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Abstract: InNSARTrac is an innovative method for 3D displacement monitoring that combines terres-
trial interferometric synthetic aperture radar (InNSAR) and computer vision-based feature tracking.
The 3D measurements obtained are considered far superior to 1D or 2D data and facilitate evaluations
concerning the mechanisms controlling kinematics. This study presents the results of InNSARTrac
measurements at the Molltal Glacier in Carinthia, Austria. The duration of glacier monitoring was
four weeks and involved two instrument setup positions to obtain comparative measurements of
supraglacial rock debris from different angles without utilizing retroreflectors. The mean displace-
ment rate of the resultant vector is 22 mm/day and includes ~11 mm/day in the downgradient ice
surface direction and 6 to 18 mm/day vertically downward. Additionally, the entire glacier surface
was measured three times using a LIDAR-equipped UAYV, revealing mean vertical displacements of
16 mm/day. The measurements indicate an INSARTrac accuracy of 4.2 ppm, which is 27% lower than
in the initial controlled tests utilizing retroreflectors. The field test demonstrates the capability of
InSARTrac to provide meaningful 3D displacement measurements of supraglacial rock debris. The
material monitored has texture and reflectivity similar to certain classes of landslides, rock glaciers,
and other alpine processes, indicating that InNSARTrac has promising applications for monitoring a
variety of geologic phenomena.
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1. Introduction

Terrestrial interferometric synthetic aperture radar (InNSAR) monitoring can cover a
large field of view (FoV) with high temporal resolution and attain almost range-independent
sub-millimeter displacement accuracy in the line of sight (LoS) direction [1]. While the
LoS displacement component is useful for quantifying displacement rates and trends,
the full 3D displacement vector is considered far superior for assessing the mechanics
controlling surficial geologic processes. As an example: (a) landslides failing in a wedge
mode will displace in the direction of the intersection line formed by the two bounding
discontinuity planes; and (b) landslides failing in a rotational slump mode will exhibit a
systematic displacement field that reflects the curved sliding surface (Figure 1). Knowledge
concerning the landslide failure mode is highly pertinent for slope stability calculations
and for the design of slope remediation measures.

For terrestrial and satellite-based InSAR, 2D or 3D displacements can be obtained by
simultaneously monitoring an object from multiple viewpoints with multiple instruments
or by combining the results of ascending and descending satellite passes [2—4], respectively.
The use of offset tracking or multi aperture InNSAR to obtain 2D InSAR measurements has
also been investigated [4]. The first technique has achieved an accuracy of 13-26 cm using
European Remote Sensing Satellites (ERS) ERS-1 and ERS-2, and the second an accuracy of
about 10 cm from satellites [4,5].
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Figure 1. Surface displacements associated with different modes of landsliding: (a) movement of a
wedge slide is in the direction of the intersection line of bounding discontinuity planes; (b) movement
of rotational slump reflecting attributes of the curved sliding surface.

InSARTrac is a 3D displacement monitoring method that combines terrestrial INSAR
and computer vision-based feature tracking (FT). Specifically, INSARTrac combines the
InSAR LoS displacement component with 2D displacement measurements obtained from
time-lapse optical images acquired parallel to the LoS. The results are then combined
to obtain 3D displacement vectors. Although FT algorithms are widely used in remote
sensing, e.g., [6-8], combining the results with InSAR data has been sparse [9-11]. The
accuracy of InNSARTrac has been verified under controlled laboratory and field conditions
involving known target (retroreflector) displacements (Figure 2) [12,13]. With the Hydra-G
terrestrial INSAR [14] and a 300 mm objective combined with a 2 teleconverter mounted
on a Nikon D800 DLSR camera, intrinsic accuracies of 2.6 ppm and 3.3 ppm were obtained
under laboratory and field conditions, respectively.
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Figure 2. InNSARTrac testing under: (a) controlled laboratory environment [12]; (b) controlled field
conditions [13].

Initial InNSARTrac tests under uncontrolled field conditions and a single instrument
position were performed at the Pasterze Glacier in Austria [15]. Glaciers provide an ideal
test environment, as their displacements are slow and continuous and their surface is
unvegetated. Results from the Pasterze Glacier quantified daily movement attributes and
could discern differential movement components, including ice flow, melting, and sliding
of supraglacial moraine material (rock debris overlying the ice). Extrapolated short-term
InSARTrac results are well correlated to annual measurements of the Pasterze Glacier by the
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Austrian Alpine Club (Osterreichischer Alpenverein). This paper summarizes the results of
subsequent InNSARTrac measurements of the Molltal Glacier in Carinthia, Austria, which
utilized multiple instrument positions and were supplemented with light detection and
ranging (LIDAR) surveys (Figure 3).
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Figure 3. Location map of the field area (FA) (Basemap: Google Earth Image © CNES/ Airbus).

