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Abstract: We present a workflow for investigating large, slow-moving landslides which combines
the synthetic aperture radar (SAR) technique, GIS post-processing, and airborne laser scanning (ALS),
and apply it to Fels landslide in Alaska, US. First, we exploit a speckle tracking (ST) approach to
derive the easting, northing, and vertical components of the displacement vectors across the rock
slope for two five-year windows, 2010-2015 and 2015-2020. Then, we perform post-processing in a
GIS environment to derive displacement magnitude, trend, and plunge maps of the landslide area.
Finally, we compare the ST-derived displacement data with structural lineament maps and profiles
extracted from the ALS dataset. Relying on remotely sensed data, we estimate that the thickness of
the slide mass is more than 100 m and displacements occur through a combination of slumping at
the toe and planar sliding in the central and upper slope. Our approach provides information and
interpretations that can assist in optimizing and planning fieldwork activities and site investigations
at landslides in remote locations.

Keywords: SAR; speckle tracking; airborne laser scanning; GIS; landslides; Fels landslide

1. Introduction

The risk associated with landslides and slope instability has increased over the past
several decades due to expanded development of mountainous areas to accommodate
population and tourism growth [1] as well as increased frequency of extreme weather
events resulting from ongoing climate change [2,3]. This increased risk has called attention
to the importance of comprehensive geological investigations to forecast the evolution of
unstable slopes, identify potential failure mechanisms, and quantify the hazard and risk
associated with the instability.

Characterization and management of unstable slopes are based on geological and
historical data derived from fieldwork, geotechnical boreholes, remote sensing surveys,
and monitoring (e.g., [4-6]). Among the most studied examples of landslides that use
these integrated datasets are Downie Slide and Frank Slide in Canada [7-10], Aknes
rockslide in Norway [11,12], Ruinon landslide in Italy [4,13], and the Randa rockslides in
Switzerland [14,15]. These examples are readily accessible for such integrated studies, but
many other unstable slopes are located in remote areas with limited accessibility and a lack
of detailed historical and surface and subsurface geological data. In such cases, aerial- and
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satellite-based remote sensing techniques can be used to determine the extent of instability,
infer its state of activity, and, in some cases, provide structural geology data [16-18].

A wealth of satellite sensors can be used to study landslides. Optical sensors provide
low- to medium-resolution (m/pixel) and high- to very high-resolution (up to 30 cm/pixel)
multispectral and panchromatic imagery (e.g., Landsat, SPOT, RapidEye, WorldView, and
Sentinel missions [19-23]), as well as hyperspectral datasets (e.g., Hyperion, PRISMA, and
HISUI missions [24-26]). Datasets collected by satellites have also been used to construct
3D models of the ground surface with resolutions ranging from 10 to 30 m (e.g., ASTER
and TanDEM-X missions), and locally up to 2 to 5 m (e.g., ALOS PRISM and Arctic DEM
missions) [27].

Satellite-mounted sensors can also provide ground-surface deformation data in remote
areas. Synthetic aperture radar (SAR) processing algorithms create images from microwave
signals emitted and received, after scattering from the Earth’s surface, by sensors mounted
on satellite-, aerial-, or ground-based platforms. Both the amplitude and phase of the radar
waves backscattered along the line of sight (LoS) are recorded by these sensors. Millimeter-
scale displacements of the surface can be measured by computing the interferometric phase
difference of multiple such SAR images with the same LoS-geometry acquired at different
times (DINSAR) [28]. When data from different viewing geometries are analyzed, the 3D de-
composition of the DINSAR measurements can provide the magnitude of the displacements
in the vertical (up—down) and horizontal (both N-S and E-W) directions [28-30]. In all
cases, these approaches involve analysis of datasets acquired along at least two distinct LoS
geometries by a satellite moving along ascending paths (satellite traveling approximately
from south to north, looking east) and descending paths (satellite traveling approximately
north to south, looking west) [28,31]. An important limitation of the DINSAR technique
is its relative insensitivity to the N-S component of slope deformation, due to the E-W
LoS of spaceborne SAR sensors, which are constrained to near-polar orbits. Therefore,
the true 3D displacement vector can only be determined using sophisticated analyses
of several LoS geometries [32,33], or estimated based on constraints imposed by slope
orientation [34]. The error statistics of these multi-DInSAR inversions of 3D displacement
are affected by many factors (e.g., [35] for the related case of measuring glacier ice dis-
placement). The most important of these factors include temporal coherence losses of
the individual interferograms, imperfect mutual overlap of the temporal intervals of the
individual interferograms (if displacement changes over time), as well as the robustness of
the multiple LoS geometries spanning 3D space. For the case of solely using multiple LoS
without additional constraints (such as surface parallel displacement) being reasonable
assumptions, the third factor, geometric robustness (expressed by the determinant of the
least square inversion matrix), often leads to poor error statistics. This as the available
diversity of LoS for spaceborne sensors is limited leading to multi-LoS geometries with
small inversion determinants far from the ideal case of three orthogonal LoS. Nevertheless,
DInSAR is a powerful tool for studying landslides and is routinely employed to monitor
slope displacements associated with slow and very slow landslides [36-39].

A further limitation of conventional DINSAR monitoring (using a single pair of images)
is that, to maintain signal quality and avoid temporal decorrelation in non-arid areas
(depending on the wavelength and resolution of the sensor, see [40]) the technique can
only be used to monitor over relatively short periods of days or weeks. To overcome
this limitation, various approaches have been proposed. Digital image correlation (DIC)
allows tracking of pixel blocks in co-registered 2D images to map and quantify changes
between the images, allowing more rapid movements (e.g., active landslides, fault slip, and
glaciers) to be monitored. The DIC technique has been applied to track changes in optical
satellite imagery (e.g., [41,42]), and in SAR scenes, using the offset-tracking technique
(e.g., [43,44]). The SAR speckle tracking (ST) technique is a particular application of DIC
methods. SAR ST algorithms exploit the amplitude of the SAR scenes and extend the ability
of conventional DInSAR to provide deformation measurements of up to tens of meters,
depending on the resolution of the data [40]. For a given pixel size of a SAR image pair,
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the spatial resolution of the resulting ST map is considerably less (by a factor of fifty or
more) than that of a DINSAR map. This requires higher resolution of the primary SAR
data to capture reasonable spatial detail of slide motion with the ST method. In this paper,
we present a procedure that exploits the deformation fields extracted by ST algorithms
from multi-geometry datasets to characterize the progressive (substantial) deformation
that occurs in slopes affected by slow, very slow, and extremely slow landslides over a
10-year period. We derive a spatial dataset comprising of full 3D displacement vectors (i.e.,
E-W, N-§, and vertical components) using very high (sub-meter) resolution RADARSAT-2
Spotlight mode scenes acquired from both ascending and descending orbits. Our analysis is
focused on progressive slope deformation over two subsequent 5-year periods (2010-2015
and 2015-2020) of the Fels landslide, a large unstable slope in the Alaska Range (US).
The results of this case study demonstrate the advantages of ST over conventional INSAR
techniques to characterize 3D surface displacement for the geometry and characteristics
of Fels landslide (which we believe to be an example of a slow-moving, rock compound
slide).

