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[1] The Portuguese Bend landslide, located on the Palos Verdes peninsula in southern
California, is a slow‐moving landslide whose activity is closely tied to infiltration
from rainfall. We use radar interferometry to constrain the seasonal kinematics of the
landslide from 1995 to 2000. Traditional interferometric synthetic aperture radar methods
estimate an average downslope displacement rate of 1.00 m/yr with an uncertainty range
of 0.39–2.57 m/yr during the summer months. Interferograms show a consistent loss in
phase coherence over the landslide for epochs greater than 6 months, especially in the
winter. Interferograms become incoherent as a result of large displacement, and
decorrelation is used to map the spatial extent of slide movement through time. The
displacement rate increases sharply several weeks after the beginning of the rainy season
as rainwater percolating into the slide elevates pore pressures. Phase coherence is lost
when the slide velocity surpasses ∼2.6 m/yr for interferograms with durations of a
few months. A physically based model based on rainfall‐driven landslide movement
incorporates these observations to constrain hydraulic diffusivity to between 0.9 and
3.5 × 10−6 m2/yr.
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1. Introduction

[2] Landslides are the dominant mechanism of sediment
production in mountainous terrain, and they can dam rivers,
dictate the pace of bedrock channel incision, and incur sub-
stantial damage to infrastructure and/or human life. Given
the diverse nature of triggering mechanisms (e.g., rainfall,
earthquakes, frost cracking), documentation of landslide
dynamics through monitoring is critical for evaluating hazard
potential. Field‐based monitoring of landslides can be both
logistically challenging and costly. Recent advances in inter-
ferometric synthetic aperture radar (InSAR) have shown much
potential in identifying and quantifying landslides [Kimura
and Yamaguchi, 2000; Ferretti et al., 2003; Squarzoni et al.,
2003; Hilley et al., 2004; Catani et al., 2005; Finnegan et
al., 2008]. These studies provide greater insight into the
kinematics of active slides and help to constrain models of
landslide dynamics. Of greatest concern are those landslides
that are embedded in urban environments where slides pose a
direct hazard to nearby structures [Hilley et al., 2004].
[3] The Portuguese Bend landslide (PBL), which is sur-

rounded by a coastal residential community in southern
California, is one such slide that has received significant
attention. The slide is located on the southwest coast of the
Palos Verdes peninsula, 34 kilometers south of downtown

Los Angeles (Figure 1). The PBL covers an area of 1.06 km2,
and it is part of a larger complex of landslides with an area of
6 km2. In addition to the PBL, this complex includes the
Abalone Cove landslide to the west, the Flying Triangle
landslide to the northeast, and a large area of ancient inactive
landslides to the north [Ehlig, 1992]. The earliest sliding on
the Palos Verdes peninsula began upslope of the current
active slide about 600,000 years ago [Bryant, 1982]. The
majority of slides on this ancient complex, however, did not
initiate until about 120,000 years ago, when high sea level
eroded the area around Portuguese and Inspiration Points
[Ehlig, 1986]. According to carbon‐14 dating, themost recent
ancient slides occurred around 4800 years ago, and were
likely caused by the erosion of the toe of the Pleistocene slide
[Emery, 1967].
[4] In 1956 the Portuguese Bend landslide was reactivated.

Despite knowledge of the ancient slide [Kew, 1926;Woodring
et al., 1946], construction crews extending a road from the
town of Rancho Palos Verdes dumped large amounts of fill to
flatten the roadbed. In some areas they placed as much as
20 meters of fill, adding a significant load to the slope.
Simultaneously, new housing developments in the area raised
the water table through landscaping practices and newly
installed septic systems [Ehlig, 1992]. Within months of the
fill placement, the slide moved at a rate of several centimeters
per day [Vonder Linden, 1989]. Since the initiation of the
slide in 1956, deformation of the PBL has continued at rates
varying with the seasons and rainfall levels. Between 1956
and 2002, the slide has traveled a total horizontal distance
of 150–175 meters for an average displacement rate of 3.3–
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3.8 m/yr [Kayen, 2002]. Campaigns to dewater the landslide
began in the 1980s, with limited success, reducing only the
fastest sliding rates. The mid‐1990s brought some of the
highest rainfall levels recorded in the 121 year history of Los
Angeles, including the El Niño event over the winter of 1997–
1998. This increase in rainfall corresponded to an acceleration
in displacement that slowed rapidly into the new millennium
as rainfall levels subsided [Kayen, 2002].
[5] Despite an abundance of available satellite scenes,

there has been no InSAR study of the PBL to date, perhaps
due to the difficulty in observing the large magnitude sur-
face displacements that are characteristic of the slide. In this
study, some of the difficulties in quantifying the deforma-
tion are addressed, and ultimately the results are applied to
the mechanics of the landslide.

