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Abstract—We describe a method for rapid identification and
precise quantification of slope deformation using a portable radar
interferometer. A rockslide with creep-like behavior was identi-
fied in the rugged and inaccessible headwaters of the Iligraben
debris-flow catchment, located in the Central Swiss Alps. The
estimated volume of the moving rock mass was approximately
0.5 x 10° m3 with a maximum daily (3-D) displacement rate of
3 mm. Fast scene acquisition in the order of 6 s/scene led to
uniquely precise mapping of spatial and temporal variability of
atmospheric phase delay. Observations led to a simple qualitative
model for prediction of atmospheric disturbances using a simple
model for solar radiation, which can be used for advanced cam-
paign planning for short observation periods (hours to days).

Index Terms—Atmospheric phase delay, rockslide monitoring,
terrestrial radar interferometry.

I. INTRODUCTION

AILURE of bedrock instabilities in steep Alpine catch-

ments result in the transfer of significant quantities of
sediment from hillslopes into channels, which can subsequently
be entrained by fluvial processes or remobilized as hazardous
debris-flows [1], [2]. Remote sensing techniques including
aerial photogrammetry and lidar have been used to analyze sed-
iment transfer mechanisms by quantifying the change in ground
surface elevation before and after a mass movement event has
taken place [3], [4]. Although these techniques yield robust
information about transferred volumes and surface changes
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Fig. 1. Location of the Illgraben debris flow catchment showing area of
investigation (hatched), position of GPRI for various campaigns (labeled P1
and P2), and forested areas (shaded gray).

over mid-term timescales spanning months to years, catchment
wide measurements of mm-scale surface deformations on a
hourly to daily basis are not possible with these tools. Here,
we present a case where a terrestrial radar survey of the
steep, rugged Illgraben debris flow catchment (Central Alps
of Switzerland) showed the behavior of a creeping rockmass,
for which we resolve a displacement field on an hourly basis
and precision down to 0.2 mm during periods with low atmo-
spheric phase variability. Measurements are accomplished with
a portable radar interferometer, which allows a precise detection
of surface-displacements as well as of atmospheric phase-delay
variations over short observation time scales down to individual
minutes. To avoid highly variable atmospheric phase at the
time of the acquisition, a novel proxy is presented allow-
ing the qualitative forecast of atmospheric phase variability
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(a) Photograph taken from P1 of the target rock slope beneath the active escarpment. The outlined area marks the maximal extent of the measured

slope instability. (b) Shaded surface model (terrestrial lidar) in same geometry as photograph in (a). Contour Lines P1 and P2 define the LOS fraction of the

total displacement. The principal movement direction dest estimated from field observations. (c) Total displacements for the period 12.08.2011—05.10.2011.
Blue indicates decorrellated areas (coherence coefficient (|y|) < 0.85). (d) Corrected daily displacement rates measured from P2. (e) and (f) Corrected daily

displacement rates measured from P1.

using a solar radiation model and thus reducing the efforts in
postprocessing. We then introduce a geometric correction in
a final step, allowing a conversion from line-of-sight (LOS)
displacement rates to 3-D displacement rates based on geomor-
phological field observations. The ultimate goal is to illustrate
how the survey with a portable radar interferometer paired
with enhances campaign planning allows the quantification of
continuous slope deformation at a highest possible resolution
currently available for rugged Alpine terrains.

II. PHYSIOGRAPHIC AND GEOLOGICAL SETTING

The Illgraben debris flow catchment is a tributary basin
located in the Rhone-Valley, Central Swiss Alps (Fig. 1) and
has a relief of about 2100 meters, extending from the summit
of the Illhorn at 2716.5 m a.s.l. to the confluence of the Rhone
River located at about 610 m a.s.l. The northwestern flank of the
catchment (Gorwetschgrat, Fig. 1) has a slope angle of about
50° and consists of a steeply dipping suite of thick-bedded
dolomites and marbles [6]. The opposite southeastern valley
flank [Fig. 2(a)] is separated by a fault zone trending SW-
NE along the main channel. This flank dips at 40° and com-
prises an irregular alternation of highly fractured lithologies
including quartzites, meta-conglomerates, dolomites, and low-
grade gneisses [6]. The escarpment, where rock slope failures
have recently released large volumes of sediment into the main
channel encompasses the entire cirque between the Illhorn peak
and the Gorwetschgrat further to the northwest. The catchment
is exceptionally active with a mean annual erosion rate of
0.39 £ 0.03 m x yr~'[4]. Many landslides (volumes up to a
few thousand m®) have been observed based on comparative
analysis of aerial photographs [3]-[5] in an 4.6 km*-wide sub-
catchment. This area has supplied most sediment into the main

channel in recent decades through landsliding. Accordingly
mass failure in this area is of importance because they have
generated dams in the trunk channel and resulted in in large
hazardous debris flows [7]. Most of these landslides have
originated from the upper regions of the cliff face [3] where
the radar was directed for this study.

