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Abstract

High spatial resolution measurements of interseismic deformation along major faults are critical for understanding the earthquake
cycle and for assessing earthquake hazard. We propose a new remove/filter/restore technique to optimally combine GPS and InSAR
data to measure interseismic crustal deformation, considering the spacing of GPS stations in California and the characteristics of interse-
ismic signal and noise using InSAR. To constrain the longer wavelengths (>40 km) we use GPS measurements, combined with a dislo-
cation model, and for the shorter wavelength information we rely on InSAR measurements. Expanding the standard techniques, which
use a planar ramp to remove long wavelength error, we use a Gaussian filter technique. Our method has the advantage of increasing the
signal-to-noise ratio, controlling the variance of atmosphere error, and being isotropic. Our theoretical analysis indicates this technique
can improve the signal-to-noise ratio by up to 20%. We test this method along three segments of the San Andreas Fault (Southern section
near Salton Sea, Creeping section near Parkfield and Mojave/Big Bend section near Los Angeles), and find improvements of 26%, 11%
and 8% in these areas, respectively. Our data shows a zone of uplift to the west of the Creeping section of the San Andreas Fault and an
area of subsidence near the city of Lancaster. This work suggests that after only 5 years of data collection, ALOS interferograms will
provide a major improvement in measuring details of interseismic deformation.
� 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Recent studies (Smith-Konter and Sandwell, 2009) pro-
pose that near-fault strain rate (an indirect measure of stress
rate) is inversely proportional to the earthquake recurrence
interval, thus it is important to measure the variations in
strain rate along all active faults. Strain rate is the spatial
derivative of the velocity field (Jin and Park, 2006; Payne
et al., 2008); so to be useful, geodetic measurements must
have both high precision (�1 mm/yr) and high spatial reso-
lution (�0.5 km) (Smith-Konter et al., 2008). In addition,
strain rate maps must span the full length of a fault system
(�2000 km). A comparison of strain rate maps of the San
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Andreas Fault (SAF), produced by 10 different research
groups, using basically the same GPS velocity measure-
ments, reveals that modeled strain rate can differ by factors
of 5–8 times, with the largest differences occurring along
the most active parts of the SAF (Sandwell et al., 2009).
These large differences in estimated strain rate are not related
to errors in vector GPS measurements but are due to the dif-
ferences in methods used to construct a high resolution
model using sparse GPS data sampling (�10 km). To achieve
a 0.5-km spatial sampling of deformation measurements
requires either a dramatic densification of the GPS velocity
measurements, which is costly and therefore unlikely to take
place, or the use of a higher resolution technique, such as
interferometric synthetic aperture radar (InSAR).

GPS and InSAR are highly complementary methods for
measuring surface deformation. GPS data provides high
rved.
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precision (mm/yr) vector displacements at high temporal
sampling rates and a moderate spatial sampling
(�10 km). Because of its high precision and availability
in our study region along the San Andreas Fault, GPS data
have been used to study large-scale interseismic surface
deformation, as well as to improve our understanding of
fault zone deformation process (Feigl et al., 1993; Bennett
et al., 1996; Segall and Davis, 1997; Smith and Sandwell,
2003; Meade and Hager, 2005; Jin et al., 2007; Wdowinski
et al., 2007). The main weakness of using only GPS array
data is that the spacing of, for example, the continuous
GPS stations (CGPS) of the EarthScope Plate Boundary
Observatory (PBO) project, is not adequate for resolving
high velocity gradients (i.e., areas of high strain rate) which
usually occur near active faults. Alternatively, InSAR data
has sub-cm precision, a moderate temporal sampling rate
(�10–50 days) and a high spatial sampling (�100 m), so
theoretically it could provide the short spatial scale infor-
mation currently lacking in CGPS data.

There have been many investigations that combine GPS
and InSAR to optimally measure coseismic deformation
(Massonnet et al., 1993, 1994; Peltzer et al., 1994; Zebker
et al., 1994; Sandwell et al., 2000; Agnew et al., 2002;
Jonsson et al., 2002; Simons et al., 2002; Fialko, 2004b;
Johanson et al., 2006; Tong et al., 2010), post-seismic
deformation (Massonnet et al., 1994, 1996; Peltzer et al.,
1996; Pollitz et al., 2001; Fialko, 2004a; Johanson et al.,
2006), interseismic deformation (Fialko, 2006), landslides
(Rotta and Naglerb, 2006), seismic damage in urban area
(Sugaa et al., 2001), and volcano deformation (Tomiyama
et al., 2004; Sandwell et al., 2008). Methods for processing
and stacking the InSAR data are described in many previ-
ous studies (Goldstein and Werner, 1998; Massonnet and
Feigl, 1998; Sandwell and Price, 1998; Burgmann et al.,
2000; Rosen et al., 2000; Ferretti et al., 2001; Hanssen,
2001).

