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Abstract

The combined application of continuous Global Positioning System data (high temporal
resolution) with spaceborne interferometric synthetic aperture radar data (high spatial resolution) can
reveal much more about the complexity of large landslide movement than is possible with geodetic
measurements tied to only a few speciﬁc measurement sites. This approach is applied to an ~4 km2
reactivated translational landslide in the Columbia River Gorge (Washington State), which moves mainly
during the winter rainy season. Results reveal the complex three-dimensional shape of the landslide mass,
how onset of sliding relates to cumulative rainfall, how surface velocity during sliding varies with location on
the topographically complex landslide surface, and how the ground surface subsides slightly in weeks prior
to downslope sliding.

1. Introduction
The three-dimensional (3D) geometry and movement of landslides, particularly large landslides, can be complex and difﬁcult to characterize. Conventional stability analyses (e.g., Rogers & Chung, 2016) require
estimates of depth to the basal slip surface and material properties, which are usually obtained from ﬁeld
investigations at a few speciﬁc locations. Acquisition of such data typically involves expensive drilling or excavation at a limited number of locations, and properties between holes can only be interpolated. Furthermore,
some landslide sites may be hazardous to work on and/or inaccessible.
Existing noncontact methods for determining failure surface geometry and landslide volume, such as the
balanced cross-section method (e.g., Aryal et al., 2015; Bishop, 1999), the dislocation model (e.g., Aryal
et al., 2015; Nikolaeva et al., 2014), and the mass conservation approach (Booth et al., 2013; Delbridge
et al., 2016; Huang et al., 2017), require only an analysis of 3D displacement maps. However, these methods
vary in their accuracy based on the underlying model assumptions: the balanced cross-section method considers multiple cross sections independently without taking adjacent bodies into account, and the dislocation
model largely simpliﬁes the landslide geometrically and physically, employing a linear elastic model and a
single rectangle planar basal surface (Nikolaeva et al., 2014). Alternatively, the mass conservation approach
used to map glacier ice thickness (Farinotti et al., 2009; Morlighem et al., 2011) has been extended to landslide
thickness inversions (Booth et al., 2013; Delbridge et al., 2016; Huang et al., 2017). The accuracy of these
noncontact methods is limited to the accuracy of the utilized 3D displacement ﬁelds.
Spatially continuous 3D displacement ﬁelds can be constructed by geodetic methods such as differential
digital elevation models (DEMs), pixel offset tracking using optical or synthetic aperture radar (SAR) images,
and interferometric SAR (InSAR) when three or more measurements of independent imaging geometries are
available. Application of these methods still presents challenges.
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The differential DEM method requires repeat high-resolution DEMs, such as bare-earth light detection and
ranging DEMs, which are not commonly available for landslide areas. The pixel offset tracking methods estimate deformation using pixel shifts, detected by searching for the cross-correlation peak between the matching patches of two images (e.g., Michel et al., 1999; Scambos et al., 1992). Optical images can be used for pixel
offset tracking, but landslides are generally located in vegetated hilly terrain, so that ground features are
difﬁcult to distinguish with optical data. SAR electromagnetic waves can penetrate vegetation to a certain
degree (depending on the wavelength and characteristics of canopies such as thickness and moisture), making SAR data better for pixel tracking than optical data. However, spaceborne SAR data have large pixel
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spacings (several to dozens of meters). Pixel offset tracking is only applicable when the displacement exceeds
~1/10 of the pixel spacing between two temporal acquisitions (Hu et al., 2014; Wang & Jónsson, 2015), such as
for the Slumgullion landslide, Colorado, where movement is as high as ~2 cm/day (Delbridge et al., 2016).
Thus, the deformation magnitude of slow-moving landslides, mostly less than tens of centimeters per year
(e.g., Mackey & Roering, 2011), is generally too small for detection by pixel tracking and not appropriate
for this study.
InSAR methods determine deformation from the differential phase shift of reﬂected radar waves returning to
the sensor in temporally spaced data acquisitions. But general limitations of the methods include the geometric distortion due to topographic relief and poor coherence due to vegetation (e.g., Hu et al., 2016).
Spaceborne InSAR is additionally limited by signiﬁcant insensitivity to north-south motion due to line-of-sight
(LOS) slant-looking geometries of near-polar-orbiting SAR satellites. Airborne InSAR methods (such as radar
sensors mounted in unmanned aerial vehicles—UAVSAR systems) have the advantages of high-resolution
detection (submeter to meter level), and they are not restricted to the ﬁxed-looking geometries (allowing
the detection of north-south motion) (Delbridge et al., 2016). However, airborne SAR data seldom cover large
areas, and data availability is generally restricted due to agreements between service providers and clients.
Decrease in effective shear strength along basal shear surfaces due to increased pore pressure from inﬁltrated rainwater (or snowmelt) is a major trigger of landsliding (Iverson et al., 2000; Iverson et al., 1997).
The correlation of landslide movement with seasonal rainfall in the study area of the Crescent Lake landslide
(Hu et al., 2016; Tong & Schmidt, 2016) indicates that it is the operative trigger mechanism. But rainfalltriggered landslide movement, particularly the time of failure and extent of displacement and runout, is typically difﬁcult to predict, because (a) the ﬂuid pressure evolution is complex, owing to the combined effect of
groundwater inﬂow and inﬁltration and to variations in subsurface ﬂow paths due to the heterogeneous soil
matrix at and above the basal slip surface (Iverson, 2000; Iverson et al., 1997); (b) landslide movement is highly
sensitive to the initial soil porosity and can result in contrasting dynamics upon shearing (Iverson et al., 1997;
Iverson et al., 2000); and (c) the time required for inﬁltration and pressure transmission to elevate the pressure
head at the basal shear zone is uncertain (Iverson, 2000; Priest et al., 2011).
In this study, we apply a method using ascending- and descending-track InSAR measurements, constrained
by the topographic slope, to ﬁrst derive the long-term quasi-3D displacement ﬁelds for a large seasonally
slow-moving landslide, and then to invert for active landslide thickness (Booth et al., 2013). Our analysis
reveals a basal slip surface that is more irregular than might be expected for a translational landslide thought
to be sliding on bedding-parallel surfaces within a sedimentary deposit. Together with the on-slide continuous Global Positioning System (GPS) measurements, geodetic InSAR observations reveal an unexpected precursory subsidence of the landslide surface before downslope sliding begins.

