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Ground-based interferometric radar (GBIR) monitoring was conducted on a slow-moving, translational failure
landslide in Granby, Grand County, Colorado, USA. Radar monitoring was completed over two separate surveys
in 2011 using a tripodmounted real aperture sensor. The purpose of thiswork is to evaluate GBIR as a temporally
densemonitoring technique formonitoring landslide displacement and compare themonitoring results to ongo-
ing GPS based surveying methods to verifymeasured displacements. We discuss the strengths and limitations of
GBIRdisplacementmonitoringwith a variety of available sensors, and place thismonitoring platform, sensor, and
workflow into context of previous slope stability monitoring with GBIR. For both surveys, displacement time
series were created through a small temporal baseline stacking to reduce noise andmaintain high temporal res-
olution. The results of the displacement time series were compared to average displacement rates derived from
GPS based surveying. An overall verification of radar and GPS derived displacement rates was achieved, and
identifies important differences relating to the precision and uncertainty of the two techniques. This work
demonstrates GBIR monitoring capability of establishing high temporal resolution on tracking variable rates of
landslide movements. Spatial modeling of total observed displacements was completed for both surveys verify-
ing a conceptualmodel of uniform translational landslidemovement, providing greater confidence formitigation
planning.

© 2013 Published by Elsevier B.V.
1. Introduction

The use of ground-based interferometric radar (GBIR) sensors has
become increasingly valuable to the monitoring of displacements of
landslides and unstable slopes. These sensors join a geodetic toolset
used to monitor landslides alongside laser-based Light Detection and
Ranging (LiDAR), global positioning systems (GPS), and photogram-
metric imaging. GBIR monitoring enables imaging of ground surface
deformation across large areas (b10 km2) with high spatial (b1 mm)
and temporal (b1 h. scan frequency) resolutions. GBIR systems have
been successfully implemented for landslide monitoring with good ex-
amples presented in literature across a range of sensor types (Leva et al.,
2003; Tarchi et al., 2003; Noferini et al., 2007; Barla et al., 2010; Casagli
et al., 2010; Schulz et al., 2012). Table 1 summarizes these works by
slope failure type, spatial and temporal resolution, sensor type, and
analytical method. The use of GBIR monitoring has been accelerated
by the adaptation of satellite-based interferometry software and analy-
sis techniques. Using these advanced algorithms, andwithmore control
over the platform scanning position, GBIR monitoring has distinct
advantages for landslide monitoring applications. However, GBIR
vier B.V.
monitoring must be conducted with knowledge of limitations and inte-
grated with traditional displacement monitoring to become a reliable
and trusted landslide monitoring tool.

This paper presents a high resolution displacement monitoring ap-
plication of a slow moving (according to Cruden and Varnes, 1996)
landslide using GBIR verified with GPS surveying techniques. The land-
slide is located near Granby, Grand County, Colorado, USA (Granby
landslide hereafter). Radar monitoring was conducted with a Gamma
Portable Radar Interferometer (GPRI), a tripod-mounted, rotational
scanning radar system with three-antenna real aperture imaging
(Figure 1). This sensor uses one antenna to transmit and two receiver
antennas, which can be configured for polarimetry or from multiple
baselines to subtract topographic effects. TheGPRI sensor is formally de-
scribed in Werner et al. (2008) which addresses issues of instrument
sensitivity and specific hardware configuration. This sensor differs
from other platforms used to monitor landslides in its use of a real (as
opposed to synthetic) aperture, a tripodmount, and rotational scanning
action (as opposed to track-based), creating a platform-specific set of
considerations for conducting displacement measurement monitoring.

Two sets of scanswere carried out in the summer of 2011; in June for
a 24-hour span and in August for a 36-hour span. Scanswere carried out
non-disruptively and independently from existing construction activi-
ties such as vehicle movement on the landslide, meaning that some im-
agery would not be useable for generating landslide displacements.

http://dx.doi.org/10.1016/j.enggeo.2013.07.007
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Table 1
Examples of GBIR monitoring of landslides by sensor and analysis method.

Study Location Failure type Range
resolution

Azimuth
resolution
at 1000 m

Temporal
resolution
(approx.)

