or can be seasonally dependent.
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In spite of this effect, interferograms spanning as much as seven years have been
computed for dry desert locations.

The spatial dimensions of detectable deformation signals are limited by five
parameters (Figure 1.6): the pixel size, the swath width, the upper and lower limits of the
amount of deformation gradient, and the phase and atmospheric noise levels. These
parameters bound a pentagon in a plot of the width of a deformation signal versus the
amount of range change or displacement in the direction of the satellite line-of-sight
(LOS) caused by the deformation event. The bounds on the pentagon are not hard limits
since, for example, the phase measurements can be improved by stacking properly
filtered interferograms. While the bounds represented in Figure 1.6 correspond to the
ERS-1 and ERS-2 C-band systems, the bounds shift depending on the radar system
parameters. The pixel size and swath width bounds are physical limitations on the spatial
wavelength of the deformation signal that can be measured. Deformation signals with
gpatial wavelengths smaller than an image pixel or much larger than the size of an image
scene cannot be detected with INSAR alone. The locations of the steep and shallow
deformation gradient bounds are respectively set by the criteria of 1 interferometric fringe
per pixel and 1 fringe per scene. For the ERS systems, each fringe represents 28 mm of
LOS displacement, the resolution is 30 m, and the swath width is 100 km giving
approximate bounds of 102 on the steepest displacement gradient and 107 on the
shallowest displacement gradient detectable. Atmospheric noise and phase noise levels
limit the smallest LOS displacement signal that can be measured at any spatial
wavelength. Phase noise can prohibit the measurement of a displacement signal smaller

than afew millimeters. Atmospheric noiseis spatially variable and can have magnitudes
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Figure 1.6. The limitations of measuring displacements of the Earth's surface using
INSAR. Representative deformation events and mechanisms are plotted. The
abscissa indicates the spatial wavelength (map-view) of a displacement. The
ordinate is the range change resulting from the deformation event. Modified from
Massonnet and Feigl, [1998].
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of 5cm. While atmospheric noise does not prohibit the measurement of the deformation
signal, it can contaminate it significantly leaving the interpretation open to argument.

The measurement of seismic, volcanic, and glacial displacement signals using
INSAR is well documented in the literature since their associated deformation gradients
fall well within the limits of the method. Representative phenomena include the
coseismic and postseismic phases of the 1992 Landers earthquake cycle, aftershocks of
the Landers earthquake, the deflation of Mount Etna, and flow within the Rutford Ice
Stream (Figure 1.6). The displacements associated with catastrophic volcanic eruption,
near-fault fault rupture, the interseismic phase of the earthquake cycle, post-glacial
rebound, and tidal loading lie near the boundaries of the method’s applicability. With
further method development and the combination of INSAR data with other geodetic
methods (e.g., Bock and Williams, [1997]; Williams et al., [1998]; Emardson et al.,
[1999]; Thatcher, [1999]), the measurement of these elusive displacement signals lies

within our reach.

1.2. DEFORMATION OF SOUTHERN CALIFORNIA AND THE LANDERS
EARTHQUAKE

A major strike-slip tectonic plate boundary defined by the San Andreas fault

system, cuts through the state of California. The Pacific plate is to the west of the

boundary and the North American plate is to the east. The two plates move past each

other at a rate of 4555 mm per year. Although much of the plate motion is

accommodated by dlip on the San Andreas fault itself, faulting in California is complex
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(Figure 1.7). The zone of deformation extends from the coast of California through the
Basin and Range Province and the Rocky Mountains.

In Southern California, approximately 14% of the strike-slip motion is transferred
to the faults of the Mojave Desert Region north of the location where the San Andreas
fault bends towards the west, threatening the inhabitants of Los Angeles. On June 28,
1992 the M, 7.3 Landers, California earthquake happened in the Mojave Desert and was
the largest earthquake to hit California since the 1952 M,, 7.7 Kern County earthquake.
The Landers earthquake occurred within a zone of NNW striking right-lateral faults that
are part of the Eastern California Shear Zone. The earthquake ruptured five major faults
in the Mojave Desert by propagating northward and stepping right onto more
northwestwardly oriented faults (Figure 1.8). These faults included, from south to north,
the Johnson Valley fault, the Kickapoo fault, the Homestead Valley fault, the Emerson
fault, and the Camp Rock fault. The maximum amount of right-lateral surface dip, 6.1
meters, was measured near Galway Lake Road on the Emerson fault. The pattern of dlip
on the buried rupture is inferred to have been heterogeneous by the inversion of seismic
and geodetic data and may have dlipped as much as 8 meters at depth. Additional
immediate effects of the rupture, in the form of triggered seismicity, were apparent as far
away as The Geysersin Northern California.

Geodetic measurements of the displacement of the Earth's surface due to the
Landers earthquake were made using campaign and continuous GPS instruments and
INSAR technology. While there is a background level of continuous movement of the

crust, the geodetic measurements indicated an increase in movement during both the
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Figure 1.7. The ERS frames and published studies over Southern and Central
Cdifornia. This dissertation focuses on data from the region indicated by the pink
frame.
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Figure 1.8. The 60 meter digital elevation model (DEM) of the study area derived
from InSAR and U.S. Geologica Survey (USGS) 1 degree DEM. The Landers
earthquake had a magnitude of 7.3 and occurred on June 28, 1992. Shockswith M >
3.0 (circles and stars). occurring within 40 days after the Landers Earthquake are
plotted. Stars indicate the locations of shocks near the intersection of the Barstow
earthquake cluster and the Calico Fault. The Abbreviations are: Helendale Fault
(HF), Old Woman Fault (OWF), Lenwood Fault (LF), Johnson Valley Fault (JVF),
Emerson Fault (EmF), Camp Rock Fault (CRF), West Calico Fault (WCF), Calico
Fault (CF), Rodman Fault (RF), Pisgah Fault (PF), and Coyote Lake Fault (CLF).
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coseismic and postseismic phases of the Landers earthquake cycle with much of the
movement increase localized near the earthquake rupture. Multiple workers have used
these geodetic measurements in conjunction with physical models of the Earth's crust to
successfully infer both the spatial and temporal distribution of slip on the earthquake
rupture. These inferences give us a greater understanding of the mechanics and processes
involved in the earthquake cycle and enhance our ability to assess earthquake hazard.
This dissertation focuses on INSAR measurements of coseismic and postseismic
deformations associated with the Landers earthquake. In Chapter 3, the mapping of
fractures and triggered dlip on faults induced by the rupture indicate the effects of the
earthquake on surrounding faults and the directions of the forces induced by the
earthquake within the Earth's crust. In Chapter 4, the vertical component of displacement
on the rupture is investigated. While the possibility of vertical slip on the rupture has
been seismicaly inferred from modeling of the earthquake source, the distribution of
vertical dlip has not been resolved by any other method. Knowledge of the vertical dip
distribution is important input to viscoelastic models of postseismic deformation. In
Chapter 5, InNSAR measurements and models of postseismic deformation are investigated
and discussed. In the future, the INSAR method will be instrumental in helping us
distinguish between the contribution of various mechanisms of postseismic deformation

to the geodetic signal.



GLOSSARY OF TERMS

COHERENCE:  Coherence is the spectra counterpart of
correlation. Assuch, it isaterminology referring to the degree
of correlation between two signals.

DISPLACEMENT: When a piece of the Earth moves, it is said to
be displaced. The measurement of the amount that the Earth
was displaced is the displacement. A map of displacements
allows us to infer deformation, which is a word commonly
used to refer to the change of shape of a solid.

PHASE: The phase of a periodic, sinusoidal signal measured by a
sensor indicates the stage of the signal’'s wave-front when it
intercepts the sensor. The units of phase are the same as the
units used to measure angles. radians and degrees. 2p radians
of phase make up one phase cycle.

PIXEL: A digital image is broken up into pixels. These pixels are
samples of an image on a grid. This is done because
computers are digital machines. they can't process continuous
signals. The pixel size controls the resolution of the image.

RADAR: Radar is an acronym for "radio detection and ranging."
Radar instruments transmit and receive signals with
frequencies in the microwave portion of the electromagnetic
spectrum.

SCATTERER: After a radar signa's wave-front intersects the
Earth, reflectors on the ground scatter it in all directions.
These reflectors are called scatterers.

19
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Chapter 2

Active Microwave Remote Sensing and Synthetic Aperture Radar

2.1. THE INTERACTION OF ELECTROMAGNETIC ENERGY WITH THE
EARTH'S SURFACE

An orbiting, active microwave remote sensing instrument launches a pulse of
electromagnetic energy towards the Earth; the energy travels in the form of a wave
towards the Earth, interacts with the Earth's surface, and is scattered back towards the
sensor. The propagation of the pulse can be described using Maxwell's equations. This
pulse propagates through the Earth's atmosphere, which is considered a low-loss,
refractive medium. The surface of the Earth is an interface between a refractive (low-
loss) and a conducting (high-loss) medium. An understanding of the interaction with and
the subsequent reflection of the electromagnetic wave off of this interface are essential to
understanding the detected signal and the remote sensing data. Without going into
extreme detail, the basic concepts of this interaction are illustrated here. For a more

thorough treatment, the reader is referred to Ulaby, Moore and Fung, [1981].

2.1.1. ELECTROMAGNETIC WAVE PROPAGATION IN A LOSSLESS, SOURCE-FREE MEDIUM

Maxwell's equations in a source-free medium are:

N E=- uﬂ (2.1.1a)
ot
(A =eE (2.1.1b)
at

21
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Where E andH are the electric and magnetic field vectors, u and ¢ are, respectively, the
permeability and the permittivity of the medium.

Some vector calculus and substitution leads to the wave equation for the electric
field (the magnetic field is orthogonal to the electric field and has an analogous wave

equation and solution):

o=

e E
RPE = e 887 2.12)

If we assume harmonic time dependence (E(F,t) = Re{ E(F)ej“’t} ), this becomes

NZE(F) = - o “ueE(F) (2.1.3)
A solution to this equation for a horizontally (x direction) polarized wave propagating in
the positive or negative zdirection is:

E (2 = R E,  exp[ £k} (2.1.4)
Where Kk is the wavenumber, and E , is the amplitude of the electric field in the
horizontal direction. In the following discussion, we consider the wave directed in the
positive z direction. The wavenumber is inversely proportional to the wavelength k =
2p/\. The angular frequency isw = 2pf. Substitution of Egn. 2.1.4 into Egn. 2.1.3 shows

that k = w/ue , and the phase velocity of the planewaveis v =w/k =1/ \fue .

2.1.2. ELECTROMAGNETIC WAVE PROPAGATION IN A LOSSY, SOURCE-FREE MEDIUM

In alossy, homogeneous medium, Maxwell's equations become:

N E=-u (2.1.5a)

2|2
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N H=oE+ s%f (2.1.5b)

Where o is the conductivity of the medium. Now, assuming harmonic time dependence
of the electric and magnetic fields, these equations become:

N E(F) = - jouH() (2.1.69)

N “H(F) = (o + joe)E(F) (2.1.6b)

Now, to simplify further algebraic manipulations, a physical parameter called the
"dielectric constant” can be defined as ¢, =¢- jo/w. An analogous quantity to the
dielectric constant in the atmosphere is the index of refraction. If the relative dielectric
constant is ¢, =¢./¢,, Where g, is the permittivity of free space, then the complex
refractiveindexisn=¢, =¢,'- je,' . Notethat ¢'=¢/e, and ¢, '=c/we, .

After some substitutions and vector calculus, awave equation for the electric
field is obtained as above (Egn. 2.1.2). A solution to this wave equation for the
horizontally polarized electric field propagating in the z direction is:

E.(2) = Re{E o exp[- jk 2]} (2.1.7)

Where k, =w,fue, and is analogous to the wavenumber in the loss-less medium. Now,
the exponent in Eqn. 2.1.7 has both areal and an imaginary part:

E, (29 =Eoexp(- 0z- B2) (2.18)

Where a. is the "attenuation constant” which determines how the amplitude of the wave is

attenuated as it propagates in the medium and f is the new phase constant.

2.1.3. ELECTROMAGNETIC WAVE PROPAGATION IN A CONDUCTING (HIGH-LOSS),
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SOURCE-FREE MEDIUM

In a conducting (high-loss) medium (such as the Earth), ¢ >>we. Then,

joJue, » Jjouo =Jouo/2+ jJouc/2 and a=p=,/ouc/2. Now the phase
constant, f3, is different from the phase constant in the lossless case, k =oo\/E. The
"skin depth" (dy) in the conducting medium is the distance the wave travels in the

medium before its amplitude is decreased by 1/e. The skin depthis d, = J2/ouo .

2.1.4. THE REFLECTION COEFFICIENT OF HORIZONTALLY POLARIZED
ELECTROMAGNETIC WAVES

When an electromagnetic wave encounters an interface between two media with different

impedance v =/u/e , part of the wave energy is reflected and part of it is transmitted

(Figure 2.1.1). The way in which the wave is reflected and transmitted is described by
the reflection and transmission coefficients at the interface. The reflection and
transmission coefficients are derived by matching the phase of the incident, reflected, and
transmitted waves and requiring that the sums of the reflected and transmitted electric
and magnetic field amplitudes equal the incident electric and magnetic field amplitudes at
the interface, respectively. For the ERS SAR application, it isilluminating to write down
the reflection and transmission coefficients for horizontally polarized (electric field

vector is horizontal) incident and reflected waves:

_M,CosH, - m,C0s0,
1, COsH, +m, COsb,

Ry (2.1.99)

_ 2, C0s0,
N, COsH, +n, COSH,

(2.1.90)

HH
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Where 1), is the impedance of medium 1, n, is the impedance of medium 2, 6, isthe angle
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M., = VILE,

Figure2.1.1. The reflection and transmission of an electromagnetic wave incident from
a medium with impedance h; on a medium with impedance h,. The magnetic field
vector is not shown but is everywhere perpendicular to the electric field vector (which
points into the page) and the direction of wave propagation.

of incidence, and 6, is the angle of refraction for the transmitted wave (see Figure 2.1.1).
Note that if € is complex, so is the reflection coefficient. At zero incidence, the incident
and reflected waves travel in opposite directions and are related to each other by:

E = E,exp[jkZ] (2.1.10aq)

E, =R E,exp[- jk7] (2.1.10b)
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Where E; is the incident electric field and E, is the reflected field. In this case, the z

direction is vertical and the incident wave impinges on the interface from above.

2.1.5. THE RADAR EQUATION

When an imaging radar signal encounters the boundary between the atmosphere
and the Earth, it is reflected in al directions due to the multiple orientations of
"scatterers’ within a patch on the Earth. The radar instrument detects and records that
part of the signal that is reflected back at the radar. The radar equation describes the
relationship between the power transmitted, P;, by an isotropically radiating radar
antenna with gain G, and the power received by the radar antenna, P, from an
isotropically reflecting target. The basic radar equation is [Levanon, 1988]:

P G\°o
P, = W (2.1.11)

Where A is the wavelength of the signal, R is the range from the antenna to a target with
radar cross-section o. The radar cross-section of atarget is the area of atarget that, if it
reflected isotropically, would return the same amount of power as the real target (real
targets usually don't reflect isotropicaly).

The radar equation can be derived by first writing down the expressions for the
transmitted power density on a sphere of radius R centered on the antenna,
pr = PTG/ 47R?, and reflected power density on a sphere of radius R centered on the
target, p, = p;0 / 47R?. Then, the received power is equal to the product of the reflected

power density and the effective area of the antenna, P, = pzA where the effective area of
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the antennais A=2>G/4x . The effective area of the antenna is analagous to the radar
cross-section of the target (e.g., if the antenna was atarget of another radar, A=o0).

When imaging the Earth, the radar return signal has been reflected from a patch of
ground with some average radar cross section. The normalized radar cross section, o°, is
the quantity that is most often studied in the literature when trying to determine how
natural targets reflect radar signals. It is the average radar cross-section per unit surface
area and is a dimensionless quantity. Sometimes it is caled the "backscattering

coefficient".

2.1.6. BACKSCATTER

The backscattering coefficient of a random surface can be written [Ulaby et al.,
1981]

oo(0) = f,(e,,0) xf,(p(x. y).0) (2.1.12)
Where 6 is the angle of incidence, f, is the "dielectric function” that describes how the
backscatter amplitude depends on the dielectric constant and the incidence angle, and f;is
the "roughness function" that describes how the backscatter energy depends on surface
roughness where p is the normalized autocorrelation of the surface height. The
roughness function and the dielectric function are independent of each other. If the radar

signal and return are horizontally polarized, the dielectric function is equal to the Fresnel

reflectivity, G, =|R,.,(0)[".
Because of the multiple reflections from scattering elements within the patch of

Earth being imaged, the radar return has a random (non-coherent) amplitude and phase
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superimposed on a mean amplitude and phase. The mean amplitude and phase give us
information about the Earth's surface that we can interpret. Because of the non-coherent
components, each measurement of amplitude and phase is a noisy estimate (or a random
variable). The non-coherent amplitude components cause a phenomenon called "speckle’
in radar amplitude images and the non-coherent phase components cause the phase of

each pixel in asingle radar image to lose some correlation with its neighbors.

2.1.7. THE RELATIONSHIP BETWEEN EM INTERACTIONS, SAR PROCESSING, AND INSAR
ALGORITHMS

SAR processing and InSAR algorithms take advantage of the mean or the
estimate of the "coherent” phase of the returned signal. Formulating a SAR processing
algorithm involves first deriving filters matched to the expected return radar signal from a
unit target on the ground and then applying these filters to the data. The frequency
characteristics of these filters depend on the satellite orbit and the transmitted radar
signal. Successful INSAR depends on the non-coherent component of the phase not
changing with time. If the non-coherent part of the phase does change between
consecutive imaging passes of the satellite over the same patch of ground, then a
phenomenon called "phase decorrelation™ occurs and the interferometric phase cannot be
recovered. As can be deduced from the above discussion, if the scatterers within an Earth
patch move between imaging times or the dielectric constant of the ground changes, the
random component of the phase will change. Note that a gradual change in dielectric

constant (such as can happen with a gradual change in soil moisture) will lead to a change
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in skin depth as well as mean reflected phase. A significant change in skin depth will

change volume scattering effects and hence change the non-coherent part of the phase.

2.2. MATCHED FILTER CONVOLUTION AND PULSE COMPRESSION

The "matched filter" and "pulse compression” concepts are the basis of SAR
processing algorithms. These concepts are also applicable to any filtering problem that
involves the attempt to recover a signal whose frequency characteristics are known from
a mixture of that signal with noise. A matched filter is, surprisingly, a filter that is
matched to the signal one is trying to detect. It will be shown below that the matched
filter maximizes the signal to noise ratio (SNR). For a thorough treatment of matched
filtering see McDonough and Whalen, [1995]. Pulse compression involves using a
matched filter to compress the energy in asignal into a shorter period of time.

The matched filtering of alinear FM chirp signal is used in both the across-track
(range) and along-track (azimuth) directions in the SAR processor to increase the
resolution of SAR imagery by "compressing” the signal. In the range direction, the linear
FM chirp is the actual signal emitted by the SAR sensor. This reduces the peak power
requirement of the SAR antenna. In the azimuth direction, a linear FM chirp filter is
constructed from the Doppler frequency shifts of the returns from a target as it passes
through the radar's footprint with each consecutive pulse emitted by the radar. This
Doppler frequency shift is proportional to the rate at which the orbiting satellite moves

towards or away from the target.
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2.2.1. THE SIGNAL TO NOISE RATIO
The return signal detected by a radar instrument is usually accompanied by some
noise. The signal to noise ratio (SNR) is the ratio of the signal power to the noise power.

Itis:

SNR =[a (1) = [ %1\523 {-Ni{)}N Qi 2.2.1)

Where E is the expected value operator, Var is the variance operator, N is the noise,

and R, (t) = s(t) + N(t) where R,, is the detected signal and s(t) is the desired signal.

2.2.2. MATCHED FILTER DESIGN
The matched filter is derived by finding a filter that maximizes the S\NR of the
detected signal in an attempt to recover the desired signal.

The filtering operation g(t) is defined as the convolution of afilter with asignal

gt) = ¥dﬂ(t - u)R,,(u) du (2.2.2)

Where h(t) is the filter and R,,(u) isthe signal. To find the filter that maximizes the SNR

of g(t), this expression for g(t) isfirst substituted into Eqn. 2.2.1

2

zE} :‘jw(t- u)[u) + N(u)] d“g E} a‘(t - ) N(u )dug‘j
@] == I-¥i & Ly L (2.2.3)
Egggq(t- u) N(u) du- E. d1t- du&}

If the noise has zero mean and is evenly distributed in the frequency domain with

power N,/2 then its expected value is zero and Eqgn. 2.2.3 becomes
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2N, S (e W)s(Y) du;
[a@®)] = * (2.2.4)

i‘)hz(t - U) du

Schwartz's inequality can now be used to find the filter that maximizes the above

expression for the SNR. Schwartz's inequality for complex scalar functions of tis:

2

O @)y(t) df £ dt y() ot (2.25)

Where * denotes complex conjugation. Equality holds in this expression only if
x(t) = By(t) where B is some constant. If Eqn. 2.2.5 is applied to the numerator in Eqn.

2.2.4,

2
u

d

2¥

gg‘j](t -u)qu) du

¥

£ Eﬁw(t -l du gs(u)f’ du (2.2.6)

-¥

D

Where equality will hold only if h' (t- u) = s(u). Setting p = 1, we find that the filter
that maximizes the SNR is the time-reversed "desired" signa that has been combined
with white noise to yield the measured signal. Thefilter, h(u)=s (- u) (at t = 0), iscalled
a"matched filter" because it is matched to the signal we are trying to detect.

Note that matched filtering is a correlation operation. Substituting the matched

filter, h(u), into Egn. 2.2.2 gives

¥

g(t) = ¢p (u- t)s(u)du+ ¥‘@ (u- t)N(u) du (22.7)

The first expression on the right-hand side of Egn. 2.2.7 is the definition of the

complex autocorrelation. The second expression on the right-hand side of Egn. 2.2.7 is
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the correlation of the matched filter with the noise. At time t = 0, the autocorrelation
function is a maximum and the correlation of the signal with the noise should be
relatively small. Because the matched filtering operation is a correlation, a SAR
processor is sometimes referred to as a correlator.

Note also that the maximum SNR given by the matched filter is 2E/N,. If we

substitute the matched filter into Egn. 2.2.4, we find
) ¥
[a(t)] =2/ N, ¢ (u) du=2E/N, (2.2.8)
-¥

Where E isthe energy in the signal and is equal to the time-integrated power s
For a thorough discussion of matched filtering, the reader is referred to
McDonough and Whalen [1995]. For a simple explanation of matched filtering and its

application to radar problems, see Levanon, [1988].

2.2.3. THE PULSE COMPRESSION OF A LINEAR-FM CHIRP RADAR RETURN SIGNAL

In this section, the result of matched filtering a radar return will be examined.
This result allows a determination of the theoretical spatial resolution of SAR imagery.
Consider an isolated point target located at a distance R from a SAR satellite. The radar
emits a pulse s(t) that travels to the point target and back in atime T = 2R/c where cisthe
velocity of the electromagnetic wave and is approximately the speed of light. The
impulse response of a point target is a delta function multiplied by the reflectivity of the

target. The returned signal is thus the outgoing signal delayed by time T and multiplied
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by some constant. Since we are here interested in deriving the resolution of the system,
the constant will be neglected and the return from the target is then s(t-T).

The output of the matched filtering operation is

g(t- T)= ¢p (u- t)s(u- T) du (22,9

-¥

If the origin is shifted to time T, this becomes

¥

g(t) = ¢p (u- t)u)du (2.2.10)
-¥
Using Rayleigh's Theorem, Egn. 2.2.10 becomes
¥ ) .
g(t) = gs(f)[ &' df (2.2.11)
-¥

Where |S(f )|2 is the power spectrum of the signal s(t). Note that the time width of g(t)

determines how well the filtered signal can recover a delta function: the resolving
capability of the system.