2. Monitoring and Analysis Methods
2.1. Study Site and Monitoring Concept

The Molltal Glacier underwent a median annual retreat rate of about 7.1 m between
2018 and 2021 [16,17]. The four-week monitoring campaign included two InSARTrac in-
strument positions and three consecutive unmanned aerial vehicle (UAV) LIDAR surveys
(Figure 4a). The InSARTrac target comprised a stable reference area and two areas of
supraglacial moraine movement (Figure 4b). Results obtained from InSARTrac positions
one (ITP 1) and two (ITP 2) were compared, with the assumption that the horizontal com-
ponent of displacement remained constant during the monitoring intervals. Additionally,
differential digital elevation models (DEMs) were compared to the vertical component of
InSARTrac measurements.

Environmental conditions were obtained to investigate correlations between glacier
and weather dynamics. Weather data were provided from the Integrated Nowcasting
through Comprehensive Analysis (INCA) database of GeoSphere Austria [18]. INCA uses
weather models in combination with DEMs and a large set of weather stations, such as
the four-kilometer-distant Sonnblick weather observatory, to calculate weather data in a
one-kilometer raster.

2.2. InSARTrac Setup and Analysis

A similar setup as in the controlled conditions tests was used, with the only difference
being that no teleconverter was utilized at ITP 2. The equivalent pixel size at the target area
(FoV ITP 1) was 4.6 mm and 11.4 mm monitoring from ITP 1 and ITP 2, respectively. The
camera was programmed to capture ten images in rapid succession at hourly intervals.
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Figure 4. (a) Overview map of the study area. The ice area marks the glacier extent. The INSARTrac
positions, including their orientations of 18.4° and 52.0° to geographic north, are shown for ITP 1 and
ITP 2, respectively. Base map: within field area: hillshade of UAV DEM; outside field area: hillshade
of 2009 DEM, KAGIS-Geoinformation Land Kéarnten. (b) FoV ITP 1 FT image, including reference
area and supraglacial moraine areas.

The FT component of INSARTrac calculations was carried out using a Python (v. 3.8.10)
script, which utilizes the Open-Source Computer Vision Library (OpenCV v. 4.3.0). The
FT methodology includes: (i) image capturing; (ii) preprocessing; (iii) image registration;
and (iv) 2D displacement calculation. The preprocessing involves the removal of low-
quality images using the variation of the Laplacian and the minimization of illumination
variation effects using contrast-limited adaptive histogram equalization (CLAHE) [19,20].
The image registration and displacement calculation utilized the scale-invariant feature
transform (SIFT) algorithm for feature extraction and description, which were used for
the affine transformation matrix calculation, by which the images were registered and the
displacements calculated. This calculation was combined with random sample consensus
(RANSAC) outlier filtering [21]. The INSAR component of the measurements involved
raw data analysis, filtering, and displacement calculations that were carried out with the
IDS Georadar software Guardian (v. 3.7.0) [22,23]. Guardian allows real-time analysis of
displacement data and accounts for atmospheric measurement influences by utilizing the
persistent scatter method [24]. Residual INSAR measurement drifts were corrected using
the stable reference area.
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2.3. UAV Mapping and Analysis

LIDAR-based differential DEMs were generated to provide supplementary informa-
tion concerning the glacier surface morphology (steepness, orientation), which provides
a framework for interpreting the INSARTrac measurements. For DEM generation, a DJI
Matrice 300 RTK UAV equipped with a DJI Zenmuse L1 LIDAR having a systematic ac-
curacy of 10 cm/50 m in the horizontal direction and 5 cm/50 m in the vertical direction
was utilized [25]. A three-pulse echo was specified with a sampling rate of 160 kHz and an
overlap of about 70% between each flight track. The range was kept constant at 100 m above
ground. Eight ground control points (GCP) were deployed around the glacier boundary
for model registration.

The LIDAR datasets were georeferenced in DJI Terra, and all further preprocessing
was performed in CloudCompare (v. 2.12.4) [26,27]. Systematic offsets were removed
using the ground control points, followed by an ICP-based fine registration using slopes
exceeding an inclination of 50 degrees in order to exclude snow fields. The aligned datasets
were filtered from inconsistent points, resampled to a spatial density of 0.05 m, rasterized
to a DEM, and evaluated using QGIS (v. 3.24).