Sensor Analysis method

Leva et al. (2003) Schwaz, Austria Debris flow 2 m 4 m 30 min Linear SAR-LISA Interferogram stacking
Tarchi et al. (2003) NE Italy Tessina landslide roto-translational 2 m 4 m 50 min Linear SAR-LISA Interferogram stacking
Noferini et al. (2007) NE Italy Rotational rock block slide 5 m 15 m 30 min GB-InSAR Permanent scatterers
Barla et al. (2010) NW Italy Deep seated gravitational slope

deformation (DSGD)
0.5 m 4.5 m 20 min GB-InSAR Permanent scatterers

Casagli et al. (2010) Italy Reunion landslide, Stromboli volcano 2 m 2 m 10 min Linear SAR-LISA Spatial averaging
Schulz et al. (2012) Lake City, Colorado, USA Slumgullion landslide complex 0.75 m 4.375 m 10 min IBIS-L GB-InSAR Permanent scatterers
This work Granby, Colorado, USA Translational landslide 0.75 m 7 m 7.5 min–15 min Gamma GPRI real

aperture
Interferogram stacking
using temporal baseline
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Radar interferometry measurement of displacement is necessarily
conductedwithin the sensor line of sight (LOS), requiring geometric ad-
justment into a corrected displacement model for use in characterizing
landslide kinematics, facilitated in this application by survey data.
Specifically, this paper presents a case study of a particular sensor com-
bination of GBIR and GPS monitoring on an active slow moving land-
slide. Generally, this work adds to the large range of application types
and sensors as well as addresses how methods of analysis contribute
to greater understanding of the use of GBIR in unstable slope and
landslide monitoring. GBIR imaging provides a continuous field of dis-
placement measurement serving to fill in the gaps between survey
monuments, but measurements are subject to issues with image quali-
ty, line of sight correction, phase aliasing, and the specific configuration
of the GBIR sensor used to acquire the imagery. This paper addresses
these issues specific to a landslide monitoring context using a newly
available sensor and presents a comparisonwithGPS surveying to verify
the sensor displacement measurements and suitability of the platform
for landslide monitoring. We discuss analytical approaches to opti-
mizing the use of the imaging and processing tools to image the land-
slide, as well as the implications of the large increase in data collection
capacity and temporal granularity provided by this remote sensing
platform.

1.1. Landslide monitoring radar interferometry from terrestrial platforms

The technique of radar interferometry relies on comparison of the
phase differences between the backscatter of repeated radar scans.
This technique allows for measurement of millimeter scale displace-
ment with radio wavelengths within the radar band (approx. 1 mm–

30 cm), making the technique particularly suitable for tracking active
Fig. 1. Deployed GPRI system and field of view of landslide.
landslides over a range of velocities.While success in landslidemonitor-
ing using spaceborne differential interferometric synthetic aperture
radar (D-InSAR) has been demonstrated (Hilley et al., 2004; Strozzi
et al., 2005), satellite-based monitoring in general suffers fundamental
challenges with non-zero baselines and sensor LOS obliquity to down-
slope landslide movements (Cascini et al., 2010). The fixed orbital peri-
odicities of satellite platforms range fromdays toweeks, preventingfine
temporal scale (b1 h) monitoring of dynamically moving landslides.
Other challenges in spaceborne investigations arise fromvariable spatial
baselines between satellite positions, unresolvable phase ambiguities,
and temporal decorrelation of signal in the target terrain (Colesanti
and Wasowski, 2006).

In ground based platforms, the radar scanning location can be posi-
tioned to reduce effects resulting from the obliquity between the radar's
LOS and landslide displacement direction. Imagery acquired from the
same platform location effectively becomes a zero spatial baseline set
of radar images, simplifying the workflow tomonitor temporal changes
from scan to scan. Small scan intervals (b1 h) and a zero spatial baseline
across scans allow for significantly improved control over interferogram
quality by reducing temporal decorrelation, and providing real time
data acquisition.