An idealized linear FM chirp signal has a power spectrum that looks like a box-
car in the frequency domain (e.g. Figure 2.2.1). This is a good approximation if the
product of the signal's duration and bandwidth islarge (> 130) [Cook and Bernfeld, 1967,
Curlander and McDonough, 1991]. Since the time-bandwidth product for the outgoing
ERS signal is 575, this condition is met. Suppose that the chirp has a constant power

spectra density, M, over some one-sided band so that |f - f|£ B/2 where B is the

bandwidth of the chirp signal and f, is the central frequency of the band. Then the output

of the matched filtering operation is

g(t) = MBe """ sinc(nBt) (2.2.12)
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Now, the time width of g(t) is dt = 1/B where B is in Hz (see Figure 2.2.2).
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Figure 2.2.1. The power spectrum of an ERS-like transmitted pulse. The power
spectrum is close to rectangular with a bandwidth equal to the product of the chirp-slope
and the pulse duration.
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Figure 2.2.2 The result of matched filtering a Linear FM Chirp function. The time-
width of the sinc function is determined by ERS-1 and ERS-2 system parameters.
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2.3. SAR PROCESSING THEORY

Vg Trajectory

Figure 2.3.1. Theimaging radar geometry. The parameters are as described in the text.
The figure is adapted from Curlander and McDonough, [1991].

2.3.1. THE DESCRIPTION OF AN IMAGING RADAR

The geometry of an imaging radar is shown in Figure 2.3.1. The SAR antenna
with width W, and length L, is mounted on a satellite platform that travels along a
trajectory with velocity V that can be determined by its orbital parameters. The satellite's

orbit can be found from Newton's law of gravitation and obeys Kepler's laws. The orbit
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is specified by its inclination (1), ascending node (2), semi-mgjor axis (a), eccentricity
(e), and angular position with respect to the ascending node (¢) (Figure 2.3.2). The radar
transmits an electromagnetic pulse, which spreads radialy as it travels towards the earth
according to the radar antenna's beam pattern. The angular across-track 3 dB beamwidth
of the antenna, 6,, =A/L,, and the angular along-track 3 dB beamwidth of the antenna,
0, =A/W,, depend on the width and length of the antenna, respectively, and the
wavelength of the transmitted signal (\) (see Figure 2.3.1). The pulseis directed at some
angle off nadir (directly below the satellite) called the look angle (6). The transmitted
pulses have a duration T, and are repeated at a given interval (pulse repetition interval,
PRI) that can be inverted to obtain the pulse repetition frequency (PRF). The sampling
frequency of the imagery data is equal to the PRF in the along-track direction and the
radar's sampling frequency (f) in the across-track direction. The distance between the
swath and the sub-satellite track is D..

The antenna's beam pattern modulates the amplitude of the radar signal returns.
The elliptical footprint in Figure 2.3.1 indicates the width of the swath specified by the
beamwidth at which the amplitude of the signal is 3 dB below the beam center amplitude.
However, many imaging radar systems (ERS-1 and ERS-2 in particular), record the
signa returned from targets located outside of the 3 dB swath width and thus include
returns that have been amplitude modulated by the side-lobes of the antenna beam
pattern.  While this kind of a system images a wide swath on the ground, it may be
necessary to remove the antenna beam pattern from the data depending on the science

application.
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NP

\_A
SP

Figure 2.3.2 The orbital configuration. S is the location of the satellite, Q is the
longitude of the ascending node, 1 is the orbital inclination, ¢ is the angular position of

the satellite relative to the ascending node, E is the center of the Earth, NP is the North
Pole, and SP is the South Pole. The figure is adapted from Rees, [1990].

Before launching into a description of SAR theory, it is illuminating to consider
the resolution of a side-looking aperture radar (SLAR). In this case, the along-track and
across-track resolutions are poor because the physical length and width of the antenna

respectively limit them.

2.3.2. THE RANGE RESOLUTION OF A SLAR

The range resolution of a SLAR system is determined by the ability of the system
to distinguish between two point targets on the ground in the range direction (closed
circles separated by distance R, in Figure 2.3.3a. This s dictated by the time duration of

the radar pulse, T, , and the angle of incidence, n, such that two targets on the ground can

p?

be distinguished only if they are separated by more than one pulse-width. The range
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resolution of the SLAR is then [Curlander and McDonough, 1991]:
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b)

Figure 2.3.3 The SLAR geometry. @) The configuration in the range direction. H isthe
height of the spacecraft, R, is the near range, R, is the far range, 1 is the incidence angle,
c is the speed of light, <, is the pulse duration, AR is the ground range resolution, W, is
the width of the swath on the ground. b) The configuration in the along-track direction.
V, is the velocity of the spacecraft, 6y, is the along-track beam-width, 6 is the look angle,
Ristherange, and dx isthe along-track resolution. The figure is adapted from Curlander
and McDonough, [1991].

ct
2sinm

Note that the range resolution is independent of the spacecraft height.
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2.3.3. THE AZIMUTH RESOLUTION OF A SLAR
The azimuth resolution of a  SLAR is determined by the system's ability to
distinguish between two targets in the azimuth direction. This is dictated by the along-
track beam-width of the signal (6, = A/L,) (see Figure 2.3.3b). Two targets located at the
same slant range can be resolved only if they are not in the radar beam at the same time.
The azimuth resolution of the SLAR is then [Curlander and McDonough, 1991]:
x=RO, =R\/L, (2.3.2)
Note that the azimuth resolution for this real aperture radar decreases with increasing
range and increases with antenna length. As shown below, higher along-track resolution
can be obtained by coherent integration of many returns from the same target to

synthesize a much longer antenna.

2.3.4. AN EXAMPLE OF SLAR RESOLUTION: ERS-1 AND ERS-2 IMAGING RADARS

The ERS-1 and ERS-2 radars have a pulse duration of .0371 ms, an average angle
of incidence of 20°, a signal wavelength of .056 m, and a mean range to a target on the
Earth of 850 km. Thus, the ERS-1 and ERS-2 SLARS have a 16 km range resolution and
a5 km azimuth resolution. This resolution isvery low and can be significantly improved

by SAR processing of the radar signal data.

2.3.5. THE RANGE RESOLUTION OF IMAGING RADARS WHOSE TRANSMITTED SIGNAL ISA
LINEAR FM CHIRP

The signal transmitted by the ERS radarsis alinear FM chirp (Figure 2.3.4):
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i2n (4 +kt2/2)]u

) =Rl Ed J Hi<c,/2 (233)

Where E, is the signal amplitude, f, is the signal carrier frequency, and k is the "chirp
slope". Note that the frequency of the signal sweeps through a band

- ke, /2£(f- f)Ekr,/2 so that the bandwidth of the signal, B, is equal to the product

of the chirp slope and the pulse duration.

After areturned radar pulse is detected, an operation called complex basebanding
is performed on the pulse by the system electronics on-board the ERS satellites (see
Curlander and McDonough, [1991] p.183 or Levanon, [1988] p.111-113). This operation
converts the real signal to a complex signal with frequency centered about zero by
shifting the spectrum of the returned signal according to the transmitted signal's carrier
frequency and filtering the result to recover only the frequency band centered about zero
frequency with bandwidth B (e.g. Figure 2.2.2). This operation is aso caled "I,Q
detection” because the in-phase and quadrature components of the signal are retrieved.
The raw radar data collected by the receiving stations is then an array of complex
numbers with each row representing a basebanded, sampled returned pul se.

If each basebanded, returned pulse is correlated with a replica of the outgoing
pulse, the output of the filtering operation g(t) on areturn from a point target is

o(t- T)=E BsincaB(t- T) (2.3.4)

Where T is the delay of the return from the point target and the time-width of g(t) is 1/B.

The value of the sinc function at its maximum is the range-compressed datum



46

corresponding to the return from the point target. Substituting 1/B for <, in Eqn. 2.3.1
gives.

_ Cc
2Bsinm

DR, (2.35)
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Figure 2.3.4. The center portion of an ERS-like transmitted pulse. Note that the
frequency of the signal increases with increasing time away from the origin.

For the ERS radars with T, = 0.371 ms, k = 4.189 x 10" s?, and bandwidth B = 15.5 MHz
give a range resolution of 24.7 m. This is a compression by a factor of 577 over a
comparable SLAR system without signal processing.

Note that the return from a point target A will be spread out in the radar data over
atime equal to the pulse width but the return’s frequency will depend on time as specified
by the transmitted chirp signal. The return from an adjacent point target B will have the
same fregquency spread but will have a different frequency than the return from A at any

particular time with the frequency shifted according to the difference in delay (and hence
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range) between the returns from A and B. Thus, the returns from two adjacent targets, A
and B, can contribute to the received signal at the same time and yet can be separated

because they each have a different frequency at that time.

2.3.6. SAR: SYNTHESIZING THE APERTURE

Basic antenna theory states that the resolution of the signal detected by an antenna
is inversely proportional to the length of the antenna (e.g. Egn. 2.3.2). The “synthetic
aperture” in the acronym “SAR” derives from the azimuth (or along-track) processing of
the signal data which synthesizes an aperture that is longer than the actual physical
antenna to yield a higher resolution. The key observation that led to the ability to do
SAR processing was made by Wiley, [1965] who realized that a Doppler frequency shift
of the signal returns could be used to improve the resolution of the radar imagery in the
along-track direction.

Two point targets at the same range but at slightly different angles with respect to
the track of the radar have different speeds relative to the radar platform at any instant in
time. These speed differences lead to a frequency shift of the signal returned from targets
located fore and aft of the center of the radar beam relative to the frequency of the signal
returned from a target located broadside of the radar. This Doppler frequency shift is
proportional to the rate at which the range, R, between the satellite and the target

changes:

fo=- 2Rt = 2R (2.3.6)
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Where f, is the Doppler frequency shift, and R isthe range rate.

The range between the satellite and the target can be written (see Figure 2.3.5)
R =(x- sV,) +R3+H? (2.3.79)
and in areference frame moving with the spacecraft (s = 0), the rangerateis

(2.3.70)

Where x is the along-track location of the target, s is "slow time" sampled by the PRF
(1680 Hz as opposed to fast time sampled by the system's received signal sampling
frequency f; = 18.96 MHz), R, is the across-track distance between the sub-satellite
ground track and the target, H is the height of the spacecraft, and V4 is the relative

velocity between spacecraft and target. Substituting Egn. 2.3.7b into Eqgn. 2.3.5 gives

_2VgX

T 2V, sin(p,) /x (2.3.8)

fo =

Where 6, is the angle of the target off broadside, and A is the radar wavelength. If the
radar points to the side, then the ground range, R,, can be expressed as a function of

range, R, along-track location relative to boresight, x, and height, H:

R=VR - x*- H’ (2.3.9)
And it can also be expressed as a function of Doppler frequency shift:
- & /X9 ¥ - H? (2.3.10)
RE\é M, o -

A target can be located in across-track, along-track coordinates within one radar
pulse from the dlant range, frequency shift, and sign of frequency shift of the return

signal. This concept can be illustrated by plotting ground range against along-track
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Figure 2.3.5. Thealong-track geometry. V,isthe spacecraft velocity, H is the height of
the spacecraft, R is the range between spacecraft and target, x is the along-track position
of the target, R, is the across-track location of the target, 0, is the along-track angular
position of the target, R, is the broadside range to the target, and sisslow time. The
figure is adapted from Curlander and McDonough, [1991]

location for various slant ranges, and against along-track location for various Doppler
centroid frequencies (Figure 2.3.6). As a target passes through the radar footprint, it
appears at a different range and frequency for each consecutive pulse (Figure 2.3.7).
Furthermore, if the change in frequency shift of a return from a particular target within
each consecutive radar pulse (the phase history of the target) can be predicted, this
information can be used to design an along-track matched filter for pulse compression in
the azimuth direction.

If it is assumed that the satellite does not move significantly between transmission

and reception of a radar pulse (the velocity of the satellite is approximately 7.5x10° m/s
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while the velocity of the pulse is approximately 3x10® m/s), then the range to a target

within each pulse can be considered constant and a change in range to atarget can be

Ihe Lings of Comsiani Hasge and Froguency Shill i an ERS Badar Footgrmi

Alenp-irack Dismeoe (km

RETE 250 i} THI 80 ] M 10 || L3 1401
L= irmck Desianes (km

Figure 2.3.6. Thelines of constant range and Doppler frequency shift in an ERS radar's
footprint. The vertical lines are lines of constant range. The sub-horizontal lines are

lines of constant frequency shift.

considered a function only of slow time, s so that the returned signal from a target at
range R can be represented by

r(s)= Ag* R (2.3.11)
Where R(s) is the one-way range to the target and A is the amplitude. Note that the phase
of the return from atarget at range R(S) is¢(s) = 4nR(s)/\ .

A Taylor series expansion of range as a function of slow time about the time
when the target is in the center of the radar beam, s,, can be performed retaining only the

guadratic termsin the expansion. The range to the target isthen
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RS » R +R(s- §)+R(s- 8)7/2+... (2312)
Substituting this expression for the range as a function of along-track time (Eqn 2.3.12)

The Ramge-Dogppler Locatson of @ Target in the Badar's Footprini
| (R = 1 2 J . = ¥
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Figure 2.3. 7. Therange offset relative to the range when atarget is at the center of the
radar beam versus the frequency shift of the return from atarget as it passes through the
radar's footprint. The two curves indicate the range offset and frequency shift from a
target at near range and a target at far range. Note that the system's range sampling
frequency gives a 7.9 m range pixel size and hence the maximum range offset for a target

isless than one pixel.

into Eqn 2.3.11 gives
(9= Aexpd S8R +R(s- 8)+R(s- 5)/28: (2313
e )¢ ¢ 1y o
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The range rate at the center of the beam is given by Eqn 2.3.8 by substituting 6., the
squint angle, for 6,. The rate of the range rate can be obtained by differentiating Eqgn.

2.3.7atwice with respect to the slow time, s:

.. - \/2cA . 2
R= aX- Va0 Vo (2.3.14)
& R o R

Because the first term on the right of Egn 2.3.14 is 10° times the size of the second term,

the rate of the range rate can be approximated as
R=-% (2.3.15)

The frequency of the return from the target when it is located in the center of the
radar beam is the Doppler centroid frequency, f,.. The rate at which the frequency of the
return from atarget changes as the target passes through the radar footprint is the Doppler

frequency rate, fz. These Doppler parameters are:
f..=2R/%=-2v,sn(0.)/r (2.3.163)

f.=2R/% =2V2/AR (2.3.16b)
Substituting the Doppler centroid frequency and Doppler frequency rate into Egn. 2.3.13
gives
4z
r(s)= Ae exp{iZn[ch(s- s)+ fals- sC)Z/Z]}, Is- s|<92 (23.17)
Where Sis the SAR "integration time" determined by the amount of time a target spends

within view of the satellite. This is equal to the product of the along-track footprint

length and the relative velocity between the spacecraft and the ground. With reference to
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Figure 2.3.1 which shows the equation for the along-track angular beamwidth (6,,), the

SAR integration timeis

g=R% _ RA (2.3.18)
VS[ LaVS[

Figure 2.3.8 shows the power spectrum of the theoretical aong-track chirp

function. Note that the spectrum is centered on the Doppler centroid frequency. From

The Power Specinam of the Along-irack Chirp
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Figure 2.3.8 The power spectrum of an ERS-like along-track compression filter with
Doppler centroid frequency equal to 300 Hz. Note that if the frequency of part of the
signal exceeds 0.5* PRF, it must be wrapped into the corresponding negative frequencies
before applying the filter to the data.
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the discussion about pulse compression (Sec. 2.2), we know that the temporal resolution
of the match-filtered chirp signal data is equal to the reciprocal of the bandwidth. The
along-track signal has bandwidth, B, equal to the product of the Doppler frequency rate

and the integration time. Thus, the reciprocal of the bandwidth is

1/B=—= (2.3.19)

The gpatia resolution of the SAR processed data in the along-track direction is
the product of the temporal resolution and the relative velocity of the spacecraft. The

along-track spatial resolution, dx, isthen
ox=—=2 (2.3.20)

Where, as before, L, is the length of the antenna. This is a statement that an arbitrarily
high resolution can be attained using a shorter antenna. However, there is a trade-off
between antenna length and pulse width (and hence swath width) such that alower bound
on the total area of the SAR antenna for a systems like the ERS-1 and ERS-2 SARs is

about 1.6 meters (see Curlander and McDonough, [1991]).

24. THE IMPLEMENTATION OF THE SAR PROCESSOR

The SAR data is sampled in the range direction by the sampling frequency (f,) of
the radar and in the along-track direction by the pulse repetition frequency (PRF). The
data comesin the form of an array of complex numbers. Each row of data corresponds to
one pulse of the radar while each column of data contains a sample from successive

pulses at a constant range.
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SAR processing consists of three basic steps: range compression, range migration,
and azimuth compression (Figure 2.4.1). The range compression step involves matched
filtering of the returned radar signal data with a replica of the transmitted signal. The
range migration step trangates the radar return from a target in successive pulses of the
radar such that it falls within one column in the data set. For the ERS-1 and ERS-2

systems, the maximum translation is less than one range bin (see Figure 2.3.7 and note
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that sampling is 7.9 meters in range). However, range migration is justified since a
generally accepted criterion for performing this step is that the shift be greater than 1/4 of
a range resolution cell [Curlander and McDonough, 1991]. The azimuth compression
step involves correlating the returns from a target within successive pulses of the radar
with a theoretical chirp function designed according to the expected frequency shift and
phase of the returns from that target as it passes through the radar footprint. These three
steps are performed on patches of data since they must operate on at least a block of data
corresponding to the size of the radar footprint (1200 pulses for ERS-1 and ERS-2) and
the amount of computer random access memory limits the amount of data that can be
loaded. Thus, in addition to the three basic steps, a significant amount of bookkeeping is

necessary.

2.4.1. LOADING THE PROCESSING PARAMETERS AND DATA

The first step performed by the SAR processor is to read in the SAR processing
parameters.  Sufficient parameters for SAR processing of ERS data and some
representative values are shown in Table 2.4.1. The next step isto read in ablock of data
whose rows correspond to an area larger than the radar footprint in the along-track
direction and whose number of rows is a power of 2 for efficient use of Fast Fourier
Transforms (FFTs). Note that although the Fourier transform is used here, a number of

other spectral transforms can be used in SAR processing algorithms.
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2.4.2. RANGE COMPRESSION

After reading in the processing parameters and a block of data, we compute the
range reference function (RRF). This processing step maximizes the range resolution of
the imagery data. The RRF isareplica of the transmitted radar pulse that will be used as
amatched filter to be correlated with each row of raw SAR data. The RRF is constructed
by first computing the number of points in the filter, N, using the range sampling
frequency and the pulse duration (N = fx ). Noting that the signal has been stripped of
its carrier frequency, we express the RRF as:

RRF[i] =exp(n* k* t*[i]), -t /2£t[i]]£7,/2 (2.4.1)

Where, if {0] =-t /2 and Dt=1/f, then f[i] =t[i - 1]+ D¢, i=12,...,N; andkisthe
chirp-slope parameter (Table 2.4.1).

The RRF is then windowed according to the rng_spec wgt and rm_rng_band
parameters (Table 2.4.1) and padded with zeros out to the power of 2 sized vector with
length greater than and nearest to the number of range samples of raw SAR data,
good_bytes per_line (Table 2.4.1). In the case where good bytes per line = 11232,
since each pair of bytes corresponds to one sample of complex raw SAR data, this is
8192 samples. After padding, the RRF might be shifted in frequency according to the
chirp_ext parameter (Table 2.4.1) such that each integral increasein chirp_ext amounts to
one negative sample shift (-At) of the RRF. This allows recovery of imagery data at a
nearer range, R,, than previoudly allowed (since the center of the RRF corresponds to the
time of the compressed radar return). After padding, the RRF is transformed into the

Fourier domain using an FFT algorithm, multiplied by each row of similarly padded,
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Fourier transformed raw SAR data, and the product is transformed into the time domain

to complete the range compression operation.

Table2.4.1. The SAR processing parameters

Parameter Value Note Symbol

input_file orbit_frameraw  Name of the raw datafile

bytes per_line 14860 Number of bytesin 1 row of raw data

good_bytes per line 12632 Number of bytes of SAR datain 1 row of
raw data (1 pulse)

first_sample 412 Byte location of first sample in each row

num_valid_az 2800 Number of rows of valid processed data
in each patch

earth_radius 6371450.5 Radius of the earth at the latitude of the R,
area being imaged

SC vel 7124.7 Relative velocity between spacecraft and Vy
the ground®

SC_height 788168.5 Height of spacecraft H

near_range 825289.6 Rangeto target for first sample of SAR R,
datain each row

PRF 1679.9 Pulse Repetition Frequency (Fig. 2.3.1, PRF
PRF = 1/PRI)

|_mean 15.266 Mean value of real part of each sample of
SAR data

Q_mean 15.455 Mean value of imaginary part of each
sample of SAR data

rng_samp_rate 1.896e+07 Sampling frequency in the range direction f,

chirp_slope 4.1779%+11 The frequency rate of the transmitted k
signal (Egn. 2.3.3))

pulse_dur 3.71e-05 The time width of each transmitted pulse T,
(Fig. 2.3.1.)

radar_wavelength 0.056 The wavelength of the radar at the carrier A
frequency (c/f,)

first_line 1 First line of raw datato process

num_patches 10 Number of patches of datato process

st_rng_bin 1 First column of raw datato process

num_rng_bins 5780 Number of columns of processed data

az_res 4 Desired azimuth resolution.

nlooks 1 Number of rows over which to average
the processed data

chirp_ext Shifts the range filter in frequency

rng_spec_wgt 1.0 Ratio of coefficients of hamming window

for windowing range reference function
in time domain®
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Table2.4.1. Cont.

rm_rng_band 0.0 Defines the percent of the bandwidth of
the RRF to remove

rm_az_band 0.0 Defines the percent of the bandwidth of
the ARF to remove

fdl 326.23 Constant coefficient of doppler centroid
frequency®?

fddl 0.0 Linear coefficient of doppler centroid
frequency®?

fdddl 0.0 Quadratic coefficient of doppler centroid
frequency®?

xshift 15 Integer shift of processed datain range
direction

yshift 485 Integer shift of processed datain along-
track direction

sub_int_r 0.923443 Fractional shift of processed datain range
direction

sub_int_a 0.195221 Fractional shift of processed datain
aong-track direction

stretch_r 0.001464 Range stretch of processed data as a
function of range

stretch_a -0.001952 Along-track stretch of processed dataas a
function of range

aAn approximation for the relative velocity between the spacecraft and the ground is (see Curlander and
Mcdonough, [1991], Egn. B.4.12): Vi, = \,/(1+ H/IR)"%.
“Consider aHamming window with coefficientsaand b: w(x) =a- bcos(2nx), 0£x£1. Then,a=
~ Ing_spec_wgt and b =1.0-rng_spec_wgt.
*The doppler centroid frequency may vary with range. It can then be expressed:
foe = f d B+fdd1* R+ fddd1* R

2.4.3. ESTIMATION OF THE DOPPLER CENTROID FREQUENCY

Without knowing the attitude of the spacecraft (and hence the squint angle), or the
exact location of the spacecraft and the exact location of an image point corresponding to
a point on the ground, it is impossible to compute the Doppler centroid frequency

directly. Instead, it may be estimated by finding the center of the power spectrum of the
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raw data (e.g. Figure 2.3.8). This is done using a autocorrelation algorithm such as
described by Madsen et al. [1989].
2.4.4. RANGE MIGRATION

During range migration the range-compressed, along-track Fourier transformed
radar echoes are interpolated in the range direction such that the returns from a particular
target will lie along one column in the data set. Within the limits imposed by the PRF the
range to atarget at a particular frequency can be approximated using Egn. 2.3.12. Noting
that time and frequency are locked together in the linear FM chirp signa by

s- 5 =(f - f)/f (note that this assumes that the range to a target as it passes through

the radar footprint is sufficiently represented by the Taylor series approximation retaining
only the linear and quadratic terms) and substituting the expressions for the Doppler
centroid frequency and along-track frequency rate into Eqn. 2.3.12 gives

S
af,

Ris) =R

(2- 12) (24.2)

The second term on the right-hand side of Eqgn. 2.4.2 is the range shift of a pixel at
frequency f, and mid-swath range R,, relative to its range at beam center, in the data set.
This suggests that the range migration be performed in range-Doppler space where the
columns of the imagery data have been transformed into the frequency domain. The
range migration can then be performed on a block of data since different targets at the
same mid-swath range and frequency in successive pulses of the radar require the same

amount of range shift. This shift might have both an integer and a fractional part.
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Shifting by an integer is trivial. The fractional shift is performed using a process called
"sinc function interpolation”.