2. Study Area and Data
The Washington side of the Columbia River Gorge is especially prone to landslides due to weak underlying
volcaniclastic sedimentary units that dip toward the river at 2°–10°, a wet winter climate, and steep unbuttressed slopes. Approximately two thirds of this terrain in the western Columbia Gorge comprises old or
currently active, mostly translational landslides (Pierson et al., 2016). The inﬁltration of winter rainfall and
snowmelt elevates pore-water pressure and reduces frictional strength at a number of potential failure surfaces at different levels within the volcaniclastic units, resulting in landside reactivation (Handwerger et al.,
2015; Mackey & Roering, 2011). The focus of this study is the ~4 km2 Crescent Lake landslide (Figure 1), a
translational landslide in Skamania County just west of Stevenson, Washington (Pierson et al., 2016). The
landslide moves mainly during the winter, much of it at an average rate of 15–20 cm/year (Hu et al., 2016;
Tong & Schmidt, 2016), and it has been active for at least several decades (Braun et al., 1998).
The Crescent Lake landslide, with an average surface slope of 10–11% (6°) facing southeast, is a reactivated
portion of the less than 600 years old Red Bluffs landslide within the ~36 km2 Cascade landslide complex. All
of the Cascade complex slides are composed of poorly sorted coarse landslide debris (blocks up to at least
many tens of meters in diameter), derived from Quaternary lavas of andesite and basaltic andesite composition, thick lavas of the middle Miocene Columbia River Basalt group, and lahar and coarse ﬂuvial deposits
(andesite and dacite particles) of the lower Miocene Eagle Creek Formation and the upper Oligocene
Weigle Formation (informal name) (Palmer, 1977; Pierson et al., 2016; Randall, 2012; Wise, 1961). Clay-rich
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Figure 1. Location maps of study area: (a) synthetic aperture radar data coverage and (b) shaded relief map of the Cascade
landslide complex (Pierson et al., 2016), with dashed outline of Crescent Lake landslide determined by geomorphic evidence and early interferometric synthetic aperture radar interferograms. The solid black lines show other landslides within
the complex. The shaded area (covered by the array of circles) encompasses the area of detected movements (Hu et al.,
2016), downsampled to 100 m by 100 m grids for smoothness preservation; it is the area used for thickness inversion. The
red dot marks the location of the continuous Global Positioning System station that provided the data for this study.