The standard method for combining GPS and InSAR
data involves removal of a reference model from each inter-
ferogram (usually based on GPS). Then a planar ramp is
removed to minimize the orbit and other long wavelength
errors. Next, the residual phase of the interferograms is
averaged (stacking). Finally, the reference model is added
back to the normalized stack.

This paper is a minor variant on this basic approach
where we use a high-pass filter rather than removing a
ramp to reduce the long wavelength errors in the InSAR
Fig. 1. Flow chart for combining InSAR and G
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data (Fig. 1). We call this process remove/filter/restore.
There are several advantages of our technique. First, the fil-
ter not only removes the long wavelength error, but also
reduces the intermediate wavelength atmospheric error.
Second, the filtering method gives us more control over
the variance of atmospheric noise. Moreover, the filtering
has the benefit of being isotropic. It is independent of the
number of frames used in the analysis, whereas in the ramp
method the length scale of the polynomial depends on the
size and shape of the area.

2. Technique design and theoretic performance

We develop and test our proposed technique, with a
focus on measuring interseismic deformation along the
SAF. First, we determine the optimal wavelength of the fil-
ter by analyzing the characteristic spacing of the GPS sta-
tions. Second, we estimate the effect of filtering on both
atmospheric noise and interseismic signal, to bracket the
effects of signal-to-noise ratio. Finally, in order to test if
our method is an improvement over the standard tech-
niques, we use both methods to combine GPS and InSAR
data and compare the results in three areas: the Salton Sea
area in Southern California, Parkfield in Central California
and the Mojave/Big Bend section of the SAF in Southern
California. Our overall objective is to determine how
high-pass filtering of the InSAR data improves the sig-
nal-to-noise ratio and to estimate how many interfero-
grams are required for a signal-to-noise ratio to exceed 1
along a particular fault segment.

2.1. Optimal wavelength

Our first step is to determine the minimum deformation
wavelength that can be resolved by GPS stations in Califor-
nia. Using a nearest-neighbor analysis of the distance
between the GPS stations (Fig. 2b), we find mean and med-
ian distances of 8.8 and 6.5 km, respectively. In addition,
we calculate the distance from all of the GPS stations to
the nearest location on the SAF and compile histograms
of the spatial distribution of the GPS stations (Fig. 2c
and d). We normalize the cumulative histogram to find
the characteristic distance from GPS stations to the pri-
mary SAF (Fig. 2c and d). We use a 5-km bin size for
the histograms and subdivide the SAF into �200 segments
along its entire 1000 km length. Thus, we divide the num-
PS using the remove/filter/restore method.
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Fig. 2. GPS spacing in California, including EarthScope PBO and campaign GPS. (a) GPS distribution in California and the San Andreas Fault projected
into pole of rotation (PoR) coordinates (Wdowinski et al., 2007). The dashed line is the main trace of the SAF and the dots are GPS stations used in this
study. (b) Histogram of relative distance between GPS stations. The bin size is 5 km. (c1) Histogram of distance from GPS stations to the SAF with 5 km
bins. The cumulative histogram (c2) is normalized in a way that divides the number of stations within a given distance from the fault by the number of
segments (200) the SAF (c3 and c4 (zoomed view)). (d) Normalized cumulative histograms for four groups: (d1) Northern California (marked in (a) with y-
axis ranging from 950 to 1300 km); (d2) Central California near Parkfield (850–950 km); (d3) Carrizo and Big Bend (700–850 km); (d4) Southern
California (400–700 km). On average, the distance of one GPS station to the SAF, available in area d2, is 0–5 km and other three areas are 5–10 km.
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ber of GPS stations within a 5-km region by 200 and get
the average number of GPS stations within 5 km segments.
Based on these analyses, the characteristic spacing of GPS
stations in California is 5–10 km. We ask, given this char-
acteristic spacing of the current GPS array what is the min-
imum spatial wavelength we can measure? Assuming a
uniform spacing, the minimum resolvable wavelength is
twice of the sample spacing. With non-uniform spacing,
which is a more accurate representation of the GPS sta-
tions in California, the minimum resolvable wavelength
should be 3–4 times of the mean sample spacing. Therefore,
the average minimum wavelength of the signal that the
GPS array can resolve is about 15–40 km. We chose the
higher end, 40 km, as the wavelength of the filter we use
in the following sections in this study.
Fig. 3. The variance of the filtered atmospheric noise for filters with
different wavelength. The inset figure is a zoomed in view at 0–100 km
along the x-axis, where the grey box indicates the 40 km wavelength
variance cutoff.
2.2. Effect of filtering on noise