Sinc function interpolation is a way of applying the shift theorem for Fourier
transforms to discrete data in the time domain. Sinc function interpolation is performed
on the data rows because, within each row, the pixels require various amounts of
fractional shifting (in contrast, if there was a constant shift for the entire row of data, it
would be easier to transform the row into the frequency domain, apply the appropriate
phase shift, and transform the row back into the time domain).

The relationship between a signal sampled at times t, with sampling frequency f;

and the corresponding continuous frequency Fourier transformis:

112
glt.)e op(f)e™™ " df, t =Kf, k=01..N (2.4.3)

- f512
An infinitely high sampling frequency (and correspondingly infinite number of

samples) would therefore allow us to recover the continuous signal:

g(t) = ¢(f)e'™ df (2.4.4)

If the continuous signal is truly bandlimited with bandwidth W < f, the Fourier

transform of the continuous signal is

W/2 ¥
alt)= &B(f)e™ df = P(1W)G(1)e™™ of (2.45)
-WI2 -¥
With corresponding sampled signal:

¥

olt,)= P (F/W)G(f)e>™ - df (2.4.6)

-¥
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When attempting to interpolate a sampled signal, we need only take into account
the desired fraction of a sampling interval by which we wish to shift the signal without
having to worry about its actual sampling frequency. We can therefore assume, for the
sake of simplicity, that the sampling frequency is 1 Hz giving a bandwidth of 1 Hz for the
Fourier transform of the discretized signal in to Eqn. 2.4.3. If the bandwidth is 1 Hz, the

shift theorem gives

alt, - a)= i‘)e"z’ﬁf O( f)G(f)e*™df =gft, ) *sinc(t, - a) (2.4.7)

¥
And hence samples of the fractionally shifted, discretized signal are

olt, - a)=g(t,) * sinc(t, - a) (2.4.8)

For each shift a, a sinc function corresponding to sinc(s, - a) can be computed and
convolved with the discretized signal to recover the value of the signal at the specified
shift.

For each instance of the SAR processor, an array of sinc function filters
corresponding to successively larger fractional data shifts is constructed. Because the
frequency resolution of 1 Hz sampled data is the reciprocal of the number of samples (Df
= 1/N), there are N possible divisions for each space between data points (e.g. see Eqn.
2.4.7). Therefore, N sinc function filters for each fractional shift 1/N are computed. For

each fractional shift, a, thefilter is

_ - cogrk)sin(ma)
Sc+3 = J'E(k- a)

, k=-3-2..4 (2.4.9)

After the filter array is constructed, the shift for each pixel in range is computed

according to Egn. 2.4.2 and the xshift, sub_int_r, and stretch_r parameters (Table 2.4.1),
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and stored in two vectors. one contains the integer shift for each pixel while the other
contains the fractional shift. Then, for each pixel, the fractional shift is used to retrieve
the appropriate sinc function filter from the array of sinc functions and that 8-point filter
is convolved with the data centered on the appropriate pixel. The vaue of this

convolution at lag zero is the new interpolated data value.

2.4.5. AZIMUTH COMPRESSION

After range migration, the transformed, range-migrated columns of radar data are
passed to the azimuth compression subroutine. First, the SAR integration time is
computed according to Eqgn. 2.3.18 and Egn. 2.3.19 and the desired azimuthal resolution
(az_res parameter). This determines the bandwidth of the along-track chirp. Second, an
along-track pulse compression filter for each range is constructed. Third, the filter is
transformed into the frequency domain, applied to the previously along-track frequency
transformed data, and the product is transformed into the time domain. In the following
equations the k index refers to indexing in the range direction while the j index refers to
indexing in the along-track direction.

From Egns. 2.3.18, 2.3.19, and 2.3.20, the SAR integration time can be computed
from the bandwidth as a function of resolution (since we are given az res in the
parameter file), and the Doppler rate f;, . If the desired resolutionisaz_res = 8x, then the

bandwidthis:

V.,
B=—=|f 2.4.10
o =IflS (24.10)
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Where Sis the SAR integration time and V4 is the relative velocity between the
spacecraft and the target on the ground. Substituting the expression for the Doppler rate

(Egn. 2.3.16b) into Eqgn. 2.4.10 gives:

ok = 2RI (2.4.11)

AVROS

Note that S depends on the range to the target at the center of the radar beam (R).
After computing the SAR integration time, we can compute the number of pointsin the
azimuth compression filter. Thisisjust np[k] = k] xPRF.

The aong-track filter is computed according to Eqn. 2.3.17 and simplified by
setting s, equal to zero. This does not change the frequency content of the filter but does
result in a shift of the processed data in the along-track direction depending on the squint
angle (and hence Doppler centroid frequency). The along-track reference function (ARF)
IS

ARFIKI[]] =expfizn (o [KI4 1] + f[KILIT )}, - 9224i]£ 92 (2412
Where, if s[0]=0 and Ds=1/PRF, then §[j]=9[j- 1]+ D5 j=12,..,np/2 and if
gN] =-Ds, then §[j]=s[j+1]- Dy j=N-1N- 2...N- ng/2. Where N is and
integer equal to the nearest power of 2 greater than the number of data that will be
processed. Remember that the k index refers to the range direction and the j index refers
to the along-track direction. The Doppler centroid frequency may vary with range
according to the parameters fdl, fdd1, and fddd1 by

fo[K] = fdl+ fdd1xR [K] + fddd1 R[]’ (2.4.13)

While the Doppler rate varies across the swath according to
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fo= 2V /AR[K] (2.4.14)

A further refinement to the along-track matched filter is made by setting the phase
of the ARF at time s = 0 to correspond to the actual difference between the broadside
range to the target and the beam center range to the target. The difference between the
mid-beam range and the broadside range is small and can be written R, = R +38R. From
the geometry shown in Figure 2.3.5 (with 6, equal to the squint angle, and x = x,, the
relationship between the broadside range, R,, and the range to beam center, R, (in a
reference frame moving with the spacecraft) is

R=x’+R (2.4.15)
Which, after substituting R, = R, +8R, and noting that 6R is small, gives an expression
for dR

XZ
SR= —= (2.4.16)
2R,

If we square Egn. 2.3.8 and do some algebraic manipulation, we find that the relationship
between the square of the along-track location of the target at beam center and the

Doppler centroid frequency is

)\‘2 2
X =—4\$§ foe (2.4.17)

st

Substituting Egn. 2.4.17 into Eqn. 2.4.16 and using Eqn. 2.4.14 gives the difference
between the broadside range and the beam center range:

Mo

OR
41,

(2.4.18)

And hence the phase, ¢, of the along-track filter at times=0is



68

o= 4%6R =nf2 [ f, (2.4.19)

After the ARF is constructed, it is transformed into the frequency domain and multiplied
by the corresponding column of range compressed and range migrated data. The product
is then transformed into the time domain to yield the SAR processed data.

In the remainder of this dissertation, INSAR is used to map crustal deformations
associated with the 1992 Landers, California earthquake. Multiple SAR-processed
images covering the Landers area are combined to form interferograms. The geometry of
a SAR interferometer and the technical interferometric approach are described in the
appendices of Chapter 3. While the Landers earthquake has been widely studied using a
variety of geophysical tools, we push the limits of the INSAR method to examine small-

scale deformations as well as vertical and postsei smic displacements.
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Small-scale deformations associated with the 1992 Landers,
California, earthquake mapped by synthetic aperture radar

interferometry phase gradients

Evelyn J. Price and David T. Sandwell

Institute of Geophysics and Planetary Physics, Scripps Institution of Oceanography, La Jolla, California

Abstract. The Landers earthquake (M,, 7.3) occurred on June 28, 1992, and ruptured nearly 100
km of previously mapped and unmapped faults in the Mojave Desert. We use synthetic aperture
radar interferometry (InSAR) to examine the cumulative surface deformation between April 24
and August 7, 1992, in a 100 x 100 km region surrounding the northern portion of the earthquake
rupture. Also, we introduce a technique for manipulating SAR interferograms to extract short-
wavelength displacement information. This technique involves computation and subsequent
combination of interferometric phase gradient maps. The InSAR results show significant
deformation signatures associated with faults, fractures, dry lake beds, and mountainous regions
within 75-100 km of the main rupture. Using the phase gradient method, we are able to extract
small-scale deformation patterns near the main rupture. Many of the preexisting, mapped faults
within 50 km of the main rupture experienced triggered slip; these include the Old Woman,
Lenwood, Johnson Valley, West Calico, and Calico Faults. The InSAR results also indicate right-
lateral offsets along secondary fractures trending N-NE within the left-lateral zone of shear
between the main rupture and the Johnson Valley Fault. Additionally, there are interesting
interferogram fringe signatures surrounding Troy Dry Lake and Coyote Dry Lake that are related

to deformation of dry lake beds.

1. Introduction

We use the technique of synthetic aperture radar
interferometry (InSAR) to examine small-scale features in the
deformation field associated with the Landers earthquake and Big
Bear aftershock. Our study is spatially limited to a 100x100 km
SAR data frame surrounding the northern portion of the surface
rupture (Plate 1) and is limited by data availability to temporally
integrate all deformations occurring between April 24 and
August 7, 1992. While the coseismic and postseismic deforma-
tions associated with this earthquake have been studied by other
workers using the InSAR technique [Massonnet et al., 1993,
1994; Zebker et al., 1994; Pelizer et al., 1994; Feigl et al., 1995;
Peltzer et al., 1996], our processing methods, which entail
computation of phase gradients, bring out short-wavelength
features to reveal previously unrecognized sirain pattems.

Like the phase of an interferogram, the gradient of the phase
depends on the topography and deformation of the Earth's surface
and differences in the atmosphere at the two times of imaging. In
an attempt to isolate the phase gradient due to deformation, the
topographic contribution to the phase gradient can be computed
using a digital elevation model or additional interferometric pairs
and subsequently removed. Because we cannot yet remove
atmospheric variations from an interferogram, we use ancillary
geologic information in our interpretations of the phase and phase
gradient. One of the many advantages of the phase gradient map
is that it can be used to interpret large-scale interferogram phase
variations by highlighting small-scale deformations on fractures
and faults.

Copyright 1998 by the American Geophysical Union.

Paper number 98JB01821.
0148-0227/98/98JB-01821$09.00

The gradient of the phase is important to interferometric
analysis for several reasons. First, the gradient of the phase is
unique and can be computed from the real and imaginary parts of
the interferogram (there are no 27 ambiguities). Second, it can be
used to reduce noise in topographic interferometric measure-
ments either through averaging of phase gradients [ Sandwell and
Price, 1997] or by aiding in the design of filters whose width is
dependent on topographic slope [Werner et al., 1992]. Third, the
phase gradient due to topography can be subtracted from an inter-
ferogram containing phase gradient due to both topography and
deformation without first unwrapping the phase. The two
components of the residual phase gradient are then proportional
to two components of the deformation gradient tensor rotated into
a rectangular satellite coordinate system (see section 3.1): the
first is proportional to the gradient of the line-of-sight (LOS)
deformation in the direction of the satellite LOS (range gradient),
and the second is proportional to the gradient of the LOS
deformation in the direction of the satellite groundtrack.

Phase gradients attributable to deformation show small-scale
variations in deformation gradient with near total coverage of the
area imaged. Strain concentrations along preexisting faults and
structural features are observed allowing us-to study spatial
heterogeneity in the deformation field of a large earthquake. This
heterogeneity has been suggested by other workers to explain
deviations of geodetic measurements from those predicted by
elastic models [e.g., Hudnut et al., 1994; Murray et al., 1993]. In
this paper, this heterogeneity is mapped in a SAR data frame over
part of the region affected by the Landers earthquake.

1.1. Landers Earthquake Observations

The Landers earthquake sequence is conventionally character-
ized by three events: the April 23, 1992, 0451 UTC, 33.94°N,
116.33°W Joshua Tree earthquake (M,, 6.1); the June 28, 1992,

27,001
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1158 UTC, 34.22°N, 116.43°W Landers event (M,, 7.3); and the
June 28, 1992, 1507 UTC, 34.21°N, 116.83°W Big Bear event
M,, 6.2). The data discussed in this study (Table 1) contain
deformation occurring between April 24 and August 7, 1992, in
an area surrounding the northern part of the rupture of the
Landers event (Plate 1).

The Landers earthquake has been modeled teleseismically as a
two-event phenomenon with the hypocenter conventionally
placed 30-40 km north of Joshua Tree as a small, shallow (3-6
km deep) M,, 6.8 earthquake with strike 359° rupturing unilat-
erally to the north and provoking a larger magnitude (M,, 7.15)
second event about 30 km to the north having a strike of 333°
[Kanamori et al., 1992]. The rupture, which was initially
oriented nearly due north on the Johnson Valley Fault, changed
its orientation as it propagated by stepping right onto progres-
sively more northwestwardly oriented major faults. The
earthquake ruptured nearly twenty mapped and unmapped fauls;
the main five of which are (from south to north) the Johnson
Valley Fault, the Kickapoo Fault (sometimes called the Landers
Fault), the Homestead Valley Fault, the Emerson Fault, and the
Camp Rock Fauit (Plate 1). The maximum measured surface
displacement was 5.1 m on the Emerson Fault near Bessemer
Mine Road [Hart et al., 1993]. In addition to the main rupture
slip, triggered slip was reported on several faults within a 100 km
radius including the Pisgah, Calico-West Calico (including
fractures NE of Newberry Springs), Johnson Valley, upper
Johnson Valley, Lenwood, Old Woman, and Pinto Mountain
Faults [Hart et al., 1993].

The Landers earthquake ruptured deeper and stronger than any
earthquakes previously recorded in the area. It had more than
60,000 shocks including foreshocks, coshocks, and aftershocks
[Hauksson et al., 1993]. Shock patterns pertinent to this study
include clusters of aftershocks not on the main fault rupture. In
particular, aftershock clusters in our area include the Barstow
sequence, a cluster near the Calico Fault north of the Mojave
Valley, a cluster on the Calico Fault just east of the rupture on the
Camp Rock Fault, and seismicity associated with the Newberry
fractures which are northeast of the Calico Fault in the Mojave
Valley [Unruh et al., 1994] (Plate 1).

1.2. Regional Tectonics

The faults of the western Mojave Desert (Plate 1) define an 80
km wide region of NNW right-lateral shear and lie within the
Eastern California Shear Zone (ECSZ) [Dokka and Travis,
19902, b; Savage et al., 1990; Sauber et al., 1986]. These faults
have been active since about 10.6 Ma and have accommodated 9-
14% of total plate motion [Dokka and Travis, 1990a] at this
latitude on the Pacific-North American plate boundary. The
faults of the Mojave Block are characterized as discontinuous
with the only fault traversing the entire length of the Mojave
from the Pinto Mountain Fault to the Garlock Fault being the
Calico-Blackwater system. Faults tend to end in structurally
complex zones of extension or shortening with zones of exten-
sion characteristically marked by triangular-shaped lakes and
zones of shortening marked by mountains and hills [Dokka and
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Travis, 1990a]. Geologically determined fault offsets show
greater than 40 km of cumulative offset throughout the region
south of Barstow [Dokka and Travis, 1990a], while geodetic
results show most of the deformation in this region accommo-
dated between the Helendale and Calico Faults south of Barstow
(6.7 mm/yr) with negligible deformation to the east [Sauber et
al., 1986]. This contrast between geologic and geodetic results
points to a recent westward migration of strain [Sauber et al.,
1986].

In spite of the surface rupture and shock characteristics of
large earthquake swarms (April 10, 1947, Manix [Richter, 1947,
Doser, 1990]; June 1, 1975, Galway Lake [Hill and Beeby, 1977,
Fuis and Lindh, 1979]; and March 15, 1979, Homestead Valley
[Hill et al., 1980]) which have implied significant fault
interactions, geologic results have led to block models of faulting
in the Mojave with faults accommodating motion independently
of each other in time and space [Garfunkel, 1974; Carter et al,
1987; Dokka and Travis, 1990a]. These presumptions about the
nature of faulting in the Mojave have led to underestimation of
the earthquake magnitude potential in the area [e.g., Wesnousky,
1986; Hart et al., 1993] and confusion as to the link between the
San Andreas Fault (SAF) and the more northern parts of the
ECSZ. The Landers earthquake changed these presumptions by
rupturing along several faults across areas previously modeled as
coherent blocks [Hart et al., 1993).

1.3. SAR and InSAR

We use radar imagery data (Table 1) collected by the C-band
(5.2 GHz) SAR instruments aboard the ERS-1 and ERS-2
satellites. The raw signal data are processed using a Jet
Propulsion Laboratory (JPL) heritage SAR processor whose
output consists of a complex signal that is a measure of the
complex backscatter of a patch on the ground delayed by the
travel time of the signal from sensor to target and back [see
Curlander and McDonough, 1991; McDonough et al., 1985].
After processing, the phase of a SAR image resolution element is
the sum of several components: (1) the phase delay due to the
two-way travel time between sensor and target (location of a
SAR pixel on the ground), (2) a random phase component due to
the complicated interference pattern produced by radar signal
interaction with multiple ground scatterers within an image
resolution element, and (3) additive noise.

InSAR is a method by which the phase differences of two
SAR images are used to calculate the differences in range from
two SAR antennae having slightly different viewing geometries
to targets on the ground [Graham, 1974; Zebker and Goldstein,
1986] (Figures Al and A2). The ERS radar interferometer is
composed of either the same antenna on one platform “repeating”
its orbit (e.g., ERS-1) or two antennae on different platforms
having nearly the same orbit (e.g., ERS-1/ERS-2 tandem
mission). The antennae are separated in both space and time
(repeat-pass interferometry), and range differences can be due to
a number of sources including topography, surface deformation,
and atmospheric differences at the two times of imaging. The

Table 1. Data Frames and Baseline Parameters Used in this Study

Reference

Repeat Baseline

Satellite: Orbit_Frame Acquisition Date

Satellite: Orbit_Frame

Acquisition Date Length, m  Elevation Angle, o

ERS1: 5554_2907 Aug. 7, 1992 ‘ERS1: 4051_2907 April 24, 1992 147.1 152.4
ERS1: 22932_2907 Dec. 3, 1995 ERS2: 3259_2907 Dec. 4, 1995 105.7 178.6
ERS1: 23433_2907 Jan. 7, 1996 ERS2: 3760_2907 Jan. 8, 1996 137.0 178.4
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line that connects the two antennae in space is called the interfer-
ometer baseline (Figures Al and A2).

In repeat-pass interferometry, spatial coverage limitations are
imposed by phase decgstelation and the geometry of imaging.
Three sources of phase decorrelation have been identified as
temporal decorrelation®ue to motion of scatterers between
imaging times, spatial decorrelation that is more influential when

the interferometric baseline is longer, and thermal noise in the:

system electronics [Goldstein et al., 1988; Zebker and Villasenor,
1992]. In areas of complete spatial or temporal decorrelation
(very steep topography or the area surrounding the Landers sur-
face rupture, respectively), the phase cannot be recovered. The
sensor’s ability to image the terrain with geometric fidelity
depends on the slope of the terrain and the look angle of the
radar. “Robust” imaging of the terrain can occur only if the slope
does not satisfy the criteria for geometric layover or shadowing.
Because ERS-1/ERS-2 have a steep average look angle of 21°,
geometric layover is a common phenomenon in mountainous
areas. The black patches’in Figure 2 and Plates 2-5 occur in areas
where the topographic interferogram could not be unwrapped
using a “tree” algorithm\ e.g., Goldstein et al., 1988]. They exist
in the phase gradient map (which should show total coverage)
because we used the topography computed from the topographic
- interferogram to perform orthorectification on our images.

1.4. Effects of Propagation Medium on Range Delay

Because we cannot yet remove the atmospheric signal from
the topographic phase-corrected interferograms, it is important to
be able to recognize atmospheric artifacts in interferograms so
they are not confused with tectonic deformations. Short-wave-
length atmospheric artifacts (which could be confused with
small-scale tectonic deformations) typically have length scales of
the order of 5-10 km and.can cause as much as 10 cm of excess
two-way path length (thr‘“éie interferogram fringes). Examples are
given by Massonnet and:'feigl [1995a], Rosen et al. [1996], and
Zebker et al. [1997]. ] ,

Regional atmospheri'c_effects corresponding to long-wave-
length ionospheric perturbations, and differences in the hydro-
static component of the troposphere manifest themselves as a
planar phase trend in an-interferogram [Tarayre and Massonnet,
1996]. This phase trend makes it necessary either to compute an
“artificial baseline” [Tarayre and Massonnet, 1996] or to remove
the long-wavelength atmospheric effect from the interferogram at
some point in the data processing. If these regional effects are
not removed, they will produce a constant offset in the phase
gradient map which could be interpreted as a regional tilt.

Despite variations in the refractivity of the atmosphere and
ionosphere, repeat-pass JASAR has proved valuable for applica-
tions involving deformation of the surface of the Earth. Several
studies [Zebker et al., 1994; Massonnet et al., 1993] have
compared coseismic deformation signatures obtained from
InSAR with those measured by Global Positioning System
(GPS). Zebker et al. [1994] found the correlation of GPS
displacements with those obtained from his interferometric
method to be 0.958, while Massonnet et al. [1993] found inter-
ferometric displacement estimates to agree with GPS
measurements of displacement within 3.4 cm RMS. Also, the
results of forward modeling of the large-scale ground displace-
ment field near earthquakes agree qualitatively with InSAR
fringe maps [Massonnet et al., 1993; Peltzer et al., 1994]. In this
study, we differentiate between small, localized tectonic

PRICE AND SANDWELL: SMALL-SCALE DEFORMATION MAPPED BY INSAR

deformations and atmospheric artifacts using proximity to pre-
existing geologic structures as a discriminative criterion.

2. Data Processing

The basic steps of our InSAR data processing are quite
standard. We process the raw radar echoes to SAR images and
match the images to a subpixel level. We then form an inter-
ferogram by multiplying each complex pixel in one image by the
complex conjugate of the matching pixel in the other image.
Interferograms computed in this fashion have a corrugated
appearance [Li and Goldstein, 1990, Figure 7] resulting from a
high phase rate in range due to imaging geometry. The flat Earth
correction (Appendix A) [Zebker et al., 1994] removes those
fringes due to Earth curvature and imaging geometry.

There are some data processing steps that are either done
differently here than in previous studies or should be elaborated
upon for the sake of explaining the resolution and interpretation
of our results. These include estimation of baselines from orbital
knowledge, image filtering, and phase gradient computation and
combination. "

2.1. Estimation of Interferometer Baselines From Orbital
Knowledge

In contrast to previous studies, which estimated baseline
parameters from imagery and topography data, we computed
baselines from ERS-1/ERS-2 precise orbits provided by Scharroo
and Visser [1998] (Table 1). These orbits have radial accuracies
of 50 mm and crossover repeatability within 70 mm, giving an
overall baseline accuracy better than 70 mm. The advantage of
this approach is that surface displacements and long-wavelength
atmospheric artifacts are not absorbed into the baseline estimate.
Repeat orbits are usually not parallel, necessitating the computa-
tion of a new baseline at several points in azimuth within an
image frame [e.g., Gabriel and Goldstein, 1988].

Let s(t;) be the vector position of the satellite at time ¢, within
the timespan of the reference frame. We search the orbit over the
timespan of the repeat frame for time z,, the time of closest
approach. If s(z,) is then the vector position of the satellite within
the timespan of the repeat frame, the total baseline length is

B=[s(ty)~s(t)| ‘ 1

and the baseline elevation angle (@) is

- tanl| Bv
o= tan [B) o

where B and B, are the local vertical and horizontal ~
components, respectively, of the baseline:

S
B=lo-s)py (3a)

172
By = i(BZ - B%) (3b)

The sign of the horizontal component is positive in the direction
of radar look.
2.2. Interferogram Filtering

Methods of filtering interferograms range from simple
averaging over pixels (taking looks) [e.g., Gabriel et al., 1989] to
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spatially variable filters whose power spectra are matched to that
of the local phase [Goldstein et al., 1988; Werner et al., 1992].
We filtered the real and imaginary parts of the complex inter-
ferogram (with pixel spacing as sampled by the radar) separately
using a low-pass Gaussian 5 point by 17 point filter whose char-
acteristics are discussed in Appendix B. Because none of the
baselines of the interferograms examined in this study are longer
than 150 m, we do not find in necessary to use an adaptive filter.