weathering horizons developed throughout the lower parts of Eagle Creek Formation and the upper parts of
Weigle Formation are believed to be the failure surfaces for most landslides in this area (Palmer, 1977; Pierson
et al., 2016; Randall, 2012; Waters, 1973), including the Crescent Lake landslide. The Crescent Lake landslide
has not been drilled to determine thickness, but the adjacent Bonneville landslide (Figure 1) has a maximum
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thickness of about 150 m and an average thickness of about 76 m (Pierson et al., 2016), based on a cross
section determined by drilling (Palmer, 1977).
The Crescent Lake landslide is covered with forest vegetation that is moderate to sparse in coverage density.
This makes it compatible with SAR analysis, which can readily reveal creeping landslide motion in areas larger
than 0.2 km2 with limited vegetation cover (Zhao et al., 2012). Previous InSAR results of ALOS-1 Phased Array
type L-band Synthetic Aperture Radar 1 (PALSAR-1) data suggested a cumulative ~0.7 m slope-parallel displacement of the Crescent Lake landslide during 2007–2011 (Hu et al., 2016). However, the basal geometry at
depth and its movement timing had not been investigated in the prior study. To reveal details of ground
deformation and to invert for landslide body thickness, we collected multiple spaceborne SAR data, including
two ascending tracks (P218 and P219 data) and two descending tracks (P549 and P550 data) acquired by
ALOS-1 PALSAR-1 from 2007 to 2011, one ascending track (P67 data) and one descending track (P170 data)
acquired by ALOS-2 PALSAR-2, and one ascending track (P137 data) and one descending track (P115 data)
acquired by Sentinel-1A from the end of 2014 to 2016 (Figures 1a and S1).

3. Methods
3.1. Mapping a Quasi-3D Creeping Landslide Using Spaceborne InSAR Observations
The Crescent Lake landslide primarily moves to the southeast horizontally. However, spaceborne InSAR
observations are largely insensitive to north-south motion, regardless of the orbit direction (ascending or
descending). For InSAR available at Crescent Lake landslide, the radar heading angle is ~ 10° and the looking direction is ~80° for ascending data, which is nearly orthogonal to the slope aspect (~170°) at the lower
southeast section of the landslide (Figure S2). Therefore, the motion in this part of the landslide is nearly
undetectable. Four ascending/descending tracks of SAR data sets were used for each observation time period. The InSAR time-series processing method detailed in Hu et al. (2016) was used to process ALOS-1 and
Sentinel-1A data sets. For the other data sets with limited number of images, we used averaging/stacking
to obtain their LOS velocity. Data from ascending tracks share one radar-imaging geometry, and data from
the descending tracks share another. Therefore, there are essentially two independent measurements for
each time period, making it difﬁcult to constrain the complete 3D displacement ﬁelds. We therefore assume
that the long-term surface movement is exclusively downslope in the direction of slope aspect on the
slope-parallel basal surface under the force of gravity; that is, motion in the cross-slope direction (v) is
negligible (Figure S3). This assumption is supported by the observed GPS data, which indicate that v is much
smaller than u (Figure 2). Given this constraint, we can obtain the quasi-3D displacement ﬁelds (see the
supporting information).
3.2. Landslide Thickness Inversion
Landslide thickness can be determined from the governing equation for mass conservation, given the
assumption of incompressibility, which requires the 3D velocity ﬁeld to be divergence-free (∇ · V = 0). By vertically integrating this equation between the basal slip surface and upper surface, and applying kinematic
boundary conditions, a two-dimensional governing equation is derived,
∂h
þ ∇·ðhvÞ ¼ 0
(1)
∂t