3. Results
3.1. Measurement System

The InSARTrac prototype was exposed to freezing temperatures, rain, snowfall, and
high humidity. This resulted in continuous lens fogging after 15 September 2022. Occa-
sional power interruptions necessitated InNSAR displacement interpolations. The 2D STDs
obtained at ITP 1 were 4.1 mm and 18.1 mm for the boulders and the cobbles, respectively.
AtITP 2, the equivalent values were 2.8 mm and 2.4 mm. The corresponding precision is
represented by the 95% confidence interval, which rarely exceeds two millimeters (Figure 5).
The horizontal displacement directions of the boulders are 189.2 and 189.1 degrees, and
for the cobbles, 180.7 to 185.3 degrees, measured from ITP 1 and ITP 2, respectively. The
InSAR showed for all measurement areas an amplitude between —100 and —105 dB and,
over the entire period, a data quality above 97% (software-specific parameter).

3.2. Total Displacements

The FT revealed total displacements of the cobbles to be significantly higher than the
boulders (280% in the x-direction and 85% in the y-direction), but the InNSAR results of both
areas were similar (Table 1). After the second day from ITP 1, the total daily displacements
decreased by 19% in the boulders area and 23% in the cobbles area (Figure 5a,b). From
ITP 2, a general decrease after the third day (boulders: 59%; cobbles: 57%) and an increase
on 13 September (boulders: 189%; cobbles: 123%) occurred (Figure 5c,d). The total daily
displacements were in a similar range for both areas.

Table 1. Monitoring results of INSARTrac from ITP 1 and ITP 2 and their conversion to east, north,
and height changes. X positive to the left, y positive upward, and z positive with increasing distance.

Position Area of x [mm] y [mm] z [mm]
Interest (mm/Day) (mm/Day) (mm/Day)
1 Boulders —15(-1.1) —185(—13.2) —202 (—14.4)
1 Cobbles —42 (-3.0) —341 (—24.4) —207 (—14.8)
2 Boulders —14 (-1.75) —123 (—15.4) —44 (-5.5)
2 Cobbles —27(-3.4) —172 (-21.5) —67 (—8.4)
Position Area of East [mm] North [mm] Height [mm]
interest (mm/day) (mm/day) (mm/day)
1 Boulders —-29(-2.1) —179 (—12.8) —205 (—14.6)
1 Cobbles —2(-0.1) —174 (—12.4) —362 (—25.9)
2 Boulders —4(-0.5) —25(-3.1) —129 (—16.1)
2 Cobbles —4(—0.5) —43 (-54) —181 (—22.6)
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Figure 5. Displacements of (a) boulders and (b) cobbles from ITP 1 and (c) boulders and (d) cobbles from ITP 2. X and y represent displacements measured by FT
(x horizontal, positive to the left; y vertical, positive upward) and z displacements measured by InSAR (positive with increasing distance). The x-shaped data points
indicate the measurement values, and their corresponding line is their LOESS regression (span = 0.45) [28]. The 95% area represents the confidence interval, and the
grey shaded area denotes measurement interruptions with interpolated InNSAR data. The global radiation (GR) data and the temperature are plotted using the INCA

dataset (Temp) [18].
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3.3. Daily Displacement Patterns

The daily patterns are most distinct in the INSAR measurements and the initial two
FT monitoring days from ITP 1 and ITP 2 (Figure 6). Generally, an acceleration occurred
around 11:00, shortly after a major increase in global radiation (GR), and a deceleration
started at around 18:00, after a strong decrease in GR. The velocity between 11:00 and 18:00
was about twice that measured between 18:00 and 11:00.
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Figure 6. Displacements of the initial two days from ITP 1 (17:00 22 August 2022 to 14:00 24 August
2022) for the (a) boulders and the (b) cobbles. X and y represent FT (x horizontal, positive to the
left; y vertical, positive upward) and z InSAR displacement measurements (positive with increasing
distance). The x-shaped data points indicate each single measurement and the corresponding line
represents their locally estimated scatterplot smoothing (LOESS) regression (span = 0.45) [28]. The
95% line represents the confidence interval. The GR data from the INCA database are plotted for
correlation analysis [18].

Measurements from ITP 2 focused on ten additional movement areas (Figure 7). The
displacements were generally parallel to the downgradient ice surface direction, with in-
creased horizontal displacement magnitudes near the glacier border, where the supraglacial
moraine cover is thicker. Increased horizontal displacements also occurred in the areas of
the NW gravel fan. The vertical displacements were all similar but slightly increased with
distance from the glacier border.