2.3. Phase Gradient Computation

Analysis of the phase gradient image is a new approach to
studying small-scale surface deformation. The gradient of the
interferogram phase is computed directly from the real and
imaginary parts of an interferogram and is scaleable by any real
number, whereas the phase of an interferogram, measured
modulo 27, can only be scaled by an integer. The expression for
the phase gradient (V¢) of a complex interferogram is

RVI-IVR
Ry @

where R and /are the real and imaginary parts, respectively, of
the interferogram and V denotes a gradient operator. This
expression is equivalent to one obtained by Werner et al., [1992],
but differentiation is performed in the spatial domain rather than
the frequency domain.

Averaging of phase gradient images, or stacking, to produce a
topographic phase gradient model is useful for decreasing the
noise level of the data and averaging out atmospheric range errors
[Sandwell and Price, 1997]. Before phase gradients can be
stacked, they must be scaled to some common baseline. This is
done using a scale factor that is equal to the ratio of the perpen-
dicular baselines after the flat Earth correction (Appendix A) has
been applied [e.g., Zebker et al., 1994]. The expression for the
average phase gradient from N interferograms each having scale
factor b, (see Appendix A) is

Vo-L3nv
R )

In this study, we averaged two pairs from the ERS-1/ERS-2

tandem mission to obtain an estimate for the topographic phase

gradient. We then scaled and subtracted this topographic phase
gradient from the interferogram phase gradient for the ERS-1 pair
which includes the earthquake (Table 1) to obtain an estimate of
the phase gradient (Figure 2) related to the deformation whieh
occurred between April 24 and August 7, 1992.

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

The quantity that relates deformations and topography to
InSAR geometry (Figure A2) is the difference in range to a point
on the ground between repeat and reference passes of the satellite
(6p). This change in range is related to the interferometric phase

(¢) by
4
¢=¢2*¢1:77[50 6)

where ¢, is the phase of a pixel in the reference image, ¢, is the
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phase of a pixel in the repeat image, and p is the range from the
satellite to the target during the satellite’s reference pass.

If deformation has occurred between the two times of imaging,
¢ is proportional to the sum of a geometric (flat Earth) 8p,, a
topographic 8p, , and a deformation 8p, contribution to the range
change [Zebker et al., 1994] (Appendix A)

4
o= 7{2(5% +68p, +5pd) (7

When the topographic and geometric phase contributions are
removed, the residual phase can be assumed to be due to defor-
mation and is

ar
o= 75Pd @)

where Jp, is the magnitude of the displacement in the direction of
the satellite LOS. Each fringe in Plates 2 and 3b-5b represents
2.8 cm of displacement in the satellite LOS direction.

The geometric relationship between an Earth-based rectangu-
lar coordinate system and a satellite referenced system is illus-
trated in Figure 1. Assuming that the radar LOS and satellite
groundtrack directions are orthogonal, we define a right-handed
rectangular coordinate system in the satellite reference frame in
which the directions of the first, second, and third rectangular
vector components are in the satellite LOS direction, the satellite

satellite track

LOS Satellite Track z
E -sinf cosy siny -cos0 cosy
N sinf siny -Cosy cosB siny
U -c0s6 0 sin@

b)

Figure 1. (2) Rectangular coordinate systems for Earth-based
geometry (E, N, U) and satellite-based geometry (LOS, satellite
track, z); 8 is the look angle of the radar, and 0 is the angle
between the satellite track and south. (b) Rotation matrix to
transform Earth-based coordinates into satellite-based
coordinates.
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Phase Gradient

Figure 2. Interferogram deformation phase gradient formed by subtracting scaled topographic phase gradient from

April 24 to August 7, 1992, interferogram phase gradient.

along-track direction, and the direction perpendicular to the plane
of imaging (2), respectively. We then find the rotation matrix (A)
that transforms Earth-based rectangular coordinates (east (E),
north (N), up (U)) into the satellite coordinate system. The
rotation matrix A is fully determined (for a descending pass
geometry) by defining the along-track axis to lie in the Earth-
referenced E-N plane and to make an angle of 180°-y with the N
axis (where v is the angle between the satellite groundtrack and
south), the LOS axis to make an angle 180°-0 with the U
direction (where 0 is the radar look angle), and the base vector
perpendicular to the plane of imaging to make an angle 90°-0
with the U direction (Plate 2). The assumption that the LOS and
along-track directions are orthogonal is reasonable in our case
since the angle between them (in the imaging plane) is 90° + o,
where o, the squint angle, is less than 0.03° for the ERS imaging
radars.

If u is the displacement in the satellite coordinate system and u
is the displacement in the Earth-based coordinate system,

u=Au 9

and the displacement measured by the radar interferometer is the
LOS component of u which is u;.

The gradient of the displacement in the Earth-based coordinate
system can be transformed using the same rotation matrix to yield
tensor components proportional to the phase gradient of deforma-
tion. If the deformation gradient tensor [e.g., Malvern, 1969] in
the Earth-based coordinate system is J and the deformation
gradient tensor in the satellite coordinate system is J, then

I=AJA" (10)

The two components of phase gradient due to deformation that
we can measure using InSAR are proportional to two components
of I: I,; is the derivative of u, in the LOS direction, and [, is the
derivative of u, in the along-track direction. Our phase gradient
maps plot only the deformation gradient component that is in the
LOS direction because this component highlights the pre-
dominantly N-S structures. Note that the deformation gradient
tensor includes both strain and rotation.
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As is evident from this analysis, the LOS component of
deformation is a linear combination of all the components of the

Earth-referenced deformation as are the two phase gradient

components a linear combination of all the deformation gradient
components in an Earth-based coordinate system. Because of
this, other information including geologic mapping, GPS
measurements, earthquake orientations, and/or assumptions about
the nature of the deformation is necessary to interpret radar inter-
ferometric measurements. Even in the case where ascending and
descending passes of the satellite are available for a given defor-
mation event, information about the magnitude of the horizontal
displacement vector or its orientation is necessary to determine
its three components. :
The phase gradient presented in Figure 2 and Plates 3a-5a, is
capable of both adding to the knowledge about the earthquake
rupture pattern and mapping extensions of faults difficult to trace
geologically by highlighting strain concentrations on secondary
fractures and triggered or sympathetic slip on major faults. The
larger-scale deformation patterns are best observed as variations
in the wrapped phase since their contribution to the phase
gradient measurements is that of a regional constant shift.

4. Results

The stacked LOS phase gradient (equation (5)) of two ERS-1/
ERS-2 tandem miission interferograms was scaled and subtracted
from the phase gradient of the ERS-1 April 24 to August 7, 1992,
interferogram to produce the gradients shown in Figure 2 and
Plates 3a-5a. The unwrapped phase of the December 3-4, 1995,
tandem interferogram was scaled and subtracted from the phase
of the April-August 1992 interferogram to produce the fringes in
Plates 2, 3b-5b. Because each image was collected during a
descending pass of the right-looking ERS satellite, the nearest
range to the satellite is on the right-hand side of the figures.

Plate 2 and Figure 2 show the relationship of the deformation
phase gradient to the deformation fringe phase for the entire area
of the study (100 km by 100 km) defined by an ERS data frame.
The deformation fringe phase is comparable to maps shown in
other studies [Massonnet et al., 1993; Zebker et al., 1994]. The
most obvious feature in the map is the region of phase decorrela-
tion around the main rupture. Ground scatterers in this region
underwent random motions between the two imaging times with
length scales greater than the wavelength of the SAR. The phase
carnnot be recovered here. Three areas outside the decorrelated
rupture signature show remarkable deformation fringe and phase
gradient signatures. Area A (Plate 3) surrounds the end of the

rupture and includes the Camp Rock (CRF), Emerson (EmF), -

Johnson Valley (JVF), and Lenwood (LF) Faults and small parts
of the Calico Fault (CF). Area B (Plate 4) includes the Calico
and Pisgah (PF) Faults as they traverse the latitude of the Mojave

Valley (MV) as well as deformation related to structures which -

have been dubbed the Newberry fractures [Unruh et al., 1994].
Area C (Plate 5) includes Coyote Dry Lake (CDL) and the
Barstow earthquake cluster [Hauksson et al., 1993].

4.1. End of the Main Rupture

The fringe pattern between the Johnson Valley Fault and the
main rupture is dense and elongated parallel to the azimuth of the
rupture (Plate 3b). The density of fringes decreases logarithmi-
cally across the Johnson Valley from east to west as is expected
from elastic half-space modeling of the lithosphere [see
Massonnet et al., 1993]. Because of the viewing geometry
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mentioned above, this pattern is indicative of either a left-lateral
shear in the direction of earthquake rupture or a tilt of the region
between the Camp Rock-Emerson and Johnson Valley Faults.
Between the Camp Rock-Emerson and Johnson Valley Faults,
negative phase gradients occur in linear patterns striking N-NE
(Plate 3a). It is likely that these correspond to secondary fault
rupture at depth. The fringes across these secondary faults ramp
downward with increasing range, indicating relative ground
movement away from the satellite on the western sides of the
faults. If no vertical deformation is assumed, this evidence, com-
bined with the observation of negative phase gradients and the
orientations of the fractures, indicates left-lateral displacements
across these secondary structures. Offsets along each of the
secondary faults between the Johnson Valley Fault and the main
rupture are typically 2 rad which is equivalent to 9 mm of LOS
displacement. B

The elongated fringe pattern in the upper Johnson Valley is
limited to. the north by an arcuate feature seen in the phase gradi-
ent map (Plate 3a) which defines the transition of the surface
morphology from alluvial fill to mountainous. This feature
demarcates the northern extension of the Fry Mountains (area
marked B in Plate 3a) and is one of the bounds on a zone a
complex deformation [Zebker et al., 1994, Plate 6, aréa B] that
extends west to the Ord Mountains, north to the rupture on the
Camp Rock Fault, and south to the Fry Mountains. Although
previous workers have interpreted this region to contain
“cracking” [Zebker et al., 1994], analysis of the azimuth and
range gradient maps indicates drainage patterns intersecting a
fracturing pattern consistent with the style of deformation in the
upper Johnson Valley. While geologic maps [Dibblee, 1964] of
the area show the termination of the Johnson Valley Fault near its
intersection with the Fry Mountains, the interferometric phase
gradient shows an offset along a fracture connecting the mapped
terminus of the Johnson Valley Fault with the Camp Rock Fault
near the terminus of the earthquake rupture (Plates 3a and 3c).
This linkage is not obvious in the fringe map (Plate 3b). This
extension of the Johnson Valley Fault is the only coherent feature
within the zone of complex deformation. Geologic mapping
results show an east-side-down offset along a short fracture inter-
secting the end of the rupture on the Camp Rock Fault near GPS
site 7000 (Plate 3c) that may correspond to this northward exten-
sion of the Johnson Valley Fault (K. Laloie, personal communi-
cation, 1997).

While the northern end of the Fry Mountains intersects the
main rupture trace, from the west, at the north end of the step-
over region linking the Emerson Fault and the Camp Rock Fault,
the south end of the step-over region is flanked to the east by a
northeastwardly trending Mesozoic structure called Iron Ridge
(Plate 3¢). After the earthquake, two NE to east striking zones of
aftershocks bordered Iron Ridge to the north and south (Plate 1)
[Hauksson et al., 1993]. The northern zone of aftershocks is
associated with triggered slip on left-lateral, NE striking fractures
[Hart et al., 1993; K. LaJoie, personal communication, 1997].

Iron Ridge corresponds directly to a region of rounded, nearly
circularly enclosed fringes in the interferogram (Plate 3b, label
C). Fringes ramp upward to the west with positive phase gradient
on the satellite side of Iron Ridge and ramp downward to the west
with negative phase gradient on the opposite side. The semi-
circular fringes are most likely indicative of uplift during the time
period surrounding the earthquake with the central fringe repre-
senting maximum displacement toward the satellite. The phase
variation across this feature is 37.5 rad representing 16.8 cm of
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LOS displacement. The zone of semicircular fringes is cut to the
northeast by the West Calico Fault (WCF) (Plate 1) and bounded
farther to the east by a southeastward extension of the Calico
Fault as evidenced in the interferometric phase gradient map
(Figure 5a) and previously mapped fault locations (Plate 3c).

The phase gradient is positive along linear features (Plate 3c,
label D) located southwest of the Johnson Valley which corre-
spond to the Lenwood Fault, a northern extension of the Old
Woman Fault, and an unidentified fault west of the Old Woman
Fault (Plate 3¢). The fringe map exhibits upward ramping of
fringes across these structures from east to west indicating rela-
tive displacement toward the satellite on the west sides of the
faults. LOS displacements across the faults are typically 15 mm.
If the displacement across these faults was purely horizontal, the
phase gradient features and fringe patterns indicate left-lateral
sympathetic slip. If the displacement is vertical, there was uplift
on the west sides of these faults relative to the east sides.

4.2. Calico Fault and Newberry Fractures

The Calico Fault (Plates 1 and 4) runs beneath the Mojave
Valley in the left half of Plate 4. The phase gradient is negative
along this fault while the deformation fringe phase shows down-
ramping from east to west, indicating relative displacement away
from the satellite on the west side of the fault. A strain concen-
tration on this fault is not obvious in the fringe map. The LOS
displacement across this fault is 8-9 mm. Assuming only hori-
zontal offset, the interferometric evidence suggests that the offset
was right-lateral. This agrees with mapping results reported by
Hart et al. [1993].

The fractures in the center of Plate 4 have been mapped and
named the Newberry fractures [Unruh et al., 1994; K. Laloie,
personal communication, 1997]. Geologic mapping shows that
they are purely extensional in a NE-SW direction. LOS dis-
placements across the fractures range from 5 to 22 mm. Associ-
ated with these fractures, the interferometry results show two
regions of enclosed fringe patterns. A relative LOS displacement
of 13 mm is present across the northern fringe pattern, while a
relative LOS displacement of 44 mm is present across the
southern fringe pattern. The interferogram fringes ramp down
toward the centers of the patterns, and the phase gradients are
negative on the satellite sides of the fringe patterns and positive
on the sides farther from the satellite. Because of their associa-
tion with the extensional Newberry fractures and their location
near Troy Dry Lake, the ground features are here interpreted as
subsidence basins.

4.3. Barstow Aftershock Cluster and Coyote Lake

The Barstow earthquake. cluster trended north to northwest
(Plates 1 and 5b) and did not occur on known surface faults. The
maximum magnitude earthquake in the cluster occurred on
August 5, 1992 [Hauksson et al., 1993], with magnitude 4.7
(Council of the National Seismic System (CNSS) earthquake
database). The fringe pattern in the left-hand portion of Plate 5
consisting of two, coupled bull’s-eyes (one positive LOS dis-
placement and one negative LOS displacement) straddles the
intersection of the Barstow cluster, the Calico Fault and the
Coyote Lake Fault (Plate 5c). Several earthquakes with magni-
tude greater than 3.5 occurred at or near this location during the
time period between April 24 and August 7, 1992 (Plates 1 and
5b; stars). The phase gradient image shows little indication of a
surface fault rupture. The fringes indicate right-lateral offset
across the Calico Fault with vertical uplift of the Calico
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Mountains, or left-lateral offset across the conjugate Coyote Lake
Fault. The shocks in the Barstow cluster had a predominantly
right-lateral, strike-slip focal mechanism [Hauksson et al., 1993].
The relative LOS displacement measured across the enclosed
fringes is 5.3 cm.

Flanking the east side of the Calico Mountains, a structure
which may be a northeastern branch of the Calico Fault is appar-
ent in the phase gradient map (Plate 5a, label C; Plate 5c). The
fault appears to include a series of right-lateral strike-slip offsets
connected by extensional cracks. This is evidenced by the
change in phase gradient signature from negative to a negative-
positive double as the fracture changes orientation. Typical LOS
displacements of 5 mm are associated with right-lateral offsets
across this fault.

Northeast of this apparent northeastern branch of the Calico
Fault is Coyote Dry Lake (Plate Sa, label D; Plate 5c). The
deformation fringe phase and phase gradient maps show defor-
mation of the lake shore between the time period April 24 and
August 7, 1992, and a small amount of what can be interpreted as
subsidence within the lake bed itself. Subsidence in the interior
of the lake bed was 9-10 mm LOS, while deformation along the
shoreline reached 13 mm LOS across some features. This
deformation could be either earthquake related or indicate a
seasonal change of the lakebed between spring and summer.

5. Discussion

The interferometric results presented here indicate that small-
scale LOS deformations associated with the Landers earthquake
occurred within 75-100 km of the main rupture. These small-
scale deformations are superimposed on a deformation field such
as might be expected from the response of an elastic lithosphere
to the Landers earthquake [e.g., Massonnet et al., 1993, Figure
3b]. These small-scale deformations are associated with
secondary fractures, preexisting faults, dry lake beds, and
mountainous regions; they provide insight into the formation of
such geomorphic features and help define the role of these
features in fault interactions. Furthermore, interferometric maps
showing small-scale deformations could be used as a
reconnaissance tool for mapping faults and coseismic
displacements and for decisions involving GPS receiver location
or GPS data exclusion from inversions that assume elastic
behavior. ’

The long, linear secondary faults superimposed on the dense,
elongated fringe pattern between the Johnson Valley Fault and
the main rupture (Plate 3) indicates a shear zone between the
main rupture trace and the Johnson Valley Fault with probable
faulting of the basement rock. Faulting is believed to extend to
the basement because it is unlikely that the overlying alluvium is
cohesive enough to sustain fractures with lengths of 10 km.
Geologic mapping of surface ruptures indicative of shear zones in
alluvium due to the Landers earthquake shows a maximum length
of shear fractures to be of the order of 500 m [e.g., Johnson et al.,
1994; Sowers et al., 1994].

The fractures between the rupture on the Camp Rock-Emerson
Faults and the Johnson Valley Fault are similar in style to
fracture patterns seen in much smaller versions of shear zones
associated with the Landers earthquake [e.g., Johnson et al.,
1994]. As the orientation of a fracture changes with respect to
the look direction of the radar, the sense of slip on a fracture with
the same phase gradient sign changes. Hence the smaller
fractures close to the Johnson Valley Fault (Plate 3c) most likely



27,009

PRICE AND SANDWELL: SMALL-SCALE DEFORMATION MAPPED BY INSAR

W—0>@~-=0C

004

0oV}

00s€E

‘000L pue ‘(1pq) 1apnog ‘(suu)
SURIA ‘A1 400y 21 SIS §JO pajaqe] ' 2undi ul se e suon
-eIA2IqQE MNEd onym are dew juaipeid aseyd wody parardiaul
saimoes) pue ‘pal st amidni ayenbyes paddew-piay “yorjq are
synej paddew Ajsnoiaald "y eaae jo WH (9) 'palrul [€661 1P
12 ya215] aamdni aoepns paddew AjeaiSojo2d pue yor[q ui s)ne}
paddew £jsnoraard yuam aseyd 28uy uoneuuojac (q) uaipeld
aseyd uvonewioydq (v) -armdni ayenbyuea sy ul pasjoaur
Apoanp asoyy Surpnioxa () synej Jolew Fuofe $13sjj0 [[Pwis pue
‘armdna 2y jo aprs Iseayuou ayl uo () suraned aSuuy pasopouad
Kpreau ‘dew juatpesd aseyd oy ur sadcen Aenose £q panuiap
armdni jo pua a3 Jo ynos 2y 01 (g) 2umoeyj jo sauoz xajdwoo
‘syne,] uosiowg-yooy dwe) a2y uo armdni urew ay1 pue
e A3 A uosuyof ay) usamiaq (y) saimpoeyy Arepuodas Fuoj
apn[oul $aINed) 2[QRION Y BaIE Jo judwadie[ud uy ‘g aeld

oiL8e

S-0Qaed LCTVO

Lcdnd O-0D-—0C+~—

vie-
IS¢ 0L8€
88}
9c'}- 028¢
£9°0-
000
0E8E
€90
9¢'|
881 0v8t
1G°¢
vL'e q
S0
el o (0] 821
60°0-
90°0- 028¢
£0°0-
000
0es8e
£0°0
900
6070 oy8e
b0
|

S0

wy WLN



PRICE AND SANDWELL: SMALL-SCALE DEFORMATION MAPPED BY INSAR

27,010

W—0>@m~=0¢C

PIRW ST AQYL 2S SID
‘MO[[aA& st (alL) aye1 A1 Ao, Jo aumpno pue ‘Aym are dew
wiatpead aseyd woay paraadiour samioely ‘yor(q are sjnej paddew
Aisnotaald g eate Jo NAQ () syney paddew Ajsnoiaaxd
are saur] yoepg oseyd ofuny uwonewiojaq (q) udipesd
aseyd uoneuwioja (®) “I21uad ) ul pajedo] are (D) aye Liq
Koij, pue (g) saimorey ALDGMaN YL Jey 19 2 ySnoryl suni
(V) 1neg oo1e) 2y, “121u2d oy ur ‘swaned a8uny pasopoul jo
sauoz om1 Aq payuepj ‘Sunmidely jo auoz v pue ‘synej Jofew Suope
S135]]0 2B SAUMIEJ 2[qRION “{ BaIE JO JUdwdie[ud uy “f el

0S8€

098¢

wy LN

S-0o00D Lo

Lcomnd O-0D—-0Cc+—

pLE- 0SS 0vS
152 :
88'}-
92'I-
€9°0-
000
£9°0
9z'L
88’1
152
pLE

S60°0-
9£0°0-
1S0°0-
8E£0°0-
610°0-
0000
6100
8€0°0
4500
900
S60°0

0€s 02s

U NLN

0€Ss 0es

wy LN

098€



27,011

PRICE AND SANDWELL: SMALL-SCALE DEFORMATION MAPPED BY INSAR

W—o>m—~-0cC

"Moj[R4 st (1aD)
aye] A1 210407 jo suipino pue ‘ayym are dew juarperd aseyd
woiy parardiaur saamoeyy yorjq 21 sinej paddew Ajsnoiaalg
‘) vale Jo WHQ (9) "pal ul S¥00ys pue YOB[Q Ul SINEJ YIIm
aseyd a8uny uonewlojac] (q) uaipesd aseyd uoneuuojaq ()
-a8ew uarpead aseyd oy ui uaredde are () ayeT A1g MN04A0D
JO 2UI[2I0YS Y] PUNOIE UONBULIOJAP JWOS pue (D) 1ne 0d1e)
aY1 JO yourlq wdpiou v symey Sunsixaald pue 1a1snj) moisieg
Ayl JO uon2asIgul 3yl 01 pAAR[2I UONEBULIOJDP edIpUl |V,
paaqge| sauLly pasodua YL ‘D BAIL JO JUIWATIR[UI UY S B[

0
001 0/8€
0¥l =
=
088E Z
0012 E
0082
068€

00S€E

S-Tan0T ACTOO

Loconwd O-ado-0C+~

Wi LN (q
0€S 02s 015 008

vie-
\S¢-
88°}-
9c’'t-
€90
000
€90
9c't
88'lL
1s'¢
vI'E

048€

088€

uy WiN

068E

0es 02s 015 00S e
S60°0-
9£0°0-
LS0°0-
8E0°0-
610°0-
0000
6100
8£0°0
2S00
9100
S60°0

0/8¢€

up

088€

068€




27,012

have left-lateral offsets across them, while the larger fractures
that traverse the entire valley floor to intersect with the main
rupture most likely accomodate left-lateral offsets near the
Johnson Valley Fault which change to right-lateral offsets as the
fractures near the main rupture. This behavior is similar to that
of a curved fracture in the Happy Trail shear zone observed by
Johnson et al. [1994]). The fracture flanking the eastern side of
the Fry Mountains (Plate 3¢) probably also accommodated some
east-side-up motion similar to some fractures seen in the Happy
Trail shear zone. Because of their regular spacing between
mountain ranges, the long fractures in the Johnson Valley and
between the Lenwood Fault and the northwestward continuation
of the earthquake rupture may be related to and/or facilitate the
uplift of the Fry and Ord Mountains (Plate 3c).