2. Geological Overview of the Fels Landslide

Fels landslide is located in the Alaska Range about 150 km southeast of Fairbanks,
on the north slope of Fels Glacier valley, which is a tributary of the Delta River valley
(Figure 1). The Delta River valley contains two important infrastructure elements, the
Trans-Alaska Pipeline and the Richardson Highway. Fels Glacier terminates at an elevation
of 820 m a.s.l., about 3 km from the pipeline and highway (Figure 1a). The glacier has been
retreating for more than a century, since the end of the Little Ice Age. A comparison of
aerial photographs taken in 1949 and 2017 shows that the glacier retreated more than 900 m
over this period. Within Fels Glacier valley, slope deformation involves two areas, referred
to as “lobe a” and “lobe b”, that are divided by a deeply incised gully, perpendicular to the
valley [45]. Lobe a displays significantly higher deformation rates and prominent slope
damage features, compared to lobe b (Figure 1a). In this paper, we consider lobe a as the
Fels landslide, and we primarily focus our analysis on this part of the slope.

Fels landslide has a surface area of about 2.3 km? and extends 1400 m in the E-W
direction and 1600 m in the N-S direction between elevations of 920 and 1490 m a.s.l. The
ground surface within the landslide area has an overall slope of 20-30° to the S, steepening
up to a slope angle of 40-50° at its glacially eroded toe.

Bedrock in the landslide area comprises fine-grained Devonian metasedimentary rocks
of the Jarvis Creek Glacier subterrane, mainly quartz-mica schist and quartzite, with lesser
chlorite-muscovite schist, quartz-biotite schist, calc-schist, and marble [46,47]. The rock
mass has a prominent slope-parallel foliation (D1 in Figure 1b), and two other orthogonal
discontinuity sets (D2 and D3 in Figure 1b). Much of the slope surface is covered by
colluvium that hosts localized surficial slumps (Figure 1c). Glacial deposits, including
till and outwash are associated with lateral and frontal moraines in the lower part of Fels
valley and in the Delta River valley [46].

The active, dextral Denali Fault is located 3 km south of the Fels landslide (Figure 1a).
It strikes NW-SE and follows and controls the orientation of the Canwell valley, which
neighbors Fels valley on the south. The dip of the regional foliation increases toward the
fault, from 20-25° in the area of the Fels landslide to 50-60° in Canwell valley [46]. An My,
7.9 earthquake occurred on the Denali Fault on 3 November 2002. Many co-seismic rock
avalanches, rockslides, slumps, and debris avalanches were triggered by the earthquake
in the epicentral area [45]. Although no major landslides occurred within Fels valley, the
intense ground shaking, exacerbated by material and topographic amplification [48], is
likely to have enhanced internal damage (e.g., rock mass dilation, fracture propagation)
within the slope [45].
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Figure 1. Overview of Fels landslide. (a) 2017 satellite view of the intersection of the Delta River and Fels valleys (RapidEye
4, WGS84/UTM 6N grid). The dotted lines delineate the areas of ongoing slope deformation within Fels Glacier valley, lobe
a and lobe b. Fels landslide (lobe a) is located near the terminus of Fels Glacier. The red dashed line shows the trace of
the Denali Fault. (b) Detail of the rock mass forming the slope. Note the slope-parallel foliation and the discontinuity sets:
D2, which forms the outcrop surface (red, dashed outline shows a D2 discontinuity plane), and D3, dipping into the slope.

(c) View of a surface slump scar, displaying the colluvial material draping the slope. (d) Frontal view of Fels landslide as

seen from the southern slope of Fels Glacier valley. The white, dotted line outlines the inferred surface area of the landslide.

The red, dotted line outlines the boundary of the fast-moving toe. The white labeled dots in (a,d) show the locations where,

respectively, photos in (b,c) were taken.
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Historical, geological, and geomechanical analyses that we performed and will be
presented in detail in another paper indicate that the current instability phase in the Fels
Glacier valley was initiated by glacier retreat, which provided kinematic freedom for
movement of the toe of the landslide. Slumping at the toe, in turn, caused the instability
to propagate upslope, where displacements are occurring by planar sliding along a slope-
parallel rupture surface that is likely controlled by foliation.

3. Description of the New Method and Application to the Fels Landslide
3.1. Overview of the Proposed Methodology

Figure 2 schematically summarizes the proposed methodology; subsequent subsec-
tions describe in detail each step for the Fels landslide example. The workflow to determine
3D vectors of surface displacement comprises three steps. Step 1 is SAR speckle tracking
data processing. Input SAR image data for this step were acquired from both ascending and
descending orbit look directions at the boundaries of the two subsequent 5-year intervals
of the period 2010 and 2020 using RADARSAT-2’s high-resolution spotlight mode. From
tracking temporal shifts between images, we were able to determine the 3D composition of
the displacement field. The ST and subsequent vector decomposition algorithms produce
the total displacement components in the horizontal (E-W, N-S) and vertical (up—down)
directions. Step 2 involves GIS raster processing and produces the local magnitude, plunge,
and trend of the 3D displacement vectors from the components calculated in the first
step. Step 3 is the creation, within a GIS environment, of thematic maps (hillshade, vector
orientation and magnitude, and lineaments and lineament distribution). Cumulative dis-
placement and displacement plunge profiles were extracted from the step 3 datasets and
compared to elevation profiles, allowing us to examine the effects of slope deformation
on the ground surface. Analysis of the datasets over time (i.e., comparing the two 5-year
periods) provides a preliminary assessment of the style of deformation, setting the stage
for targeted field and subsurface analyses.

Step 1: Step 2: Step 3:
ST dataset processing GIS post-processing ST-ALS analysis

(each geometry) precise ; Structural and
registration of stationary r*  geomorphic mapping
background of SAR using ALS

image pairs
¥

Computation of

displacement magnitude

Extraction of

(each geometry)
computation of local

Computation of

displacement trend

Computation of

elevation-displacement

4:~ horizontal and total

profiles

|| cross correlation = speckle
tracking) and projection
to map geometry;

displacement plunge

Interpretation of
deformation in
combination with
structural maps

‘ and elevation-plunge '

(multiple geometries)
calculate 3D vector
components via least-
square inversion

‘ offset map (using local

Figure 2. Flowchart of the proposed speckle track SAR-GIS-ALS methodology.
3.2. Speckle Tracking (ST) Processing

For each orbit (ascending and descending) geometry separately, we first carry out a
precise global registration of the primary high spatial resolution SAR data pairs acquired
at the start and end of the observation period. The chosen registration algorithm resamples
the geometry of the later image to match that of the earlier image using a low-order,
two-dimensional polynomial. Further the process masks out the landslide area where we
expect movement, so that the two-dimensional polynomial registration accurately maps
the stationary areas around the landslide to better than one tenth of the full resolution pixel
dimensions.
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Next, we find local fine-registration offsets for the already globally registered image
pairs using spatial correlation measurements on a dense regular raster grid of small rect-
angular image chip pairs. We are sinc-oversampling both images by factor four before
extracting the chips and then using normalized cross-correlation of the detected chip am-
plitudes for the actual offset measurements. Our approach tracks the displacement of
both coherent speckle patterns and macroscopic features at the same time, in contrast to
complex coherence optimization, which only tracks coherent speckle patterns. The result
is a corresponding raster grid of local offsets in the radar geometry, in range line of sight
(LoS), and in satellite orbit direction, called azimuth (Az). To maximize spatial resolution
of the local offset map, we chose rectangular image chips as small as possible to allow
accurate offset determination using normalized cross-correlation measurements. By doing
so we maximize resolution in the presence of both random macroscopic changes unrelated
to the large-scale landslide displacement (e.g., displaced individual blocks or newly formed
cracks) and incoherent parts of the image speckle pattern caused by sub-resolution changes
of the surface between the earlier and later date (e.g., due to vegetation or snow patches).