3.4. Differential Elevation Models

According to evaluations of 1500 randomly distributed sampling points, the DEMs
have an accuracy of 0.068 m and a precision of 0.13 m. From 2009 to 2022, the glacier surface
elevation decreased by an average of about 35 m, with a range of 15 m at the uppermost
edges to 57 m at the glacier gate (Figure 8a). Significant elevation decreases also occurred



Remote Sens. 2023, 15, 2031

8 of 13

DIFFERENTIAL TERRAIN MODELS

(a) - Differential DEM
[2009 - 2022]

(b) - Differential DEM ITP 1
[23 Aug 2022 - 05 Sept 2022]

(c) - Differential DEM ITP 2
[05 Sept 2022 — 22 Sept 2022]

(d) - Differential DEM ITP 1 & ITP 2
[23 Aug 2022 — 22 Sept 2022]

Differential DTM [2009 - 2022]
Bl <=-5m

[ -55--45m

[ ]-45--35m
[]-35--20m

BN -20--10m

Bl >-10m

Differential DTM [08/22 - 09/22]
Bl <=-1.00m
[]-1.00--0.60 m

] -0.60 - —0.15 m [2 x sigma]

[ 1-0.15-+0.15 m [2 x sigma]
Bl +0.15-+0.20 m

along the south to south-eastern border. During ITP 1, mean surface displacements of
about 600 mm (46 mm/day) were recorded, showing higher rates within areas having steep
surface gradients and where surface water was observed (Table 2, Figure 8). This pattern
was less pronounced and partly obscured by snowfall and snowdrift during the ITP 2
measurements, where mean displacements of only 280 mm (16 mm/day) were measured.
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Figure 8. Differential DEM maps. The 2017 DEM was provided by KAGIS-Geoinformation Land
Kérnten (CC-BY-4.0: Land Kédrnten—data.gv.at, accessed on 2 September 2022).
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Table 2. DEM analysis.

Area

ITP1 ITP 2 Total

z [mm]
(mm/Day)

23 August 2022-5 September 2022 5 September 2022-22 September 2022 23 August 2022-22 September 2022

z [mm] z [mm]

(mm/Day) o [mm] (mm/Day) o [mm]

o [mm]

Global
FoVITP 1
FoV ITP 2
Boulders

Cobbles

—600 (—46)
—352 (—27)
—480 (—37)
—176 (—14)
—365 (—28)

210 —276 (—16) 280 —880 (—29) 370
510 —51(-3) 143 —550 (—18) 628
300 —253 (—15) 504 —753 (—25) 398
323 —165 (—10) 230 —341 (—11) 362
190 ~197 (~12) 143 —562 (—19) 226

4. Discussion
4.1. Measurement System

The InSAR provided measurements having high temporal resolution. It was not
feasible to obtain measurements in some areas of ice located outside of the target due to an
oblique angle of the ice surface with respect to the radar waves. The InSAR discriminated
displacement details that were not revealed with FT. This is ascribed to the comparatively
sparse FT measurement intervals and smoothing algorithm.

The FT algorithm for boulder displacement measurements had a 1D STD of 0.61
and 0.18 pixels during ITP 1 and ITP 2, respectively. Decreasing the timespan of ITP
1 to that of ITP 2 decreases the STD only to 0.46 pixels. This indicates better precision
when no teleconverter was used. The 0.18 pixel STD is sufficient for attaining a change
detection error of less than 10% [29]. The high STD of mean 2.7 pixels when measuring the
cobbles from IPT 1 is likely due to FT limitations related to nonuniform displacements of
individual cobbles.

The good correlation between the ITP 1 and ITP 2 horizontal displacement vectors
heuristically indicates high InNSARTrac accuracy. The 4.8-degree difference in the vector ori-
entation corresponds to 2D and 3D accuracies of 2.1 mm and 3.0 mm (4.2 ppm), respectively.
These results are consistent with those obtained under controlled test conditions [12,13].

During ITP 1, the DEM analysis correlated 57% better with the INSARTrac results than
anticipated by the DEMs accuracy. The reduced temperatures, the lower GR, and the onset
of snowfall during ITP 2 likely caused the reduction of the vertical displacements after
15 September. Their increased STD is presumably caused by strong local height changes as
a result of boulder movements.