The fractures in the upper Johmson Valley may have
collectively accommodated some significant portion of right-
lateral shear. Murray et al. [1993] require ~0.5 m of right-lateral
slip on a northwest trending fault between stations Boulder and
Means on the east and Old Woman, Fry, and Rock on the west
(Plate 3c) to fit their trilateration data to an elastic half-space
model. The tie lines between the above stations span the upper
Johnson Valley. Because displacement on the upper Johnson
Valley Fault (which runs through the upper Johnson Valley
between the Johnson Valley Fault and the Camp Rock-Emerson
Faults) was of the order of centimeters (K. LaJoie, personal
communication, 1997), offset on another fault or over a region is
necessary to fit the geodetic data. This discrepancy could be
resolved with further modeling of the displacement expected
from an elastically responding lithosphere and comparison of
models to interferometric results.

Stress changes on faults not involved in the main rupture are
indicated by published and preliminary modeling of the stress
field induced by the earthquake in an elastic half-space [Harris
and Simpson, 1992; Stein et al, 1992; R. Simpson, personal
communication, 1997]. Two lines of evidence suggest that
InSAR observed displacements on the Lenwood and Old Woman
Faults were vertical, west-side-up rather than left-lateral and
sympathetic. First, Coulomb failure stress is predicted to have
decreased by only as much as 17 bars across the Lenwood and
northern portion of the Old Woman Fault [Harris and Simpson,
1992}, while the calculated stress drop on the Landers earthquake
surface rupture was ~85 bars; assuming that the level of stress on
other faults in the Mojave Desert before the earthquake was
similar to that on the faults involved in the Landers earthquake, a
17-bar stress drop would not be enough to induce sympathetic
slip. Second, preliminary modeling results show vertical
displacements across these faults, if present, should be west-side-
up (R. Simpson, internet communication, 1997). Thus, while the
Lenwood and northern Old Woman Faults probably relaxed
subsequent to the Landers earthquake, the stress drop was not
enough to induce left-lateral, sympathetic slip. Instead, the
displacements measured in the SAR interferogram were probably
vertical, west-side-up which is consistent with the
geomorphology (Plate 1).

Geologic field mapping and tectonic modeling suggest that the
offset observed by InSAR on the Calico Fault was right-lateral.
The Calico Fault (Figure 6) lies in a region of the model of Stein
et al. [1992] in which faults on optimally oriented planes were
brought closer to failure by the Landers earthquake-induced
stress field. Geologic mapping indicates right-lateral slip on the
Calico Fault [Hart et al., 1993]. Also, there are no geomorphic
structures directly related to the Calico Fault that would indicate
that it accommodates vertical motions (Plate 4c).
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The Newberry fractures were mapped by geologists [Unruh et
al., 1994; K. LaJoie, personal communication, 1998] immediately
after the Landers earthquake. The Unruh et al. [1994] study
shows a series of parallel, linear fractures trending N-NE, while
more detailed mapping by K. LaJoie in the field and using air
photographs shows curved fractures similar to those seen in the
SAR interferogram (Plates 4a and 4c). These fractures opened
preexisting structures and exhibited normal dip-slip separation of
as much as 12 cm and lateral offsets of 5 cm or less [ Unruh et al.,
1994). These structures are interpreted by Unruh et al. [1994] as
evidence of pure northwest-southeast extension. The collocation
of these fractures with extensional basins may show how, incre-
mentally, the Troy Dry Lake bed was formed or may be related to
internal deformation of the lake bed itself. The region surround-
ing the Newberry fractures and Calico Fault shows a deviation
from the fringe pattern expected from modeling an elastic litho-
sphere’s response to the earthquake [e.g., Massonnet et al.,
1993]. This deviation could be due to inhomogeneities in the
crust and may account for some of the anomalous motion at
Mojave GPS network station TROY (Plate 4¢) where motion was
150% of that expected from elastic half-space models [Miller
et al., 1993].

Deformation near the Calico Fault related to the Barstow
earthquake cluster is a further example of small-scale deforma-
tion associated with the Landers earthquake-induced stress field.
Earthquakes of the Barstow Cluster were confined to depths less
than 10 km and occurred along a linear trend not related to any
geologically mapped fault. The Barstow shocks began 6-8 hours
after the Landers main shock [Hauksson et al., 1993]. In the
interferogram (Plate 5b), the only clear fringe pattern associated
with the Barstow Cluster occurs where its trend intersects the
Calico and Coyote Faults. However, there is negative shading in
the phase gradient map aligned with the cluster (Plate 5a) that
indicates diffuse right-lateral shear likely related to faulting at
depth. The enclosed fringe patterns at the intersection of the
Calico and Coyote Lake Faults (Plate 5b) are probably indicative
of uplift of the Calico Mountains on the southeast side of the
Coyote Lake Fault and subsidence on the northwest side of the
Coyote Lake Fault as the Calico Fault accommodated a right-
lateral offset.

Because GPS results adequately fit far-field coseismic dis-
placements as predicted by an elastic half-space model [Bock et
al., 1993; Blewitt et al., 1993], such a model can be presumed to
be a good one for the large-scale displacement pattern associated
with the earthquake rupture. Small-scale anomalies in the dis-
placement field are most likely confined to the region within 100
km of the earthquake rupture and are likely due to interaction of
crustal and surficial structures with the earthquake induced stress
field. These small-scale anomalies could account for some of the
deviation from an elastic half-space model in the near-field such
as noted by Miller et al. {19931, Murray et al. [1993], and Hudnut
et al. [1994].

It is unfortunate that more detailed field observations of the
Landers earthquake rupture are not available to ground truth
InSAR observations. Air photographs show offsets along some
fractures that corroborate InSAR observations (Newberry
fractures) but do not exhibit fine details such as seen in the upper
Johnson Valley region of the interferogram (K. LaJoie, personal
communication, 1997). If InSAR observations including the dis-
placement field and displacement phase gradient were made
available within a few months of the earthquake, it might have
been possible to plan field surveys to study features seen in the
interferogram. Our own expedition into the field (January 1997)
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indicated that much of the millimeter and centimeter scale
deformation has been eroded by natural processes and
recreational vehicles.

6. Conclusions

SAR interferometry allows near total spatial coverage of the
radar LOS deformation and the gradient of the radar LOS defor-
mation in the region of a major earthquake. This spatial coverage
allows us to study heterogeneity in the deformation field. This
heterogeneity can be investigated using the phase gradient map
which highlights offsets on major faults, secondary fractures, and
geologic structures that are not apparent in interferogram fringe
maps. Interpretations of these interferogram fringe and phase
gradient maps depend on ancillary information including geo-
logical field mapping, GPS measurements, and lithospheric
modeling to determine meaningful displacements on and across
geological structures.

Our observations show that there is localized heterogeneity in
the deformation field of the Landers earthquake within 80-100
km of the main rupture. Unmapped faults or questionable exten-
sions of previously mapped faults which experienced triggered
slip are highlighted by the phase gradient observations.
Secondary fractures in the upper Johnson Valley indicate a shear
zone between the Johnson Valley Fault and the main rupture that
may include the region between the Lenwood Fault and the Camp
Rock Fault occupied by the Fry and Ord Mountains. Previously
mapped fractures associated with extension in the Mojave Valley
are apparent in the phase gradient map and corroborate field
observations. Also, there are correlations between fringe patterns
and geomorphology indicating incremental deformation of exten-
sional and compressional structures including Iron Ridge, the
Calico Mountains, Coyote Dry Lake, and Troy Dry Lake.

Appendix A: Interferometer Geometry
and Equations

If A is the wavelength of the radar and §p is the range
difference between the reference and repeat passes of the
satellite, the interferogram phase of a point on the ground is ¢ =
(4mA)8p. We present the interferometer geometry and range
difference attributable to three factors: (1) spheroidal Earth with
no topography, (2) topography, and (3) surface deformation. We
use these relationships to show how the phase gradient of
interferograms may be scaled so that phase gradients of
interferograms with different baselines may be added to and
subtracted from each other.

Al. Range Difference Due to Spheroidal Earth

The relationship between the repeat-pass range to an Earth
‘with no topography or surface deformation (p + 8p,), the
reference-pass range (p), the baseline length (B), and the baseline
elevation angle (@) is provided by the law of cosines [Zebker et
al., 1994] (Figure Al). Applying the parallel ray approximation
[Zebker and Goldstein, 1986], the range difference is :

8p, =—Bsin(6, — ) (AD)

where 6, 1s the look angle to a spheroidal Earth defined by cos 6,
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Figure A1l. InSAR geometry for spheroidal Earth with no
topography or surface deformation. Here p is range from the
“reference” satellite pass to a location on the spheroid, p+8p, is
range from the “repeat” satellite pass to the same location, 8, is
the radar look angle, « is the baseline elevation angle, B is the
baseline length, By, is the component of the baseline parallel to the
satellite reference pass line of site, and B, is the component of the
baseline perpendicular to the satellite reference pass line of site.

Earth to the location of the satellite reference pass and r is the
distance from the center of the Earth to the location on the Earth
that is illuminated when the range from the satellite to the Earth
is p.

We define the components of the baseline parallel (B)) and
perpendicular (B)) to the range ray referenced to a spheroidal
Earth as

By = Bsin(6 - ) (A2a)

B = Bcos (6~ o) (A2b)
The range difference due to a spheroidal Earth with no
topography is equal to the parallel component of the baseline.

A2. Range Difference Due to Topography on a Spheroidal
Earth

Here the range difference (8p, + dp,) is influenced by the

topography (see Figure A2) so that
8p,+ 8p,=-Bsin (6, + 86,— ) (A3)

where 8 is the angle between the vertical and the reference pass
range ray and is the sum of two terms: 6, is the look angle for a
spheroidal Earth with no topography and &6, is the angular
distortion caused by the presence of topography.

Since the spacecraft is far from the Earth, §6, is small and the
range difference due to topography on a spheroidal Earth (5p, +
8p,) is

3p, + 6p,= -(B) + 86,B) (A

We perform the “flat Earth” correction by computing B, using

= (c + p —r )/2pc where c is the distance from the center of the — equation (A1) and removing it from the interferogram phase.
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Figure A2, InSAR geometry for spheroidal Earth with

topography and surface deformation. Here p is range from the
“reference” satellite pass to a location on the surface of the Earth
at elevation z,, p + 8p, + 8p, is range from the “repeat” satellite
- pass to the same location, p+ 8p, + dp, + Sp, is the range from
the repeat pass of the satellite to the same piece of Earth after is
has been displaced by D, 6, is the radar look angle to the
reference spheroid for range p, 86, is the topographic angular
distortion, 88, is the displacement angular distortion, ¢ is the
baseline elevation angle, and B is the baseline length. When
measuring deformations using space-based InSAR, the three
range rays (excluding the one drawn to the reference spheroid) in
the figure can be considered parallel to each other making 66,
essentially zero. The InSAR measured component of the
displacement, D, is that which is in the direction of the satellite
LOS. This displacement is equal to 60, -

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

By inspecting Figure A2 and making several assumptions, one
comes to the conclusion that a displacement vector is projected
into the satellite line-of-sight direction and it contributes
additively to the range change due to topography and a spheroidal
Earth. Because the spacecraft is far from the Earth (800 km), it
can be assumed that the ray with length p is parallel to the ray
with length p+ 8p, + 8p, and the ray with length p + dp, + Op, +
8p, Implicit in this assumption is that 56, is essentially zero and
the radar signal wavefronts are perpendicular to the above rays.
Now, the range difference is

dp = 8p,+ 8p,+ 8p,=-(B; + 66,8, - 3p,) (A5)
To isolate the range change due to deformation, we remove the
flat Earth range change (see above) and the topographic range
change estimated from other interferograms (see below).

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

Consider two interferograms which have both had the flat
Earth correction applied. Interferogram 1 (¢;) has phase due only
to topographic angular distortion and interferogram 2 (¢,) has
phase due to topographic angular distortion and displacement. If
the interferograms are matched to the same reference geometry,
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the topographic angular distortion is assumed to be the same for
both and interferogram 1 can be scaled by the ratio of the
perpendicular baselines and subtracted from interferogram 2 to
yield the displacement in the satellite LOS [Zebker et al., 1994]:

B 4
L g =—

¢ - 8o,

(A6)

where B is the perpendicular component of the baseline for
interferogram 1 and B,” is the perpendicular component of the
baseline for interferogram 2.

The interferogram scale factor (see equation (6)) is the ratio of
the perpendicular baselines of each starting interferogram. This
scale factor can be applied directly to the interferogram phase
gradient (in range) to extract the interferogram deformation phase
gradient, 477 A(dép/ 8p), using

%_ Bi (9(/‘)1 - 47 85pd
dp B dp A dp

(A7)

The LOS displacement gradient, dD; n/dp, 1s then equal to the
deformation range-difference gradient, d8p,/dp.

Appendix B: Low-Pass and Gradient Filters

Interferograms formed from full-resolution, SAR images
contain significant phase noise. The gradient operation amplifies
the shortest-wavelength noise resulting in a noisy estimate of
phase gradient. To suppress a portion of this noise, we filter the
data before computing the gradient by forming a multilook
average using a Gaussian—éhaped filter. We have designed a
convolution filter that is nearly isotropic in ground range/azimuth
space consistent with the sampling frequency of the radar:

2 2
f(x,y)=eXp{x +2y, ]

20 (BI)

where x is range, y is azimuth, and o is filter width. Based on
visual inspection of a variety of interferograms, we have chosen
¢ =8 m so that 0.5 gain occurs at a wavelength of 42 km in slant
range (~107 m in ground range) and 84 m in azimuth. Based ona
cross-spectral analysis of repeat tandem interferograms [Sandwell
and Price, 1997], we found signal-to-noise ratios of 1 at a wave-
length of 230 m in ground range and 180 m in azimuth. Thus the
low-pass Gaussian is passing all of the relevant signals.

The gradient operation follows the low-pass Gaussian filter.
We have designed a derivative filter using the Parks-McClellan
approach. The filter coefficients and imaginary response are
shown in Figure B1. The derivative filter is 17 points long (solid
curve, Figure B1a), while the Gaussian filter is only 5 points long
in range (dashed). Figure B1b shows the gain for a theoretical
derivative (dotted) and the numerical derivative (solid). The
convolution of the Gaussian and derivative filters (dashed) has a
peak response at a wavelength of 50 m. The location of the peak
can be adjusted by varying o in equation (B1), although the
derivative filter limits the best resolution to 30 m wavelength.
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Figure B1. (a) Filters used in interferogram phase gradient formation. Solid line is the gradient filter, dashed line
is the smoothing filter. (b) Gain for theoretical derivative filter (dotted line), numerical derivative filter (solid line),
and the convolution of the Gaussian smoothing and numerical derivative filters (dashed line).
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Chapter 4
Vertical Displacementson the 1992 L anders, Califor nia Earthquake Rupture From

INSAR and Finite-Fault Elastic Half-Space M odeling

4.1. ABSTRACT

The radar line-of-sight displacements predicted by the coseismic dextral dip
model of Wald and Heaton, [1994] are subtracted from an imaging radar interferogram
that temporally spans the 1992 Landers earthquake and the residuals are interpreted as
due to vertical dlip on the earthquake rupture. The residuals range in amplitude from -0.3
meters to 0.25 meters with highest variations to the east of the earthquake rupture. The
main features of the residual displacement field are lobes of subsidence and uplift
associated with the two main dlip events involved in the earthquake rupture: the
hypocentral event on the Johnson Valley fault and the maximum buried dip in the
stepover between the Homestead Valley and Emerson faults. Also, 0.25 meters of
vertical displacement on the Iron Ridge fault, when combined with the field measured
left-lateral offset, suggests oblique slip on this fault. In addition, we construct a map of
vertical coseismic displacements. This type of map cannot be obtained using any other
method (e.g. campaign GPS).

The distribution of vertical dlip on the rupture inferred from an inversion of the
residual displacements indicates two maor pairs of east-side-up and east-side-down
motions associated with the two main earthquake dlip events. East-side-up motions are
observed near the southern terminus of the rupture and adjacent to the region of

maximum buried dlip. East-side-down motions are inferred deep within the Kickapoo
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stepover and shallow on the northern portion of the rupture. The depths of the vertical
motions follow the depths of maximum slip along the rupture. Forward modeling was
performed to test the assumption of Deng et al., [1998] that there was 0.7 meters of
vertical east-side-down slip on the model segment corresponding to the Camp Rock and
Emerson faults. A best fitting model indicates that 0.7 meters of vertical east-side-down
dlip on the Emerson and Camp Rock faults was possible but the locking depth was only

7.5 km.

4.2. INTRODUCTION

On June 28, 1992 the M,, 7.3 Landers earthquake originated on the Johnson
Valley fault in California's Mojave Desert and ruptured northward by stepping right onto
more northwestwardly oriented faults. The slip on the rupture was predominantly dextral
with a maximum of 6.1 meters of offset measured in the field [Hart et al., 1993; Seh et
al., 1993]. Vertical offsets of as much as 1 meter or more were measured on some fault
segments[Seh et al., 1993; Hart et al., 1993; Irvine and Hill, 1993; Sowers et al., 1994;
Johnson et al., 1994; Arrowsmith and Rhodes, 1994; Spotila and Seh, 1995; Zachariasen
and Seh, 1995; Aydin and Du, 1995; Fleming and Johnson, 1997; McGill and Rubin,
1999]. However, vertical displacements measured on faults that are part of a complex
rupture geometry with, on average, a large horizontal displacement may be due to
localized uplift and subsidence of individual fault-bounded blocks and not representative
of vertical dlip on the rupture asawhole. In this study, an attempt is made to estimate the
amount and distribution of vertical slip on the rupture surface using INSAR measurements

and finite fault elastic half-space modeling.
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Numerous authors inferred the distribution of right-lateral dlip on the buried
Landers earthquake rupture fault surface by inverting different data sets assuming finite
disocations in an elastic half-space [Murray et al., 1993; Hudnut et al, 1994;
Freymueller et al., 1994; Johnson et al., 1994; Wald and Heaton, 1994; Cohee and
Beroza, 1994]. In this study, the synthetic interferogram predicted by the model of Wald
and Heaton, [1994] is subtracted from an interferogram that temporally spans the
earthquake (the coseismic interferogram) and the residual interferogram (the vertical
interferogram) is inverted for a distribution of vertical dip on the same fault patches.
This particular right-lateral slip model is chosen because it was derived from an analysis
of a combination of field measured offsets, GPS displacements, strong motion, and
teleseismic data and a reasonable amount of consistency was found between the dlip
models resulting from the inversion of the last three data sets.

The assumption that the residuals represent a displacement signal due to vertical
motions on the main rupture may be chalenged by noting that the complex rupture
geometry and significant breakage of numerous faults close to the rupture (e.g. the
Galway Lake fault, the Iron Ridge fault, and the Upper Johnson Valley fault) may not be
modeled adequately by a three-plane rupture model. However, effects from rupture
complexities should be responsible for short wavelength signals close to the rupture.
Adequate smoothing of the model can lessen the effects of such signals on the inversion.
Also, the largest difference between the horizontal motions predicted by the right lateral
dip model and GPS observations near the rupture is approximately 7.4 cm in the
direction of the radar line-of-sight (LOS) at site 7002 (there is a 10 cm LOS residual at

site 7000, but this siteis very close to the rupture). It is shown below that thisis less than
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25% of the maximum amplitude of observed signal in the vertical interferogram. A
consideration of the vertica component of dlip can add to our understanding of
earthquake rupture mechanics and dynamics. Furthermore, models of other components
of the earthquake cycle, such as postseismic deformation, rely on assumptions about the
magnitudes and locations of the vertical displacements on the earthquake rupture planes

[eg. Deng et al., 1998].

4.3. INTERFEROMETRIC METHOD

Radar imagery (Figure 4.1) collected by the ERS-1 and ERS-2 satellites during
their 35 day repeat and tandem mission phases is combined to form a map of the
coseismic displacement in the direction of the radar line-of-sight (LOS) (Figure 4.2)
using an interferometric method (INSAR). This map of coseismic displacement is similar
to the ones published by Massonnet et al., [1993]; Zebker et al., [1994]; and Peltzer et al.,
[1994]. The specific methodology used in this study is similar to that which isoutlined in
Price and Sandwell, [1998] which is, itself, similar to what is standard. (Note that a
number of INSAR reviews from multiple points of view have recently been published or
are in press [Bamler and Hartl, 1998; Massonnet and Feigl, 1998; Burgmann et al.,
1999].)

Each time the satellite passes over a specific area on the ground, there exists the
potential to form an interferogram by combining the imagery collected at that time with
an image collected at a different time over the same area. The interferogram represents
the change in two-way distance (the range change) to points on the ground measured at

the two times of imaging. When the satellite does not exactly repeat its orbit a parallax
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Figure4.1. The ERS-1 and ERS-2 radar imagery used in this study plotted in time-
space coordinates. The Landers earthquake occurred on June 28, 1992 (day 180).
The coseismic interferogram is derived from two images taken by the ERS-1 radar
on April 24, 1992 and August 7, 1992 and has a baseline of 147.1 meters. The two
topographic interferograms are derived from images taken during the ERS-1 and
ERS-2 tandem mission. The first has a baseline of 52.4 meters and is composed of
an image taken by the ERS-1 radar on October 29, 1995 (orbit 22431) and an image
taken by the ERS-2 radar on October 30, 1995 (orbit 2758). The second has a
baseline of 137.0 meters and is composed of an image taken by the ERS-1 radar on
January 7, 1996 (orbit 23433) and an image taken by the ERS-2 radar on January 8,
1996 (orbit 3760).
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Figure 4.2. The coseismic interferogram. The white lines indicate the locations of
faults mapped previoudly to the Landers earthquake from a California fault database.
The red lines compose the earthquake rupture trace as mapped by Seh et al., [1993].
The yellow stars are at the locations of the Landers (the larger star) and the Big Bear
(the smaller star) epicenters. Regions A, B, and C are discussed in the text. Region
A contains subsidence to the northeast of the rupture, Region B surrounds Iron Ridge,
and Region C is adjacent to the maximum buried dlip. The yellow stars indicate the
two major shocks that occurred during the time span of the interferogram: the larger
star at the location of the Landers epicenter, the smaller star is at the location of the
Big Bear epicenter. The abbreviated labels stand for: Calico fault (CF), Camp Rock
fault (CRF), Emerson fault (EmF), Galway Lake fault (GLF), Homestead Valley fault
(HVF), Johnson Valley fault (JVF), Kickapoo fault (KF), Newberry Fractures (NF),
and north of the Barstow aftershocks (BA).
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effect enables the measurement of topography. If the Earth's surface moves between the
two times of imaging, the displacement measured in a single interferogram is that
component which is in the direction of the radar line-of-sight and that component only.
While InNSAR cannot differentiate between horizontal and vertical displacements, it does
give a high spatial density of LOS displacement measurements and methods of
interpretation allow extraction of physically meaningful information.

The distance between the positions of the satellite(s) during the two passes is
called the interferometric baseline (see Figure 4.38). The phase of the product of one
complex image and the complex conjugate of the second is the interferometric phase.
The interferometric phase is related to the range change by ¢ = 4n/A dp where ¢ is the
interferometric phase, A is the wavelength of the radar, and dp is the range change. This
range change (Figure 4.3a) is the sum of contributions from the imaging geometry, the
topography, displacement of the Earth's surface, atmospheric delay, and phase noise

Op = 0p, + dp, +0p, +0p, (43.1)

Where dp, is the contribution due to the imaging geometry and is equal to the component
of the baseline parallel to the radar LOS, dp, is the component of range change due to
topography and is equal to the product of the perpendicular component of the baseline
and the topographic angular distortion, dp, is the contribution due to displacement of the
Earth's surface, and op, is the range change due to changes in the refractivity of the
atmosphere and phase noise. Both dp, and 8p, map directly into the radar LOS.