where h is the landslide thickness, t is time, and v ¼ v x ; v y is the depth-averaged horizontal velocity, which
can be related to the surface horizontal velocity vsurf by v ¼ f ·vsurf , where f depends on rheological assumptions and ranges from 0 to 1. We further assume that the rheology of the landslide body is spatially uniform,
Y
yielding a constant f that can be expressed as f ¼ 1  3ðYþP
Þ , where Y and P are the thickness of the lower
yield zone and overlying plug region, respectively (Figure S3) (Delbridge et al., 2016). For the case of a power
law rheology, f = 1/2 corresponds to a linear vertical velocity proﬁle; f = 2/3 corresponds to Newtonian viscous
ﬂow, such that the entire depth has yielded and the plug region vanishes; 2/3 < f < 1 indicates plug ﬂow
(with a thin yield zone); and f = 1 implies a rigid sliding block with no yield zone (Booth et al., 2013). While
the inverted thickness is affected by the rheological parameter, the spatial pattern of thickness is unaffected
by the uniform value of the parameter f (Delbridge et al., 2016).
Assuming that the landslide basal surface does not change over the observation period, the rate of thickness
change is equivalent to the vertical surface velocity, vz. Equation (1) can then be written as
HU ET AL.
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Figure 2. Global Positioning System (GPS) displacements at the semipermanent GPS station (red dot in Figure 1) projected
onto the LOS direction in comparison with the Sentinel-1A measurements of (a) ascending track P137 and (b) descending
track P115, along with pre-30 day precipitation total (30 day cumulative precipitation before the assigned date) from a
nearby weather station (Cascade Locks, Oregon). The light green shading under the pre-30 day precipitation curves shows
the antecedent rainfall period, and the dark green shading corresponds to the period of slope-normal subsidence when
the precipitation is more intense. The inset diagram shows how ground displacement is sensed by a right-looking satellite
on a descending track. (c–e) GPS measurements with the corresponding components on u, v, and w directions based on the
slope-ﬁt coordinate system, along with pre-30 day and daily precipitation records.

v z ¼ f ∇·ðhvsurf Þ

(2)

We invert for h by using the nonnegative least squares method (Booth et al., 2013; CVX Research, Inc., 2013).
We set the upper threshold as 150 m at this site based on the thickness of an adjacent landslide (Pierson et al.,
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2016). The boundary condition is that the landslide thickness vanishes at its lateral boundaries (see the
supporting material for details of the solution procedure).

4. Results
4.1. Validation of InSAR Results Using GPS Data
We have acquired partially continuous GPS data from a station located in the central part of the Crescent Lake
landslide (red dot in Figure 1b) for two periods between late 2014 to mid-2016; data were missing during the
summer months of 2015 (Figure S4). The semipermanent GPS station (Dzurisin et al., 2017) is mounted in
~5 m block of rock “ﬂoating” in landslide debris and sits at an elevation of 260 m, where the landslide has
a local average slope angle of 9° and a slope aspect of 100° (measured clockwise from 0° at the north;
Figure S2). Comparing the LOS displacements of Sentinel-1A data to that derived by GPS (Figure 2) suggests
a good agreement with an average root-mean-square deviation of 5.68 and 10.11 mm for P137 and P115,
respectively. The orbit of P115 is descending, and the active lobe moves toward the satellite along the slant
range, in contrast to the results of ascending orbit of P137.
The high temporal resolution of Sentinel-1A data reveals a peculiar signal in the early part of the wet season
(primarily November): apparent upslope or slope-normal downward motion, which is also seen in the GPS
data, particularly in late 2015. To further investigate this anomalous movement, we transform the GPS measurements to the slope-ﬁt coordinates (see Figure S3 for the coordinate systems and Figures 3c–3e for GPS
results). Generally, v (normal to slope aspect and contained in the slope-parallel plane) is approximately