III. METHOD
A. Ground-Based Radar Interferometry

Ground-based radar interferometric measurements were
made using the Gamma Portable radar Interferometer (GPRI).
The GPRI is an real aperture radar, operating at a frequency
range of 17.1-17.3 GHz. Two versions of the instrument were
used in this study, GPRI-I and -II. GPRI-II [8] is a further
development of GPRI-I [9], [10] and includes better focused
antennas and allows full 360°-acquisition in 36 s instead of
37 min. Data was acquired over three measurement campaigns
from two fixed positions (P1 and P2 in Fig. 1). Table I shows
the details of the single measurement campaigns including
date of acquisition, and time span when measurements were
taken. Position P1 is situated on a 15 x 5 m wide, treeless
platform at the edge of the escarpment, thereby providing a
good view to the target rock slope. The GPRI was relocated
to position P2 (Fig. 1) for the September 2010 acquisitions
due unexpected road construction works preventing access to
position P1. Position P2 was located 0.5—1 km from the target
area upon a small 3 x 3 m wide platform, however the look
direction was characterized by a smaller LOS sensitivity in
the expected dominant displacement vector direction [dest,
Fig. 2(b)], particularly in the lower part of the hillslope. For
all campaigns the GPRI was set up on a geodetic tripod.
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TABLE 1
RADAR CAMPAIGN OVERVIEW

Nr. Start End Nr. Chirp  Temporal  Azimuth Weather Position

Date/Time Date/Time  Scenes  length baseline width condition
[ms] [min] [degrees]

1 23.09.2010  24.09.2010 159 2 10 60 cloud free P2
16:36 UTC  13:32 UTC

2 10.06.2011 12.06.2011 227 2 10 50 Ist day: cloud free P1
21:18 UTC  11:06 UTC 2nd day: clouded

3 04.10.2011  05.10.2011 147 2 10 50 cloud free P1
11:43 UTC  11:45 UTC

B. Interferometric Postprocessing

The measured total interferometric phase (;,;) is made up
of four linear contributions [11]

Pint = Ptopo T Pdisp + Patm + Pnoise (D

Only the displacement phase (@q;sp) is needed for deforma-
tion measurements. Therefore, the remaining phases are sub-
tracted from ¢;,,;. The topographic phase contribution (¢¢opo)
is zero because of the perfect reposition of the GPRI. Phase
noise (Pnoise) is defined by the signal-to-noise ratio (SNR) and
ranges between 10 and 30 dB from 18.1° to 1.81°[8].

The remaining atmospheric phase contribution (@) is
a function of pressure (P), temperature (T), and water vapor
content (H) in the atmosphere and thus of the air refractive
index N [12]. Because these parameters can vary rapidly in
space and time, independent field determination of @, 1S
difficult for the same spatial extent that is covered with the radar
acquisition, especially where the terrain has a large variation in
elevation, exposure, relief and gradient.

The separation of ¢, and ¢g;s, Was done by modeling
the atm from the data. The basic idea is to mask areas that
show displacement after visual inspection, interpolate the phase
over these areas and then compute the atmospheric contribution
using a low-pass filter. Different filter sizes can be used to
accommodate for different situations. The temporal distribution
of the phase differences in the target area is shown in Fig. 3.
Additionally, the spatio-temporal appearance of the measured
and calculated phase differences can be seen for the n —1
interferograms in Appendix la and for the n—(n—1) inter-
ferograms in Appendix 2a.! Strong spatial variability of up
to 6 7 is observed around 11:30 UTC. For each differential
interferogram ¢, was computed using a 2-D low-pass filter.
Areas where displacement was observed were masked and
the phase interpolated. The displacing areas were localized by
looking at the stack of unfiltered interferograms and the iden-
tification of spatially coherent phase shifts. The outline of the
mask applied on the interferograms is shown in Fig. 2(a). The
temporal evolution of the unfiltered differential phase shows an
increase in spatial variability between 05:00 UTC and 16:00
UTC. Therefore, different window sizes were used for the 2-D
low-pass filters. During periods with low spatial variability

IThe Appendices for this letter are available online in AVI format as
supplementary material at http://ieeexplore.ieee.org.

an interpolation window size of 64 pixels was well suited to
cover the rather large scale variations in the atmospheric phase
contributions. While during the time-span mentioned above
where strong small scale variations were dominating the scene
signal, the sampling window size was reduced to 22 pixels.