Errors in repeat pass interferometric measurements include phase noise and
atmospheric noise, which can give spurious estimates of displacement subject to

misinterpretations. In a multi-look interferogram with the number of looks greater than
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reference

Spheroid

Figure 4.3. a) The InNSAR geometry. The range from the "reference” satellite pass
to a location on the surface of the earth at elevation z; is p, the range from the
"repeat” satellite pass to the same location is p + dp, + dpy, the range from the repeat
pass of the satellite to the same piece of earth after it has been displaced by D is p +
dpe + Op; + dpgy, the radar ook angle to the reference spheroid is 6, the topographic
angular distortion is 86;, the displacement angular distortion is 86 , the baseline
length is B, the length of the component of the baseline perpendicular to the radar
LOSis B,. The subscripted range changes are explained in the text (Section 4.3).
When measuring displacements using space-based INSAR, the three range rays
(excluding the one drawn to the reference spheroid) in the figure can be considered
parallel to each other making dqd essentially zero. The INSAR measured component
of the displacement, D, is that which is in the direction of the radar LOS. This
displacement is equal to dpg.
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Figure 4.3. b) The geometrical construction for computing the component of
horizontal displacement perpendicular to the satellite track -d,cos[¢-&]. The
perpendicular to the satellite track has an azimuth & of 283°. The horizonta
displacement has a magnitude d,, and an orientation of ¢ degrees clockwise from

north.



77

4, the phase noise variance can be estimated using the complex correlations between
matching pixels in the two images [Rodriguez and Martin, 1992]. Errors due to
atmospheric delay are due to changes in the refractive index of the medium through
which the radar signals pass and can be due to both turbulence and longer wavelength
differences in the troposphere and ionosphere, or systematic changes in humidity with
topography [e.g. Tarayre and Massonnet, 1996] at the two times of imaging. The
character and level of atmospheric noise is different in each interferogram [Hanssen,
1998] and an automated method for its removal has yet to be developed.

The range change error due to a given error in elevation of a target located at a
distance x from the sub-satellite ground track is proportional to the length of the
perpendicular component of the baseline

ddp = % dH (4.3.2)

Where dp is range change, H is elevation, x is the distance between the sub-satellite
ground track and the target, and B, isthe component of the baseline perpendicular to the
reference pass range ray (Figure 4.38). Hence, given the length of the perpendicular
component of the baseline corresponding to the coseismic interferogram (99 meters), a
10-meter error in elevation of atarget in the middle of the interferogram gives a 3-mm

error in range change.

4.3.1. SCALING VERTICAL AND HORIZONTAL DISPLACEMENTSINTO THE SATELLITE
LOS

Because we cannot distinguish between vertical and horizontal displacements

using a single interferogram, interpretations should be based on plausible ground
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Figure 4.4. a) The radar LOS displacement scale factor versus the azimuth of the
horizontal displacement given the 193° azimuth of the sub-satellite track and a signal
incidence angle of 20.8°. Horizontal displacements perpendicular to the sub-satellite
track are scaled by the sine of the incidence angle while horizontal displacements
paralel to the sub-satellite track cannot be measured.

b) The horizontal displacement scale factor versus the azimuth of the
horizontal displacements given the 193° azimuth of the sub-satellite track and a signal
incidence angle of 20.8°. If the radar LOS displacement across a fault is assumed to
be a horizontal displacement, the magnitude of the horizontal displacement is the
product of the LOS displacement and the horizontal displacement scale factor.
Assuming a horizontal displacement across a fault that is parallel to the satellite track
implies that its magnitude is infinite. A minimum scale factor is about 3 (the
reciprocal of the sine of the incidence angle) for computing displacements oriented
perpendicular to the satellite track direction.
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movement, ancillary data (such as GPS and field measurements and mapping), and the
imaging geometry. The scaling of a vertical displacement on the ground into a LOS
displacement is proportional to the cosine of the angle of incidence (20.8° in this study).
The scaling of a horizontal displacement on the ground into the radar LOS direction
depends on the azimuth of the displacement and the azimuth of the satellite track
(approximately 13° at the latitude of the Mojave Desert). For example horizontal
displacements paralel to the satellite track cannot be measured while horizontal
displacements orthogonal to the satellite track are scaled by the cosine of the incidence
angle (Figure 4.4a). The relationship between LOS displacement and horizontal
displacement is:

D= d,cod¢ - E]sin[] (4.3.3)

Where D is LOS displacement, d, is horizontal displacement, € is the azimuth of the
perpendicular to the satellite track, ¢ is the azimuth of the displacement, and u is the
incidence angle (see Figure 4.3b).

When attempting to discriminate between horizontal displacements and vertical
displacements across a structure such as a fracture or fault, it is important to consider the
orientation of that structure with respect to the radar. Interpreting a measured LOS
displacement as a horizontal displacement parallel to the satellite track implies infinite
horizontal displacement while, at minimum, the scaling of a measured L OS displacement
into a horizontal displacement is approximately 3 times the measured LOS displacement
(Figure 4.4b). Scaling point-wise displacements into the satellite LOS is not the only
way to interpret interferograms: an excellent discussion of the interferogram fringe

patterns caused by shear and rotations of blocksis given by Peltzer et al., [1994].
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4.4. DATA PROCESSING AND REDUCTION

To extract estimates of displacement from a single interferogram, it must first be
"flattened": the geometric range change contribution dp, is removed. An estimate of the
topographic contribution to the phase 6p, must then be made and removed from the
interferogram, and the resulting deformation interferogram can then be unwrapped or left
in modulo 2p increments and geometrically rectified (orthorectified and geolocated).
Here, 6 images from track 399 of the ERS-1 and ERS-2 satellites (Figure 4.1) are
combined to form the LOS displacement map over a region surrounding the Landers
earthquake rupture (Figure 4.2). Four images from the ERS-1/ERS-2 tandem mission are
used to make two interferograms that are stacked to estimate topographic phase and make
a DEM for orthorectification. Two additional images that temporally span the
earthquake; taken on April 24, 1992 and August 7, 1992; are used to generate an
interferogram from which the topographic phase estimate is subtracted to derive
coseismic displacement. After the topographic phase estimate has been subtracted from
the interferogram spanning the earthquake, the result is unwrapped using a "tree"
algorithm [Goldstein et al., 1988], orthorectified using elevations derived from the
stacked tandem interferograms, gridded at 60 m spacing, and geolocated using tie-points.

A synthetic coseismic interferogram (Figure 4.5) is formed by using the dextral
dislocations of the "combined” model of Wald and Heaton, [1994] as input to the
"RNGCHN" software [Feigl and Dupre, 1999] which anaytically computes the
displacement at the Earth's surface due to dislocations in an elastic half-space using the
formulation of Okada, [1985]. In addition, the contribution to the displacement field by

the Big Bear earthquake, an M,, 6.2 event that happened three hours after the Landers
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Figure4.5. The synthetic interferogram predicted by the Landers earthquake dextral
dlip model of Wald and Heaton, [1994]. The white lines compose the earthquake
rupture trace as mapped by Seh et al., [1993]. The yellow lines indicate the locations

of the three model segments defined by Wald and Heaton, [1994]. Regions A, B, and
CareasinFigure 2.
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Figure4.6. The unwrapped "vertical interferogram”. This is the full-resolution map
of the residua displacements obtained by differencing the synthetic interferogram
(Figure 5) and the coseismic interferogram (Figure 2). The white lines indicate the
locations of faults mapped previously to the Landers earthquake from a California
fault database. Regions A, B, and C are asin Figure 2. Profiles AS-AS, EC-EC', H-
H', and JJ are across-strike, parallel to the Emerson/Camp Rock model segment,
paralel to the Homestead Valley model segment, and paralel to the Johnson Valley
model segment, respectively. Profiles EC-EC' and H-H' are located 6 km east of the
corresponding model segments while profile J-J islocated 2.5 km east of the Johnson
Valey model segment. The pluses and minuses are the LOS-projected differences
between the horizontal displacements measured at GPS sites by Freymueller et al.,
[1994] and those predicted by the dextral slip model. The circles are the LOS-
projected GPS displacement measurement errors. The GPS sites 6054, 7000, 7002,
and Ricu are |abeled.
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Figure4.7. The data and inverse model predictions. The white lines are the model
segments. a) The reduced resolution data that were inverted for vertical dip on the
rupture plane (The full resolution data are shown in Figure 6). b), ¢), d), €), and f) are

the predicted LOS displacements for inverse models with smoothing parameters
equal to 1, 3.1, 5, 10, and 20 respectively.
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earthquake in the San Bernardino Mountains, was computed by modeling it as 1.15
meters of dextral slip between 2.5 and 15 km of depth on a fault striking 57°. The LOS
displacements comprising the synthetic interferogram are subtracted from the full
resolution (2853x2850 data samples at 60-m spacing) coseismic interferogram to form
the vertical interferogram (Figure 4.6). A two-dimensional smoothing filter is then
applied to the full resolution vertical interferogram to limit its bandwidth before sampling
to a 960-m grid spacing to avoid aliasing short wavelengths into long ones. The down-
sampled vertical interferogram has 63x67 data values (Figure 4.7a), 14% of which are
null due to inability to unwrap the phase. While the inability to unwrap the phase leads to
less spatial coverage, it eliminates data values with high phase variance, which would
have to be severely down-weighted in an inversion.

Because of orbital errors, long-wavelength atmospheric signals, or a lack of the
phase unwrapping algorithm to determine the appropriate integer multiple of 2p offset in
the interferogram, deformation interferograms typically must be calibrated by removing a
constant offset and slope. Here, the slope and constant offset are found by an integration
of the measured displacements with the modeled displacements. Four fringes in the
along-track direction, corresponding to a slope of 7.3 nrad, were removed from the
residua interferogram. The constant offset of the data was then found iteratively by
adding a constant to the interferogram and solving for the best fit least squares solution
(similar to the way such a constant would be found in a non-linear inversion). The

constant found here was 3.3 mm.
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4.5. MODELING METHOD

Both forward and inverse modeling of LOS displacements caused by vertical
displacements on patches defined by Wald and Heaton, [1994] are performed. The
models consist of finite-fault, vertical dislocations in an elastic half-space with Poisson's
ratio equal to 0.25. There are 186 model patches each 3 km long by 2.5 km wide on three
overlapping fault segments. The forward modeling effort was to test the assertion by
Deng et al., [1998] that there was 0.7 meters of vertical, east-side-down offset on the
Emerson/Camp Rock segment of the rupture and to determine the depth to which vertical
offset of such magnitude could have occurred. Inverse modeling was used to solve for a
reasonable distribution of vertical displacement on the rupture that could account for
some of the deformation signal in the vertical interferogram. The inversion is carried out
by minimizing

|c4ax - d)|+p 2L (45.1)
Where |} denotes the 2-norm, C™*2 is the square root of the inverse of the data covariance
matrix, A isamatrix of Green's functions relating a unit slip on each model patch to LOS
displacements at the Earth's surface, X is a vector of model coefficients, d is a vector of
datavalues, p is an arbitrary constant that controls the smoothness of the model, and L is
adiscretized Laplacian operator. The first term in the above equation is called the misfit
while the second term is called the roughness. Although the system is overdetermined
(there are 3635 data values and 186 model elements), significant smoothing is required to
mitigate the effects of the short-wavelength deformation signals in the vertical

interferogram.
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The displacement measurements were assumed to be independently and
identically distributed with standard deviation equal to 5 cm. In fact, atmospherically
induced errors in the data are spatially correlated leading to off-diagonal termsin the data
covariance matrix [Williams et al., 1998]. Less than obvious displacements on faults
other than the main rupture and localized displacements not representative of the elastic
response of the lithosphere as a whole can reach 1-2 cm and can be spatially correlated
[Massonnet et al., 1994; Peltzer et al., 1994; Price and Sandwell, 1998]. Furthermore,
the postseismic LOS displacements that occurred within the month following the
earthquake have been measured to be as high as 5 cm [Massonnet et al., 1996; Price,
1999]. In spite of these unspecified errors, the similarity between the LOS displacements
predicted by the inverse models and the vertica interferogram (Figure 4.7) gives

confidence in the general features of the models.

4.6. RESULTS
4.6.1. INTERFEROMETRIC OBSERVATIONS

The coseismic interferogram spanning the time period -65 to +41 days
surrounding the Landers earthquake and the interferogram predicted by the model of
Wald and Heaton, [1994] are shown in Figures 4.2 and 4.5 respectively. There are
multiple regions where the fringe patterns in the coseismic interferogram deviate from
those predicted by the model. The regions surrounding the Newberry Fractures (Figure
4.2, label NF) and near the Barstow aftershock’s epicenters (Figure 4.2, label BA) were
discussed by Price and Sandwell, [1998]. Three new regions related to possible vertical

dlip on the rupture are noted here. The first is aregion of flattened fringes to the north-
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east of the rupture (Figure 4.2, label A) between the Camp Rock fault and the Calico
Fault that has never been modeled well using elastic half-space models with only right-
lateral slip [Massonnet et al., 1993; Massonnet and Feigl, 1998]. The second is the
pattern of circular fringes surrounding Iron Ridge (Figure 4.2, label B) discussed by Price
and Sandwell, [1999]. The third is the underestimation by the dextral slip model of the
number of hemispherical fringes southeast of the stepover between the Homestead Valley
and Emerson faults (Figure 4.2, label C). This underestimation was discussed by
Massonnet et al., [1993] and attributed to "simple discretization of the elastic model."

The differences between the L OS-projected horizontal displacements predicted by
the dextral dlip model and those measured at GPS sites by Freymueller et al., [1994] are
shown as pluses and minuses in Figure 4.6. Pluses indicate that the dextral slip model
predicts a residual towards-the-satellite motion while minuses indicate that the dextral
dip mode predicts a residua away-from-the-satellite motion. Because neither the
magnitudes nor the signs of the horizontal residuals appear to the correlated with the
towards and away-from the satellite motions observed in the residual interferogram, it is
plausible that the signal in the residual interferogram is associated with vertical slip on
the rupture rather than dextral slip model errors.

The first striking characteristic of the unwrapped vertical interferogram (Figure
4.6) is that the signals due to possible vertical motions on the rupture plane have highest
amplitudes to the east of the rupture. The maximum LOS displacement in the vertical
interferogram is 25.6 cm while the minimum is -38.7 cm. (To scale LOS displacements
into vertical displacements, multiply them by 0.935.) Thereis alarge region of apparent

subsidence to the north-east of the rupture bounded to the south by the Galway Lake fault
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(the north striking fault near the letter "H" in Figure 4.6) and interrupted by uplift of Iron
Ridge (Figure 4.6, Region B). A comparison of displacements extracted from the
unwrapped coseismic interferogram and the synthetic interferogram along profile AS-
AS, which is perpendicular to the rupture strike in this region, indicates that the LOS
displacement is overestimated on the east side and dlightly underestimated on the west
side of the rupture by the predictions of the dextral slip model (Figure 4.8b). This
indicates vertical, east-side-down motion on the north-east side of the rupture as shown
by the signal along profile AS-AS extracted from the vertical interferogram and
displayed in Figure 4.8c. Note that the apparent vertical displacements along this profile
are negatively correlated with the corresponding topography (Figure 4.8c,d) extracted
from both USGS and InSAR digital elevation models.

LOS displacements extracted from the vertical interferogram along profile EC-
EC', which is pardlel to the Emerson/Camp-Rock fault model segment, indicates
subsidence interrupted by 28 cm of positive LOS displacement on the Iron Ridge fault
(Figure 4.9b). While 25 cm of left-lateral displacement was measured by field geologists
on the Iron Ridge fault [Hart et al., 1993], this scales to only 4.2 cm of LOS
displacement across a structure striking 221.5°.  The remaining 24-cm of LOS
displacement must be due to vertical displacement on this fault. This suggests oblique
displacement on the Iron Ridge Fault with a rake of nearly 45°. If the signa in the
vertical interferogram over Iron Ridge is assumed to be uplift, there is 15.8 cm of LOS
displacement consistent, to within error, with the 16.8 cm cited by Price and Sandwell,
[1993].

A region of towards-the-satellite LOS deformation is bounded to the west by the
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Galway Lake fault, to the east-northeast by the West Calico fault, and to the west-
southwest by the Emerson fault (Figure 4.6, label C). This region is adjacent to the
location of maximum buried dextral dlip on the rupture, which is within the southern
portion of the step-over between the Homestead Valley and the Emerson faults (e.g.
Figure 4.9a). A comparison between the LOS displacements extracted from the
coseismic interferogram along profile H-H' (which crosses this region and is parallel to
the Homestead Valley fault model segment) and the LOS displacements predicted by the
dextral dlip model along the same profile indicates underestimation of the LOS
displacement by the dextral slip model by as much as 16 cm (Figure 4.9b). One of the
largest differences between the observed GPS horizontal displacements and those
predicted by the right lateral slip model occursin thisregion at station LEDG (see Figure
4.6 for location). This difference is approximately 4.3 cm of LOS displacement, which is
not enough to account for the 16-cm discrepancy between the coseismic interferogram
measurements and the dextral slip model predictions. This indicates that the vertical
displacement is significant.

High amplitude signals in the vertica interferogram are also observed
surrounding the Johnson Valley fault but we do not have interferometric data far to the
east of the fault in this area that would help constrain the depths of possible vertical
displacements. However, horizontal displacements measured at benchmarks 6054 and
Ricu (see Figure 4.6 for the locations), which are within 4 km of the rupture on the
Johnson Valley fault agree to within 10 cm and 2 cm respectively with the dextral dlip
model. The residual at mark 7002 (see Figure 4.6 for the location) is 7.4 cm LOS. The

L OS displacements along profile J-J extracted from the vertical interferogram measure
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Figure 4.8. The measured and modeled radar LOS displacements along profile AS-
AS. @ The profiles extracted from forward-modeled predictions assuming 0.7
meters of vertical displacement on the northern 9 patches of the Emerson/Camp Rock
model segment for various locking depths. The two dashed lines are the predicted
L OS displacements assuming 0.7 meters of vertical east-side-down motion within the
0-2.5 km depth range (the lower amplitude, shorter wavelength dashed line) and the
0-15 km depth range (the higher amplitude, longer wavelength dashed line). The
gray line is the profile extracted from the forward-modeled predictions that best fit
the data: 0.7 meters of vertical, east-side-down dlip within the 0-7.5 km depth range.
The dotted line is the prediction of the favored inverse model "c*. b) The LOS
displacements predicted by the dextral slip model of Wald and Heaton, [1994] (the
dashed line) and the LOS displacements extracted from the coseismic interferogram
(the solid line). c¢) The LOS displacements predicted by the vertical slip model "c"
(the dashed line) and the LOS displacements extracted from the "vertical
interferogram” (the solid line). d) The elevation extracted from a USGS 1° DEM
(the solid line) and the elevation extracted from the INSAR DEM plus a 100 m shift
(the dotted line). The abbreviated labels indicate the locations of the intersections of
the following faults with the across-strike profile: Lenwood fault (LF), Johnson
Valley fault (JVF), Calico fault (CF), and Rodman fault (RF).
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Figure4.9. The measured and modeled displacements along profiles parallel to the
strike of the model segments. The locations of the profiles J-J, H-H', and EC-EC' are
marked in Figure 6. @) The dextral slip aong the top-most layer of the model of
Wald and Heaton, [1994]. b) The LOS displacements predicted by the dextral sip
model of Wald and Heaton, [1994] (the dashed line) and the LOS displacements
extracted from the coseismic interferogram (the solid line). c¢) The LOS
displacements predicted by the vertical slip model "c" (the dashed line) and the LOS
displacements extracted from the "vertical interferogram” (the solid line). d) The
elevation extracted from a USGS 1° DEM (the solid line) and the elevation extracted
from the INSAR DEM plus a 100 m shift (the dotted line). The abbreviated labels
indicate the locations of the intersections of the following faults with the rupture-
paralel profiles: Homestead Valley fault (HVF), Emerson fault (EF), Galway Lake
fault (GLF), and Iron Ridge fault (IRF).
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18 cm of LOS displacement near the Landers epicenter and -9 cm of LOS displacement
just east of the Kickapoo stepover. These signals are larger than signals due to horizontal
displacement differences between GPS measurements and the dextral dlip model

predictions.

4.6.2. FORWARD MODELING RESULTS

A recent viscoelastic model of postseismic deformation following the Landers
earthquake by Deng et al., [1998] uses 0.7 meters of dip-slip motion on the
Emerson/Camp-Rock fault plane as an input parameter. There is neither conclusive field
evidence nor is there accurate enough GPS evidence that this amount of dip-slip motion,
if any, occurred during the earthquake. This assumption is tested by allowing 0.7 meters
of dip-slip motion on the northern 9 columnar patches of the Emerson/Camp Rock model
segments. The locking depth was then varied to determine the depth to which 0.7 meters
of vertical dlip might have occurred.

The results of the forward modeling are shown in Figure 4.8a. The two dashed
lines are the predicted LOS displacements along profile AS-AS assuming 0.7 meters of
vertical east-side-down motion on a 0-2.5 km (the lower amplitude, shorter wavelength
dashed line) and a 0-15 km depth range (the higher amplitude, longer wavelength dashed
line). The gray line is the profile extracted from the forward model predictions that best
fit the data: 0.7 meters of vertical, east-side-down dlip within the 0-7.5 km depth range.
0.7 meters of vertical dlip on the Emerson/Camp Rock model segment between 0 and 15
kilometers depth rupture predicts a LOS displacement that is 10 cm less than what is

observed in the vertical interferogram 5 km northeast of the rupture (Figure 4.8a). For
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reference, the dotted line in Figure 4.8a s the profile from the favored inverse model "c"
(see below). Because the absolute phase (and hence the LOS displacement) near the
rupture could not be recovered due to high phase variance, it cannot be determined
whether vertical displacements on the rupture broke to the surface or remained buried or
what their absolute amplitudes might have been. Even if the phase near the rupture could
be determined, there may be short wavelength horizontal displacement residuals due to

the complexity of faulting that would contaminate the apparent vertical signal.

4.6.3. INVERSE MODELING RESULTS

The vertical interferogram was inverted for a vertical dip distribution on the
rupture using alinear least-squares scheme (Eqgn. 4.5.1). The roughness parameter 3 was
varied between values of 0.0005 and 30. The trade-off between roughness and misfit is
plotted in Figure 4.10. Recal that misfit and roughness were defined as the first and
second terms of Eqgn. 4.5.1. Models corresponding to representative values of f are
shown in Figure 7. (Theletters "b-f" in Figures 4.7, 4.10, and 4.11 refer to corresponding
predicted surface displacements, roughness parameters, and models respectively.)

The roughness versus misfit curve indicates more than one value of misfit for
roughness values above 0.45. This is attributed to the fact that as the roughness
parameter increases, high spatial frequency features in the data are so severely penalized
by the inversion process that they no longer contribute significantly to the complexity of
the model (see Figure 4.7). For example, when the roughness parameter exceeds 3 = 5,
thereisvery little uplift predicted at Iron Ridge. It is reasonable to assume that this uplift

is due to dlip on the Iron Ridge Fault rather than on the main Landers earthquake rupture.
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Figure 4.10. The plot of roughness versus misfit for the vertical displacement
inverse models. The coordinate locations of the roughness parameters corresponding
to the models shown in Figure 11 are each marked by ared x and labeled with letters
a)-f) corresponding to the same letter labels in Figure 11. >d? indicates the sum of
the squares of the data: the maximum possible misfit.
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Figure 4.11. The vertical slip models corresponding to increasing roughness
parameter: @) b=0.00005,b)b=1,¢c)b=3.1,d)b=5€ b =10,andf) b =20.
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The favorite model "c" has a roughness parameter § equal to 3.1. This model is
chosen because it retains as much high frequency detail in the model and predicted data
without over or under smoothing. Model "c" reduces the data variance by 51%: the
variance of the datais 8.5 m? while the variance of the residualsis 4.2 m?. Displacements
aong profiles ASAS, EC-EC, H-H' and JJ are extracted from the surface
displacements predicted by model "c" (Figure 4.7c) and plotted with corresponding
profiles extracted from the vertical interferogram in Figures 4.8c and 9c. The model
predictions along profile AS-AS fit the corresponding vertical interferogram data to
within 2.5 cm (Figure 4.8c) but the amplitudes along the model profile are dlightly less
than those along the data profile due to the weight of the roughness factor . The
displacements predicted by model "c" aong profiles JJ and H-H' match the
corresponding data extracted from the vertical interferogram to within 10 cm (Figure
4.9c) although, again, the predicted amplitudes are underestimated. The model predicted
displacements along profile EC-EC' (Figure 4.9c) indicates that most of the signal from
dlip on the Iron Ridge fault was eliminated by the chosen degree of model smoothing.