northward, u (slope aspect of the largest topographic gradient) is approximately eastward, and w (normal
to slope plane) is approximately upward. The precursory motion does not show in the u component, indicating that there is no actual upslope motion; the phase change is detectable only in v component. However, the
magnitude is only around 10 mm, much less than what is expressed in LOS by nearly 50 mm. These results
suggest that the early wet season signal must be the result of subsidence.
The precursory slope-normal subsidence and the subsequent downslope movement of the landslide mass
have been clearly captured by the descending Sentinel-1A satellite. This is because slope-normal subsidence
corresponds to slant range increase (movement away from the satellite), and the downslope motion corresponds to slant range decrease (movement toward the satellite). The descending LOS measurements pick
up the motions well, because the satellite LOS is looking nearly straight at the direction of oncoming
landslide motion.
4.2. Quasi-3D Displacement Maps
We use the estimated LOS velocity of each data set (Figure S5) to deﬁne the quasi-3D displacement ﬁeld
(horizontal and vertical movements) for the Crescent Lake landslide (Figures 3a–3c). Horizontal motion over
much of the landslide, shown by velocity vectors, is divergent away from the approximate center line of the
landslide. Along the southwest margin of the slide, motion is primarily to the south and deviates nearly 45°
from the average direction of movement. Along this margin the Crescent Lake landslide appears to be overlapping onto the older Bonneville landslide deposit, based on the morphologic appearance of this lateral
margin (Pierson et al., 2016) and on an abrupt change in landslide thickness along a lineament, where velocity changes direction and magnitude (Figure 3). Vertically, localized subsidence is clearly evident across the
entire upper part of the landslide (particularly in 2007–2011), and along much of the southwest margin.
Additionally, several localized zones near the mapped toe of the landslide exhibit some localized uplift.
Uplift along the northeast margin during 2007–2011 (but with different vertical motion in 2014–2016) might
reﬂect tilting of one or more large slide blocks.
4.3. Active Landslide Thickness
The inversion results indicate that Crescent Lake landslide is thickest (assumed up to 150 m) in a wide band
across the middle of the landslide that strikes across the topographic surface slope (Figure 3). The area outside of the active slide on the southwest margin has been masked out (cross-hatched zone in Figures 3d–3f).
Within the boundaries of the mapped landslide (solid line in Figures 3d–3f), the thick zone terminates
abruptly against a southeasterly trending subsurface escarpment (immediately left of the dashed line).
Longitudinally, the landslide thins toward its head and its toe areas.
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Figure 3. Thickness variation of the Crescent Lake landslide, obtained by inversion of the quasi-3D displacement ﬁeld.
Quasi-3D displacement velocity maps in unit of mm/year during (a) 2007–2011, (b) 2014–2016, and (c) the average of
2007–2011 and 2014–2016 of the shaded zone shown in Figure 1. The horizontal velocity vectors indicate direction
(effectively imposed by topographic slope) and magnitude of horizontal displacements, and the color shows magnitude of
vertical displacements. Thickness is shown in meters when (d) f = 1/2, (e) f = 2/3, and (f) f = 1, respectively. The solid line
shows the mapped boundary of the Crescent Lake landslide (Pierson et al., 2016), and the cross-hatched zone marks
the area outside of the southwest margin of the landslide. (g) Geometry of the smoothed landslide top surface and basal
surface when f = 2/3. Note that the boundaries of the topographic ground surface and the basal surface are superimposed,
but the topographic ground surface is raised to better reveal the basal surface variations. (h) Elevation contours of the
smoothed slope surface (gray lines and underlined digits) and the basal surface (colored lines and digits). (i) Proﬁles of
surface elevation and landslide basal surface elevations along the dashed line transect.