The main sources of noise for InSAR measurements are
orbital, atmospheric, ionospheric, topographic, unwrap-
ping and decorrelation errors (Hanssen, 2001). Ionosphere
errors in California and orbital errors are typically global
in scale (> �100 km), so they produce a ramp across a sin-
gle 100 km � 100 km interferogram and the ramp is com-
monly removed/adjusted to the far-field velocity from
GPS or tectonic models. The dominant error at scales less
Please cite this article in press as: Wei, M., et al. Optimal combination of In
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than or equal to the swath width of an interferogram
(< �100 km) is the atmospheric delay, which is mostly
related to spatial variations in atmospheric water vapor.
Previous researchers have used various techniques to esti-
mate or reduce the errors from the atmospheric delay,
including statistical analysis (Goldstein, 1995; Emardson
et al., 2003; Lohman and Simons, 2005), stacking indepen-
SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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dent data (Schmidt et al., 2005), applying a weighted power
spectral density filter (Ferretti et al., 2000; Schmidt and
Burgmann, 2003), and correction using empirical methods
(Elliott et al., 2008) or models derived from external data
(Li et al., 2006; Doin et al., 2009). The limitation of using
atmospheric delay models is that their resolution is usually
too coarse. For example, the resolution is 1.125� for
ERA40 (Uppala et al., 2005) and 32 km for the North
American Regional Reanalysis (Mesinger et al., 2006).
Here, we propose to use a Gaussian filter to reduce the
atmospheric noise in InSAR data.

We determine the effect of spatial filtering on the atmo-
spheric noise based on published noise models (Hanssen,
2001; Emardson et al., 2003) and mathematic derivations.
A detailed process of this method is described in Appendix
Fig. 4. (a–c) East, north and vertical velocities from combined dislocation
Topography shaded map of the research area. Grey boxes show the locations
MF, Maacama fault; SHF, Superstition Hills fault; IF, Imperial fault. (e an
interferometry at 23� look angle and (g and h) ALOS interferometry at a 34.3�
stations. Black boxes in ERS descending and ALOS ascending are the InSAR
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A and the result is shown in Fig. 3. Although the variance
of atmospheric noise varies between different interfero-
grams, based on GPS data Emardson et al. (2003) found
a typical value of 2500 mm2. The variance of the filtered
atmospheric noise decreases after being high-pass filtered.
Based on our calculation, the variance decreases from
100 mm2 with a Gaussian filter with a 0.5 gain wavelength
of 100 km to 36 mm2 with a Gaussian filter of 40 km.
Later, we use this noise model to estimate how signal-to-
noise ratio change with filter wavelength.
2.3. Effect of filtering on interseismic signal

The interseismic signal of the SAF can be estimated
from dislocation models partly constrained by GPS data
model and spline fit. White soild lines represent the major faults. (d)
of InSAR data used in this study. Fault names are abbreviated as follows:
d f) Line-of-sight velocity for ascending and descending passes of ERS

look angle. Modeled faults are shown in white. Black triangles are the GPS
used in this study, same as grey boxes in (d).

SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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(Fig. 4; Appendix B). Our models suggest the horizontal
velocity components have 40 km and larger scale variations
in associated with a spline fit superimposed on the large-
scale pattern generated by dislocation motion at depth.
Our vertical velocity models only include the large-scale
dislocation pattern, and show mostly small velocities
except along the compressional bends of the SAF north
of Los Angeles, as well as the small extensional bends south
of the Salton Sea and in the Cierro Prieto geothermal area,
where subsidence can exceed 3 mm/yr. We believe that our
dislocation model, or any dislocation model having varia-
tions in locking depth, provides a reasonable estimate of
the spatial variations in the true velocity field. To deter-
mine the expected base model for InSAR data, the 3D
velocity model is projected into the InSAR line-of-sight
(LOS) direction for both ERS and ALOS, most commonly
used InSAR satellite so far (Fig. 4). Our results show that
because of the fault geometry, descending tracks are more
sensitive to fault. High-pass filtering of the LOS models at
40 km wavelength reveals a signal that is outside the band
recoverable by GPS point measurements (Fig. 5b2). Our
high-pass filtered velocity has the largest variations near
the SAF. The amplitude of the filtered LOS velocity
decreases as the wavelength of the high-pass filter is
decreased. The 40 km optimal wavelength, as determined
from the characteristic spacing of GPS stations in Califor-
nia, results in high-pass filtered residual rates of <5 mm/yr.
Based on this analysis, the stacked interferograms need to
Fig. 5. Filter effect on interseismic signal observed by ALOS ascending inte
deformation model constrained by GPS data. A constant look angle (34.5�) is u
number on the top right corner (20, 40, 60, 80 km) is the 0.5 gain wavelength of
see Fig. 3a) respond to different filter wavelengths. (c1) Maximum signal as a fu
wavelength. As the data shows, filtering can increase the signal-to-noise ratio
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have a precision better than 5 mm/yr in order to provide
new information on the interseismic velocity field.