The modeled ¢+, were removed from the scenes now only
remaining (q;sp. The situation of the single interferograms
after p,¢py,-removal is shown in Appendix 1b for n—1 inter-
ferograms. Finally, the scenes were unwrapped and converted
to LOS displacements. Daily LOS displacement rates were
calculated by stacking and normalizing single displacement
maps using a phase reference center, which was considered to
be stable over the observation timespan [¢,. s in Fig. 3(a)].

C. Solar Radiation Model

Temporal evolution of the unfiltered n—(n—1) interfero-
grams show highly variable ¢, during times with high solar
radiation (Appendix 2a and c). Observations made in [13],
showed that atmospheric disturbances under cloud-free condi-
tions, are due to heat flux in the air mass driven by differences in
the solar radiation var;,s.;. Thus, we introduce a simple proxy
for the prediction of the spatial and temporal variability of @,

vare atm (t) ~ Uari7zsol(t)~ (2)

For a qualitative assessment of the atmospheric influence on
the measurements, the solar radiation for the duration of the
two surveys on the target area was modeled (see Appendix 2b).
Here, we used a digital elevation model (DEM) with an res-
olution of 2 X 2 m as basis for the solar radiation model.
The calculation was performed using the algorithm developed
by [14] on a quarter hour basis. The dimensionless spatial
variability of the insolation pattern at a given time is determined
by calculating the 1-D spatial variance of the solar radiation
affecting the identical spatial extent as the radar observation.
The calculated variances of the two dates were normalized and
plotted in Fig. 3(b) and (c) as well as for the August 2011
campaign in Appendix 2d. The contribution ¢, on the mea-
surements, determined by considering the (4,4, was found to
be negligible within 10 min with regard to ©,¢,,. Accordingly,
the measured phase contribution equals .., [e.g., Fig. 3(a)].
A 1-D variability of every single scene was calculated in areas
with a coherence coefficient (|y|) < 0.85 and normalized to 1
(see Fig. 3 and Appendix 2c).
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Fig. 3. (a) Differential interferogram with 10 min temporal baseline (A¢).
The range of the phase differences (¢) covers a phase cycle. The single
scene acquisition duration (taq) is 5 s. Same extent and view direction as
in Fig. 2(b) and (c): 24 h cumulative LOS displacements (drogs) for points
dl, d2, d3 [location see Fig. 2(e) and (f)]. Each data point represents the
displacement in a time interval of 10 min. For each interferometric scene,
a normalized spatial variability (varnorm) was calculated (var;n:s). The
interferometric variability is plotted against the modeled variability of the
insolation (var;nse;) hitting the target area. Dashed line: smoothed moving
average of 5 data points. The shaded areas mark times with low atmospheric
variability in the measured scenes.

D. Geometric Correction of LOS Displacement

The measured displacement represents only the landslide
movement in direction of the line of sight (LOS), yielding es-
timates of displacement rates. A correction of the displacement
to obtain the effective 3-D displacement lengths (|dso;|) was
applied

|CZ;£ot| =

3)

where ¥ is the angle between the LOS vector JLOS to the
corresponding ground pixel and the displacement vector dlst.
The sensitivity of the measurements along LOS relative to the
slip direction decreases to zero where the LOS and the displace-
ment direction are perpendicular to each other. Since the 3-D
orientation of the displacement vector cannot be determined
with only a single interferometric observation, the apparent
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displacement direction was corrected with the orientation of
the slip plane that was measured in the field (dip azimuth and
angle, where accessible) and from the TLS surface-model. We
also used the orientation of strained roots, spanning across
a fault scarp in the accessible upper part of the instability
[Fig. 2(a)], to determine the direction of slip. The estimated
displacement vector [unit vector: cfest in Fig. 2(b)], as well
as the LOS fractions per resolution cell were calculated using
(3) for the two observation points P1 and P2 [Fig. 2(b)]. The
bottom line for these calculations were assumptions that that
deformation was homogeneously distributed over the entire
rockslide. Supporting evidence is provided by the absence of
longitudinal and vertical cracks.