In our case study, the primary SAR images are RADARSAT-2 Spotlight mode with a
resolution of about 1.3 m in LoS and 0.4 m in the satellite flight direction (Az). Consequently,
we chose a rectangular chip size of 51 by 255 pixels in, respectively, range and azimuth,
corresponding to an approximate ground distance of ~95 by ~102 m (mean incidence angle
44°) for the resulting local offset map. We chose the grid density to be half the chip size
(47 by 51 m). Choosing the raster grid of the resulting offset maps finer than the chip size
creates spatial redundancy that allows us to filter out and smooth errors from erroneous
local correlation matches. Increasing the raster grid size, however, lengthens the runtime
of the numerically expensive correlation measurements. The chosen raster grid spacing is
a reasonable compromise between redundancy/robustness and runtime.

The resulting offset maps from multiple radar geometries, each consisting of a pair of
LoS and Az measurements in the respective geometry, we then geocode from radar to map
geometry using an external high-resolution DSM (digital surface model). Next, we carry out
a vector inversion of these now spatially matching offset maps to determine the 3D surface
displacement vector components. Multiple geometries for INSAR consisting exclusively
of LoS measurements require more than two acquisitions to invert 3D movement from
the measurements without additional assumptions. Due to unfavorable LoS geometries
the inversion quality is generally quite poor for INSAR, leading to large errors in the 3D
vector components. However, the opposite is true for inverting multiple ST geometries
consisting of both LoS and Az offset measurements. As Figure 3 shows, just two ST
geometries, one from an ascending orbit and another from a descending orbit, which
provide measurements LoS1, Azl, LoS2, and Az2, are sufficient to invert 3D geometry
without additional assumptions. The resulting inversion quality is high, and thus projection
errors of the 3D-vector components are reasonable.

We use a standard least square inversion technique [49] to solve for the 3D vector
components. We build a 3 x 3 design matrix from multiplying with its transpose the
3 X 4 input matrix formed by the four offset measurement LoS1, Azl, LoS2, and Az2
corresponding to the known satellite orbit geometries. The design matrix is then inverted
to arrive at the easting, northing, and up components of the displacement. Az is measured
parallel to the orbit, and LoS for most SAR sensors can be assumed to be measured
perpendicular to the orbit. As will be described in the following step, the “global” 3D
vector components, easting, northing, and up, can be easily converted a posteriori to
another global system: plunge, trend, and magnitude. Alternatively, one could also convert
to an adaptive “local” system of fall line, contour, and emergence (local surface normal)
components by using an external, high-resolution DSM.

For the analysis of the Fels landslide example, we used a total of six RADARSAT-2
scenes captured in Spotlight mode (Table 1 and Figure 4). The periods of the scene pairs
for the ascending and descending orbit geometries differ by just one day, which provides
near-ideal conditions of temporal coincidence of the offset measurements for the vector
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component inversion. Scenes were captured roughly five years apart, spanning the period
between 14 July 2010 and 3 August 2020.

S2 (descending
? orbit)

S1 (ascending
orbit)

Figure 3. Multiple ST geometry—a combination of ascending and descending orbit acquisitions. The
3D-inversion strength (determinant) is high as the four vectors LoS1, LoS2, Azl, and Az2 together
span a near right-angle corner.
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Figure 4. RADARSAT-2 footprints over the area of interest, with the descending-orbit footprint boundary indicated in green
and the ascending boundary in blue.
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Table 1. RADARSAT-2 data acquisition parameters.

Acquisition Date Beam Mode Orbit Direction Incidence Angle
14 July 2010 Spotlight-U19 Descending 44.0°
12 July 2015 Spotlight-U19 Descending 44.0°
2 August 2020 Spotlight-U19 Descending 44.0°
15 July 2010 Spotlight-U20 Ascending 44.6°
13 July 2015 Spotlight-U20 Ascending 44.6°
3 August 2020 Spotlight-U20 Ascending 44.6°

3.3. GIS Post-Processing

The raster displaying the E-W, N-S, and vertical components of the deformation
vectors are imported in a GIS environment to derive the trend, plunge, and magnitude
of displacement. The datasets described in this section were derived using the “calculate
raster” tool available in the software ArcGIS 10.6 [50].

The total horizontal (Dgp) and 3D (Dsp) magnitude of the displacement vector are first

computed as
Dy = v Dgw? + Dns? 1
Dsp = /Dy? + Dy2 (2)

respectively, where Dgyy, Dng, and Dy are the three components of the deformation vector
obtained from the ST analysis in the previous step.

Figure 5 shows the resulting raster datasets for the investigated time windows, 2010-
2015 and 2015-2020, from which the high deformation magnitude in the fast-moving slope
toe (up to 30 m) can be observed. In the 2010-2015 time window, displacement magnitudes
decrease spatially to about 10 m in the area immediately upslope of the fast-moving toe,
and then progressively to about 2 to 3 m in the upper slope. In the 2015-2020 window,
a similar decreasing trend is observed, but the computed displacement magnitudes are
higher across the entire landslide area.

(@) (b)

Figure 5. Rasters of the computed displacement magnitude overlain on the 2016 ALS hillshade base map (courtesy of
Alyeska Pipeline Service Company). (a) 3D displacement computed in the 2010-2015 time window. (b) 3D displacement
magnitude computed in the 2015-2020 time window. Note the higher displacements in the 2010-2015 time window
compared to the 2010-2015 time window. The black dashed line outlines the inferred extent of the Fels landslide. The
red dashed line outlines the fast-moving slope toe, where the magnitude of 3D displacement exceeds 20 m for both the
2010-2015 and 2015-2020 time windows.
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The trend of displacement, 6, is then computed using the N-S component of the
displacement vector and the previously computed Dy. First, the angle

« = arcsin (%_1\:) 3)

is calculated. This a-angle is then used to compute the displacement trend, based on the
quadrant (I-IV) where the displacement vector plots (i.e., depending on the sign of the N-S
and E-W components).

The raster dataset of the trend of displacement is shown in Figure 6. As the slope is
predominantly deforming in a southern direction, the color scale is adjusted to highlight
corresponding trend values between 100° and 240°.

The angular deviation of the displacement vector from the horizontal is referred
to as the plunge of displacement. Its characterization and analysis allow the style of
deformation and, potentially, the failure mechanism to be inferred. Characterizing the
plunge of displacement is important for the interpretation of active landslides using ST
datasets. The plunge of deformation, 1, is computed using the vertical displacement value,
Dy, obtained from the ST analysis, and the total displacement D3p:

4)

Figure 6. Displacement trend maps of the Fels landslide overlain on the 2016 ALS hillshade base map. (a) Displacement

trend map computed for the 2010-2015 time window. (b) Displacement trend map computed for the 2015-2020 time

window. Note the overall S to SSW displacement direction across the landslide body, outlined by the black dashed line and

the SE-trending deformation fields along the W boundary of the landslide area and near the gully to the east.

The sign of 1\ is defined by Dy. Positive and negative values of Dy result in, re-
spectively, negative and positive values of 1, indicating, in turn, upward and downward
displacements. The resulting raster dataset, displayed in Figure 7, shows that high positive
plunge values occur in the lower part of the slope, corresponding to the fast-moving toe
of the landslide. Lower downward plunge angles, between 20 and 25°, are found in the
central part of the slide area. The upper part of the slope displays plunge angles between
25 and 35°, indicating steeper downward deformation compared to the central part. Mi-
nor changes in displacement plunge distribution can be noted between the 2010-2015
(Figure 7a) and 2015-2020 periods (Figure 7b), but a similar pattern is evident in both
datasets.
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Figure 7. Displacement plunge maps of the Fels landslide overlain on the 2016 ALS hillshade base map. (a) Displacement

plunge map computed for the 2010-2015 time window. (b) Displacement plunge map computed for the 2015-2020 time

window. The black dashed line outlines the inferred landslide area, and the white dashed lines mark the approximate

boundaries of changes in displacement plunge. Note the relatively high plunge values in the lower slope, corresponding

with the fast-moving slope toe. Plunge values decrease in the central part and increase in the upper part of the landslide.