2.4. Effect of filtering on signal-to-noise ratio

Our next step is to estimate how filtering affects the sig-
nal-to-noise ratio of InSAR data measuring the interseis-
mic deformation. In general, filtering will tend to
decrease the amplitude for both signal and noise, but can
increase the signal-to-noise ratio (Fig. 5c). We use the dis-
location model described in Appendix B as the expected
signal and the noise model described in Appendix A as
the expected noise. The amplitude and wavelength of the
signal is different along different faults in California. We
selected four regions to quantify the effect of the filtering
on signal-to-noise ratio: the Maccaama fault in Northern
California, the Creeping section of the SAF in Central Cal-
ifornia, the Mojave/Big Bend in Southern California and
the Imperial fault in Southern California (Fig. 5c). The
maximum positive signal with these four areas is plotted
versus the wavelength of the filter. We find that in all four
areas the signal-to-noise ratio increases as the wavelength
decreases, however the change in the signal-to-noise ratio
is greatest along Creeping section because of the step-like
signal due to fault creep, showing an increase of 20% using
a 40-km wavelength filter. The importance of the SNR
curve (Fig. 5c) is the trend but not the absolute value.
The SNR is computed from a single interferogram with a
rferograms. (a) A synthetic ALOS ascending interferogram based on a
sed here. (b1–4) Filtered interferograms with different Gaussian filters. The
the Gaussian filter. (c1–2) Relationship of how the four different areas (1–4,
nction of filter wavelength. (c2) Signal-to-noise ratio as a function of filter
by as much as 20% compared to no filtering.

SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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1-year interval, and therefore the SNR value is typically
less than 1. However, we can increase the SNR by stacking
multiple interferograms from more than 1-year intervals.

2.5. Test the new technique in three areas

We next test this method with real data, by processing
14 ERS-1/2 descending interferograms near the Salton
Sea spanning 1992–2008 (Fig. 6a), 6 ALOS ascending inter-
ferograms near the Creeping section of SAF spanning
2006–2009 (Fig. 6b), and 12 ALOS ascending interfero-
grams near the Mojave/Big Bend section of the SAF span-
ning 2006–2009 (Fig. 6c). We selected these three areas
because of the observed active faults and crustal motion,
thus providing an adequate setting for testing our tech-
nique. ERS data covers more than 10 years near the Salton
Sea and is provided by the European Space Agency
through the WINSAR archive. For the ERS data at the
Salton Sea area, we processed two frames, 2925 and
2943, to better estimate the long wavelength error. There
are 14 ERS descending interferograms with average time
intervals of 3–5 years available. ALOS data are provided
by JAXA and obtained through the Alaska Satellite Facil-
Fig. 6. InSAR data used in this study for the Salton Sea region in Southern C
Majave/Big Bend fault region in Southern California. (a) ERS descending da
Landers and Hector Mine earthquakes, and the 2006 creep event on the Supe
time intervals of 3–5 years are available for use. (b) ALOS ascending data (Tra
ascending interferograms with average time intervals about 1.5–2 years are a
Majave/Big Bend fault region. Twelve interferograms with average time interv
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ity, as well as the ALOS User Interface Gateway (AUIG).
Since ALOS only has limited acquisition in California and
the baseline has been drifting by more than 6 km following
the launch in February 2006 through early 2008, we only
identified 6 interferograms near the Creeping section of
SAF suitable for this study, but 12 interferograms were
available in the Mojave/Big Bend fault region. One of the
major advantages of using the longer wavelength L-band
data with respect to the C-band data is that for small defor-
mations, a plane can be removed from the residual interfer-
ograms to remove any possible phase wrap. Therefore
phase unwrapping is not needed, allowing the entire area
of interferogram be used in the stack. The InSAR data
was processed using SIOSAR software (Wei et al., 2009),
and SRTM data were used to remove the effects of
topography.

We processed these data with two methods: filtering the
residual and removing a ramp. A Gaussian filter with a half
gain at 40 km was used in the first method. For the remov-
ing a ramp method, both quadratic (Wright et al., 2004)
and linear plane (Gourmelen et al., 2007) have been used,
depending on how many frames were processed. Here, we
used a 6-parameter quadratic plane to fit the ramp.
alifornia, the Creeping section of the SAF in Central California and the
ta (Track 356 Frame 2943/2925). The dashed lines label the times of the
rstition Hills fault. Fourteen ERS descending interferograms with average
ck 220 Frame 700/710) along the Creeping section of the SAF. Six ALOS

vailable for use. (c) ALOS ascending data (Track 216 Frame 680) in the
al of 2 years are available for use.

SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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Fig. 7. Interferograms using the filtering method in the three areas: the Salton Sea, the Creeping section of the SAF and the Mojave/Big Bend fault region.
(a, d and g) Base model constrained by the GPS data. (b, e and h) Stacked residual interferograms after applying the filtering method. (c, f and i) The final
interferogram is the sum of base model and the residual interferogram. Black solid line shows the main fault trace of the San Andreas Fault and
Superstition Hills Fault. Black dots show the other secondary faults. Grey solid lines show the locations of the profiles in Fig. 8. White arrow indicates the
satellite look direction. Black boxes in (b, e and h) highlight the area with short wavelength signals. Two insets in (b) show creep of the SAF and the SHF,
with a different color scale.
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The InSAR contribution to the measurement of a short
wavelength signal is shown for three focus areas (Fig. 7).
Far from the fault, the velocity largely matches the GPS-
based model whereas the interferograms sometimes pro-
Please cite this article in press as: Wei, M., et al. Optimal combination of In
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vide new details near the fault (for example, fault slip near
the Superstition Hills fault in Fig. 7b, fault creep and local
uplift in Fig. 7e, and local subsidence due to ground water
extraction in Fig. 7b and h). Another way to show the con-
SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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Fig. 8. Profiles across main faults in three study areas. Arrows identify short wavelength signals that are absent in GPS data. All InSAR data is one-
dimensional low pass filtered with a Gaussian filter of 500 m wavelength. This 1D filter is different from the filter we used as the filter versus ramp
treatment of the data.
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tribution of InSAR is to look at the profiles of the interfer-
ograms in our three study areas (Fig. 8). The profile across
the Superstition Hills Fault (SHF) in the Salton Trough is
about 1 km wide (fault parallel direction) and 30 km long,
whereas other profiles are �1 km wide and 80 km long. For
illustrative purposes, to compare the InSAR data of the
Creeping and Mojave/Big Bend areas (which are rather
noisy) with base model profiles, the InSAR data profiles
are robustly filtered with a Gaussian filter with 500 m
(i.e., where we replace outliers with a median value during
filtering). The profiles for the Salton Sea region have very
high signal-to-noise ratio and this additional filtering step
is not necessary. In the Salton Sea area, as the profiles
show, step-like signal near the SAF and the SHF exist,
which have been previously studied (Lyons and Sandwell,
2003; Fialko, 2006; Wei et al., 2009). In the Creeping sec-
tion of the SAF, a possible uplift with amplitude of about
1 cm/yr is observed, although it could be an anomaly
caused by two strands of the fault trace. In the Mojave/
Big Bend area, we find subsidence of 1 cm/yr, which is
probably due to ground water extraction (Peltzer et al.,
Please cite this article in press as: Wei, M., et al. Optimal combination of In
Space Res. (2010), doi:10.1016/j.asr.2010.03.013
2001). As shown in Figs. 7 and 8, InSAR can reveal short
wavelength signals that GPS data miss.

We compare the results of residual filtering and ramp
removal using ERS and ALOS data, as well as the GPS
data (Fig. 9 and Table 1). For the GPS data comparison,
only PBO sites are used because they have both horizontal
and vertical measurements. Three components of the PBO
GPS measurements are projected into the LOS. In the Sal-
ton Sea area (Fig. 9c), the difference between the ramp and
filter method is mainly caused by long wavelength coseis-
mic deformation from the 1992 Landers and 1999 Hector
Mine earthquakes, both of which are not accurately
included in our base model. For the Creeping section
(Fig. 9f), the difference between the two methods is a round
shape anomaly with a diameter of 50 km and amplitude of
3–4 mm/yr. Significant differences between the GPS and
interferogram velocities are mainly located in the lower
part of the image, with a maximum of 10 mm/yr. However,
the difference in the filtered interferogram is smaller for sev-
eral stations in the middle of the image. For the data near
the Mojave/Big Bend fault region (Fig. 9i), two areas of
SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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Fig. 9. Interferograms for two different methods in the three areas: the Salton Sea, the Creeping section of the SAF and the Mojave/Big Bend fault region.
(a, d and g) Ramp removal, (b, e and f) filter and (c, f and i) their difference. Black arrows are the difference between GPS measurements (projected to LOS)
and the interferograms. The arrows pointing toward the east represent a negative interferogram � GPS difference, or that the interferogram deformation is
less than the GPS. Arrows pointing west reflect the opposite case. The white arrow indicates the satellite look direction. In (c, f and i), positive values
indicate that the ramp-removed interferogram is larger (in a positive sense) than the filtered interferogram in the LOS direction.
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high difference with a magnitude of 2–3 mm/yr exist. The
feature in the middle of the image is mainly caused by
the effect of filtering a subsidence signal in the Mojave/
Big Bend fault region due to ground water extraction, while
the feature in the lower part of the image is unknown.
Improvement is much easier to detect in the lower part of
the image. This is caused by the different processing meth-
ods, where the large difference is due to the atmospheric
Please cite this article in press as: Wei, M., et al. Optimal combination of In
Space Res. (2010), doi:10.1016/j.asr.2010.03.013
error, as well as coseismic deformation from the Landers
and Hector Mine earthquakes (Emardson et al., 2003;
Lohman and Simons, 2005; Massonnet et al., 1993; Simons
et al., 2002; Zebker and Rosen, 1997; Zebker et al., 1994).