Joint GBIR and GPS based monitoring enable the measurement of
fascinating behaviors: Schulz et al. (2009) presented GPS and geo-
technical monitoring data that revealed displacement rate sensitivity
to atmospheric tides within the Slumgullion landslide. Follow-up mon-
itoring with a ground based synthetic aperture radar (GB-InSAR) in
Schulz et al. (2012) further verifieddisplacementmeasurements by cor-
relating kinematic elements a variety of displacement datasets collected
over decades of investigation. The Slumgullion project is a good exam-
ple of how high resolution techniques can be used to characterize a
spatially variable landslide with many sources of corresponding dis-
placementmonitoringmethods on long time scales. Further integration
of GBIR imaging workflows with GPS displacement monitoring is
important to more understanding of spatial and temporal landslide
dynamics as well as provides models for integrating GBIR into typical
geotechnical investigations.

2. Granby landslide overview

2.1. Existing displacement monitoring challenges

Information about the Granby landslide has been gathered in an
effort to assess stabilization options under a Request for Proposal docu-
ment issued by Grand County in late 2011, which presents preliminary
geotechnical investigation details (Grand County Government and
Gagnon, 2011). The Granby landslide has a surface area of approximate-
ly 160,000 m2 (40 acres) and is moving in a southwesterly direction.
Traditional GPS based surveyingperformed at this landslidewas collect-
ed independently by engineering consultants and is conducted on bi-
weekly or monthly schedules, limiting the temporal resolution to the
average velocity occurring between these visits. These visits require a
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Fig. 2. Layout of radar scan location and independently mapped landslide block extent with geotechnical instrumentation including groundwater monitoring points, survey monuments
with GPS velocities during June 2011.
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full day of the surveyor's time to collect all the points of interest in the
project area. Without significant additional instrumentation, this GPS
based surveying prevents efficient measurement of daily movement of
the landslide and can only resolve displacements that exceed the sensi-
tivity of the GPS device. Furthermore, GPS surveying methods only
tracks a limited number of points on the landslidemass that are vulner-
able to destruction during mitigation activities and landslide move-
ment. The resulting point-based dataset requires interpolation of
displacement values across measurements. Subsurface monitoring can
be conducted from boreholes, but this monitoring is necessarily limited
to short term monitoring due to casing shearing from landslide move-
ments. The RTK measurements represent averages of 3 GPS mea-
surements taken over 180 second epochs which was deemed to be
repeatable and reliable for this survey site. However, GPS accuracy is
dependent on a host of different factors including atmospheric delay,
systematic errors, post processing and accuracy is commonly accepted
at 1–5 cm under ideal conditions (Rizos, 1999; Bossler et al., 2002; Lee
and Ge, 2006).
Fig. 3. Interpreted cross section showing boreholes, geologic units, slip plane, and groundwater e
MM-J, MM-O and MM-M.
The spatial extent and direction of the landslide movement is illus-
trated by the vector plot shown in Fig. 2. The vectors represent displace-
ment during the month of June, 2011 derived from the GPS-based
survey. The subsurface investigation revealed a translational slip plane
at amaximumdepth of approximately 27 m illustrated in an interpreted
cross section in Fig. 3. Evidence of multiple remnant slip planes was
found in the boring logs, consistent with landslide footprint being locat-
ed in a mapped landslide deposit (Schroder, 1995). The slip planes con-
sist of weak clay layers that lie within the Middle Park Formation of
Eocene–Paleocene (depicted in gray in Figure 3), a unit of Tertiary Period
composed of sandstone and shale. The sliding mass is made up of
intermingled Middlepark, colluvium, and the reactivated sliding surface
has progressed into the landfill material. Monitoring of boreholes indi-
cated an active slip plane both through removable inclinometers and
eventual shearing of the borehole at this depth. While additional work
is ongoing, no evidence of reactivation on multiple slip surfaces has
been identified, indicating that the landslidemovementwas constrained
to a single failure surface at the time of the radar monitoring.
levation. SurfacemovementmonumentsmonitoredwithGPS are shown, includingMM-H,
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Landslide movement was first observed in spring 2007 with a dis-
placement rate of approximately 0.01 m/day. The rate of movement
has been monitored via traditional survey on a monthly basis since
2007 and on aweekly basis during 2011. The velocities have been calcu-
lated using repeated surveys 7–30 days apart and donot resolve diurnal
changes in the displacement field. The GPS surveying tracks displace-
ments using real time kinematic GPS, relying on a stable base station
off the landslide to resolve monument movements on the landslide.
These velocities are calculated in three-dimensions (3D), but are
tracked in this paper as horizontal displacements, as the contribution
from the vertical settlement is negligible due to shallow dipping (5°)
translational failure. A total of 66 survey monuments have been
installed during the initial investigation; 21 of those monuments were
destroyed due to landslide or construction activity.