1.1. Landslide Properties

[6] The bedrock underlying the Palos Verdes peninsula
is composed primarily of Mesozoic Catalina Schist. The
eastern section of the slide itself is underlain with Miocene
sedimentary bedrock, while the western section is underlain
by moderately stable ancient landslide deposits. The Mon-
terey Formation overlays the schist, and is predominantly
composed of Altamira Shale [Vonder Linden, 1989]. This
shale is the primary rock type associated with the landslide. In
addition, there are volcanic rocks and coastal deposits which
were created concurrently with the shale. At the base of the
landslide is a layer referred to as the Portuguese Tuff which
has largely altered to bentonite due to chemical weathering
[Ehlig, 1992].
[7] The Portuguese Bend is a hydrologically driven, slow‐

moving landslide complex with varying degrees of internal
deformation [Ehlig, 1992]. Rainwater percolates through cracks,
fissures and pore space in the slide, raising the water table and

increasing pore pressures through the slide. The bottom of the
slide is distinct and continuous, and is bound by the Portu-
guese Tuff aquicludewhich precludes further downward flow
[Ehlig, 1992]. The basic response of the slide can be under-
stood using a landslide model first proposed by Terzaghi
[1950], and recently quantified by Iverson [2000]. The fail-
ure surface of the slide has a bedding plane angle which varies
from 22° at the head scarp to about 6° on the main portions
of the slide [Ehlig, 1992]. The thickness of the slide varies
from several meters to 75meters, and averages about 18meters
[Vonder Linden, 1989]. As the modest success of the dewa-
tering campaigns and rainfall driven acceleration suggest, the
landslide depends greatly on groundwater and pore pressure
[Ehlig, 1992]. Multiple studies [Merriam, 1960; Vonder
Linden, 1989; Ehlig, 1992] agree that the displacement con-
tinues due to the constant coastal erosion at the toe of the
slide.

1.2. Satellite Interferometry

[8] The primary observation method for this study is In-
SAR. Differential InSAR is most commonly used to mea-
sure deformation from active faulting and volcanic events,
as well as aquifer subsidence (see references in the work by
Bürgmann et al. [2000]). Less work has been done using
InSAR to monitor landslides, as the large magnitude defor-
mation rates associated with slides often makes conventional
interferometry difficult or impossible. Most of the InSAR
work on landslides has been done looking at mountainous
slides [Carnec et al., 1996; Fruneau et al., 1996; Squarzoni et
al., 2003;Colesanti et al., 2003;Farina et al., 2006;Catani et
al., 2005]. Conventional InSAR studies have primarily used
short‐repeat cycle data, collected either during the ERS
commissioning phase in 1991 (3 day repeat cycles), or
on TANDEM missions in 1995, 1996, 1997 and 1999 (1 day
repeat cycles) [Carnec et al., 1996; Fruneau et al., 1996;
Squarzoni et al., 2003]. Kimura and Yamaguchi [2000]
examined a landslide in northern Japan using a multiple
pass method with JERS L band (23.5 cm wavelength) data.
The permanent scatterers method has been the most popular
approach for dealing with the large displacements typical of
landslides. Several studies [Colesanti et al., 2003; Ferretti et
al., 2003; Hilley et al., 2004; Farina et al., 2006] have used
permanent scatterers to successfully measure landslide dis-
placement rates. Additionally, Hilley et al. [2004] relate
sliding velocity in the Berkeley Hills of northern California to
the lag time after the onset of the rainy season. Here we
perform a similar analysis to estimate the hydraulic diffu-
sivity at the PBL.
[9] No previous studies have examined the PBL using

InSAR, possibly due to the large surface displacement at the
site. The change in phase observed by the satellite cycles from
0 to 2p, and conventional InSAR requires that the change in
phase from one pixel to the next is less than 2p radians,
otherwise an ambiguity in the number of phase cycles exists
[Hanssen, 2001]. One phase cycle of 2p corresponds to
2.8 cm of deformation along the satellite’s line of sight
(LOS) for C band satellites. In cases of very high strain, the
observed phase change may cross this limit, becoming dec-
orrelated over the deforming area [Yun et al., 2007]. Rather
than disregard those interferograms with decorrelated patches
over the slide, they are used to constrain the spatial and
temporal boundaries of the PBL by mapping the extent of

Figure 1. ERS satellite tracks (large boxes with solid black
lines) covering the Palos Verdes peninsula. The Portuguese
Bend landslide is on the southwest edge of the peninsula.
The central box with a dotted black line indicates the region
shown in Figure 2. Major faults are marked by dark gray
lines [Jennings, 1994].
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decorrelated phase. Zebker et al. [1996] utilize a similar
technique tomap decorrelation caused by terrainmodification
from active lava flows in Hawaii.
[10] InSAR processing has many benefits for measuring

surface deformation. The displacement field obtained from
InSAR is continuous with a pixel resolution of tens of
meters. Additionally, InSAR yields LOS range change esti-
mates with subcentimeter resolution. This data, however, is
only one dimensional in nature, and must be modified to
estimate the true displacement field. Since the satellite always
observes the study area with the same viewing geometry, the
three‐dimensional displacement is projected on to the LOS
vector from the satellite to the ground. Typically, data from
ascending and descending tracks are used to approximate the
3‐D displacement. However, ascending data is not available
for the study area. Here, GPS data and topography are used to
determine the orientation of the slide movement and convert
the LOS observation to downslope movement.