IV. RESULTS
A. Atmospheric Phase Variability

The measurements show that the calculated phase vari-
ability increases during daytime and decreases after sunset
(Appendix 2) similar to the modeled temporal evolution of
the insolation variability during cloudless days (Appendix 2c).
We observed that the atmospheric turbulence started about
1 h before the sun directly illuminated the scene. Note that
the campaign in October 2011 yielded in general a lower
variability in the data [Fig. 3(c)] as in August 2011. However,
the variability in October 2011 increased after midnight. We
relate this observation to the effect of substantial dew in the
target area. The phase variabilities of the extended observation
period in the August 2011 (Appendix la and c) during daytime
of 12.08.2011 indicates comparable low variabilities as during
the night-time. It was observed, that the weather situation
during this time-span was cloudy, therefore no direct insolation
was hitting the observation area. After filtering, the temporal
point displacement (Fig. 3(b) and (c) and Appendix lc and
d) reveals a standard-deviation o of the single observations,
which ranges from 0.20-0.25 mm during stable atmospheric
conditions to o of 0.45-0.50 mm during phases with high
insolation differences. Although the atmospheric filtering led
to a reduction of o from 0.90 to 1.00 mm prior to the filtering,
this is still highly variable.

B. Slope Deformation Analysis

The geometrically and atmospherically corrected 24 h
displacement rates of the different surveys are shown in
Fig. 3(d)—(f); the total displacement after 55 days is illustrated
in Fig. 2(c). Daily total displacement rates of up to 3 mm were
measured in September 2010 as well as in August 2011 at the
top western part of the analyzed escarpment. The spatial dis-
tribution of the deformation signal implies a distinct boundary
between the displaced mass and the stable surrounding areas.
This result is in good agreement with field-observations in the
top and western part of the rockslide, where the spatial extent
is defined by the presence of fault scarps and the mapped
slip plane. Displacement rates decreased to less than 1.5 mm
between August and October 2011. The spatial pattern of the
signal, however, remained constant. In September 2010 when
scans were collected from site P1, the lower boundary of the
rockslide was allocated to a higher elevation. Here, the LOS
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fraction of the total displacement beneath 2100 m a.s.l. is less
than 0.5. The corrected total displacement limit of 0.5 mm/day
is above this height. The 24 h evolution of the displacement
at selected points is illustrated in Fig. 3(b) and (c). Cumulative
displacements are linear over time. Note that the values are LOS
displacements. The averaged observations from August 2011
and October 2011 form one interferometric pair with a temporal
baseline of 55 days. The resulting displacement [Fig. 2(c)] indi-
cates that the upper part of the rockslide is strongly decorrelated
because of the strong deformation. Hence, it is not possible
to calculate displacement rates in these areas. In the lower
part of the rockslide, deformation was still measurable due to
the lower LOS dependence on deformation. The results of the
measurements showed that the lower boundary of the moving
zone was located at a lower elevation than was expected from
the short time measurement due to the smaller LOS sensitivity
in the lower part of the hillslope. The combination of the results
of the short- and long-term observation, and particularly of
the 55-day baseline data, resulted in the delineation of the
lateral boundaries of the rockslide at a resolution of 5 m,
yielding a cross-sectional width of approximately 130 m and a
length approaching 360 m. The orientation of the slide plane
is determined through field measurements and results in a
perpendicular thickness of the slope instability of about 5—15 m.
These constraints yield an estimated volume of a potential
slope-failure of approximately 0.5 x 10% m3.

V. SUMMARY AND CONCLUSION

Terrestrial radar interferometry is a powerful method to
obtain deformation data with high temporal and spatial res-
olution, particularly for the rapid identification and interpre-
tation of land- and rockslides. The atmospheric influence on
radar propagation time strongly depends on changes in the air
refractive index N. The resulting perturbation can be mapped
as a consequence of the relatively short acquisition time of the
radar interferometer, allowing almost complete removal of the
atmospheric contribution from the measured phase shift during
times with low phase variabilities. This substantially increases
the precision of the retrieved deformation information both in
space and time, as illustrated here. Likewise, it is also shown
that the highly variable atmospheric phase is strongly correlated
to high insolation differences. This results in the situation
where the removal of the atmospheric phase contribution during
highly variable atmospheric conditions is not sufficient with
respect to the achievable precision of the method. Therefore,
we propose that the here presented proxy for the prediction
of atmospheric phase variability can be used for the planning
of short term measurement campaigns, avoiding periods with
highly variable atmospheric phase contributions.

Finally, the presented approach here, which includes: at-
mospheric phase filtering, geometric correction of the mea-
sured displacement data, data about LOS displacement lengths
and geologic field observations permits the determination of

the 3-D displacement magnitude. This correction facilitates
comparison between displacement data collected with either
radar interferometry from different survey sites, or other high-
resolution techniques (e.g., GPS-based displacement fields).
The survey strategy presented herein allows rapid determination
of the spatial and temporal behavior of slope instabilities with
relatively low effort, which is of importance to support hazard
investigations where decisions about natural hazards and public
safety may have to be made within a short time, and at low
Costs.
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