Use of a larger f value (more plug region and less yield zone) yields smaller thicknesses for the same displacement ﬁelds. Our results render landslide volume estimates of 6.6 × 108, 7.8 × 108, and 8.2 × 108 m3 for f value
equals to 1, 1/2, and 2/3, respectively, and assuming a maximum thickness of 150 m and unbiased slope and
aspect angles (Table S1). Our results are on the same order as the estimated volume (6.5 × 108 m3) of the
active part of the Red Bluff landslide (i.e., the Crescent Lake landslide) by Randall (2012). The inversionderived basal surface is hummocky (Figures 3g and 3h). This is realistic because most of the landslides in this
area have slid onto hummocky deposits of older landslides (Pierson et al., 2016). We obtain a longitudinal
thickness proﬁle of the landslide (transect at dashed line) by determining the elevation of the basal surface
as the smoothed surface elevation minus the derived thickness (Figure 3i). Surface slope aspect along this
transect is fairly uniform. The dependence of basal surface depth on f is more pronounced in the downslope
part of the proﬁle.
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5. Discussion and Conclusions
The Crescent Lake landslide is a moderately large (~4 km2), seasonally active, translational landslide in
forested terrain, the motion of which would be difﬁcult to characterize using standard geophysical methods.
We have used spaceborne InSAR analysis to augment data from a semipermanent GPS station to track
motion of the landslide over two wet seasons. InSAR analysis offers major advantages in characterizing kinematics of a complex landslide: (a) motion of the whole landslide can be evaluated, not just motion at a few
points; (b) temporal and spatial resolution of variations in motion can be determined at a weekly or biweekly
scale that allows the transient movements to be captured; and (c) variations in landslide thickness can be
determined by ground displacement measurements at a scale that allows the complexity of the landslide
basal surface to be characterized.
We propose a method to derive quasi-3D displacement ﬁelds using two independent spaceborne InSAR
measurements (ascending and descending) that could have applications for studying other deforming
bodies (glaciers, volcanic cones, natural dams, etc.). Determination of displacement ﬁelds also allows
variations in active landslide thickness to be approximated, based on mass conservation and assuming a
homogeneous deforming mass. Depth-averaged horizontal velocities are approximated from surface
velocities using the rheological parameter f. The assumption of downslope motion, taking as the reference
for the derivation of quasi-3D displacements, is in essence based on the topography, or more speciﬁcally,
the angles of slope and aspect at each target. Assuming that the uncertainty of slope and aspect is in ±3°,
the consequent landslide average thickness and volume (e.g., f = 2/3) can vary by about 8% (Table S1),
yet the spatial patterns of landslide thickness are not changed much (Figure S6). In addition to the input
displacement maps, the thickness approximations depend on (a) choice of the rheological parameter f,
which is essentially a scaling factor; (b) assigned landslide areas and boundary conditions, which
assert that the landslide thickness and motion vanish at the lateral margins; and (c) a priori knowledge
or estimation of maximum landslide thickness. Our results show that the thickest part of Crescent Lake
landslide is approximately in the middle and that there are abrupt changes in thickness, likely reﬂecting
underlying topography.
Spatial variations in surface movement of the landslide are complex. The ﬁeld of InSAR-derived groundsurface movement is larger than the previously mapped area of the landslide, which was deﬁned on the
basis of geomorphic features visible in light detection and ranging imagery (Pierson et al., 2016). Variable
amounts of subsidence during sliding occur primarily in the upper half of the landslide body, which
correlates strongly with zones of accelerated horizontal movement. Accelerated sliding is also evident along
the southwest lateral margin, where the landslide laps onto the older Bonneville landslide deposit and thins
substantially. Horizontal surface motion vectors vary in magnitude from nearly zero to about 350 mm/year
and vary in direction by nearly 90°.
Temporal variations in slide movement are also complex at the GPS station location in the middle of the landslide body. Under proper conﬁguration between radar looking geometry and slope geometry, InSAR LOS
observations may provide a unique perspective to better differentiate motions at different directions. Not
only is the onset of seasonal downslope sliding detected using Sentinel-1A data but a multi week period
of ground subsidence prior to the onset of sliding is also detected. Pronounced subsidence began early in
the rainy season after ~140 mm of antecedent rainfall accumulated. Once a total of ~270 mm of rain had
accumulated, major downslope sliding began (Figure 2 and Table S2).
The reason for the apparent presliding surface subsidence is uncertain. It could be due to elastic ground loading deformation in response to the accumulating mass of inﬁltrated rainfall (Fu et al., 2015; Hu et al., 2016),
which from the InSAR data arguably could have started at the beginning of the fall rain in 2016. In loose soils
subjected to shear stress, contractive soil behavior can occur during wetting or incipient motion (Iverson
et al., 2000), and this can cause subsidence. Such contraction of saturated granular soil causes pore pressure
at the failure surface to be rapidly elevated, and this, in turn, leads to abrupt decreases in shear strength that
can trigger runaway acceleration (Iverson, 2005; Iverson et al., 2015). But contractive soil behavior is unlikely
in this case, because where subsidence was detected, the slip surface is deep (~100 m) and subject to high
normal stress, the soil material is chemically altered and clay-rich, and slip has been occurring intermittently
for decades. Given these constraints, shear has almost certainly reduced porosity and strength at the slip
surface to a residual state in which further contraction is highly unlikely.
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The observed seasonal creep of this landslide argues for the opposite of contractive behavior—dilatant soil
behavior. Dilatant strengthening during shear in already compact granular material leads to slow, limited
shear in landslides (Iverson, 2005; Moore & Iverson, 2002). If critical-state porosity is never reached during
shear and if recompaction occurs during periods of no shear, episodes of slow shear can regularly recur, as
we observe at the Crescent Lake landslide. The observation that slip in this landslide occurs at its fastest rate
initially, followed by a long period of deceleration (Figure 2), suggests that shear strength gradually increases
during shear after the initial release. This mechanism would theoretically cause the ground surface to rise, not
subside, so further investigation is needed to explain the direction and magnitude of observed groundsurface movement prior to the onset of downslope sliding.
This study has shown that the combined application of continuous GPS data having high temporal resolution
with spaceborne InSAR data having high spatial resolution can reveal much more about the complexities of
large landslide 3D shape and movement than is possible with geodetic measurements tied to only a few speciﬁc measurement sites. It shows the variations in landslide thickness and the conﬁguration of the basal slip
surface. It allows timing of the onset of sliding and the rate of sliding to be linked with threshold intensities
and durations of rainfall. It allows spatial variations in sliding direction and rate to be assessed. And it also
allows interannual differences in landslide behavior to be assessed in light of year-to-year variations in rainfall
and other climatic factors.
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