2. Analysis of InSAR Data

[11] This study of the Portuguese Bend landslide uses data
from the ERS satellite of the European Space Agency col-
lected between 1992 and 2001. The Palos Verdes peninsula
lies within the region overlapped by two paths of the satellite
(tracks 170 and 442), effectively making available twice as
many scenes over the region as is typical for InSAR studies.
For each track, the area of interest is contained entirely within
frame 2925 (Figure 1). For track 170, 19 scenes collected by
ERS‐1 and 57 by ERS‐2 are used. Over track 442, 21 scenes
collected by ERS‐1 and 36 by ERS‐2 are used. SAR data are
first processed using the 2‐pass method. The ROI PAC pro-
cessing package is used to create differential interferograms
from the raw ERS data [Rosen et al., 2004]. A 1 arc sec
(30 meter resolution) digital elevation model (DEM) col-
lected during the Shuttle Radar TopographyMission (STRM)
is used to remove the topographic component of the
phase. All interferograms are processed at 4 looks in
range. Only pairs of scenes with perpendicular baselines less

than 200 meters are processed, totaling 288 interferograms
along track 170, and 251 along track 442.
[12] Interferograms from both tracks contain decorrelated

areas in the mountains and hills around the Los Angeles
basin where steep topography reduces coherence. Inter-
ferograms maintain high coherence in the urban areas where
buildings act as strong, stable reflectors. Within the frame we
observe subsidence in previously studied basins [Bawden et
al., 2001; Lanari et al., 2004] and deformation along the
Newport‐Inglewood fault which runs just north of the pen-
insula [Watson et al., 2002].
[13] Many interferograms show a broad phase signal

extending northwest to southeast along the length of the Palos
Verdes peninsula. This broad phase signal is interpreted as an
atmospheric artifact caused by water saturated air (such as
fog) blowing off the ocean and hugging the ridge line. The
same signal is identified by Li et al. [2005] and removed from
their interferometric data set using MODIS atmospheric data.
The high moisture content in the air column slows electro-
magnetic wave propagation in the atmosphere surrounding
the ridge, resulting in a broad, distinct signal that is correlated
to topography [Hanssen et al., 1999]. To remove the signal,
each interferogram is examined individually by plotting the
phase of each pixel against the corresponding elevation from
the DEM. After solving for the best linear fit through
the scatter of points for each individual interferogram, the
atmospheric component is estimated and removed from the
phase. The PBL is small relative to the size of the peninsula
and any downslope movement is not correlated with topog-
raphy, so it remains unaffected by this correction. All inter-
ferograms in this study have had this atmospheric signal
removed.

2.1. Summer Deformation

[14] Individual interferograms often do not show a defini-
tive deformation signal over the landslide area because of a
low signal‐to‐noise ratio for short‐duration interferograms.
Most of the interferograms are partially decorrelated over the
sliding area, and interferograms that are coherent typically
span a short time period (<105 days), typically in the summer
months when velocities are slow. The lack of obvious
deformation in the coherent interferograms is due to a low
signal‐to‐noise ratio. The short temporal baseline and low
sliding velocity in the summer months reduce the deforma-
tion observed in any single interferogram to near or below the
magnitude of noise and other artifacts, such as from atmo-
spheric effects.
[15] In order to better visualize the deformation in the

study area, a stacking algorithm is employed to better isolate
the deformation of the slide. 12 interferograms are stacked
along track 170, and 8 interferograms are stacked along
track 442 (Table 1). The data from each track must be
stacked separately because of the difference in look angle
across the scene. The interferograms selected for the stacks
show good coherence over the slide, and interferograms
with duplicate master or slave scenes are avoided so as to
minimize any systematic biases. All Interferograms span
less than 6 months between April and October of a given
calendar year.
[16] The stacking of interferograms reveals deformation

on the Palos Verdes peninsula that maps to the PBL. The
average displacement rates of the landslide are 30.9 ±

Table 1. ERS Interferograms Used to Make Summer Stacks

Starting Date Ending Date

Track 170
21 Apr 1995 26 May 1995
30 Jun 1995 8 Sep 1995
6 Apr 1996 28 Sep 1996
26 Apr 1997 31 May 1997
31 May 1997 5 Jul 1997
9 Aug 1997 13 Sep 1997
13 Sep 1997 18 Oct 1997
11 Apr 1998 25 Jul 1998
16 May 1998 20 Jun 1998
20 Jun 1998 3 Oct 1998
1 May 1999 23 Oct 1999
20 May 2000 2 Sep 2000

Track 442
5 Apr 1995 14 Jun 1995
14 Jun 1995 19 Jul 1995
14 Jun 1995 23 Aug 1995
23 Aug 1995 27 Sep 1995
4 Jul 1996 17 Oct 1996
15 May 1997 19 Jun 1997
19 Jun 1997 24 Jul 1997
4 May 2000 8 Jun 2000
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18.4 mm/yr for track 170 and 55.6 ± 17.9 mm/yr for track
442 along the satellite line of sight (Figure 2). The average
is only taken over the area of the box shown in Figure 2b
to avoid complications with uncertainties near the boundaries
of the slide. Reported values are the mean sliding velocity
plus or minus the standard deviation over the slide. The dif-
ference in displacement patterns between tracks 170 and
442 reflects different noise characteristics in the independent
stacks, slightly different look angles, and different time
sampling of a time‐dependent signal. The high standard
deviation is due to annual variations in the sliding rate, with
some years exhibiting more deformation than others.
[17] The horizontal direction of deformation measured by

campaign GPS along with the topographic slope inferred
from a DEM is used to constrain the downslope displace-
ment of the slide as observed by InSAR. The average hor-
izontal bearing from GPS is 175.6° west of north, and this
displacement direction is consistent with a downslope land-
slide mechanism. Because GPS is less reliable in the vertical

