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.






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
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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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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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