Landslide movement varies seasonally, with peak movements coin-
cident with groundwater table (GWT) rise from snowmelt. Landslide
movement reached peak velocities of 0.015–0.20 m/day in spring
2011. Landslide velocity has varied seasonally each year in correlation
with seasonal variation in the GWT. Fig. 4 presents the range of
survey-derived displacement velocities (m/day) and the change in
GWT (m) of select monuments for a 12 month cycle. These measure-
ments indicate a generally uniform flow field of displacements, indicat-
ing a primarily translational failure, with a ratio of depth of rupture to
length of rupture (Dτ/Lτ) in 0.1, typical of translational failures
(Skempton and Hutchinson, 1969). Mapping of slide boundaries have
been conducted by field identification of surface shear zone indicators
on translational boundaries, tension cracks and scarp features at land-
slide crown, and heaved or overriding soils at the landslide toe.

3. Methodology

3.1. Line of sight measurements and radar displacement measurement

Radar interferometry is conducted by comparing the phase and am-
plitude components of two or more radar images to detect andmonitor
small changes (mm-scale) in the Earth's surface that are undetectable
by typical optical imaging (Massonnet and Rabaute, 1993). Analysis of
the phase difference between two or more images provides a measure-
ment of the change of distance to the ground surface between the two
images, and the phase shift between image measurements reflects
changes in the distance between the sensor and the ground surface,
i.e., displacement in the LOS direction. The relationship between phase
difference and displacement is given by:

δline of sight ¼
−λδϕ
4π
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Fig. 4. Average GWT change and average survey monument displacement rate. Radar
scans were deployed in June and August of 2011. Range of values shown in error bars.
The sensitivity of interferometric radar to displacement is therefore
determined by the wavelength λ of the radar since the phase change
ϕ can only be measured between a 4π change given 2-way travel of
the radar pulse. As displacement measurements are made in LOS, posi-
tioning of radar site in terrestrial platforms is a critical part of planning
an effectivemonitoring program. In the case of the Granby landslide, in-
formation about landslide movement and direction was available from
existing geotechnical investigation, allowing LOS sensitivity to be antic-
ipated before radar imagery was collected. Given the mobility of the
GBIR platform though, monitoring could also be conducted in a recon-
naissance mode, deployed without a priori information to constrain
movements from multiple scan positions at the cost of temporal
continuity.

3.2. Radar system configuration

The radar was deployed across a valley from the Granby landslide
with a field of view looking due east (Figure 2). The LOS displacement
from this angle is oblique to the landslide's motion by about 45° at the
center of the landslide block with obliquity angles varying through the
radar image due to rotational scanning action of the GPRI platform.
This obliquity is compensated for in post-processing. The GPRI system
was equipped with a Ku band antenna capable of resolving mm move-
ment using a wavelength of 1.76 cm (Werner et al., 2008). Further sys-
tem configuration and instrumental parameters are summarized in
Table 2. The GPRI sensor has a range resolution of 0.75 m and a range
dependent azimuth resolution of about 7 m at 1 km. The range of the
scan position to the landslide varies between 350 m and 800 m or an
azimuth resolution that varies from 2.5 m to 5.6 m. Two time-lapse
radar surveys were conducted in June and August 2011, respectively,
from the same monumented position. An 80° field of view with a
2.5 km range limit was selected to encompass the full view of the
mapped landslide boundaries (Figure 2) established from previous
mapping. Individual scan times were approximately 15 s and repeated
with aminimum interval of 7.5 minute tomaximum15 minute interval
between scans. Antenna incidence angle was set at horizontal to maxi-
mize the detection of horizontal (translational) displacement, the pri-
mary motion in this landslide.

Beyond physical configuration, processing of the acquired radar im-
agery requires a number of steps to properly conduct the differential in-
terferometry and calculate LOS displacements. The specific combination
and parameterization of these separate steps are accomplished with a
combination GAMMA provided software, geospatial calculations, and
file processing, resulting in a customized workflow that is suited for
landslide monitoring with objectives in temporal continuity.