direction than the horizontal [Mao et al., 1999], the DEM is
used to find the topographic slope that describes the vertical
component of the unit displacement vector. The spatially
variable slope is determined by taking a moving average of
the gradient using a 750 m window. The smoothed DEM is
used to account for the fact that the failure surface is likely
smoother and more continuous than the surface topography.
The values average 6.5° ± 0.9° with error due to variation
across the slide, compared to a reported average dip of 6.3°
for the failure surface by Ehlig [1992]. This defines a
downslope unit vector for the slide of close to (−0.990n̂,
−0.090ê,0.110ẑ). The corresponding unit look vector for the
satellite is (0.083n̂, −0.332ê, cos(b)ẑ) where the vertical
look angle b (∼20°) depends on the position of the landslide
within the frame. Projecting the downslope vector onto the
look vector reveals that the satellite measurement is pri-
marily sensitive to the vertical movement of the slide.
[18] Using the geometry of the satellite’s unit look vector

and the downslope unit vector of the PBL defined from GPS
azimuth and DEM slope, we calculate the average downslope
displacement rate for both tracks 170 and 442 (Figure 2c).
For the pixels outlined by the box in Figure 2b, the average
downslope velocity is found to be 1.00 m/yr. We assess
the uncertainty of this back projection by using Monte
Carlo sampling to propagate the uncertainties from the LOS
observation and the look geometry. We determine the
uncertainty in the LOS observation by adding in quadrature
the standard deviation of the InSAR stack and the variation in
rates across the region where the InSAR data are averaged
(box in Figure 2b). We then estimate the uncertainty in the
back projection by taking into account the uncertainty of the
look vector assuming that the heading and look angle each
vary by ±0.2° along the satellite’s orbital path. For the
downslope unit vector, we assume that the azimuth varies by
±2.7° and the surface slope can vary by ±0.9° across the slide.
For each iteration, the variables used in the downslope cal-
culation are resampled given their prescribed uncertainties.
After performing 106 iterations, we find a lognormal distri-
bution of downslope velocity that ranges between 0.39 to
2.57 m/yr (1‐s range about the mean of 1.00 m/yr).
[19] The city of Rancho Palos Verdes collected campaign

GPS data starting in 1995 in order to monitor activity of the
slide. Those data serve as a means to validate the previously
described InSAR observations. Examining a single GPS site
and InSAR pixel, we find similar results for the GPS and
InSAR data during the period from 1995 and 2000. GPS site
PB8 is marked with a cross in Figure 2c. This site was chosen
because it is away from the edges of the slide and has a dis-
placement direction close to average. The total GPS summer
deformation rate at this site is 0.66 m/yr. No uncertainties
were reported with the GPS data. The corresponding pixel for
the stack of InSAR data on track 170 shows a downslope
displacement rate of 0.68 ± 0.21 m/yr, while the same pixel
on track 442 shows a downslope displacement rate of 0.87 ±
0.35 m/yr. The errors reported for these InSAR displacement
rates are due to variations of individual interferograms within
the stack. Over a broader region, the GPS sites indicated by
black dots in Figure 2c show an average downslope defor-
mation rate in the summer months of 1.17 ± 0.50 m/yr. The
error reported is one standard deviation from the mean,
representing the variability in results among the benchmarks.

Figure 2. (a) A stack of 8 summer interferograms for
track 442 of the ERS satellite between 1995 and 2000 on
the Palos Verdes peninsula. The previously mapped maxi-
mum extent of the Portuguese Bend landslide is outlined
in black. (b) The line‐of‐sight (LOS) rate is shown for a
stack of 12 summer interferograms on track 170. The region
shown corresponds to the dashed box in Figure 2a. The box
outlined by a thin solid line highlights the area used for the
averaging of the LOS rates reported in the text. (c) InSAR
data from tracks 442 and 170 are back‐projected onto a
downslope unit vector to infer the average slide velocity
in the summer. Dots are campaign GPS benchmarks used
to determine an average surface velocity for comparison to
InSAR. The cross marks the GPS station discussed in the
text.
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The GPS data from the summer months are consistent with
the InSAR results (∼1 m/yr) averaged over a similar region
for the summers between 1995 and 2000.
[20] We also attempted to characterize the deformation

using a persistent scatterer (PS) methodology. Using the
StaMPS analysis package [Hooper et al., 2007], several time
series were created over the Palos Verdes peninsula. Although
many scatterers were selected throughout the peninsula, none
were selected on the landslide itself, so no estimation of dis-
placement could be made. We suspect that PS InSAR was
unsuccessful because the density of scatterers was too low
within the slide and individual pixels could not unwrap due to
the high and variable displacement rate.

2.2. Winter Deformation

[21] Most interferograms of the Palos Verdes peninsula
that span winter months show pockets of decorrelation on
and around the mapped area of the PBL. Decorrelated pixels
identify areas where the complex radar echoes are not spa-
tially coherent among neighboring surface scatterers. Dec-
orrelation can be caused by a number of different processes,

including instrument noise (i.e., thermal noise), changes in
viewing geometry (baseline decorrelation), changes in sur-
face properties (temporal decorrelation), steep topography,
or difficulties with scene coregistration [Zebker and
Villasenor, 1992; Lee and Liu, 2001].
[22] We attribute most of the decorrelation found in long‐

duration interferograms of the Palos Verdes peninsula to
temporal decorrelation related to vegetation growth (Figure 3).
Where not developed, the Palos Verdes peninsula is sparsely
vegetated with coastal sage scrub and nonnative grass species
[Gabet and Dunne, 2002]. The largest vegetated areas are on
the southwest coast of the peninsula, including the PBL and
surrounding areas. The city has placed development restric-
tions on this land because of current and recent landsliding
and evidence of ancient landslides. Interferograms with
durations greater than 1 year show broad regions of dec-
orrelated phase that closely match the vegetated regions on
the peninsula, and thus the decorrelation is likely due to the
cumulative effects of vegetation growth.
[23] The major cause of decorrelation for short‐duration