To evaluate the benefit of using a high-pass filter rather
than a planar ramp, we calculated the standard deviation
between the final model (filter and ramp) and the GPS data
projected into the radar line-of-sight. Although the filter
SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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Table 1
Misfit between base model, filtered InSAR, ramp removed InSAR and PBO GPS stations. Three components of GPS velocity are projected to the satellite
line-of-sight direction.

Number of
interferograms

Number of PBO
GPS stations

Misfit to GPS (LOS mm/yr)

Base model InSAR filter InSAR ramp Improvement
(filter versus ramp) (%)

Salton Sea 14 18 2.5 2.6 3.5 26
Creeping section 6 35 2.7 3.4 3.8 11
Mojave/Big Bend 12 13 3.7 4.0 4.3 8
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method produced a smaller misfit, the difference is not sta-
tistically significant (Table 1). The greatest difference is in
the Salton Sea area (18 GPS, 2.6 mm/yr filter, 3.5 mm/yr
ramp), which is mostly due to fact that the ramp method
cannot effectively remove the coseismic deformation of
the Landers and Hector Mine earthquakes in this dataset.
A coseismic model is required to improve the misfit if
one wants to use the ramp method. Based on this analysis,
it is not conclusive which technique is better or more accu-
rate. However, the filtering method gives us more control
over the variance of atmospheric noise. Also the filtering
is independent of the number of frames used in the analy-
sis, while the ramp depends on the size and shape of the
area. In other words, the ramp will not be isotropic if the
area is not square, but filtering will always be isotropic.

Note that these standard deviations of both filtering and
ramp method are larger than the misfit between the model
and GPS data. This is expected because the combined solu-
tion has many more degrees of freedom as represented by
shorter wavelengths. We expect that the combined solution
will provide a more accurate representation of the strain
field than using GPS alone.
3. Discussion

The spatial covariance parameter re in the model we
adopted from Emardson et al. (2003) has variability, which
is reflected as different atmospheric noise level in interfero-
grams. The range of the variability is not provided in
Emardson et al. (2003). As shown in Eq. (A17), the vari-
ability of re will affect the number of interferograms
required to resolve small interseismic signals. However, it
will not affect the advantage of the filtering technique as
long as the spatial characteristics of atmosphere are the
same.

The technique we outline in this work can be used to
improve our estimation and understanding of interseismic
deformation, especially along the section of the SAF north
of Los Angeles in the next few years. In the arid areas of
Southern California, previous C-band InSAR satellites,
ERS1/2 and ENVISAT, have acquired numerous datasets
now that are available for analysis. However, temporal
decorrelation due to vegetation has severely limited this
type of analysis along the northern section of the SAF.
The improved temporal decorrelation from the Japanese
L-band satellite ALOS will allow us to apply InSAR in
Please cite this article in press as: Wei, M., et al. Optimal combination of In
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Northern California (Wei and Sandwell, 2010). However,
the acquisition of ALOS in California is infrequent, at
�2–4 images per year. At the time of this manuscript prep-
aration (March, 2010), the ALOS dataset is not large
enough to provide better constraints on the interseismic
deformation. Based on our present calculations of the
deformation signal and noise of ALOS data, we estimate
that 5-years of ALOS data will be needed to improve the
interseismic models using InSAR. The greatest improve-
ments will be in Northern California where GPS measure-
ments are sparse. All processing and model codes utilized
here are publicly available (http://topex.ucsd.edu).
4. Conclusions

We have developed a remove/filter/restore technique to
combine GPS and InSAR data optimally. This technique is
based on the analysis of the spacing of EarthScope PBO
and campaign GPS, and the characteristics of the signal
and noise in InSAR data. We estimate the improvements
of signal-to-noise ratio in InSAR data for measuring interse-
ismic deformation in California. Because the residual
interseismic signal and noise have different scale dependen-
cies, filtering an interferogram can increase the signal-to-
noise ratio by as much as 20%. Applying this procedure to
a large stack of ERS1/2 interferograms in the Salton Sea,
Southern California and ALOS interferograms near Park-
field, Central California and Mojave Desert/Big Bend,
Southern California, we find improvements in all three areas
using the new technique. Our analysis shows that ALOS data
will be able to make major contributions toward measuring
interseismic deformation after collecting data for 5 years in
orbit.
Appendix A. The effect of high-pass filtering on atmospheric

error

Assume the phase of the interferogram pðx*Þ has two
parts:

pðx*Þ ¼ sðx*Þ þ nðx*Þ ðA1Þ

where x
*

is two-dimensional spatial vector, sðx*Þ is the defor-
mation signal and nðx*Þ is the atmospheric noise. Here we
focus on the atmospheric noise, which is assumed station-
ary, random, and isotropic with zero mean.
SAR and GPS for measuring interseismic crustal deformation. J. Adv.
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The autocovariance of the noise is

Cðx*Þ ¼
Z Z

nðx*oÞnðx
*�x

*
oÞd2 x

*
o ðA2Þ

where the integrals are performed over the area A of the
interferogram.