4.2. Measurement Results

The resultant displacements can be resolved into the downgradient ice surface di-
rection and residual vertical component (Table 3). For comparison, the differential DEM
evaluation for the time period between 2009 and 2022 indicates total vertical displacements
of 14 m and 18 m for the cobbles and boulders, respectively.

Table 3. Monitoring results from 22 August to 14 September 2022. Ice surface gradient extracted from
5 September 2022 DEM. Boulders [2] assumes a similar ice surface gradient as at the cobbles.

Ice Surface

Gradient

Resultant . . Displacement Parallel to Ice
Vector Total Displ [mm] Melting [mm|] Surface Gradient]l [mm]

Gradient (mm/Day) (mm/Day) (mm/Day)

Boulders
Cobbles
Boulders [2]

42°
33°
33°

58° 393 (17.1) 148 (6.4) 278 (12.1)
68° 585 (25.4) 402 (17.5) 259 (11.3)
58° 393 (17.1) 200 (8.7) 246 (10.7)

Based on interpretive geologic cross-sections, the glacier basal shear stress is in the
range of about 65 kPa to 110 kPa and is thus considered sufficient for ice flow [29]. Glacial
crevices also indicate displacement of the entire ice mass. Based on orthophoto comparison,
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boulder displacements on the ice surface (outside of the measurement areas) were observed
to exceed crevice offsets, indicating differential movements between the rock debris and ice
surface via mechanisms of sliding or supraglacial moraine creep (Figure 9) [30]. Displace-
ments in the downgradient ice surface direction could also potentially include a component
of basal sliding.

Evaluation

t'! 8 ; ’
& (Creep vector |

Boulders § ‘j
to73 23 Aug 2022
(] 05 Sept 2022
Crevasses -
==== 23 Aug 2022
=105 Aug 2022 5%

Figure 9. Indications of differential movement between boulders and ice surface.

The difference between the melting rates of boulder and cobble-covered areas may
be related to differences in particle size-dependent ablation rates and shadowing by the
nearby rockwall [30]. Moreover, the DEM surface gradient at the boulders might not be
representative of the ice surface gradient. If a similar surface gradient as at the cobbles is
presumed, the melting amounts converge.

The differential DEM vertical displacements are very uniform in the central area of
the glacier, and the vertical displacements decrease near the glacier boundaries. Com-
paratively large vertical displacements were measured in areas of concentrated surface
water flow. Additionally, there is an inverse relationship between the magnitude of vertical
displacement and elevation, indicating higher melting rates at lower elevations.

The daily movement pattern is well correlated with the results of previous glacier
monitoring studies [15,31]. A logarithmic relationship between the daily displacements of
the target areas and the product of GR and the concurrent 24-hour mean air temperature
(Temp) was found (Figure 10a). A similar model was generated for the entire glacier,
neglecting the surface water influence (Figure 10b). The model approximations have a
Pearson coefficient of 0.70 and 0.61 for the target area and the entire glacier, respectively,
indicating that higher energy input into the system increases the velocity, which is similar
to the results described by Hock (2005) [32].

4.3. Beneficial Effects of 3D Surface Monitoring

Using solely the INSAR LoS measurements, the displacements can be correlated to
weather conditions. However, the 3D InSARTrac measurements allow the differentiation
of displacement mechanisms that are consistent with components of ice melting and
the combined effect of ice flow, block sliding /supraglacial moraine creep, and possibly
basal slip. As eluded to, 3D InSARTrac displacement vectors are considered valuable for
discriminating the causative mechanisms of other geologic processes involving ground
surface displacements.
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Figure 10. Correlation between the product of GR and Temp with the daily displacement for (a) the
target area and (b) the entire glacier. The blue line denotes the LOESS regression for these points
(span = 0.9) [30]. The grey area represents the 95% confidence interval. The red line denotes the
best-fitting logarithmic model.

5. Conclusions

InSARTrac is capable of monitoring surface displacements in 3D without the need for
retroreflectors. The system operates within an accuracy of 4.2 ppm, which is in the range of
modern total stations having 1” angular accuracy. This accuracy was determined by a vector
comparison of two setup positions, previous accuracy tests, and general displacement
mechanism considerations. InSARTrac’s 3D vector, combined with its high temporal
resolution in the LoS, allowed measurements of diurnal surface movement trends and their
correlation to meteorological data. This research demonstrates the innovative capabilities
of InSARTrac for discerning 3D measurements as a basis for interpreting the underlying
displacement mechanisms. InNSARTrac is considered a novel method not only for glacier
monitoring but also for a variety of slow-moving geological phenomena.
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