interferograms over the PBL is an unwrapping failure due to
the steep deformation gradient along the edge of the land-
slide. Since the boundary zone where the slide ramps from
zero deformation to a fast sliding rate is small, the shear
strain is quite large (∼0.05 strain). Decorrelation can result if
the spatial gradient in the phase is too high and the fringe
pattern is lost [Yun et al., 2007]. In addition to the loss in
signal along the margins of the slide, internal deformation
within the slide likely contributes to the decorrelation in the
interior. The lack of decorrelation in similarly vegetated
areas around the PBL rules out vegetation as the main cause
of decorrelation over the PBL for interferograms that span
less than 1 year. The decorrelated patches are typically con-
fined within the boundaries of the mapped landslide and do
not extend into the surrounding areas (Figure 3b). The sur-
rounding areas maintain a coherent phase signal for timescales
of less than 1 year, after which they become decorrelated
as well.
[24] The mapping of decorrelated phase yields informa-

tion on both the spatial and temporal characteristics of the
PBL. A similar application of the phase decorrelation was
used by Zebker et al. [1996] to map the extent of active lava
flows. Decorrelation is dependent on both the phase coher-
ence and choice of multilooking, and can be inferred from the
variance of the phase [Rodriguez and Martin, 1992]. For this
analysis, a given pixel is considered decorrelated if the
standard deviation of the filtered phase exceeds 1 radian
within a 5 × 5 pixel window. The extent of the landslide can
be determined by mapping the decorrelated phase through
time. For each day of the year, the decorrelation level, I, is
the ratio of the number of interferograms in which a given
pixel is decorrelated to the number of total interferograms that
span that day. This ratio is calculated as

Ii;t ¼ ni;t
Ni;t

; ð1Þ

where i is the pixel index, n is the number of decorrelated
interferograms, N is the total number of interferograms that
span a particular day t. A decorrelation level of 0.8 means
that 80% of the interferograms are decorrelated on that day for
that pixel. To minimize any bias from vegetation growth, all

Figure 3. (a) A 385 day interferogram (16 May 1998 to
5 June 1999) shows large decorrelated patches over the veg-
etated regions of the peninsula. This is typical of interfero-
grams longer than 1 year. The previously mapped maximum
extent of the PBL is outlined in black. (b) A 35 day interfer-
ogram (23 December 1995 to 27 January 1996) shows dec-
orrelated patches typical of winter interferograms. The area
immediately over the landslide is decorrelated, while the
surrounding area maintains phase coherence. The decorrela-
tion in short‐duration interferograms is likely caused by sig-
nificant movement of the slide.
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interferograms with durations greater than 12 months are
excluded. The spatial average of the decorrelation level over
all pixels in the mapped landslide is plotted in a time series
from 1995 to 2000 using 157 interferograms (Figure 4).
In this set, there are about the same number of short‐,
intermediate‐, and long‐duration interferograms (all between
35 days and 1 year), and they are roughly distributed equally
throughout the year to eliminate potential biases. This plot
shows a substantial decrease in I during the summers of 1995,
1998, and 1999 when the slide slows and short‐duration
interferograms regain phase coherence. The decorrelation
extends longer into the spring of 1998 than other years. This
delay is attributed to the El Niño winter of 1997–1998 which
prolonged the high sliding rate into the late spring.
[25] The results for the summers of 1996 and 1997

highlight the problems encountered by plotting the full time
series. The temporal resolution for this method is low, and it
misses trends that occur over a short time span. Because
new SAR scenes are acquired at most twice every 35 days
(once for track 170 and once for track 442), there are often too
few interferograms that span a specific day and I becomes
quantized. For instance, if a date is spanned by only three
interferograms, the possible decorrelation levels are 0, 1/3,
2/3 and 1. A decrease in decorrelation level during the sum-
mer of 1996 is obscured by the lack of short‐duration inter-
ferograms that summer. The nominal value for I is high
(generally >0.7) because yearlong interferograms contain
both the winter and summer seasons. High decorrelation in
the winter biases the decorrelation level toward higher levels.
[26] Stacking all of the data onto a 1 year time frame

increases temporal resolution, revealing the spatial evolution
through the winter season. This method collapses all 5 years
of data onto a single calendar year, which effectively yields
a multiyear average for the decorrelation over the landslide
(Figure 5). With this technique, decorrelation is mapped as a
function of space and time. As the slide accelerates through

the late fall and into the winter months, the decorrelation
level increases first in the center of the slide and migrates
outward. This trend then reverses going into the spring and
summer. Because the decorrelation level is averaged over
several years using interferograms with various temporal and
perpendicular baselines, the result is a qualitative measure of
landslide activity. The value of the decorrelation level cannot
be used as a direct proxy for sliding velocity. Rather, relative
shifts in its level are indicative of when the phase gradient
passes a critical threshold. When the decorrelation level
ramps up sharply, it is a sign that the phase gradient threshold
has been crossed. And when it drops, coherence has recov-
ered and the slide has slowed enough to allow for successful
unwrapping of the phase.