A reconstruction of the distribution of vertical dlip along the rupture is shown in
Figure 4.12 below the "combined" dextral slip model made available by Wald, [1996]. A
main feature of the vertical slip model is pairs of east-side-up and east-side-down vertical
motions. Regions of maximum east-side-up dlip are adjacent to the earthquake's
hypocenter on the Johnson Valley fault and the location of maximum sub-surface dextral
dlip within the stepover between the Homestead Valley fault and the Emerson fault. At
the locations aong the rupture trace where the maximum horizontal slip was deep, the

model inferred vertical dlip isalso deep while at the locations where the maximum
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Figure 4.12. The vertical dip on the rupture compared to the dextral sip on the
rupture. a) The dextral dlip on the earthquake rupture inferred by Wald and Heaton,
[1994] re-plotted and re-contoured for this study. b) The vertical dlip on the
earthquake rupture inferred by model "c". The dlips within the stepovers are the sum
of the slips on the overlapping segments of the faults flanking the stepovers.
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horizontal dlip was shallow, the model inferred vertical dlip is aso shallow. The model
indicates deep, east-side-down dlip on the Johnson Valey fault at the latitude of the
Kickapoo step-over and aregion of shallow east-side-down vertical dlip on the end of the
rupture that deepens to the north. The maximum-modeled east-side-down dlip on the
Emerson/Camp Rock segment was 0.8 meters on a patch in the 2.5-5 km depth range.
This may be a localized overestimate of dip since effects from the uplift of Iron Ridge

are still apparent in the predicted data and the model (Figures 4.7c and 4.11c).

4.6.4. MOMENT ANALY SISOF THE SLIP MODEL

The contribution to the moment M,, from vertical displacements is computed by

M, =uad Als| (4.6.1)

g3
n=1
Where M, is the amount of moment due to vertical slip on fault patches, u isthe modulus
of rigidity (30 GPa), m is the number of model patches, A, isthe area of patch n, and s, is
the vertical dlip on patch n. The moment predicted by model "c" isM, = .12 x 10° N-m.
The moment, quoted by Wald and Heaton, [1994], due to dextral slip on fault patches of
amodel inferred from horizontal GPS coseismic displacements is 0.69 x 10° N-m which
is smaller than the 0.77x10° N-m moment of the dextral slip model derived from a

combination of geodetic, teleseismic, and strong motion data [Wald and Heaton, 1994].

Vertical dip on fault patches may account for some of this difference in moment.
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4.6.5. RESOLUTION ANALY SIS OF THE VERTICAL SLIP MODEL

A resolution analysis indicates the inversion routine's ability to recover the dlip
distribution at the resolution of the fault model parameterization using the roughness
parameter of model "c" (Figure 4.13). Thisis afunction of the roughness parameter and
type of roughening filter (a Laplacian in this study), the data distribution, and the data
covariance. Two tests were performed. In the first test 10 meters and 30 meters of
vertical dlip were placed on single shallow and single deep fault patches, respectively.
The shallow patch spans the 2.5-5 km depth range while the deep patch spans the 10-12.5
km depth range (Figure 4.13a). In the second test (Figure 4.13b), vertical dislocations
were placed on patches inferred to slip the most by model "c". The amount of vertical
dip placed on the test patches was the amount on the same patches inferred by model "c"
multiplied by 5.

The first test (Figure 4.13a) indicates that the recovery of the amplitude of
displacement on the shallow patch is 20% while the amplitude recovery is 5% on the
deep patch. All of the vertical dlip on the shallow test patch is recovered in the 9 model
patches surrounding the patch while 30% of the vertical slip on the deep test patch is
recovered in the surrounding 9 model patches. Hence, the deeper an actua dip on a
patch on the earthquake rupture the more attenuated and spread out its image in a model
inferred by the inversion process. The sum of the elements of the patch-wise slip model
is equal to the sum of the elements of the smoothed output model but a moment estimate
(Egn. 4.6.1) is 1.5 times that of the patch-wise slip model. Thisis because negative side-
lobes offset the patch-wise dlip on the shallow patch. Also, slip on a patch near the top

layer is pushed deeper while dip on a patch near the bottom layer is pushed shallower.
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Figure 4.13. The resolution analysis. a) The model resulting from inversion of
synthetic data using the roughness parameter of model "c* showing the inversion
routine's ability to resolve impulsive slip on deep and shallow patches. The synthetic
data was produced by placing 10 meters of vertical dlip on the shallow patch outlined
by a black box and 30 meters of slip on the deep patch outlined by a black box. b)
The model resulting from inversion of synthetic data using the roughness parameter
of model "c". The synthetic data was produced by placing 5 times the vertical dlip
indicated by model "c" at each patch outlined by a black box.
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The second test (Figure 4.13b) indicates that near surface vertical dlip is resolved better
than deeper vertical dip and that although the patch-wise displacements are smoothed

considerably, the character of the model is preserved.

4.7. DISCUSSION

4.7.1. A COMPARISON BETWEEN THE FIELD MEASURED AND THE
INTERFEROMETRICALLY MEASURED VERTICAL SLIP

During the months following the Landers earthquake, a multitude of field
researchers measured both horizontal and vertical slip on and in the vicinity of the surface
rupture trace. The surface expression of the rupture trace can, in general, be described as
broad and complex. Offsets on structures within different surface faulting environments
inferred by the presence of compressional and extensional bends in the rupture and shear
zones, some as wide as 200 meters (e.g. Johnson et al., [1994]), were documented. Even
in locations where the rupture was a long, straight trace, its surface expression could
consist of amole track in desert alluvium measuring 15 meters in width flanked by a zone
of fractures extending as far as 30 metersto either side [Hart et al., 1993].

Many of the published studies that discuss vertical displacements that occurred
during the earthquake focus on regions surrounding the compressional and extensional
bends in the rupture trace. Measurements of vertical dlip ranging in amount from 0.5to 1
meter were not uncommon. On the northern end of the rupture, Fleming and Johnson,
[1997] found 0.5-0.6 meters of vertical, east-side-down displacement on a ladder of
quadrilaterals spanning the Emerson fault. However, this study was done in a region

spanning a compressiona ridge on the west side of the extensional stepover between the
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Emerson and Camp Rock faults. Further to the southeast along the rupture, Irvine and
Hill, [1994] find 1 meter of vertical east-side-up displacement on the rupture near its
intersection with the southern northeast striking zone of aftershocks but there are
fractures directly east of this measurement that may have a west-side-up sense of dip. At
a distance 6-km away to the south along the rupture, they measure 1 meter of vertical,
west-side-up displacement just north of the stepover between the Homestead Valley and
Emerson faults. This stepover was studied in detail by Zachariasen and Seh, [1995]
whose measurements of vertical sip, while they were as much as 0.6 meters, west-side-
up on the Homestead Valley fault, were typicaly offset by east-side-up vertical slip on
the Emerson fault indicating that the vertical motion was more likely related to down-
drop of the block within the extensional stepover than to vertical slip on the rupture as a
whole. Vertical dip on structures near the extensional Kickapoo stepover was measured
by Sowers et al., [1994]; Johnson et al., [1994]; and Spotila and Seh, [1995]. There
vertical dlip reached as much as 1 meter, west-side-up near the dip gap north of the
stepover but was typically 0-0.5 meters within the stepover and related to the down-drop
of the block to the southeast of the Kickapoo fault [Spotila and Seh, 1995] and/or
rotation of the block to the north of the Kickapoo fault [Peltzer et al., 1994; Spotila and
Seh, 1995] inferred from thrust faulting observed at the slip gap [Spotila and Seh, 1995].

The deformation within the areas addressed by the detailed field studies could not
be measured with the interferometric method due to decorrelation between the images
near the rupture. Even if it could have been, the dextral slip model parameterization is
not complex enough to account for all the possible near fault displacements. There seems

to be little apparent correlation between the displacement patterns seen adjacent to the
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areas of detailed study in the vertical interferogram and the vertical displacements
measured in the field. Exceptions to this are east-side down motion seen in the vertical
interferogram adjacent to the slip gap and possibly the 0.3 meters of vertical displacement
measured 2.5 km south of epicenter and 0.4 meters vertica 6 km north of epicenter
reported by [Hart et al., 1993] (although they do not indicate whether slip was west-side-

up or east-side-up).

4.7.2. DID THE IRON RIDGE FAULT STOP THE RUPTURE?

The Landers earthquake rupture was modeled teleseismicaly as two events
[Kanamori et al., 1992]. (The following description of the rupture is an interpretation of
Wald and Heaton, [1994], their Figure 4.16.) The first dlip event had a duration of 7
seconds beginning at the hypocenter on the Johnson Valley fault and ruptured northward
to the Kickapoo stepover where it nearly stopped. During the following 4 seconds,
rupture on the Homestead Valley fault was diffuse. Then, a second dlip event originated
deep on the rupture plane just south of the stepover between the Homestead Valley fault
and the Emerson fault. Here, dlip grew towards the surface while the rupture stalled for 4
seconds in the stepover. Finaly, the rupture broke through the northern part of the
stepover and continued on shallower portions of the Emerson and Camp Rock faults. At
the location of the intersection of the Iron Ridge fault and the main rupture, the dextral
dip model shows that dlip was continuous in the 19-20 second time window and
discontinuous at the surface in the 20-21 second time window. A small area near the

Earth's surface at the intersection of the Iron Ridge fault and the main rupture has less
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right-lateral dlip than the surroundings while the dlipping surface, as a whole, deepens
dlightly to the northwest. After this point, the rupture stops.

The Iron Ridge fault is here inferred to have broken 20-21 seconds after the
rupture initiation because of the discontinuity in dip at its intersection with the main
rupture within the 20-21 second time window [Wald and Heaton, 1994; their Figure
4.16]. When this happened, the Iron Ridge fault underwent both vertical and left-lateral
displacement irrecoverably accommodating some of the extensional strain propagating
through the block east of the rupture. While the Iron Ridge fault may have played arole
in stopping the rupture by weakening the block to the east of it, other factors were
probably as or more important: on the northern Emerson and Camp Rock faults, the
rupture propagated in a weaker, shallower layer and its potency had diminished
considerably [Wald and Heaton, 1994; their Figure 4.16].

On the other hand, various lines of evidence indicate that not al of the
earthquake's rupture energy had been converted to displacement at the end of the main
rupture suggesting that if the rupture had more competent material on itstensional side, it
might have continued further. Surface strain events to the north and west in the near-field
included triggered slip on the Calico fault [Hart et al., 1993; Price and Sandwell, 1998],
extensiona deformation surrounding the Newberry Fractures [Unruh et al., 1994; Price
and Sandwell, 1998], and compressional deformation near the Barstow aftershock cluster
[Price and Sandwell, 1998] which is now believed to be coseismic since it does not have
any expression in an interferogram whose time span begins five days after the

earthquake.
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4.7.3. A COMPARISON BETWEEN MODELED VERTICAL DISPLACEMENTSAND
MODELED RIGHT-LATERAL SLIP

Static models of lateral dislocations that cut the surface of an elastic half-space
predict patterns of tensional and compressional strains in the material surrounding the
dislocations whose distributions depend on the geometry of and distribution of slip on the
cuts in the elastic material [Bilham and King, 1989]. Dynamic models of mode Il crack
propagation in an elastic medium with a process zone at the crack tip predict
compressional and tensional stresses with axes oriented 20° away from and on opposite
sides of the propagating end [Scholz et al., 1993]. In the most simple case, the elastic
material surrounding a right-lateral dislocation on a cut striking north exhibits lobes of
tensional strain to the northeast and southwest and compressional strain to the northwest
and southeast. Because €lastic dislocation modeling predicts that the material
surrounding a fault that has dlipped laterally undergoes vertica motions, it seems
probable that vertical slip may occur on a fault near locked sections or the ends of a fault
in response to lateral motions on it.

The pattern of up and down motion on the rupture inferred from the inverse model
is correlated with slip heterogeneities on the rupture plane. Two major pairs of east-side-
up and east-side-down dlip are inferred from model "c". The first pair occurs on the
Johnson Valley Fault with the maximum east-side-up slip occurring in the same model
cell as the earthquake hypocenter. The corresponding east-side-down dlip is deep on the
Kickapoo stepover. The second pair is probably completely on the Emerson/Camp Rock
segment of the model: The west-side-down dlip is inferred to have occurred on the

Homestead Valley model segment but the Homestead Valley and Emerson/Camp Rock
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model segments are close together and there is no data between them to help constrain
which segment accommodated the vertical slip. The maximum east-side-up dlip is about
3 km north of the maximum dextral slip on the rupture and the east-side-down dlip is
along the Emerson/Camp Rock segment outside of the stepover region. The east-side-up
motion may be due to southeastward propagation of energy on the Emerson fault at the
stepover. A third, weaker pair of east-side-up and east-side-down dlip on the Homestead
Valley fault may or may not be significant. This pair indicates east-side-up motion on the
Homestead Valley Fault at and south of the Kickapoo stepover changing to east-side-

down dlip between the dlip gap and the maximum in dextral slip on the main rupture.

4.7.4. INTERPRETATION- TRANSIENT AND LONG TERM STRAIN FIELDS

Because vertical motions of the material surrounding the earthquake rupture
indicate regions of contraction and extension, their association with surface fractures, and
aftershocks can be used to interpret the local strain field induced by the earthquake.
Figure 4.14 shows just such an interpretation. Arrows indicate the directions of
maximum tension and compression near maximums in uplift and subsidence. Except for
the orientation of maximum extension near Troy Dry Lake inferred from the orientations
of the Newberry Fractures by Unruh et al., [1994], the azimuths of maximum tension and
compression are adopted from an inversion of dlip on aftershock planes for the post-
earthquake stress field by Hauksson, [1994].

Near the main rupture, extensional and compressional lobes are associated with
the two earthquake sub-events. Lobes of compression and extension are observed just

south of the earthquake epicenter indicated by the larger yellow star in Figure 4.14. The
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extension on the west side of the rupture continues north to the Kickapoo stepover. A
quadrupolar pattern of extension and compression on the Northern part of the rupture is
associated with the beginning of the large dip event on the stepover between the
Homestead Valley fault and the Emerson fault and its propagation to the end of the
rupture. This quadrupolar pattern consists of uplift east of the stepover (Figure 4.6, |abel
C), subsidence west of the stepover, subsidence northeast of the end of the rupture, and
compression southwest of the tip of the rupture.

Close inspection of the fractures west of the end of the rupture indicate that
vertical motions were down to the inner concave sides of the curved fractures (Figure
4.14). These vertica motions are opposite to what would be expected given the
topographic features in these areas indicating that normal and reverse faults associated
with long-term formation of ridges and valleys that, over the long term, accommodate
strain within a northwest-southeast directed extensional environment were subjected to a
transient compressional environment by the rupture. For example, offsets across
fractures indicate that the block containing the northern Fry Mountains dropped down
and the valley between the Fry Mountains and the Ord Mountains lifted up.

If topography is an indicator of long-term strain, a comparison of topography with
vertical coseismic deformation can determine whether the vertical displacements were
typical of long-term deformation or were a result of the transient, local stress field
induced by the earthquake. For example, a direct correlation was found between the
vertical motions on the Loma Prieta earthquake rupture and the uplifts of the Santa Cruz
Mountains and adjacent marine terraces [Valensise, 1994]. The profiles extracted from

the vertical interferogram and the DEM indicate that the relative vertical displacements
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Figure 4.14. The interpretational map of vertical displacements and fractures. The
blue lines indicate the locations of major faults mapped prior to the Landers
earthquake taken from a California fault database. The green lines indicate the
locations of fractures mapped by Price and Sandwell, [1998]. The red line is the
rupture trace mapped by Seh et al., [1993]. The yellow stars indicate the locations of
the Landers (the larger star) and Big Bear (the smaller star) epicenters. Small white
circles indicate the epicenters of aftershocks that occurred between April 24 and
August 7, 1992 from the CNSS fault database with residuals less than .12 seconds.
Circles with dots and crosses in their middles indicate up and down vertical motions,
respectively. Arrows indicate the directions of extension and compression. The
direction of extension surrounding the Newberry Fractures is adopted from Unruh et
al., [1994]. The other directions of extension and compression are adapted from
Hauksson, [1994].
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east of the rupture are correlated with the relative topography along profiles J-J and H-H'
which run paralel to the Johnson Valley and Homestead Valley faults (Figure 4.9).
However, the subsidence northeast of the end of the rupture along profile EC-EC' (Figure
4.9) occurs in aregion surrounding the Rodman Mountains which are some of the highest
mountains near the end of the rupture. This mismatch between vertical displacement and
elevation is further evident along the across-strike profile AS-AS (Figure 4.8).  This
indicates that the vertical displacements that occurred on the end of the rupture were
induced by the local, transient stress field associated with the propagating rupture and are

not representative of long-term strain.

4.8. CONCLUSIONS

Integration of INSAR and finite-fault elastic half-space modeling can be used to
measure the distribution of vertical displacement surrounding a major earthquake. This
distribution can be inverted for vertical slip on the rupture plane and interpreted in the
framework of the earthquake dynamics and regiona strain. The distribution of vertical
dip on the Landers earthquake rupture, like the distribution of dextral dlip, was
heterogeneous. East-side-up/down pairs are associated with the two main dlip events on
the rupture. While the relative vertical displacements surrounding the southern part of
the rupture follow the relative topography, the relative vertical displacements surrounding
the northern part of the rupture are not correlated with the topography. Rather than being
indicative of long-term incremental strain, the vertical displacements surrounding the end
of the rupture occurred in response to the local stress field induced by the earthquake. A

realistic coseismic vertical dip distribution could be used as input to time-dependant
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models that describe other phases of the earthquake cycle, such as viscoelastic rebound,
to help constrain the contribution of the proposed mechanisms to the postseismic

deformation signal.
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Chapter 5
Postseismic Defor mation Following the June 28, 1992 L ander s, California,

Earthquake

5.1. INTRODUCTION

The Landers earthquake occurred on June 28, 1992 in California's Mojave Desert.
Summary descriptions of the rupture and the regional tectonics can be found in Chapters
3 and 4 of this dissertation. During the months after the earthquake, the Earth's
lithosphere in the Mojave Desert region continued to deform at a rate that was higher
than the long-term strain rate which had been measured geodetically by Sauber et al.,
[1986] and inferred geologicaly by Dokka and Travis, [1990]. Total postseismic
displacements measured at GPS stations were 10-20% of the measured coseismic
displacements with 90% of the postseismic displacement occurring within the first six
months after the Landers mainshock [Bock et al., 1997].

A goal of studying postseismic deformation is to identify the mechanisms by
which the Earth’s lithosphere deforms following a major earthquake in order to gain
insight into its rheology and the processes involved in the earthquake cycle. Various
workers have proposed a number of postseismic deformation mechanisms to describe the
gpatial and temporal characteristics of geodetic data collected after the Landers
earthquake. These mechanisms include deep afterdip [Shen et al., 1994; Savage and
Svarc, 1997; Bock et al., 1997], viscoelastic relaxation [Deng et al., 1998], poroelastic
relaxation [Peltzer et al., 1996], hydrothermal deformation [Wyatt et al., 1994], re-

equilibration of fluids in a highly fractured stratum [Wyatt et al., 1994], crustal

123
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anelasticity [Wyatt et al., 1994], and fault zone collapse [Massonnet et a., 1996; Savage
and Svarc, 1997].

In this study, radar line-of-sight (LOS) displacement maps (interferograms)
formed using images spanning 5-215 days, 40-355 days, and 355-1253 days after the
earthquake (Figure 5.1) are inverted for the amount of right-lateral sip on planes
approximating the rupture and its deep extension between 4 and 30 km of depth. Because
displacements of the Earth's surface measured using GPS geodesy indicate postseismic
displacements at GPS stations in the same direction as the coseismic displacements [Shen
et al., 1994; Savage and Svarc, 1997; Bock et al., 1997], a significant portion of the
postseismic deformation has been inferred to be dlip on the rupture plane or its down-dip
extension with the same sense as the coseismic sip. The models derived from inverting
interferograms indicate that slip occurred within a zone 7.5-10 km deep causing an 80
km-wide displacement pattern that decayed remarkably within 40 days of the earthquake.
This inference of shallow dlip agrees qualitatively with the conclusions of Shen et al.,
[1994] who invert for dip on both shallow (0-10 km depth range) and deep (10-30 km
depth range) patches finding that slip on the shallow patches is significant, and those of
Massonnet et al., [1996] whose best-fitting model describing a pattern of postseismic
deformation on the northern part of the rupture indicates right-lateral dlip in the 6-11 km
depth range.

Attempting to measure postseismic deformation using INSAR pushes the method
to its limits [Massonnet et al., 1994]. The amplitude of the postseismic displacement
signal is much smaller than the amplitude of the coseismic displacement signal and is of

the magnitude of possible atmospheric delay. Hence, avisual interpretation of the
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interferometric signal becomes important. Variations in the interferograms near pre-
existing structures and the continuity of the displacement patterns can be used as
discriminative criteria.  Furthermore, inverting the interferometric displacement maps
using an afterslip models and comparing them with the model predictions can help us

gaininsight into possible distributions of afterdlip.

5.2. POSTSEISMIC DEFORMATION MECHANISMS

Although there are many possible mechanisms of postseismic deformation, three
of the most accepted are deep afterslip, viscoelastic relaxation, and poroel astic relaxation
(Figure 5.2). During an earthquake, the shallow part of the Earth's crust breaks between
depths of 0 and 15 km. The resulting strains cause time-dependant deformation of the
crust around the rupture. Deep afterdlip and viscoelastic relaxation are proposed to occur
in the lower crust between base of the earthquake rupture and the top of the moho
(between 15 and 28 km in the Mojave desert). The major difference between the two
mechanisms is that deep afterdlip is localized while viscoelastic relaxation is a bulk

deformation process. Poroel astic relaxation occurs in the upper crust.

5.2.1. DEEPAFTERSLIP

The fact that there was a significant horizontal component of displacement
measured at far-field GPS stations following the Landers earthquake indicates that deep
afterdlip was a significant postseismic deformation mechanism [Shen et al., 1994; Savage
and Svarc, 1997; Bock et al., 1997]. However, models of postseismic deformation due to

deep afterdlip indicate motion towards the satellite in aregion to the west of the rupture
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Figure5.2. The postseismic deformation mechanisms. @ Coseismic slip occursin
the upper crust. b) Viscoelastic relaxation occurs throughout the lower crust. c)
Deep afterdlip islocalized on the down-dip extension of the rupture. d) Pore
pressure gradients induced by the earthquake cause water to flow into and out of
extensional and compressional areas along the rupture.
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which is not present in any of the interferograms [Peltzer et al., 1998]. A combination of
deep afterdlip and a change in Poisson's ratio of the crust, due to pore fluid flow, in the
region surrounding the earthquake can reconcile INSAR observations with deep afterdlip
theory [Peltzer et al., 1998]. However, the decay time of the afterdip signal inferred
from the 5-215 and 40-355 day interferograms by this study, about 40 days, is too short to

be due to poroelastic deformation which has a decay constant of 270 + 45 days.

5.2.2. VISCOELASTIC REBOUND

A viscoelastic mechanism may be used to model the postseismic deformation
[Deng et al., 1998]. Assuming that 0.7 meters of east-side down dip-slip coseismic
motion occurred on the Emerson and Camp Rock faults, Deng et al. argue that a
viscoelastic mechanism is the only one that can predict the fault-normal and vertical
motions measured by Savage and Svarc, [1997] along a linear GPS array normal to the
rupture south of the stepover between the Emerson and Camp Rock faults (the locations
of the GPS sites surveyed by Savage and Svarc are shown in Figure 5.3a). They also
argue that certain features observed in the "combined" postseismic interferogram
presented by Massonnet et al., [1996] indicate viscous flow of the lower crust. These
features are a linear ridge of towards the satellite motion to the east of the rupture and an
oval-shaped region of subsidence to the west of the rupture (e.g. Figure 5.3b). However,
the interferometric signal that they model, assumed to be due to vertical displacement
only, is a combination of two interferograms spanning 5-1008 and 40-355 days after the
earthquake. Therefor the deformation signal D in the combined interferogram is D =

D(5-40 days) + 2* D(40-355 days) + D(355-1008 days). Thus the deformation between
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Figure 5.3a. The 5-215 day interferogram. The black lines indicate the rupture
trace. The white lines are faults mapped previously to the Landers earthquake. The
red squares are GPS sites surveyed by Savage and Svarc, [1997].
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Figure 5.3b. The 40-355 day interferogram.
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days 40 and 355 is weighted twice as much as the deformation in the other time periods.
The long-wavelength signal measured after day 40 may be viscoelastic but the signal in
the 5-215 day interferogram does not simply show the qualities described above that
indicate viscoelastic deformation. For example, east of the rupture, there is uplift to the
north of the stepover between the Homestead Valley and Emerson faults and subsidence

to the south (Figure 5.3a) rather than a continuous "ridge" of uplift.