3.4. Integrated Analysis of Remote Sensing Data

The value of high-resolution remote sensing datasets, such as ALS, for structural and
geomorphic characterization of rock slopes has been demonstrated by several authors [51-53].
In this section, we document the implementation of ST analyses in a comprehensive
workflow for the characterization of rock slope instabilities, providing insights on their
style of deformation and failure mechanism.

3.4.1. Profile Extraction and Analysis

The 2.5D nature (i.e., a 2D grid in which each cell is assigned a scalar value, producing
a pseudo-3D geometry) of the ST datasets allows profiles to be extracted and compared
with elevation data obtained from the ALS model. The combined analysis of plunge, dis-
placement, and elevation profiles facilitates identification of geomorphic features produced
by slope deformation (e.g., uphill- and downhill-facing scarps, grabens, slope breaks).

Figure 8a,b shows displacement magnitude and plunge values for the 2010-2015 and
2015-2020 time windows along a profile parallel to the displacement direction (Figure 8c).
The displacement profiles display a constant magnitude in the upper slope, suggesting
that the landslide body is deforming as a single block. A progressive downslope increase
in displacement magnitude begins at about 1300 m a.s.l. in the central part of the slope
and continues downward to the boundary with the fast-moving slope toe at 1100 m a.s.1.
Low-order undulations are evident within this zone, which locally cause the cumulative
displacement to decrease downslope (Figure 8a). These undulations may be caused by
shallow secondary instability (e.g., soil slumps) within the colluvial deposit blanketing the
slope (Figure 8c). The transition between the uniformly displacing part of the slope and
the part with an increase in displacement roughly coincides with a break in the elevation
profile where the slope steepens. A slope break also marks the upper boundary of the
fast-moving toe.

This complex pattern in displacement magnitude is in accord with the deformation
plunge profile (Figure 8b). Undulations in amplitude (up to 15-20°) are observed along the
profile, and particularly between elevations of 1300 and 1100 m a.s.l. These undulations
are superimposed on the larger scale trend of the profile, which shows an overall decrease
in plunge in the upper slope, between the headscarp and the slope break at 1300 m a.s.1,
followed by an increase in plunge in the central and lower slope. The area of increased
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plunge roughly corresponds to the increase in displacement magnitude in the central part
of the slope. The decrease in plunge in part of the profile lower on the slope corresponds to
the fast-moving toe, where significant undulations in plunge occur.

: —150
(a)izgg A | —— 2010-2015 N
1500 - 2015-2020 - Fast-moving toe i
— 1400 C\\ Slope break : -
- T~ E
1300 ~~ Headscarp Slope break =
£ 1200 -(approx. location) . : 30 =
£ 1100 E
o= o
£ 1000 120 %_
% 900 - J 2
= Homogeneous A
=800 i
displacement : :
7000 ‘ ‘Glacier (10
600) ﬁﬂ”—\*f\/\/
500 ,—é i = Low- order undulatlons 5
0 200 400 600 800 1000 1200 1400 1600 1800
Distance (m)
(b) 1700 ; Significant| -30 (d) Roto-translational
1600 Ay 2016-2015 undulations in pl ngeA landslide
| =——— 2015-2020 i ] 20
15001 H -across the profile
—~ 1400 Slope brea;k ; Wﬂ - T}
% 1300 "~ Headscard '  Slope break 5 . e
£ 1200 {(approx. location) i ] i 35 N
100 : ' ‘ &0
G i : : 5
< 1000 L = -10
3 90017 WY =N s : \ 0 3
= 800 ’/,n/g" A 20
decreﬂs‘ o 20
700 : p\unge Cr : g 30 Decrease in
o : : : o 40 . displacement
500 i Sharp |ncrease |
50 50 plunge
0 200 400 600 800 1000 1200 1400 1600 1800
Distance (m) Distance

Figure 8. Example of profiles extracted from the ST dataset, and comparison with surface elevation from the ALS dataset.
(a) Cumulative displacement magnitude profile as a function of elevation. Note the small-scale undulations in the cumulative

displacement profile and the sharp increase in the fast-moving toe. (b) Displacement plunge profile as a function of elevation.
Note the overall decrease in plunge in the upper slope and the increase in the central-lower slope. In (a,b), the blue and red
bars denote, respectively, the extent of the fast-moving toe in the 2010-2015 time window and the upslope extent observed
in the 2015-2020 time window. (c) Location of the profile in (a,b), roughly parallel to the displacement direction (trend).
(d) Conceptual representation of the changes in displacement plunge in a simple roto-translational landslide.

The displacement magnitude and plunge profiles extracted from the 2010-2015 and
2015-2020 ST datasets have similar patterns. However, the displacement magnitude profile
for the 2015-2020 time window is consistently higher than for the 2010-2015 dataset, indicat-
ing that the displacement that occurred between 2015 and 2020 exceeded the displacement
between 2010 and 2015. Additionally, the sharp increase in displacement magnitude in the
lower slope, marking the boundary of the fast-moving toe, occurs roughly 50 m farther
upslope in the 2015-2020 dataset compared to the 2010-2015 dataset (blue and red bars in
Figure 8a,b). Similarly, a sharp increase in displacement plunge is evident in the 2015-2020
profile, indicating a stronger downward component of the deformation vector along the
upper boundary of the fast-moving toe compared to the 20102015 profile.

3.4.2. Correlations between Structural Lineaments and ST Datasets

We compare the magnitude and distribution of the surface displacements computed
from the ST analysis with the location, distribution, and orientation of lineaments identified
and mapped from the ALS dataset. A summary of the lineament mapping is provided
here, to demonstrate the advantages of an integrated ST-ALS analytical approach.
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We identified three different lineament trends, I, II, and 111, at Fels landslide using the
ASL dataset. They are oriented NE-SW, NNW-SSE, and NW-SE, respectively (Figure 9a).
The spatial distribution of the lineaments was also investigated in terms of lineament
intensity (L), defined as the ratio of the total length of lineaments to the sampling area
and measured in 1/m. We note higher Ly; values for trend I in the western part of the
slope. Trend II displays high Ly; values in the central and lower parts of the slope within
and upslope of the fast-moving toe and, locally, in the upper slope. We note high L,; values
for trend III outside the western boundary of the slide and in the central-eastern part of the
slide area (Figure 9b).

—— Trend Il /
——— Trend Il jE&8

L,;, absolute values

‘é Trend | L, = max: 0.025 1/m
f- | Trend Il L,; = max: 0.023 1/m
Trend Il L,; = max: 0.018 1/m

O

Figure 9. Comparison of lineament distribution and intensity and displacement magnitudes com-
puted using ST. Black and white dashed lines outline the landslide area and the fast-moving toe,
respectively. (a) Lineaments identified on the ALS map, distinguished by trend and superimposed
on the total 2010-2020 cumulative displacement magnitude map. (b) Normalized lineament intensity
cell maps created for each of the identified lineament trends. Note the higher Ly for trend I along
the western boundary of the landslide, for trend II along the upper and eastern boundary, and for
trend III in the lower slope. A local increase in Ly for trend III is observed in the upper slope, near
the landslide boundary.