2.3. Kinematic Constraints From Decorrelation

[27] The decorrelation mapping gives information on the
spatial and temporal extent of the PBL. Specifically, the
analysis shows that the phase becomes decorrelated over
the landslide at the end of each fall as the slide begins to
accelerate. Here we attempt to quantify the downslope
velocity when decorrelation occurs. The maximum theoreti-
cal phase gradient for successful phase unwrapping corre-
sponds to one fringe per pixel [Massonnet and Feigl, 1998].
However the phase gradient threshold is expected to decrease
as multiple factors act to lower the coherence level of the
radar echoes. Baran et al. [2005] explored the dependence
of the phase gradient threshold on coherence, and developed
an empirical relationship.
[28] We determine the maximum detectable phase gradi-

ent for our data set by using a similar empirical approach as
Baran et al. [2005]. The phase gradient threshold is deter-
mined by taking 5 interferograms of the study area, each with
different durations (35–105 days) and perpendicular base-
lines (37–127 m). A bell‐shaped deformation signal is added
to the multilooked wrapped interferogram. The processing
then proceeds as normal ending with an unwrapped geor-
eferenced differential interferogram (Figure 6a). By using the
actual interferograms over the Palos Verdes peninsula, the
inherent noise characteristics of the data are preserved, and
the processing procedures (such as filtering) are consistent
with those used to process the rest of the InSAR data set. After
converting the phase from radians to meters and using a pixel
dimension of 30 meters, we find that decorrelation occurs
when the phase gradient exceeds a threshold of ∼1.4 × 10−4

(Figure 6b). This threshold can vary within the range of 1–2 ×
10−4 depending on the duration of the interferogram, the
perpendicular baseline, topography, as well as other factors.
Our threshold is consistent with that found by Baran et al.
[2005] for coherence levels of ∼0.37.
[29] The phase gradient threshold is then used to constrain

the LOS rate when decorrelation occurs. For this calculation
the landslide is assumed to be described by a block where
strain is concentrated along the margins. The actual defor-
mation gradient around the PBL varies significantly along the
margins of the slide. The west side of the slide ramps up to
high deformation over a very short distant (within meters),
while the east side of the slide changes much more gradually
(within 100 meters) [Ehlig, 1992]. An average boundary
width of about two pixels (∼60 meters) is used in this study.
Thus for the shortest possible epoch (35 days), and the width

Figure 4. Full time series of average decorrelation level
over the mapped landslide. The decorrelation level does
not fall as expected during the summer of 1996 due to the
lack of short‐duration summer interferograms and high rain-
fall during the spring. The El Niño year of 1997–1998 exhi-
bits increased decorrelation level through the spring.
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of 60 meters for the margin of the slide, the maximum
observable deformation rate is 13 cm/yr along the satellite
LOS, with an uncertainty range of 9–19 cm/yr given the range
in the phase gradient threshold. The LOS rate from a summer
stack of interferograms (∼5 cm/yr) is well below this value,
as expected. This LOS rate of 13 cm/yr corresponds to a
downslope displacement rate of 2.6 m/yr, with an uncertainty
range of 1.9–3.7 m/yr.
[30] Since the sharp change in decorrelation corresponds

to the time when the maximum detectable phase gradient is
exceeded, decorrelation mapping can constrain the time
when a pixel exceeds the velocity threshold. Figure 7 shows
the decorrelation level over the slide based on all inter-
ferograms with epochs less than 1 year, condensed into a
single calendar year. A sharp increase in decorrelation occurs
within the month of December. Similarly, a sharp decrease
in decorrelation occurs within the month of May, so the
downslope velocity drops back below ∼2.6 m/yr.

2.4. Rainfall and Slide Activity

[31] Previous work shows that the Portuguese Bend
landslide is hydrologically driven, with the sliding velocity
increasing as the water table rises and pore pressure increases
[Ehlig, 1992]. As pore pressure diffuses through the slide
there is a lag between the onset of rainfall and the acceleration
of the slide. Rain gauge data collected by the city of Palos
Verdes can be combined with the decorrelation level to
measure how long it takes after the rainy season begins for the
slide to cross the phase gradient threshold.
[32] It is important to note that one does not expect a

direct relationship between the amplitudes of rainfall and
decorrelation. Decorrelation does not measure the defor-
mation rate of the slide directly, and once the slide becomes
decorrelated the sliding velocity can continue to increase
with no change in the decorrelation level. Only the sharp
changes in the decorrelation level are noteworthy.
[33] Rain gauge data are analyzed to determine when the

rainy season begins. The water year begins 1 October each
year, while precipitation is still at the extremely low summer
level (Figure 7). A cumulative rainfall amount of 1.9 cm is

used as a threshold to mark the onset of the rainy season.
Only trace amounts of rain fall each water year before
crossing this threshold, and once cumulative rainfall exceeds
1.9 cm, it tends to continue raining consistently. While it
would be preferred to compare a full time series of the
decorrelation level to the rainfall from 1995 to 2000, the
temporal resolution of the decorrelation level is too low to
retrieve lag times on a yearly basis. Averaging rain gauge
data from October 1995 to October 1999 yields a rainfall
initiation date of 15 November, plus or minus two weeks.
With the increased decorrelation over the slide confined to
the month of December, the lag time between the onset
of rainfall and the acceleration of the slide to velocities
≥2.6 m/yr is about 1 month. It is also possible that the slide
could respond to individual storms during the winter season.
However, we would be unable to resolve this given the
temporal sampling of the InSAR data.