3.3. Imagery processing and interferogram generation

All images were co-registered with the first scene in the time series,
and offsets were calculated using cross-correlation matching of small
sub-image chips distributed throughout the radar images. Offsets in
radar images were corrected with 1st order polynomial resampling to
Table 2
Radar system configuration.

Type Real aperture FMCW

Manufacturer Gamma RS
Antenna length 2 m
Frequency 17.2 GHz (Ku band)
Wavelength 1.76 cm
Range resolution 75 cm
Azimuth resolution Range dependent:

3.5 m @ 500 m, 7 m@1 km
Displacement sensitivity b1 mm LOSWerner et al. (2008)
Temporal resolution 7–15 min
System deployment time 15 min
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ensure proper coregistration of the collected SLC image stack. Interfero-
gramswere created from a network of temporally adjacent scene acqui-
sitions within the June and August surveys, respectively. For each scan,
offset-corrected, single look complexes (SLCs) or sceneswere interfered
in the phase spectrum of the imagery to generate interferograms. A
temporal network of interferograms was created by interfering
coregistered SLCs from 3 scenes before and 3 scenes after each 15 min-
ute SLC acquisition. This approach is functionally similar to an SBAS-
type algorithm (Berardino et al., 2002), though spatial baseline in our
case is zero. While interferometry could theoretically be conducted for
every SLC pair, temporally adjacent SLCs provide the least decorrelation.
Some noise reduction is useful in filtering scene-to-scene atmospheric
noise. For the interferometry network for a single scene, a small tempo-
ral baseline limit of b60 min establishes a network of 6 interferograms.
When this set is stacked through averaging, the resulting image pro-
vides a sufficient reduction in interferogram noise while preserving ef-
ficient processing. The analysis approach used during both surveys is
illustrated in Fig. 5. Interferograms spanning the two radar surveys
were not created due to the large time span and large movement and
phase decorrelation of the landslides between these two time periods.

3.4. Phase unwrapping and displacement inversion

Individual interferograms were filtered using a slope-adaptive filter
to improve unwrapping to displacements. Phase unwrapping was ac-
complished using a minimum-cost flow algorithm (Costantini, 1998;
Chen and Zebker, 2000). After phase unwrapping, some interferograms
contained a linear phase ramp that most likely represents a tropospher-
ic path delay rather than a true offset. Such atmospheric effects are likely
due to variable humidity levels during a scanning survey, and these cor-
relate well with the humidity log for the August survey. We removed
the atmospheric phase bymodeling a linear phase ramp and subtracting
it from the interferogram after Zebker et al. (1997).

A time series was interpolated using the individual interferogram in
an over-determined, linearized least-squares inversion (e.g. Schmidt
and Bürgmann, 2003). Displacement inversion requires consistently
high coherence imagery. The aim of this step was to produce a time
series of interferometric phase for each image acquisition time. Using
each radar image in multiple interferograms reduced the noise in the
Fig. 5. Interferogram generation and ti
resulting time series. The resulting time series of interferometric
phase was then converted to LOS displacements based on the radar
wavelength (0.0176 m) and the viewing geometry. Sources of error in
the interferograms include system noise which can be smoothed and
averaged out through stacking and unwrapping errors due to improper
phase ambiguity resolution, which can be recognized easily by jumps in
the displacement by half the wavelength.

GPS survey measurements show a uniform velocity field that can be
used to correct LOS obliquity using the geometry of the radar scan and
topographic aspect calculated from the radar derived digital elevation
model (DEM). Also, the imagery was collected in a horizontal LOS, mak-
ing the interferometry sensitive only to horizontal displacement and in-
sensitive to changes in elevation.

Displacementmapswere geocoded using a high-resolutionDEMde-
rived from airborne LiDAR collected through the USGS CLICK as part of
the National Elevation Dataset (Stoker et al., 2006; Gesch et al., 2007).
The radar results were then integrated into a geographical information
system (GIS) that allowed for cross referencing of the image to known
features on the landslide slope and comparison to previousmapping ef-
forts including independently mapped landslide block boundaries and
surveying monuments. Low angle shadowing of the radar field of view
allowed for verification geocoding of the radar imagerywith topograph-
ic shadowing and feature matching.

