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Mapping slope movements in Alpine environments is an increasingly important task in the context of cli-
mate change and natural hazard management. We propose the detection, mapping and inventorying of
slope movements using different interferometric methods based on TerraSAR-X satellite images.
Differential SAR interferograms (DInSAR), Persistent Scatterer Interferometry (PSI), Short-Baseline
Interferometry (SBAS) and a semi-automated texture image analysis are presented and compared in
order to determine their contribution for the automatic detection and mapping of slope movements of
various velocity rates encountered in Alpine environments. Investigations are conducted in a study region
of about 6 km � 6 km located in the Western Swiss Alps using a unique large data set of 140 DInSAR sce-
nes computed from 51 summer TerraSAR-X (TSX) acquisitions from 2008 to 2012. We found that PSI is
able to precisely detect only points moving with velocities below 3.5 cm/yr in the LOS, with a root mean
squared error of about 0.58 cm/yr compared to DGPS records. SBAS employed with 11 days summer
interferograms increases the range of detectable movements to rates up to 35 cm/yr in the LOS with a
root mean squared error of 6.36 cm/yr, but inaccurate measurements due to phase unwrapping are
already possible for velocity rates larger than 20 cm/year. With the semi-automated texture image
analysis the rough estimation of the velocity rates over an outlined moving zone is accurate for rates
of ‘‘cm/day”, ‘‘dm/month” and ‘‘cm/month”, but due to the decorrelation of yearly TSX interferograms this
method fails for the observation of slow movements in the ‘‘cm/yr” range.

.

1. Introduction

In the Swiss Alpine periglacial belt – defined as the sparsely
vegetated portion of the mountain slope in between the tree line
up to the top of the mountains excluding the glaciated areas (in
between �2300 m and �3000 m a.s.l.) – various kinds of slope
movement can be encountered with velocity rates varying from
some millimeters to several meters per year. Many moving zones
are related to the creep of frozen debris (rock glaciers, push-
moraines). Shallow to deep-seated landslides affecting frozen as
well as unfrozen debris or rock are also likely to occur. In the
context of climate change and natural hazard management in
mountain, especially in densely inhabited Alpine regions, there is
a great need to investigate methods to detect and map slope move-
ments at regional scale (from an entire mountain slope to much
larger areas).

An inventory of slope movements over the whole Swiss Alps
was compiled in the past based on the visual interpretation of
Differential SAR Interferograms (DInSAR) computed from image
pairs of the ERS-1/2 and JERS-1 sensors characterized by time
intervals of 1 day up to 3 years (Delaloye et al., 2007; Barboux
et al., 2014). For a study area of about 37 km2 over the west-
facing slope of the Saas Valley in the Canton of Valais, 44 DInSAR
polygons outlining moving zones with an almost homogeneous
deformation rate were visually inventoried from images of the
1990s (Fig. 1). This study area is representative of the typical land-
scape encountered in the western Swiss Alps, namely high slopes,
rugged terrain and altitude ranging from 1500 m a.s.l. at the valley
bottom (western part of the studied area) up to about 4000 m a.s.l.
at the top of the mountain (eastern part). The 44 moving zones
inventoried in this restricted area are classified into signals from
four different magnitude orders of velocity rate, namely the classes
‘‘cm/day”, ‘‘dm/month”, ‘‘cm/month” and ‘‘cm/year” (Delaloye
et al., 2007) and are related to the typical Alpine landforms
encountered in the periglacial Alpine belt described above.⇑ Corresponding author.
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Studies carried out in various parts of the Alps have shown the
acceleration of rock glacier surface velocities and the destabiliza-
tion of several landforms over the two last decades potentially
related to the changing permafrost creep conditions in the Alps
(Delaloye et al., 2010). Consequently, it is worthy to evaluate
improved methods for an automatic update of existing slope
movement inventories.