3. Modeling for Hydraulic Diffusivity

[34] Iverson’s [2000]model predicts a relationship between
landslide velocity and time lag following a rainfall event
and describes how pore pressure diffuses through a landslide
on different timescales. Here the model is evaluated as one
potential application of the results obtained from the InSAR
data. Both the Minor Creek and the Portuguese Bend land-
slides are hydrologically driven and slow moving, allowing a
valid comparison between the two systems. Iverson [2000]
derives the following equation based on his dynamic model:

dv*

dt*
¼ S sin� 1� FS0 Zð Þ½ � þ S

�w
�s

tan�

cos�

Iz
Kz

�
R t*ð Þ½ � t* � T*

R t*ð Þ � R t*� T*ð Þ½ � t* > T*:

8<
: ð2Þ

[35] On the left‐hand side is the derivative of the normal-
ized velocity, v*, with respect to normalized time, t*. The

Figure 5. The spatial and temporal variation in the decorrelation level at the Portuguese Bend landslide.
Several years of data (1995–2000) are condensed onto a single calendar year and binned by month. Blue
areas have low levels of decorrelation. Warm‐colored areas are decorrelated for nearly every interfero-
gram for a given month due to high rates of sliding. The decorrelation increases sharply in December
and decreases in May, consistent with the seasonal acceleration of the slide. The white line in the first
frame shows the mapped extent of the landslide.
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velocity has been normalized so that v* = v/
ffiffiffiffiffiffi
Zg

p
, where Z is

the depth of the slide and g is gravity. On the right‐hand side
of equation (2) are two terms. The first includes the factor of
safety (FS), which is set to 1 for the point at which slope
failure occurs. The remainder of the equation is a function of
the normalized time, t*, where t* = (4Dot cos2a)/Z

2. The
diffusivity, Do, is the variable that will ultimately be esti-
mated in our analysis. The other coefficients are properties of
the landslide: gs is soil unit weight, gw is pore water unit
weight, a is slope angle, � is friction angle, S is a scaling
coefficient, and Iz/Kz is the infiltration rate normalized by the
vertical hydraulic conductivity. The normalized time, t*,
appears in the form of Richard’s equation, as shown below:

R t*ð Þ ¼
ffiffiffiffiffiffiffiffiffi
t*=�

p
exp �1=t*ð Þ � erfc 1=

ffiffiffiffi
t*

p� �
: ð3Þ

[36] Iverson [2000] uses known parameters from Minor
Creek to predict the landslide velocity. The decorrelation

analysis yields the landslide velocity at one specific time from
the onset of rainfall. Fitting the model to the velocity data, an
estimate for Do, can be achieved. Here we assume that pore
pressure variations on the PBL evolve according to a verti-
cally oriented Darcy flow, rather than fracture‐dominated
transport, which may generate much more rapid response
times. Diffusivity plays a vital role in slide mechanics
because it dictates how quickly fluctuations in pore pressures
propagate through the slide. The unknown parameters in
equation (2) are the normalized vertical infiltration rate, Iz/Kz,
and the diffusivity,Do. Because the modeled velocity is much
more sensitive to diffusivity than infiltration rate, we con-
strainDo for the full range of realistic values of Iz/Kz [Iverson,
2000]. Additional parameter values are listed in Table 2.
[37] Integrating equation (2) yields the velocity, v*, with

respect to the time since rainfall onset, t*. The two open
circles in Figure 8a are the summer displacement rate from
the InSAR stack and the winter displacement rate con-
strained by the maximum detectable phase gradient. Rea-
sonable values of Iz/Kz are between 0.1 and 5, so the vertical
infiltration rate is between one tenth and five times the
vertical hydraulic conductivity. For a given Do, varying Iz/Kz

between 0.1 and 5 creates a family of curves whose ex-
tremes bound the shaded areas in Figure 8. The value of Do

Figure 7. The average decorrelation level on the PBL (bold
line) is compared to the average rainfall rate on the Palos
Verdes peninsula (thin line). Data from 1995 to 2000 are
stacked onto a 1 year period. The gray vertical bars indicate
the onset of rainfall in November and the initiation of fast
deformation rates in December. The lag between the two
is about 1 month. The start of the rainy season is defined
here as when the cumulative rainfall reaches 1.9 cm. The
acceleration of the slide is indicated by a rapid increase in
the decorrelation level.

Figure 6. (a) The maximum phase gradient above which
the phase becomes decorrelated is evaluated by adding a
deformation signal to an interferogram (15 May 1997 to
19 June 1997) over the Palos Verdes peninsula. The interior
white region is decorrelated because of a steep phase gradi-
ent (black contours calculated from the input deformation
signal). (b) A histogram of the maximum phase gradient
threshold inferred from 5 interferograms. The phase is dec-
orrelated for phase gradients greater than ∼1.4 × 10−4.

Table 2. Modeling Parameters for the PBL

Parameter Variable Value

Slope angle a 6.3°
Landslide depth Z 18 m
Friction angle � 6°
Soil unit weight, wet gs 22,000 N/m3
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that fits for the most extreme case of Iz/Kz is used to con-
strain Do. Higher values of Iz/Kz push the curve to the left,
lower values push it to the right. In Figure 8a, the lower
family of curves (light gray region) corresponds to Do =
1.35 × 10−6 m2/s, and higher family of curves (dark gray
region) toDo = 1.70 × 10−6 m2/s. Even with a loose constraint
on Iz/Kz, the model constrains Do to a relatively narrow band
of values.
[38] The time lag between onset of rainfall and fast dis-