4. Results

4.1. Imagery and interferogram quality

The radar surveys successfully imaged the majority of the landslide
from this field of view, with moderate topographic shadowing. Some
strong-returning signals associated with structures on the landslide
are present in the imagery near the landslide, such as the fence lines
near the toe of the landslide and running longitudinally in the imagery
near the center of the scene (Figure 6). Although the imagery was gen-
erated entirely from a single scan position, a functional zero baseline,
some offsets did exist and were corrected within the imagery. Overall,
images generated from scanning were of sufficient quality to generate
interferograms that could be used to derive displacements for
11.5 non-continuous hours in the June survey and 36 continuous
me series displacement dataflow.
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hours in theAugust 2011 survey. In June, displacementswere calculated
between 7:30 to 13:00 on June 10, 2011 and between 4:00 am and 9:00
am on June 11th, 2011. Low coherence imagery prevented interferome-
try for a gap of 5 h in the collected imagery in the June 2011 survey.
While other sources of scene-to-scene decorrelation may be present,
construction activities of re-grading and material additions likely con-
tributed to most decorrelation of the imagery. On August 14, 2011, co-
herent imagery was used to create displacement maps from the hours
of 20:00 to approximately 10:00 on August 16th. A typical amplitude
image of a radar scan is shown in Fig. 6, illustrating topographic
shadowing and the strength of signal return in various parts of the
scene. Pixel size footprints on the surface vary with range; but are gen-
erally about 2 m (azimuth) by 0.75 m (range) at the toe and about 4 m
(azimuth) by 0.75 m (range) near the crown.

4.2. Radar measured displacements and survey comparison

Importantly, the GPS surveying was conducted independently as
part of ongoing stabilization activities. GBIRmonitoringwas not coordi-
nated with ongoing construction activities resulting in staggering of
dates for GPS survey and radar monitoring. This results in limitations
in the temporal coincidence of the GPS-radar comparison. This com-
pounds the disparity in measurement sensitivity and temporal sam-
pling differences between the RTK based GPS measurements and
radar interferometry. Therefore the goal of the comparison is to verify
the average velocities of the radarmonitoring against GPS based survey-
ing. This comparison allows for confirmation of the general accuracy of
the technique, as well as facilitates a discussion of strengths and limita-
tions of GBIR being applied to landslide investigations with typically
available methods.

After unwrapping and filtering, LOS radar displacements were ob-
served in both surveys. This discussion focuses on analysis of LOS dis-
placements due to the goal of evaluating the performance of GBIR
against more traditional methods which are measured in actual dis-
placements. Quantitative verification of GBIR is best suited to a discus-
sion of LOS observations as GBIR is necessarily conducted with the
sensors reference frame. Fig. 7 presents processed displacements over
both surveys at 1 and at 5 h. Faint displacements are apparent after
1 h and clearly identifiable in June, but August monitoring does not re-
veal the landslide bounds till further intomonitoring due to the deceler-
ated rate.

Fig. 8 presents stacked displacements in terms of daily displacement
rate from both surveys. Orthorectified radar imagery clearly maps the
landslide boundaries, with contrasts between zones of horizontal dis-
placement and stable ground. Maximum LOS displacements of
0.018 mand 0.09 mwere observed during the 11.5 h June and 36 hAu-
gust surveys, respectively. These images resolve clear features of the
landslide, including a translational shear boundary on the northern
landslide boundary, horizontal displacement at the toe, and even a
clear boundary between slide block and crown at the upper part of
the landslide block, especially apparent in June imagery. The southern
boundary is diffuse, indicating more of a shear zone than a shear
plane, though this zone is somewhat obscured by terrain shadowing.
Also, this zone may be exhibiting displacements in the vertical that
are only revealed by the change in LOS horizontal component by the
radar images, implying the need for multiple scan positions in the
future.

Comparisons with GPS were conducted by selecting the pixel on
unwrapped interferogram where the monument was located. Four
monuments, MM-H, MM-J, MM-M, and MM-O, were selected to com-
pare daily average velocities from the period of radar monitoring to
the GPS derived velocities in both June and August are included in
Table 3. These monuments were visible from the radar scan position
and located on the central part of the landslide block. A full table of
radar and GPS derived velocities is included in Table 4 (supplemental).
Other monuments were selected for comparison when visible by the
radar and are included in the bulk comparison, discussed below.