Comparison of the lineament and displacement magnitude maps shows significant
correlation between the datasets. The boundaries of the landslide area can be roughly
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approximated by straight lines, with orientations similar to the identified lineament trends.
The western boundary of Fels landslide is parallel to lineament trend I, and its location
corresponds to the part of slope where the same trend has a high L;. The orientation of
the eastern and upper boundaries of the landslide area are sub-parallel with trend II and
trend III lineaments, respectively. The fast-moving toe appears to be outlined by scarps
parallel to trend I on the west side and trend III along the rear boundary. We conclude that
the landslide is structurally controlled and that the surface deformation obtained from the
ST analysis is mainly related to displacements originating at depth within the bedrock,
rather than within the colluvial blanket draping the slope.

3.4.3. Reconstruction of the Sliding Surface and Estimation of Landslide Thickness

The plunge and trend of displacement of a landslide that moves as a rigid or stiff
block, or a combination of blocks, are related to the morphology of the sliding surface [8].
The spatial analysis of displacement plunge, \, across the landslide area therefore provides
insight into the deformation style and failure mechanism of a landslide.

The location and morphology of a sliding surface can be inferred from the distribution
and magnitude of surface displacement both vertically and horizontally. The simplest
method, referred to as the vector inclination method (VIM), assumes that the trend and
plunge of displacements reflect the local orientation of the sliding surface [54,55], which
with this method can then be graphically reconstructed along user-defined sections. The
development of remote sensing techniques, such as INSAR and ALS, capable of monitoring
wide ground surface areas allows researchers to use the VIM method to quickly estimate
the thickness of active rock slides [56]. A more advanced approach exploits the mass
conservation equation to estimate differences in depth of the sliding surface over large
areas. This approach, originally developed to infer the thickness of glacier ice [57], was
later adapted to the investigation of rock slope instabilities [58,59].

We estimate the thickness of Fels landslide using the VIM method because it is rela-
tively simple and easy to apply, and in order to enhance comparison with the ST profiles
shown in Figure 8. Use of the VIM method involves two significant assumptions about
the characteristics of the slope instability. The first is that the landslide displacement can
be approximated with that of a rigid body; therefore the method is not suited for the
investigation of flow-like landslides. Based on the distribution of computed displacements
(Figure 5), and the structurally controlled nature of the instability inferred from the linea-
ment mapping, Fels landslide can be preliminarily approximated as a rigid body, as the
measured displacements have similar magnitude and orientation across the surface area of
the landslide, except at the fast-moving toe. The second assumption is that the landslide
displaces along a single discrete sliding surface. Soil slumps occur at Fels landslide in the
blanketing colluvial material, entailing the local presence of multiple sliding surfaces (i.e.,
the sliding surface at depth, and the shallow sliding surfaces of the soil slumps). However,
small-scale undulations can be filtered from the plunge profile (Figure 8b) by selecting
for the VIM reconstruction only those plunge values that correlate with negative peaks
in the cumulative displacement profile (Figure 8a). The rationale for this approach is that
areas with surface slumping will display higher displacement magnitudes than areas with
no slumping, where cumulative displacement is only, or predominantly, due to sliding at
depth. Therefore, negative peaks in the displacement profile are more likely to represent
locations within the slide area that are less affected by surface slumping. In turn, the
associated plunge values will be primarily controlled by the sliding surface at depth.

We reconstructed a section of the sliding surface along the A-A’ profile (Figure 10)
and estimated a maximum thickness of about 110 m for the landslide along this profile.
The reconstructed rupture surface displays a relatively high angle at the headscarp (33°),
progressively decreasing to about 17° in the mid-slope position. The fast-moving toe is
marked by a sharp increase in plunge (40°), which identifies the upper boundary of the
slumping instability observed in the field (Figure 1d).
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Figure 10. Section of the Fels sliding surface along profile A-A’ in 8c.

4. Discussion

The combined ST-ALS approach proposed in this paper allows for a preliminary inter-
pretation of the failure mechanism of a large, slow-moving landslide (Fels landslide) using
remotely sensed data. Based on the spatial distribution of the displacement magnitude and
plunge, as well as the evolution of these two components with time, we found that the Fels
landslide accelerated between 2010 and 2020. Due to the limited temporal resolution of the
ST datasets, however, the factors that drove this increase in displacement remain unclear.

Based on our ST results, the reconstructed sliding surface, and the visual observation
of the slope and ALS dataset, we propose a subdivision of the Fels landslide into three
different domains: upper, central, and lower (Figure 11).

The upper domain is a slowly moving block with displacement rates of up to 1 m/year.
Here, slope-parallel deformation vectors suggest that the displacement is occurring along
a sub-planar sliding surface, likely controlled by foliation, that connects with the ground
surface in the upper part of the domain (i.e., daylights). The headscarp does not correlate
with any prominent geomorphic feature, suggesting that displacements noted in the upper
slope are relatively recent, and colluvial material may be smoothing the ground surface.
The style of deformation of the upper domain remained unchanged between 2010 and
2020.

The central domain is characterized by displacement rates ranging from 1 to 2 m/year,
with a progressive increase in the downslope direction. A progressive increase in plunge is
also noted across the domain, with the highest values (nearing 35°) observed toward the
fast-moving toe (Figure 8b), indicating steepening and lengthening of the displacement
vectors. We note a significant increase in displacement magnitude during the 2015-2020
time window (Figure 8a).

The lower domain is the fast-moving toe that appears to be displacing by a rotational
(slumping) or pseudo-rotational mechanism (i.e., characterized by a spoon-shaped sliding
surface), with displacement rates up to 5-8 m/year over the 2010-2020 period.

The central domain appears to be transitional in nature between the lower, fast-moving
domain and the upper, slow-moving domain. The observed increase in plunge is likely
not related to a steepening of the sliding surface, but rather to a local progressive change
in failure mechanism from planar sliding to a pseudo-rotational mechanism (Figure 10).
The transition between planar sliding and slumping is also evident from the changes in
the displacement plunge profile at the boundary between the central domain and the fast-
moving toe, between the 2010-2015 and 2015-2020 periods. The increase in displacement
plunge shows that the volume upslope of the fast-moving toe was displacing through a
planar sliding mechanism between 2010 and 2015, before transitioning to pseudo-rotational
mechanism between 2015 and 2020.



Remote Sens. 2021, 13, 3048

15 0f 19

C) (b)

Figure 11. Fels landslide domains based on the combined ST-ALS analysis. (a) Domains shown on ALS hillshade base map.
(b) Cumulative displacement magnitudes computed between 2010 and 2020. UD: upper domain; CD: central domain; LD:
lower domain.

We suggest that Fels landslide is characterized by a bi-planar or multi-planar config-
uration. The landslide section reconstructed in Figure 10 shows that the sliding surface
is sub-parallel with the slope surface in the central part of the landslide. There must be a
decrease in the dip angle of the sliding surface, therefore, in order for the basal surface to
daylight below the fast-moving toe. Such a change in dip angle may result from (a) a local
change in the orientation of the foliation within the lower slope, or (b) the accumulation of
internal rock slope damage (i.e., a combination of rock mass yielding, dilation, and intact
rock fracturing) due to gravitational displacement and stress concentration. The colluvial
material blanketing the toe of the slope precludes any observation of the orientation of the
foliation orientation. However, regional data presented in [46] shows that the dip angle of
foliation generally increases toward the south (i.e., approaching the Denali Fault), suggest-
ing that a structural geology origin at the toe can be ruled out. Therefore, we suggest that
such a bi-planar configuration is likely related to a combination of gravitational and glacial
processes.