By definition, the variance of the noise is

d2 ¼ Cð0; 0Þ ¼
Z Z

n2ðx*Þd2 x
* ðA3Þ

and the standard deviation of the noise is

rnoise ¼
ffiffiffiffiffiffiffiffiffiffi
d2=A

q
ðA4Þ

Now suppose that we filter the noise using an isotropic
filter. What is the new filtered autocovariance function
and variance? The filtered noise is

n̂ðx*Þ ¼
Z Z

f ðj x*�x
*

ojÞnðx
*

oÞd2 x
*

o ðA5Þ

where f ðj x* jÞ is a real-valued isotropic filter. Note that the
Fourier transform of the autocovariance function is the
power spectrum and is given by

Cðk
*

Þ ¼ Nðk
*

ÞN �ðk
*

Þ ðA6Þ

where Nðk
*

Þ ¼
R R

nðx*Þe�2pið k
*
� x
*Þd2 x

*
.

Now we want to compute the autocovariance function
and the variance of the filtered noise. The power spectrum
of the filtered autocovariance is

Cðk
*

Þ ¼ Nðk
*

ÞN �ðk
*

Þ ¼ ðNðk
*

ÞF ðj k
*

jÞÞðNðk
*

ÞF ðj k
*

jÞÞ�

¼ F 2ðj k
*

jÞNðk
*

ÞN �ðk
*

Þ ðA7Þ

where F ðj k
*

jÞ is the Fourier transform of the filter which is
real-valued and isotropic.

Using the convolution theorem, we can rewrite this as

Cðx*Þ ¼
Z Z

A
gðj x*�x

*
ojÞCðx

*
oÞd2 x

*
o ðA8Þ

where gðj x* jÞ ¼ I�1
2 ðF 2ðj k

*

jÞÞ, and I2ðÞ and I�1
2 ðÞ are the

two-dimensional forward and inverse Fourier Transform.
Then we assume that Cðx*oÞ is an isotropic function, so
the integration can be partly completed in cylindrical coor-
dinates, where d2 x

* ¼ rdrdh. The integration becomes

CðrÞ ¼ 2p
Z 1

0

gðjr � rojÞCðroÞrodro ðA9Þ

Next we use an autocovariance function of atmospheric
noise based on signal delays in the GPS data from South-
ern California (Emardson et al., 2003). Their one-way noise
variance model is

r ¼ cLa þ kH ðA10Þ

where r is the square root of variance in mm, L is the dis-
tance between two points in km and H is the height differ-
ence in km. c, a and k are constants with value of 2.5, 0.5
and 4.8, respectively, derived from the neutral atmospheric
Please cite this article in press as: Wei, M., et al. Optimal combination of In
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delays in GPS data in Southern California. This model is
valid over a range of 10–800 km for L and 0–3 km for H.
While a is basically site-independent, c depends on the loca-
tion on the Earth.

If e1 and e2 are the observation errors corresponding to
the observations d1 and d2, which are any two pixels within
a given interferogram, the autocovariance between these
two errors are

Covðe1; e2Þ ¼
1

2
Varðe1Þ þ

1

2
Varðe1Þ �

1

2
Varðe1 � e2Þ

¼ r2
e �

1

2
r2 ðA11Þ

where r2
e is defined as VarðeÞ ¼ 1

2
Varðe1Þ þ 1

2
Varðe1Þ. Based

on the GPS data, Emardson et al. (2003) find re is about
50 mm and r is described as in Eq. (A10). Usually, the
dependence of height difference can be dropped because
it is much smaller than the distance dependence. Then
the autocovariance function is

Covðe1; e2Þ ¼ r2
e �

c2

2
L2a ðA12Þ

Next, we use this function to calculate the covariance of
the noise in a high-pass filtered interferogram. The Gauss-
ian filter we use is

f ðj x* jÞ ¼ 1

2pg2
e
�j x

* j2

2g2 ¼ 1

2pg2
e
�x2þy2

2g2 ðA13Þ

where g is the standard deviation of the Gaussian distribu-
tion and a characteristic wavelength. The Fourier trans-
form of the Gaussian filter is

I2½f ðx
*Þ� ¼

Z Z
1

2pg2
e
�x2þy2

2g2 e�2pið k
*
� x
*Þd2 x

*

¼ e�2p2g2ðk2
xþk2

y Þ ðA14Þ

The inverse Fourier Transform of the squared Fourier
Transform of the Gaussian filter is