Displacements generally increased linearlywith time,with someob-
servable scatter. Fig. 9 presents a comparison of radar derived displace-
ment rate versus the LOS component of the traditional survey derived
displacement rate. Mean daily displacement rates were estimated
from the linear trend lines through the time series displacement data.
Despite the difference in timing of GPS surveys and radar monitoring,
the average radar and survey derived velocities are well correlated.
Scatter and offset in these data are due to differences in survey period,
local variation due tomodel smoothing after phase unwrapping, and to-
pographic shadowing that under-sample the terrain in the radar survey.
General agreement between radar and GPS-survey derived velocities
verify the overall approach of this platform and workflow to monitor
displacement rates on a slow moving landslide. The comparison
shows general agreement and clearly indicates the higher displacement
rate of the landslide in June and the lower displacement rate in August.
The deviation from unity in the August survey indicates a faster dis-
placement rate measured by the GPS survey which occurred before
the radar survey. The GPS survey averages displacement rates over a
2 week period during the overall seasonal deceleration of the landslide

image of Fig.�6
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Table 3
Radar and selected GPS derived line of sight displacement rate estimate comparison.

Monument Radar derived mean
displacement rate (LOS)

GPS survey derived mean
displacement rate (LOS)

June 2011 10/6/11 over 12 h 7/6/11–14/6/11
MM-H 0.0152 m/day 0.0152 m/day
MM-J 0.0173 m/day 0.0161 m/day
MM-M 0.0177 m/day 0.0164 m/day
MM-O 0.0173 m/day 0.0131 m/day

August 2011 14/8/11–15/8/11 over 36 h 2/8/11–14/8/11
MM-H 0.0030 m/day 0.0059 m/day
MM-J 0.0035 m/day 0.0074 m/day
MM-M 0.0037 m/day 0.0079 m/day
MM-O 0.0035 m/day 0.0087 m/day
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and so are expected to measure faster rates of displacement than the
36 hour radar survey. The standard error of the mean of the time-
series interpolation was 0.0035 m for the June 2011 survey and
0.004 m for the August 2011 survey, established statistically through
processing of the interferograms, both smaller than the apparent limit
of detection for both surveys. This error represents the statistical error
of the modeled inversion of LOS displacement unwrapping for the
entire time series. This error is therefore specific to the spatial and tem-
poral quality of the imagery for both surveys. Survey measurement
error in the August case begins to show the limitation of GPS error for
small displacements. Although the RTK method is repeatable at less
than 1 cm displacements, positional error may be contributing to the
offset of GPS displacement rates in Fig. 9.

Finally, time series displacements of single image locations were
created for the selected monuments MM-H, MM-J, MM-M and MM-O,
which had continuous uninterrupted imagery and consistently high co-
herence resulting in a finely resolved, tightly constrained measure of
displacement at these locations (Figure 10). Though the displacements
are generally consistent with the rates observed through GPS, there
are nonlinear temporal changes in velocity observed in the August
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Fig. 9. Comparison of radar and GPS derived displace
survey. These changes in velocity are slight but nonetheless represent
dynamic displacement conditions that vary on different locations across
the slide. This work shows that GBIR capable of investigating move-
ments on these scales, but longer deployments are necessary for inves-
tigating and verifying diurnal fluctuations of velocity. Also, no other
instrumentation on the landslide was collecting measurements at the
temporal density of the radar measurements (7–15 minute intervals)
meaning that no confirmatory data can be used to verify the observed
fluctuations at this fine of a timescale. Further investigation with high
density measurements must be deployed to confirm the variation in
displacement rate as well as longer radar occupations to confirm the
observed behavior over multiple days.