5. Conclusions

The workflow presented in this paper combines ST and ALS techniques to enhance
the interpretation of deformation and failure mechanisms of unstable rock slopes. The
application of this combined method in the investigation of Fels landslide allowed us to
recognize the structural geologic control on the slope deformation and to infer the failure
mechanism and its evolution based on surface deformation and geomorphic data.

The proposed approach can be further expanded through the inclusion of datasets
derived from other aerial and ground-based sensors (e.g., thermal and hyperspectral
imagery, high-resolution photography), to provide information on locations of groundwater
seepage, slope constitutive material and rock type, and the possible presence of localized
material alteration.

From a monitoring perspective, the benefits of our proposed approach are significant.
Advantages of ST analysis over traditional SAR-based monitoring techniques include: (a) its
capability of providing (robustly with small error brackets and from just two geometries,
one ascending and one descending) the true 3D displacement vector; not only in the E-W
and vertical directions, but also in the N-S direction that traditional InNSAR is notoriously
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insensitive to, and further (b) the ability to monitor slopes that deform at higher rates of
several meters per year. On the flip side, ST analyses with sufficient spatial resolution
rely on primary SAR data with very high resolution and interrogate slope deformation
over relatively long periods compared to more sensitive techniques such as InSAR. This
potentially will obscure or mask effects of high-frequency or seasonal events and single
processes such as snowmelt, rainfall, and earthquakes. Additionally, the application of
the ST technique may be limited in areas with low coherence, such as heavily vegetated
areas, or where changes in land cover occur during the investigated time window. The
proposed approach including ST can potentially provide an effective long-term monitoring
strategy for large, slow-moving landslides. A preliminary analysis that takes advantage
of the proposed approach can also be beneficial for planning field activity, geophysical
surveys, borehole drilling, as well as in the development of an in situ monitoring system
(e.g., location and depth of borehole inclinometers).

In this paper, we have demonstrated that the use of multiple remote sensing data,
combined with advanced processing and post-processing techniques, can contribute to
composite datasets that are instrumental for the investigation of slow-moving landslides.
Integrating slope-scale interpretations with outcrop scale, rock mass characterization,
however, is important for identifying the possible role of smaller discontinuity sets, rock
mass quality, and intact rock strength on the deformation of the rock slope. The collection
of such data cannot rely solely on remote sensing techniques, which are non-contact in
nature and do not allow the mechanical properties of the materials to be inferred. Therefore,
traditional, field-based assessments are critical to validate the interpretation made from
remote sensing analyses and remain a fundamental step for comprehensive rock slope
characterization.

Author Contributions: Conceptualization, D.D., D.S. and B.R.; methodology, D.D. and B.R.; formal
analysis, D.D., ].E. and B.R,; investigation, D.D.; writing—original draft preparation, D.D.; writing—
review and editing, B.R,, J.E., D.S., J.C. and M.E; supervision, D.S. and B.R.; funding acquisition, D.S.
and B.R. All authors have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge financial support provided through a NSERC
Discovery Grant (ID: RGPIN 05817) and FRBC Endowment funds provided to Doug Stead. The
speckle tracking analysis part of this work was funded through the research program of the NSERC-
MDA-CSA Industrial Research Chair in Synthetic Aperture Radar Technologies, Methods, and
Applications (SAR Chair) at Simon Fraser University (SFU). The authors would like to thank MDA
Inc. (through their in-kind support for the SAR Chair) for providing access to the high-resolution
RADARSAT-2 data used for the speckle tracking analysis.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We gratefully acknowledge Frank Wittig at Trans-Alaska Pipeline Service Com-
pany for providing the ALS dataset and providing helicopter access to the site. We also acknowledge
Franz Meyer of the University of Alaska Fairbanks for his assistance during this research. Three
anonymous reviewers provided feedback and comments that helped improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

1. Froude, M.]; Petley, D.N. Global fatal landslide occurrence from 2004 to 2016. Nat. Hazards Earth Syst. Sci. 2018, 18, 2161-2181.

[CrossRef]

2. Gariano, S.L.; Guzzetti, F. Landslides in a changing climate. Earth Sci. Rev. 2016, 162, 227-252. [CrossRef]

3.  Cloutier, C.; Locat, J.; Geertsema, M.; Jakob, M.; Schnorbus, M. Potential impacts of climate change on landslides occurrence in
Canada. In Slope Safety Preparedness for Impact of Climate Change; Ho, K., Lacasse, S., Picarelli, L., Eds.; CRC Press: Leiden, The
Netherlands, 2017; pp. 71-104.

4. Crosta, G.; Agliardi, F. How to obtain alert velocity thresholds for large rockslides. Phys. Chem. Earth Parts A B C 2002, 27,

1557-1565. [CrossRef]


http://doi.org/10.5194/nhess-18-2161-2018
http://doi.org/10.1016/j.earscirev.2016.08.011
http://doi.org/10.1016/S1474-7065(02)00177-8

Remote Sens. 2021, 13, 3048 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.
24.

25.

26.

27.
28.

29.

30.

31.

Corsini, A.; Castagnetti, C.; Bertacchini, E.; Rivola, R.; Ronchetti, F; Capra, A. Integrating airborne and multi-temporal long-range
terrestrial laser scanning with total station measurements for mapping and monitoring a compound slow moving rockslide. Earth
Surf. Process. Landf. 2013, 38, 1330-1338. [CrossRef]

Griffiths, J.S.; Mather, A.E.; Stokes, M. Mapping landslides at different scales. Q. J. Eng. Geol. Hydrogeol. 2015, 48, 29-407.
[CrossRef]

Kalenchuk, K.S.; Hutchinson, D.].; Diederichs, M.S. Geomechanical interpretation of the Downie slide considering field data and
three-dimensional numerical modelling. Landslides 2013, 10, 737-756. [CrossRef]

Donati, D.; Westin, A.M.; Stead, D.; Clague, ].].; Stewart, T.W.; Lawrence, M.S.; Marsh, J. A reinterpretation of the Downie slide
(British Columbia, Canada) based on slope damage characterization and subsurface data interpretation. Landslides 2021, 18,
1561-1583. [CrossRef]

Pedrazzini, A.; Jaboyedoff, M.; Froese, C.R.; Langenberg, C.W.; Moreno, F. Structural analysis of Turtle Mountain: Origin and
influence of fractures in the development of rock slope failures. Geol. Soc. Lond. Spéc. Publ. 2011, 351, 163-183. [CrossRef]
Sturzenegger, M.; Stead, D.; Froese, C.; Moreno, E; Jaboyedoff, M. Ground-based and airborne LiDAR for structural mapping of
the Frank slide. In Proceedings of the 1st Canada-US Rock Mechanics Symposium: Rock Mechanics. Meeting Society’s Challenges
and Demands, Vancouver, BC, Canada, 27-31 May 2007; pp. 925-932.