5.2.3. FAULT ZONE COLLAPSE

A mechanism for postseismic deformation first proposed by Savage et al., [1994] is fault
zone collapse [Massonnet et al., 1996; Savage and Svarc, 1997]. This mechanism is
described by displacement normal to the rupture plane due to closing of cracks opened
during the earthquake in a fluid saturated rupture zone. This mechanism is proposed by
Massonnet et al., [1996] to explain avariation in style of postseismic deformation in their
combined interferogram: On the portion of the rupture north of the stepover between the
Homestead Valley and Emerson faults, the interferogram indicates dextral slip while on
the southern portion of the rupture, the interferometric signal can be modeled using fault-
norma displacement. Such a mechanism could also account for the apparent
strengthening of the fault zone following the earthquake suggested by Li et al., [1998] to
explain an increase in seismic velocity with time measured by repeated seismic surveys

after the earthquake.
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5.2.4. PORE FLUID PRESSURE RE-EQUILIBRATION

Pore fluid pressure re-equilibration after an earthquake can cause poroelastic
deformation due to increased pressure gradients near extensional and compressional
rupture fault stepovers, coseismic hydraulic fracturing, and hydrothermal mechanisms.
In the first case, pore fluid flow due to pressure gradients in fault stepovers arising from
rapid coseismic deformations can cause deformation on a spatial scale of about 10 km
with a time constant due to exponential rate of decay of 270 + 45 days [Peltzer et al.,
1996; Peltzer et al., 1998]. Coseismic hydraulic fracturing is proposed by Wyatt et al.,
[1994] to explain the discrepancy between strains measured at the laser strain meters and
the borehole tensor strain meter at the Pifion Flat Observatory (PFO). This coseismic
fracturing could be caused by the pumping of fluids in an already highly fractured
stratum such as is present at the PFO. The surface deformation measured in this case
should have a time constant of a few days. A final possible pore fluid mechanism is a
hydrothermal one described by an expansion of rocks after contact with warming fluids
from below. The strain due to this effect would be quite small [Wyatt et al., 1994] and
undetectable with anything but the most accurate of geodetic instruments (such as the
laser strain meters at the PFO). Thislast mechanism is unlikely to account for any of the

Landers earthquake postsei smic deformations measured.

5.3. DATA PROCESSING AND REDUCTION
The approach to processing the data in this study is similar to that outlined in

Chapter 3, Appendix A and Chapter 4 of this dissertation. The SAR imagery (Table 5.1)
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was collected during the ERS-1 orbital phase C and the ERS-I/JERS-2 tandem mission
and islocated in ERS track 399 and frame 2907.

First, an estimate of the topographic contribution to the phase was made using an
interferogram formed from images collected during the ERS-1/ERS-2 tandem mission
(Figure 5.1). Then, this topographic phase is subtracted from interferograms spanning 5-
215, 40-355, and 355-1253 days after the earthquake. Since 5 pairs of images from the
ERS-1/JERS-2 tandem mission were available (Table 5.1), the utility of stacking them to
form an estimate of topographic phase was investigated. Stacking interferograms can
reduce atmospheric and orbital errors [Sandwell and Price, 1998]. However, it was
found that one of the interferograms had significantly less atmospheric noise than the
other four and that stacking only increased atmospheric phase anomalies. Hence, only
one was used to estimate the topographic phase. Combination of a large number of
images should improve the recovery of the topographic phase if the noise can be

averaged out [ Sandwell, 1998].

Table5.1. InSAR pairs considered in this study from ERS track 399, frame 2907

Reference Repeat

Satellite: Orbit Acquisition Date Satellite: Orbit Acquisition Date
ERS1: 5053 Jul. 3, 1992 ERS1: 8059 Jan. 29, 1993
ERS1: 5554 Aug. 7, 1992 ERS1: 10063 Apr. 24, 1992
ERS1: 10063 Apr. 24, 1992 ERS1: 22932 Dec. 3, 1995
ERS1: 21930 Sep. 24, 1995 ERS2: 2257 Sep. 25, 1995
ERS1: 22431 Oct. 29, 1995 ERS2: 2758 Oct. 30, 1995
ERS1: 22932 Dec. 3, 1995 ERS2: 3259 Dec. 4, 1995
ERS1: 23433 Jan. 7, 1996 ERS2: 3760 Jan. 8, 1996

ERSL: 25437 May 26, 1996 ERS2: 5764 May 27, 1996
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After removing the topographic phase, we scaled the result by the radar's
wavelength to convert phase radians to millimeters. An attempt to calibrate INSAR LOS
displacements with published GPS derived displacements [Savage and Svarc, 1997]
failed since the published GPS displacements were measured relative to site Sanh which
is near the rupture and hence should have a significant postseismic displacement of its
own. Offsetting the LOS projected GPS horizontal displacements so that they are relative
to CGPS site Gold, far from the rupture, would increase their values by 25 mm while
offsetting them relative to Pinl, on the other side of the San Andreas fault from the
rupture, would increase their values by 34 mm. Without reprocessing the GPS data, it is
difficult to ascertain what the absolute displacement should be. Instead of using GPS
displacements, the INSAR L OS displacements were calibrated iteratively by first adding a
constant to each displacement map and then inverting it using a least-squares scheme to
find the smallest misfit as a function of the added constant (similar to the way the vertical
interferogram was calibrated in Chapter 4 of this dissertation). The calibrated
interferograms are shown in Figures 5.3a, 5.3b, and 5.3c.

After forming the full resolution interferogram displacement maps (60 m pixel
spacing), the two-dimensional data were filtered and down-sampled to a 970 meter
resolution (63x58 = 3654 pixels) to enable their subsequent inversion. The down-
sampled data retained both the long-wavelength elastic (or viscoelastic) signal and much
of the short-wavelength signal near the rupture due to faulting complexity, poroelastic

deformation, or fault-zone collapse.
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6/18/93-12/3/95 (355-1253 days post-Landers)
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Figure5.3c. The 355-1253 day interferogram.
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5.4. MODELING METHOD

Linear least-squares inversions of the interferograms were performed in an
attempt to determine whether afterdlip in an elastic half-space was a viable mechanism
for postseismic deformation, and, if so, to then determine the depth distribution and time
duration of the afterdip. The same formulation as described in Chapter 4 of this
dissertation, Eqn. 4.4, was used: the sum of the squares of the differences between the
model predictions and the INSAR displacement data was minimized. A multitude of
different model parameterizations was studied and the one shown in Figure 5.4 gave the
best results. This parameterization is a down-dip extension of a trace along the rupture
beginning near the southern terminus of the Johnson Valley fault north of the Pinto
Mountain fault and following the trace of the rupture on its easternmost side. It is
interesting to note that the coseismic slip measured in the field was concentrated on the
Homestead Valley fault while the preferable model parameterization follows portions of
the Emerson fault, parallel to the Homestead Valley fault, that ruptured only slightly
during the earthquake.

The Green's functions relating a unit sip on each model patich to LOS
displacements at the Earth's surface (Eqn. 4.4, matrix A) were computed by placing a unit
dlip on each model patch and solving for the displacement at the surface of an elastic
half-space using the RNGCHN software [Feigl and Dupre, 1999]. A minimal amount of
model smoothing was imposed using a Laplacian roughening filter (Egn 4.4, matrix L).
The data values were assumed to be independently and identically distributed with a
variance of 1 cm estimated from data histograms (Figure 5.7a) and hence the covariance

matrix (Egn. 4.4, matrix C) was assumed to be diagonal.
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5.5. RESULTS
5.5.1. INTERFEROMETRIC OBSERVATIONS

The portions of the unwrapped interferograms that were inverted are shown in
Figure 5.3. The displacement maps surround the rupture trace. Figure 5.3a is the
displacement map spanning 5 to 215 days after the earthquake, Figure 5.3b is the
displacement map spanning 40 to 355 days after the earthquake, and Figure 5.3c is the
displacement map spanning 355 to 1253 days after the earthquake. An interesting feature
in both the day 5-215 and day 40-355 day displacement maps is the round region of uplift
near the location (UTM coordinate 510, 3802) of a magnitude 5.4 aftershock that
occurred on December 4, 1992 and was subsequently inverted for the aftershock's focal
mechanism by Feigl et al., [1995]. Other interesting features in the displacement maps
are discontinuities associated with major faults. For example, in the day 5-215
displacement map there appears to be some offset on the Calico fault and deformation on
the Iron Ridge fault is clear.

The first striking features of the day 5-215 interferogram are the towards-the-
satellite motion associated with extensional steps in the rupture and the away from the
satellite motion near compressional stepovers. The ridge-like feature extending from the
Kickapoo stepover to the northern stepover between the Homestead Valley and Emerson
faults indicates uplift in a coseismic extensional region. The away-from-the-satellite
motions near the stepover between the Emerson and the Camp Rock faults and the north-
trending fault splay just south of the intersection of the GPS array and the rupture
indicate subsidence in near-rupture coseismic compressional regions. The position of

these regions of displacement near the rupture indicates that they do indeed represent
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movements of the ground and are not due to atmospheric delay. These are the
deformations attributed to pore-fluid flow by Peltzer et al., [1998].

The second striking feature of the day 5-215 interferogram is the butterfly-shaped
region of away-from-the-satellite motion that extends throughout the displacement map.
This displacement pattern is here inferred to be due to shallow dlip on the rupture plane
with a distribution as shown in Figure 5.5a. A second deformation interferogram (not
shown here) formed from images collected on July 3, 1992 and December 25, 1992 (day
5-180) shows this same pattern. Because of its low amplitude, it may represent an
atmospheric signal in the July 3, 1992 image. However, it is more likely to represent the
long-wavelength signal due to dextral afterslip on the rupture plane as suggested by GPS
displacement data. A third striking feature of this interferogram is the region of away
from the satellite motion in the Upper Johnson Valley. It is interesting to note that the
higher amplitude portions of this signal follow fractures mapped by Price and Sandwell,
[1998].

The day 40-355 interferogram indicates that the towards-and away-from-the-
satellite motion in the Kickapoo stepover and the stepover between the Emerson and
Camp Rock faults, respectively, still have high amplitudes 40 days after the earthquake.
Away from the satellite motion in the Upper Johnson Valley is still apparent as well but
the amplitude is much reduced. The butterfly-shaped deformation pattern is no longer
apparent. This interferogram shows the displacement pattern indicative of viscoelastic
deformation as described by Deng et al., [1998]: namely, a slight ridge of relative uplift
to the east of the rupture and an oval-shaped region of away from the satellite

displacement west of the rupture.
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Afterslip Model, 5-215 days post-L anders
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Figure5.5a. The 5-215 day afterslip model.
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The day 355-1253 interferogram indicates virtually no deformation far from the
rupture. However, uplift surrounding the Kickapoo stepover and the Johnson Valley fault
south of the stepover is still apparent. Also, there is still some away from the satellite

motion in the Upper Johnson Valley but it isless than 15 mm in the LOS direction.

5.5.2. MODELING RESULTS
5.5.2.1. SLIPMODELS

The dip models corresponding to the displacement maps are shown in Figure
5.5a, Figure 5.5b, and Figure 5.5c. The dipping surface is split up into 66 patches
extending from 4 km of depth to 30 km of depth (Figure 5.4). The two shallow-most
layers are 3 km thick while the deeper layers are each 5 km thick. This change in
thickness with depth is consistent with resolution analysis of geodetic inverse models that
commonly show decreased resolution with depth (e.g. Chapter 4, section 7.4).

The model corresponding to the day 5-215 interferogram indicates that afterdlip
was concentrated within the layer between 7.5 and 10 km of depth. As much as 3 meters
of afterdlip may have occurred on the Johnson Valley fault near its intersection with the
Kickapoo stepover. Slip is inferred to have been approximately 2.5 meters on the
Kickapoo stepover and decreased to the north. No afterdlip is inferred on the rupture
surface north of the northern stepover between the Homestead Valley and Emerson faults
during this time period.

The model corresponding to the day 40-355 interferogram indicates 1 meter of
dlip on the Kickapoo and Emerson faults increasing to a little more than 1.5 meters south

of the northern stepover between the Homestead Valley and Emerson faults. The model
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Afterslip Model, 40-355 days post-Landers
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Figure 5.5b. The 40-355 day afterslip model.
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Afterslip Model, 355-1253 days post-Landers
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Figure5.5c. The 355-1253 day afterslip model.
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corresponding to day 355-1253 interferogram indicates very little dlip on the rupture.
The nearly one meter of dlip on the southern Johnson Valley fault results in displacement
at the surface that is believed to be atmospheric noise (the region of apparent subsidence
to the northeast of the Kickapoo stepover). This model, which should produce virtually

no dlip, isindicative of the level of error in the model dlips: approximately 1 meter.

5.5.2.2. FORWARD PREDICTIONS

The predictions of the model corresponding to the day 5-215 interferogram
(Figure 5.6a) indicate subsidence on both sides of the fault and minimal uplift near the
along-strike locations of uplift thought to be due to pore-fluid flow. The predictions of
the model corresponding to the day 40-355 interferogram (Figure 5.6b) indicate
subsidence to the northwest of the rupture corresponding to the subsidence in the Upper
Johnson Valley. The predictions of the model corresponding to the day 355-1253
interferogram (Figure 5.6¢) indicate very little surface displacement: the largest signa is

associated with atmospheric noise to the east of the Kickapoo stepover.

5.5.2.3. VARIANCE REDUCTION

Histograms of the LOS displacement values (Figure 5.7a) indicate that the modal
displacement tends towards zero as time goes on. This trend can not be due to the
temporal sampling frequency since the time duration spanned by the successive
interferograms increases (210 days, 315 days, 898 days). The variance of the
distributions is one centimeter for the first two interferograms and 6 millimeters for the

last interferogram. Histograms of the residuals (Figure 5.7b) computed by subtracting the
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Modeled LOS Displacement, 5-215 days post-Landers
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Figure5.6a. The 5-215 day model predictions.
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Modeled L OS Displacement, 40-355 days post-Landers
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Figure 5.6b. The 40-355 day model predictions.
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Modeled LOS Displacement, 355-1253 days post-Landers
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Figure 5.6c. The 355-1253 day model predictions.
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Data Histograms
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Figure 5.7a. Data histograms. As time goes on, the mean LOS displacement
approaches zero.
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Residual Histograms
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Figure5.7b. Model residual histograms. The mean residual is zero but the standard
deviation has not decreased. If our errors were Gaussian distributed (which they
aren't) with standard deviation 10 mm, their X2 value gives 99% confidence in the
models. Note that the errors in INSAR measurements are in large part due to
changes in the atmosphere which has a power-law structure function.
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model predictions from the data indicate that the modeling moved the centers of the
distributions to zero but did not reduce the variance about the mean. This isillustrative

of the fact that the INSAR method is being pushed to itstypical artifact level.

5.5.2.4. MOMENT ANALYSIS

Model moments were computing using Egn. 4.5. The moment computed for the
day 5-215 model is 8.2x10" N-m. The moment computed for the day 40-355 model is
4x10"™ N-m. The moment computed for the day 355-1253 mode! is 1.3x10"™ N-m. The
moment of each model is within an order of magnitude of the moment estimated from the
aftershocks that occurred within 6 months of the earthquake which is 2x10™® N-m [Shen
et al., 1994]. The moment estimated from the INSAR inversions is clearly larger than the
moment estimated from aftershocks. This indicates a significant aseismic release of

strain in 7.5-10 km depth layer.

5.6 DISCUSSION

5.6.1. COMPARISON OF LOSDISPLACEMENTSWITH GPS HORIZONTAL
DISPLACEMENTS

Measured LOS displacements and model predicted displacements extracted from
each deformation interferogram along a profile connecting GPS sites are shown above the
LOS projected horizontal GPS displacements published by Savage and Svarc, [1997] in
Figure 5.8. The amplitude of the LOS displacement signal along the profile extracted
from the 5-215 day interferogram is 2 cm, the amplitude of the LOS displacement signal

along the profile extracted from the 40-355 day interferogram is 1.3 cm, and the
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Data and Model Profiles
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Figure 5.8. Data and model profiles along USGS geodetic array (see Figure 6afor
geodetic marker locations. The plotted GPS displacements are the horizontal
components projected into the radar LOS. The magnitudes of the projected
horizontal displacements along the profile are comparable to the relative
magnitudes of the INSAR displacements indicating that they are significant in the
INSAR data.
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amplitude of the LOS displacement signal extracted from the 355-1253 day interferogram
is0.95 cm. The amplitude of the LOS displacement signal due to horizontal motions as
indicated by the GPS displacements measured over a period of 2 weeksto 3.5 years after
the earthquake is approximately 2.5 cm. If we use an 84-day time constant and
exponential decay of the amplitude, 84% of the deformation should have occurred
between days 14 and 1277, 86% of the deformation should have occurred between days 5
and 215, 60% of the deformation should have occurred between days 40 and 355 and 1%
of the deformation should have occurred between days 355 and 1253. Because the
amplitude of the signal in the day 5-215 interferogram is similar, within a standard
deviation, to the amplitude of the LOS-projected horizontal signal, a significant
component of the signal in the interferogram must be due to horizontal motions.

If the postseismic displacement amplitude followed an exponentia rate of decay
with a time constant equal to 84 days (e.g. Savage and Svarc, [1997]), the ratio of
displacement amplitudes in the consecutive interferograms should be 1.43:1:0.02. If the
time constant was 270 days, the ratio of amplitudes in the consecutive interferograms
should be 0.89:1:0.44. The amplitude ratios are 1.54:1:0.73. The ratio between the
amplitudes extracted from the day 5-215 and day 40-355 interferograms agrees well with
the 84-day time constant. However, the ratio between the amplitudes extracted from the
day 40-355 and day 355-1253 interferograms agrees well with the 273 day time constant.
This last comparison is not entirely conclusive since the signa in the day 355-1253
interferogram is below the level of the expected error. However, the analysis indicates

that relaxation with an 80-day time constant was the dominant mechanism contributing to
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the signal in the first two interferograms while relaxation with a 273-day time constant

was the dominant mechanism contributing to the signal in the last two interferograms.

5.6.2. POSTSEISMIC DEFORMATION MECHANISMS

The four possible mechanisms for postseismic deformation that could cause
significant displacements near the rupture measurable by InSAR are poroelastic [Peltzer
et al., 1998], viscoelastic [Deng et al., 1998], afterdip [Shen et al., 1994; Savage and
Svarc, 1997], and fault zone collapse or strengthening [Massonnet et al., 1996; Li et al.,
1998]. The decay of the amplitude of deformation due to each of these mechanisms and
the wavelength of the expected displacement pattern is different. For instance, if the
deformation mechanism is assumed to be aseismic afterslip on the main rupture surface, a
long-wavelength postseismic signal that has 10-20% of the magnitude of the coseismic
signal with a decay constant of about 46 days is expected; if the deformation mechanism
is poroelastic (decay constant on the order of 9 months) or shallow dip on secondary
structures, small-scale deformation patterns are expected.

The three interferograms analyzed in this study indicate that a variety of
postseismic deformation mechanisms may contribute to the displacement signal. The
non-existence of the signal inferred here to be due to afterdip within the seismogenic
zone in the interferograms spanning 40-355 and 355-1253 days after the earthquake
indicates that the time duration of this phenomenon was less than 40 days. The
displacement signal due to apparent viscoelastic rebound is strong in the 40-355 day

interferogram but is not obvious in the others. The displacement signa due to near-
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rupture poroelastic deformation or fault-zone collapse is clear in the day 5-215 and day
40-355 interferograms.

This analysis indicates that afterdip in the seismogenic zone was a significant
contributor to the surface displacement field within 40 days after the earthquake.
Viscoelastic deformation as a response to the large load imposed by an earthquake of
Landers magnitude is likely to have occurred during the entire postseismic period. Also,
since the near-fault short-wavelength LOS displacement signals are apparent in each
interferogram, poroelastic and fault-zone collapse deformation mechanisms are important
contributors.

The likely importance of all these deformation mechanisms suggests a systems
analysis of the postseismic deformation phenomena. However, before such thing can be
done, the behavior of models describing each mechanism must be studied. The
viscoelastic code of Deng et al., [1998] is asignificant step in this direction. However, it
is difficult to ascertain the time duration of the viscoelastic signal attributed to
deformation observed in an interferogram that is a combination of two interferograms
spanning overlapping time periods. The conceptual poroelastic model of Peltzer et al.,
[1998] makes sense but a more detailed analysis of its application to long-wavelength
deformation signals which are combined with possible viscoelastic, afterdip, or fault-

zone collapse signals ought to be performed.

5.7. CONCLUSIONS
A butterfly-shaped deformation pattern in an interferogram formed from images

collected 5 and 215 days after the Landers earthquake is due to afterdlip on the faults that
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ruptured during the earthquake between 7.5 and 10 km of depth. Inverting three
interferograms spanning time periods after the earthquake pushes the method to its
typical error level: the deformation signal is nearly the same size as possible atmospheric
delay errors. In spite of this, consistently similar deformation patterns observed in
consecutive interferograms indicate a multitude of postseismic deformation. The
contribution of each of these phenomena to the observed displacement pattern can be
inferred from the wavelength, pattern, and temporal decay of the displacement
amplitudes. While a decay constant for viscoelastic deformation is not available in the
literature, a comparison of INSAR measurements to decay constants expected from
afterdlip (creep) and poroel astic mechanisms indicates that the substantial contribution of
each of these mechanisms to the deformation signal was different in consecutive

interferograms.
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Chapter 6

Conclusions

In this dissertation INSAR is used to map crustal deformations associated with the
1992 Landers, California earthquake. The technical approach is described in Chapter 2
and the appendices of Chapter 3. Applications are discussed in Chapters 3,4, and 5.
While the Landers earthquake has been widely studied using a variety of geophysical
tools, we push the limits of the INSAR method to examine small-scale deformations as

well as vertical and postseismic displacements.

6.1. CONCLUSIONSTO CHAPTER 3

The gradient of the interferometric phase can be computed directly from the real
and imaginary parts of the complex interferogram and is not subject to phase unwrapping
errors. Using the phase gradient method, we were able to map the locations of secondary
fractures and triggered slip on major faults due to the Landers earthquake. Some of these
observations are new. For instance, other workers had not noticed the fractures we
mapped in the Upper Johnson Valley. If the senses of offset on the secondary fractures
can be interpreted, they can be used to infer the directions of maximum strain at the

Earth's surface induced by the earthquake.
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6.2. CONCLUSIONSTO CHAPTER 4

We inferred the distribution of vertical slip on the rupture using a combination of
INSAR measurements and finite-fault elastic half-space modeling. It is possible that there
was 0.7 meters of dip-dlip on the end of the Landers earthquake rupture but the locking
depth was approximately 7.5 + 1 km. There are two east-side up-down pairs of vertical
dip associated with the two main earthquake strike-slip events. A map of vertical
displacements was used to interpret the fractures mapped in Chapter 3. This map of
vertical displacements is difficult to obtain with any method other than INSAR. For
example, the error in the vertical component of GPS displacement measurements is often

larger than the vertical displacement measurement itself.

6.3. CONCLUSIONSTO CHAPTER 5

A butterfly-shaped long-wavelength displacement pattern in the interferogram
spanning 5-215 days after the Landers earthquake may be due to after-dip in the 7.5-10
km depth range. This pattern decays quickly within the first 40 days after the earthquake.
The effects of a viscoelastic rebound mechanism may dominate the displacement pattern
in the 40-355 day interferogram. A number of deformation mechanisms most likely
contribute to the postseismic surface displacement signal including afterdlip, pore-fluid

re-equilibration, and viscoel astic rebound.