4.3. Horizontal displacement modeling

Correction of radar measurements to LOS displacement requires a
global correction to the displacements or simultaneous capture frommul-
tiple instruments to correct obliquity of scan angle compared to horizon-
tal displacement direction. Since the GBIR system is a rotational scanner,
the LOS obliquity varies azimuthally across the scene. Using an average
movement direction from previous surveys monument displacements, a
final displacementwas transformed fromLOS to horizontal displacement.
To complete the displacement modeling, low coherence zones and topo-
graphic shadowingwere interpolated through to create a continuousfield
of landslide surface displacement for both the July and August surveys.
These interpolations are presented in Fig. 11.

While translational failure appears to be primary mode of failure,
actual horizontal displacement measurements indicate at least some
differential displacement is occurring across the landslide mass, with
fastest displacement rates observed in the northern portion of the land-
slide near the head. The change in displacement rate changes smoothly
across the block. If there were active slip planes or shear zones internal
to the block, these features would result in abrupt changes in displace-
ment imagery and would be indicative of kinematic heterogeneity but
none are apparent during either survey. Therefore we conclude that
August Trendline
y = 1.0617x
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June Trendline
y = 0.4777x
R² = 0.6541
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no complex failure activity existed at the time of the survey within the
main landslide mass, consistent with the accepted conceptual model
of a landslide with primarily translational failure. The radar imagery
and displacement modeling verifies the conceptual model and allows
decisions to be made with less uncertainty. Because of its continuous
spatial field and fine scaled temporal granularity, the GBIR monitoring
data confirm the lack of kinematic landslide elements that might have
existed between GPS survey measurement points.

Due to primary objective of tracking horizontal displacements, this
investigation did not resolve vertical displacement measurements.
While toe heave and block head settlement are obvious from site inves-
tigations, a second survey location will need to be established in the
future to monitor displacement in the vertical direction, and generate
3D displacements. For example, a scanning position below the landslide
south east of the current position conducted with angled aperture
would be expected to detect such displacements, though topographic
shadowing from this location would be more prevalent. Alternatively,
the ground based investigation could be supplemented by satellite
based imaging which is more natively suited to vertical movements.

5. Conclusion and future applications

Landslide displacement using the GPRI platform is capable of
detecting and monitoring displacement in mm-scale and useful in
resolving small scale temporal variation in slip rates. By leveraging the
zero spatial baseline, this interferometry collection and processing
methodology reveals a high level of temporal resolution of the displace-
ments. The measurements of GBIR is compared and in good agreement
with measurements made by traditional GPS surveys. The major goal of
establishing GBIR with the GAMMA GPRI sensor as a spatially and tem-
porally dense landslide monitoring technique was achieved. Now, as
mitigation measures are implemented, this sensor can be relied upon
to provide near real-time displacement data, allowing for more inte-
grated use in evaluation of stabilization effectiveness.

The specific combination of the GPRI sensor for this monitoring
application is overall well suited to this monitoring application. Some
assumptions about actual horizontal displacement must be made due
to the rotational nature of the scanner, but our work demonstrates
that LOS correction is not problematic in this case. GBIR monitoring
may be improved by the application of different sensors or different
methods, such as permanent scatterer analysis applied in Barla et al.
(2010) and Schulz et al. (2012). Although this landslide investigation
was well established at time of GBIR deployment, the GPRI sensor has
a number of significant advantages to reconnaissance and early stage
evaluation of incipient slopemovements. Evidence of nonlinear changes
in displacement rates across the slides also indicate the need to deploy
for longer multiday occupations with continuous measurement and
similarly densely recording geotechnical instrumentation to observe
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diurnal fluctuations or other temporal dynamics of the landslide. Longer
multiday deployments of GBIR sensors could significantly aid observa-
tion and description of diurnal, nonlinear fluctuations of velocity, such
as shear strength changes with atmospheric tides described in Schulz
et al. (2009). The presence of these fluctuations justifies high frequency
recording of other instrumentation, such as water level transducers and
geotechnical instruments. Opportunities for multiple scan locations,
with concurrent deployment of two radar sensors are interesting varia-
tions of this simplified case, and could be used by investigators to ask
questions of landslide kinematics which were impossible to ask before,
such as anchor placement effectiveness or evaluation of dewatering
pumping on displacement. Also, future analysis and combination with
other geodetic tools, such as LiDAR, high rate GPS, and geotechnical
data ensure more research on GBIR which will benefit the understand-
ing of this and other landslides.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.enggeo.2013.07.007.
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