Ganerod, G.V,; Greneng, G.; Renning, ].S.; Dalsegg, E.; Elvebakk, H.; Tonnesen, ].F.; Kveldsvik, V,; Eiken, T.; Blikra, L.H.; Braathen,
A. Geological model of the Aknes rockslide, western Norway. Eng. Geol. 2008, 102, 1-18. [CrossRef]

Oppikofer, T.; Jaboyedoff, M.; Blikra, L.; Derron, M.-H.; Metzger, R. Characterization and monitoring of the Aknes rockslide
using terrestrial laser scanning. Nat. Hazards Earth Syst. Sci. 2009, 9, 1003-1019. [CrossRef]

Agliardi, F.; Crosta, G.; Zanchi, A. Structural constraints on deep-seated slope deformation kinematics. Eng. Geol. 2001, 59, 83-102.
[CrossRef]

Willenberg, H.; Loew, S.; Eberhardt, E.; Evans, K.F,; Spillmann, T.; Heincke, B.; Maurer, H.; Green, A.G. Internal structure and
deformation of an unstable crystalline rock mass above Randa (Switzerland): Part I—Internal structure from integrated geological
and geophysical investigations. Eng. Geol. 2008, 101, 1-14. [CrossRef]

Jaboyedoff, M.; Ornstein, P.; Rouiller, J.-D. Design of a geodetic database and associated tools for monitoring rock-slope
movements: The example of the top of Randa rockfall scar. Nat. Hazards Earth Syst. Sci. 2004, 4, 187-196. [CrossRef]
Metternicht, G.; Hurni, L.; Gogu, R. Remote sensing of landslides: An analysis of the potential contribution to geo-spatial systems
for hazard assessment in mountainous environments. Remote Sens. Environ. 2005, 98, 284-303. [CrossRef]

Roberti, G.; Ward, B.; Vries, B.V.W.D,; Friele, P.; Perotti, L.; Clague, ].J.; Giardino, M. Precursory slope distress prior to the 2010
Mount Meager landslide, British Columbia. Landslides 2017, 15, 637-647. [CrossRef]

Clayton, A.; Stead, D.; Kinakin, D.; Wolter, A. Engineering geomorphological interpretation of the Mitchell Creek landslide,
British Columbia, Canada. Landslides 2017, 14, 1655-1675. [CrossRef]

NASA. Landsat Mission. Available online: https://www.nasa.gov/mission_pages/landsat/overview/index.html (accessed on
25 November 2020).

ESA. SPOT. Available online: https://earth.esa.int/web/guest/missions/3rd-party-missions/current-missions/spot (accessed
on 25 November 2020).

ESA. RapidEye Mission. Available online: https://earth.esa.int/eogateway/missions/rapideye (accessed on 25 November 2020).
ESA. Worldview Mission. Available online: https:/ /earth.esa.int/web/eoportal/satellite-missions /v-w-x-y-z/worldview-1
(accessed on 25 November 2020).

ESA. Sentinel Mission. Available online: https://sentinel.esa.int/web/sentinel /missions (accessed on 25 November 2020).
NASA. Earth Observing-1: Ten Years of Innovation. Available online: https:/ /www.nasa.gov/topics/earth/features/eol-10th.
html (accessed on 25 November 2020).

ESA. PRISMA. Available online: https:/ /earth.esa.int/web/eoportal/satellite-missions/p/prisma-hyperspectral (accessed on 25
November 2020).

Matsunaga, T.; Iwasaki, A.; Tsuchida, S.; Iwao, K,; Tanii, J.; Kashimura, O.; Nakamura, R.; Yamamoto, H.; Kato, S.; Obata, K;
et al. Current status of Hyperspectral Imager Suite (HISUI) onboard International Space Station (ISS). In Proceedings of the 2017
IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Fort Worth, TX, USA, 23-28 July 2017; Volume 3, pp.
443-446.

Mudd, S.M. Topographic Data from Satellites, 1st ed.; Elsevier: Amsterdam, The Netherlands, 2020; Volume 23, ISBN 9780444641779.
Colesanti, C.; Wasowski, J. Investigating landslides with space-borne Synthetic Aperture Radar (SAR) interferometry. Eng. Geol.
2006, 88, 173-199. [CrossRef]

Eriksen, H.; Lauknes, T.R.; Larsen, Y.; Corner, G.D.; Bergh, S.G.; Dehls, ].; Kierulf, H.P. Visualizing and interpreting surface
displacement patterns on unstable slopes using multi-geometry satellite SAR interferometry (2D InSAR). Remote Sens. Environ.
2017, 191, 297-312. [CrossRef]

Fuhrmann, T.; Garthwaite, M.C. Resolving three-dimensional surface motion with InNSAR: Constraints from multi-geometry data
fusion. Remote Sens. 2019, 11, 241. [CrossRef]

Tofani, V.; Raspini, F,; Catani, F.; Casagli, N. Persistent Scatterer Interferometry (PSI) technique for landslide characterization and
monitoring. Remote Sens. 2013, 5, 1045-1065. [CrossRef]


http://doi.org/10.1002/esp.3445
http://doi.org/10.1144/qjegh2014-038
http://doi.org/10.1007/s10346-012-0363-3
http://doi.org/10.1007/s10346-020-01601-5
http://doi.org/10.1144/SP351.9
http://doi.org/10.1016/j.enggeo.2008.01.018
http://doi.org/10.5194/nhess-9-1003-2009
http://doi.org/10.1016/S0013-7952(00)00066-1
http://doi.org/10.1016/j.enggeo.2008.01.015
http://doi.org/10.5194/nhess-4-187-2004
http://doi.org/10.1016/j.rse.2005.08.004
http://doi.org/10.1007/s10346-017-0901-0
http://doi.org/10.1007/s10346-017-0811-1
https://www.nasa.gov/mission_pages/landsat/overview/index.html
https://earth.esa.int/web/guest/missions/3rd-party-missions/current-missions/spot
https://earth.esa.int/eogateway/missions/rapideye
https://earth.esa.int/web/eoportal/satellite-missions/v-w-x-y-z/worldview-1
https://sentinel.esa.int/web/sentinel/missions
https://www.nasa.gov/topics/earth/features/eo1-10th.html
https://www.nasa.gov/topics/earth/features/eo1-10th.html
https://earth.esa.int/web/eoportal/satellite-missions/p/prisma-hyperspectral
http://doi.org/10.1016/j.enggeo.2006.09.013
http://doi.org/10.1016/j.rse.2016.12.024
http://doi.org/10.3390/rs11030241
http://doi.org/10.3390/rs5031045

Remote Sens. 2021, 13, 3048 18 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.
55.

56.

57.

Wright, T.].; Parsons, B.; Lu, Z. Toward mapping surface deformation in three dimensions using INSAR. Geophys. Res. Lett. 2004,
31. [CrossRef]

Jo, M.-].; Jung, H.-S.; Won, ].-S.; Poland, M.P.; Miklius, A.; Lu, Z. Measurement of slow-moving along-track displacement from an
efficient multiple-aperture SAR interferometry (MAI) stacking. J. Geod. 2015, 89, 411-425. [CrossRef]

Isya, N.H.; Niemeier, W.; Gerke, M. 3D estimation of slow ground motion using InSAR and the slope aspect assumption, a
case study: The Puncak Pass landslide, Indonesia. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2019, IV-2/W5, 623-630.
[CrossRef]

Mobhr, J.J.; Reeh, N.; Madsen, S.N. Three-dimensional glacial flow and surface elevation measured with radar interferometry. Nat.
Cell Biol. 1998, 391, 273-276. [CrossRef]

Delgado, J.; Vicente, E.; Garcia-Tortosa, F.; Alfaro, P.; Estévez, A.; Lopez-Sanchez, ].M.; Tomas, R.; Mallorqui, J.]. A deep-seated
compound rotational rock slide and rock spread in SE Spain: Structural control and DInNSAR monitoring. Geomorphology 2011,
129, 252-262. [CrossRef]

Hosseini, E; Pichierri, M.; Eppler, ].; Rabus, B. Staring spotlight TerraSAR-X SAR interferometry for identification and monitoring
of small-scale landslide deformation. Remote Sens. 2018, 10, 844. [CrossRef]

Bohme, M.; Bunkholt, H.; Oppikofer, T.; Dehls, J.; Hermanns, R.; Eriksen, H.; Lauknes, T.; Eiken, T. Using 2D InSAR, dGNSS
and structural field data to understand the deformation mechanism of the unstable rock slope Gamanjunni 3, northern Norway.
In Landslides and Engineered Slopes. Experience, Theory and Practice; CRC Press: Boca Raton, FL, USA, 2016; pp. 443-449. ISBN
9781138029880.