I�1
2 ½I

2
2½f ðx

*Þ�� ¼
Z Z

ðe�2p2g2ðk2
xþk2

y ÞÞ2e2pið k
*
� x
*Þd2 k

*

¼ 1

4pg2
e

x2þy2

4g2 ðA15Þ

We substitute Eqs. (A15) and (A12) into (A9). Then the
filtered autovariance function is

CðrÞ ¼ 2p
Z Lmax

0

� 1

4pg2
e
�jr�ro j2

4g2 r2
e �

c2

2
ðr � roÞ2a

� �
rodro ðA16Þ

where Lmax is the maximum distance that Eq. (A10) is valid,
which equals 800 km in Southern California (Emardson
et al., 2003). We are most interested in the variance, which
is Eq. (A16) at r = 0. Since a ¼ 0:5 based on GPS data, the
integration is simplified to
SAR and GPS for measuring interseismic crustal deformation. J. Adv.

http://dx.doi.org/10.1016/j.asr.2010.03.013


12 M. Wei et al. / Advances in Space Research xxx (2010) xxx–xxx

ARTICLE IN PRESS
Cð0Þ ¼ 2p
Z Lmax

0

1

4pg2
e
� r2

o
4g2 r2

e �
c2

2
ro

� �
rodro

¼ r2
e �

c2g
ffiffiffi
p
p

2
erf

Lmax

2g

� �
ðA17Þ

This is the result of the low-pass filter. To get the high-pass
result, we need to subtract Eq. (A17) from the original
variance,

r2
f ¼ r2

e � Cð0Þ ¼ c2g
ffiffiffi
p
p

2
erf

Lmax

2g

� �
ðA18Þ

We substitute parameters in Eq. (A17) with values,
re ¼ 50; Lmax ¼ 800; c ¼ 2:5, then the standard deviation
of the noise in the high-pass filtered data is

rf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3:125g

ffiffiffi
p
p

erf
800

2g

� �s
: ðA19Þ
Appendix B. Dislocation model

The vector velocity field cannot be completely resolved
with point GPS measurements, so we use a dislocation
model (1 km resolution), constrained by GPS velocities,
to provide a complete vector field. We expect the model
to be accurate at large scales especially away from the
faults, but less accurate at smaller scales. We model the
North American-Pacific plate boundary as a series of verti-
cal connected fault dislocations imbedded in an elastic plate
overlying a viscoelastic half-space (Smith and Sandwell,
2006). The dislocation model simulates interseismic strain
accumulation, coseismic displacement and post-seismic vis-
cous relaxation of the mantle. However, when considering
the recent average EarthScope PBO velocity field (2004–
2009), the interseismic part of the model dominates. Three
types of data are used to estimate the parameters of the
model: (1) long-term slip rates (i.e., over many earthquake
cycles) are initially constrained by geologic estimates (Field,
2007) and then adjusted to ensure that the sum of the slip
across the plate boundary is equal to the far-field estimate
of 45 mm/yr. Slip rates are further adjusted to match con-
temporary geodetic estimates of far-field slip (e.g., Bennett
et al., 1996; Freymeuller et al., 1999; Becker et al., 2005;
Meade and Hager, 2005; Fay and Humphreys, 2005; Fia-
lko, 2006). (2) Rupture history on each fault segment is
based on historical accounts and paleoseismic recurrence
intervals (e.g., Field, 2007; Grant and Lettis, 2003; Weldon
et al., 2004, 2005). We assume that the amount of coseismic
slip for each event is equal to the accumulated slip deficit on
that segment. (3) Present-day crustal velocities are derived
from 1709 GPS estimates from EarthScope PBO, as well
as campaign GPS compiled by Corne Kreemer (Kreemer
et al., 2009). An iterative least squares approach is used
to adjust the locking depth along each segment. For this
model, we included interseismic slip on 41 fault segments
over variable locking depths (ranging from 1 to 23 km),
and assume the following model parameters: shear modu-
Please cite this article in press as: Wei, M., et al. Optimal combination of In
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lus (30 GPa), mantle viscosity (1e19 Pa s) and elastic plate
thickness (60 km). Best-fit models have an RMS residual
velocity misfit of 2.02 mm/yr in the E–W direction,
2.69 mm/yr in the N–S direction and 2.73 mm/yr in the ver-
tical direction.

Since the dislocation model with over 45 parameters
cannot capture all of the tectonic and non-tectonic
motions, especially in areas away from model fault seg-
ments, we fit the horizontal GPS residuals (using a 40 km
block median) to a biharmonic spline using a tension factor
of 0.45 (Wessel and Bercovici, 1998) weighted by the uncer-
tainty in each GPS data point. The spline represents un-
modeled fault motion at scales greater than 40 km
wavelength. After fitting the residual GPS velocities, the
horizontal data-model misfits are 1.47 mm/yr in the E–W
direction and 1.56 mm/yr in the N–S direction.
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