placement rate corresponding to the maximum detectable
phase gradient is only a rough estimate. In addition to set-
ting the lag to four weeks, Do is also found given 50% error
in this value, allowing the lag time to range from two to six
weeks (Figure 8b). Iz/Kz is still allowed to vary through all
reasonable values. This method now puts the outer bounds for
diffusivity at 0.9 × 10−6 m2/s and 3.5 × 10−6 m2/s. Iverson
[2000] finds Do = 1 × 10−6 m2/s at the Minor Creek land-
slide, similar to the value found for the PBL.
[39] Hilley et al. [2004] report a lag time between the

beginning of the rainy season and the sharp increase in
sliding velocity at the Berkeley Hills of up to ∼3 months. At
Minor Creek, Iverson [2000] finds a lag time of 5–8 days.
Through InSAR observations, the lag time at the PBL is
estimated to be 2–6 weeks. These three landslides are hydro-
logically similar, each characterized by slow, noncatastrophic

movement. However, they have very different responses to
rainfall. Examining the landslide parameters, landslide depth
may be a dominant factor in this response. A deeper landslide
should have a more delayed response to rainfall if the diffu-
sivities are the same. The depth of the Minor Creek landslide
is about 6 meters and it has the shortest lag time [Iverson,
2000]. While the average depth at the PBL is 18 meters
[Vonder Linden, 1989], and it has an intermediate lag time.
The Berkeley Hills slides have the longest lag time and the
greatest depth, at about 30 meters [Hilley et al., 2004].

4. Summary and Conclusion

[40] This study of the Portuguese Bend landslide has
incorporated several different remote sensing methods in an
attempt to monitor the slide, better understand its seasonal
dynamics, and constrain physical parameters. The mean
summer deformation rate of 1.00 m/yr with 1‐sigma uncer-
tainty range of 0.39 to 2.57 m/yr falls within one standard
deviation of the summer rate measured by campaign GPS
(1.17 ± 0.50 m/yr). While individual several month long to
yearlong interferograms are not necessarily coherent over the
landslide, enough short‐time span interferograms during the
summer months are coherent to obtain an average deforma-
tion rate for the same time period. This result is encouraging
in that many short‐duration interferograms can be stacked to
reveal a landslide signal.
[41] Although phase decorrelation is often ignored in

InSAR studies, it actually yields important information about
the PBL. By mapping decorrelation through time, the spatial
boundaries of the landslide are estimated and agree with the
boundaries mapped in the field. Additionally, the timing of
when the slide accelerates to velocities greater than 2.6 m/yr,
as characterized by the steep phase gradient along the edges
of the slide, is confined between the months of December and
May. Combining this result with rain gauge data, the lag time
between the onset of rainfall and the acceleration of the slide
is determined to be about 1 month. Mapping phase decorr-
elation requires a larger data set than the stacking techniques
used for coherent summer interferograms. If enough scenes
are collected, this method can be used to track the evolution
of events (such as landslides) where the deformation rate is
otherwise too fast.
[42] The increased decorrelation level in the winter de-

monstrates that the landslide moves faster in the winter than
the summer, consistent with previous studies that suggest
that the slide is hydrologically driven. During the summer
months the water table drops, reducing the pore pressure at
the base of the slide, increasing frictional resistance, and
decreasing slide velocity in response. Once rainfall reinitiates
in the fall, there is about a 2–6 week lag time during which the
rainwater generates pore pressure waves that percolate down
through the slide, reducing frictional resistance and increas-
ing sliding velocity.
[43] Applying the Iverson [2000] landslide model to the

PBL, we constrain the hydraulic diffusivity to be between
0.9 × 10−6 and 3.5 × 10−6 m2/s, despite significant uncer-
tainty in the lag time. This diffusivity is similar to or slightly
higher than that of the Minor Creek landslide, which Iverson
and Major [1987] examine in detail. Comparing physical
parameters at the PBL to those determined at Minor Creek

Figure 8. Modeling results for slide velocity as a function
of time since the onset of rainfall. Open circles mark the
summer and winter velocity constrained by InSAR. The
sliding velocity is used to constrain the hydraulic diffusivity
Do using the model of Iverson [2000]. The normalized
infiltration rate Iz/Kz is allowed to vary over a wide range.
(a) The winter velocity occurs 4 weeks following the onset
of the rainy season. The dark gray shaded region uses Do =
1.70 × 10−6 m2/s, and the light gray shaded region uses Do =
1.35 × 10−6 m2/s, given the uncertainty in the winter
velocity. Within each shaded region, Iz/Kz ranges from 0.1
(right end) to 5.0 (left end) of each region. (b) The sensi-
tivity of the model is analyzed accounting for the uncer-
tainty in the lag time since the onset of rainfall (2–6 weeks).
The diffusivity is constrained between 3.5 × 10−6 m2/s and
0.9 × 10−6 m2/s for the same range of Iz/Kz as in Figure 8a.
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[Iverson, 2000] and the Berkeley Hills [Hilley et al., 2004],
the PBL is found to have both an intermediate lag time and
landslide depth. The lag time is 2–6 weeks, as compared to
5–8 days at Minor Creek and ∼3 months at the Berkeley
hills, and the landslide depth is 18 meters, compared to
6 meters at Minor Creek and 30 meters at the Berkeley Hills.
This suggests that for landslides with similar hydrologic
properties, depth is an important factor in determining the
slide’s response to rainfall.

[44] Acknowledgments. We thank Robert Douglas for sharing the
campaign GPS solutions for the Palos Verdes peninsula. Computational
resources were funded by NSF (EAR‐0651123).
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