Zhao, C.; Kang, Y.; Zhang, Q.; Lu, Z,; Li, B. Landslide identification and monitoring along the Jinsha River catchment (Wudongde
Reservoir area), China, using the INSAR method. Remote Sens. 2018, 10, 993. [CrossRef]

Raspini, F; Ciampalini, A.; Del Conte, S.; Lombardji, L.; Nocentini, M.; Gigli, G.; Ferretti, A.; Casagli, N. Exploitation of amplitude
and phase of satellite SAR images for landslide mapping: The case of Montescaglioso (South Italy). Remote Sens. 2015, 7,
14576-14596. [CrossRef]

Kééb, A.; Winsvold, S.; Altena, B.; Nuth, C.; Nagler, T.; Wuite, J. Glacier remote sensing using Sentinel-2. Part I: Radiometric and
geometric performance, and application to ice velocity. Remote Sens. 2016, 8, 598. [CrossRef]

Mazzanti, P.; Caporossi, P.; Muzi, R. Sliding time master digital image correlation analyses of CubeSat images for landslide
monitoring: The Rattlesnake Hills landslide (USA). Remote Sens. 2020, 12, 592. [CrossRef]

Mulas, M.; Corsini, A.; Cuozzo, G.; Callegari, M.; Thiebes, B.; Mair, V. Quantitative monitoring of surface movements on
active landslides by multi-temporal, high-resolution X-Band SAR amplitude information: Preliminary results. In Landslides and
Engineered Slopes. Experience, Theory and Practice; CRC Press: Boca Raton, FL, USA, 2016; pp. 1511-1516.

Manconi, A.; Kourkouli, P; Caduff, R.; Strozzi, T.; Loew, S. Monitoring surface deformation over a failing rock slope with the ESA
sentinels: Insights from Moosfluh instability, Swiss Alps. Remote Sens. 2018, 10, 672. [CrossRef]

Nokleberg, W.J.; Aleinikoff, ].N.; Bond, G.C.; Ferrians, O.].; Herzon, P.L.; Lange, LM.; Miyaoka, R.T.; Richter, D.H.; Schwab,
C.E; Silva, S.R;; et al. Geologic maps of the eastern Alaska range, Alaska (44 Quadrangles, 1:63,360 Scale), descriptions and
interpretations of map units. Alsk. Div. Geol. Geophys. Surv. 2015, 6, 1-64.

Nokleberg, W.J.; Aleinikoff, ].N. Summary of stratigraphy, structure, and metamorphism of Devonian igneous-arc terranes,
northeastern Mount Haynes quadrangle, eastern Alaska Range. U.S. Geol. Surv. Circ. 1985, 967, 66-70.

Newman, S.D. Deep-Seated Gravitational Slope Deformations Near the Trans-Alaska Pipeline, East-Central Alaska Range. Ph.D.
Thesis, Simon Fraser University, Burnaby, BC, USA, 2013.

Gischig, V.S.; Eberhardt, E.; Moore, ].R.; Hungr, O. On the seismic response of deep-seated rock slope instabilities—Insights from
numerical modeling. Eng. Geol. 2015, 193, 1-18. [CrossRef]

Press, WH.; Teukolsky, S.A.; Vetterling, W.T.; Flannery, B.P. Numerical Recipes in Fortran 77: The Art of Scientific Computing;
Cambridge University Press: Cambridge, UK, 1992.

ESRI. ArcGIS, version 10.6; ESRI: West Redlands, CA, USA, 2019.

Francioni, M.; Stead, D.; Clague, J.].; Westin, A. Identification and analysis of large paleo-landslides at Mount Burnaby, British
Columbia. Environ. Eng. Geosci. 2018, 24, 221-235. [CrossRef]

Westin, A.M. Downie Slide: An Integrated Remote Sensing Approach to Characterization of a Very Slow-Moving Landslide.
Ph.D. Thesis, Simon Fraser University, Burnaby, BC, USA, 2017.

Kos, A.; Amann, F; Strozzi, T.; Delaloye, R.; von Ruette, ].; Springman, S. Contemporary glacier retreat triggers a rapid landslide
response, Great Aletsch glacier, Switzerland. Geophys. Res. Lett. 2016, 43, 12466-12474. [CrossRef]

Cruden, D.M. Rock slope movements in the Canadian Cordillera. Can. Geotech. J. 1985, 22, 528-540. [CrossRef]

Carter, M.; Bentley, S.P. The geometry of slip surfaces beneath landslides: Predictions from surface measurements. Can. Geotech. J.
1985, 22, 234-238. [CrossRef]

Intrieri, E.; Frodella, W.; Raspini, F; Bardi, F.; Tofani, V. Using satellite interferometry to infer landslide sliding surface depth and
geometry. Remote Sens. 2020, 12, 1462. [CrossRef]

Morlighem, M.; Rignot, E.; Seroussi, H.; Larour, E.; Ben Dhia, H.; Aubry, D. A mass conservation approach for mapping glacier
ice thickness. Geophys. Res. Lett. 2011, 38, 1-6. [CrossRef]


http://doi.org/10.1029/2003GL018827
http://doi.org/10.1007/s00190-014-0786-9
http://doi.org/10.5194/isprs-annals-IV-2-W5-623-2019
http://doi.org/10.1038/34635
http://doi.org/10.1016/j.geomorph.2011.02.019
http://doi.org/10.3390/rs10060844
http://doi.org/10.3390/rs10070993
http://doi.org/10.3390/rs71114576
http://doi.org/10.3390/rs8070598
http://doi.org/10.3390/rs12040592
http://doi.org/10.3390/rs10050672
http://doi.org/10.1016/j.enggeo.2015.04.003
http://doi.org/10.2113/EEG-1955
http://doi.org/10.1002/2016GL071708
http://doi.org/10.1139/t85-073
http://doi.org/10.1139/t85-031
http://doi.org/10.3390/rs12091462
http://doi.org/10.1029/2011GL048659

Remote Sens. 2021, 13, 3048 19 of 19

58. Delbridge, B.G.; Biirgmann, R.; Fielding, E.; Hensley, S.; Schulz, W.H. Three-dimensional surface deformation derived from
airborne interferometric UAVSAR: Application to the Slumgullion landslide. J. Geophys. Res. Solid Earth 2016, 121, 3951-3977.
[CrossRef]

59.  Booth, A.M.; Lamb, M.P; Avouac, ].P; Delacourt, C. Landslide velocity, thickness, and rheology from remote sensing: La Clapiére
landslide, France. Geophys. Res. Lett. 2013, 40, 4299-4304. [CrossRef]


http://doi.org/10.1002/2015JB012559
http://doi.org/10.1002/grl.50828

	Introduction 
	Geological Overview of the Fels Landslide 
	Description of the New Method and Application to the Fels Landslide 
	Overview of the Proposed Methodology 
	Speckle Tracking (ST) Processing 
	GIS Post-Processing 
	Integrated Analysis of Remote Sensing Data 
	Profile Extraction and Analysis 
	Correlations between Structural Lineaments and ST Datasets 
	Reconstruction of the Sliding Surface and Estimation of Landslide Thickness 


	Discussion 
	Conclusions 
	References