Since the compilation of the first inventory new SAR sensors,
advanced processing techniques and Digital Elevation Models
(DEM) to compensate for the topographic related phase have been
available. ENVISAT ASAR (Fig. 2a) and ALOS PALSAR dual-
polarization (Fig. 2b) data have similar spatial resolutions,
acquisition time intervals and wavelengths of those of ERS-1/2
respectively JERS-1 and provide therefore similar information of
the one observed in Fig. 1 for a different time span. The availability
of large historic data archives at C-band (ERS-1/2 and ENVISAT)
also permitted the application of Persistent Scatterer Interferome-
try (PSI) to mitigate temporal and geometric decorrelation and
inhomogeneities in the tropospheric path delay of DinSAR data
(Ferretti et al., 2001; Wegmüller et al., 2003). The PSI sensitivity
to ground motion is very high, which permits assessing even slow
creeping at mm/year scale (Fig. 2c), but in mountainous regions
only summer images can be considered and there is therefore an
important data gap between November and June of every year.
This is limiting the possibility to detect with ERS and ENVISAT
PSI rates of movements larger than about 1–2 cm/yr. In recent
years a significant further improvement was possible with the
use of the new generation of satellite SAR sensors TerraSAR-X
(Fig. 2d) and Cosmo-Skymed characterized by a higher spatial res-
olution and a shorter revisiting time (Notti et al., 2010; Herrera
et al., 2010; Bovenga et al., 2012). In addition, the availability
in Switzerland of a very high resolution DEM (SwissALTI3D
�Swisstopo) with a spatial resolution of 2 m and an accuracy of
all three dimension reaching 1–3 m in alpine terrain allows to
compute X-band differential interferograms even with perpendic-
ular baselines larger than 500 m without any noticeable artifacts.

The availability of a unique large data set of TerraSAR-X
summer acquisitions from 2008 to 2012, the occurrence of both
well-defined isolated landforms and complex systems with super-
imposed moving landforms, and the relative dryness of the study
area with a long and continuous snow-free period makes the Saas

Valley a region particularly suitable to test the performance of
advanced SAR processing methods as Short Baseline Interferome-
try (SBAS; Berardino et al., 2002; Lanari et al., 2004), Interferomet-
ric Point Target Analysis (IPTA; Werner et al., 2003; Wegmuller
et al., 2004) and texture analysis of interferometric phase images
(Barboux, 2014) for the detection, mapping and inventorying of
slope movements. The development of alternative methods would
in particular support experts in the inventorying procedure by
allowing a reduction of the working time and of the subjectivity
of the DInSAR signal interpretation of each differential SAR inter-
ferogram. The performance of the proposed methods for mapping
various slope movements with different size and velocity encoun-
tered in Alpine terrain will be intercompared and validated with
differential GPS data.

2. Data and methods

2.1. TerraSAR-X data and Differential SAR Interferometry (DInSAR)

A large set of TerraSAR-X data was acquired in descending
mode over the eastern part of the Canton of Valais. Up to 2012, a
total of 51 images are available for the months of May to October
of 2008 (4), 2009 (13), 2010 (7), 2011 (12) and 2012 (15).
TerraSAR-X data were acquired in Stripmap mode at HH polariza-
tion with a nominal spatial resolution of 3 m and an incidence
angle of 45� to reduce problems of layover. In Differential Synthetic
Aperture Radar Interferometry (DInSAR), displacement is derived
from the measurement of the phase difference of the signals
acquired by two satellite SAR acquisitions after compensation of
the topographic effects with use of an external DEM (Bamler and
Hartl, 1998; Rosen et al., 2000). Major advantages of this technique
are the wide area coverage (hundreds of km2), the high sensitivity
to surface displacement (centimeters to millimeters), and the
availability since 1991 of a large archive of satellite acquisitions
with repeat-cycles on the order of one month. Despite limitations
due to vegetation cover, the special SAR viewing geometry, atmo-
spheric artifacts, and snow cover, short-baseline interferograms
are successfully applied in mountainous areas for the mapping
and monitoring of rock glaciers and landslides (Barboux et al.,
2012, 2014; Delaloye et al., 2007; García-Davalillo et al., 2014;
Lambiel et al., 2008; Strozzi et al., 2004, 2005, 2010).

Fig. 1. Detected DInSAR polygons using ERS-1/2 and JERS-1 DInSAR data from the 1990s over the studied area (Delaloye et al., 2007). Image background is an orthoimage
from 2010 � Swisstopo. The Swiss coordinate system is used for all maps, units are in meters. Image size is 5.9 � 6.3 km, central coordinates are 46�0.504500N/7�5704500E. The
location of two rock glaciers (Jegi and Gruben) seasonally surveyed by DGPS campaigns is indicated.
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We computed with the GAMMA commercial InSAR processing
software a total of 140 interferometric phase and coherence
images with baselines shorter than 250 m at 5 m posting (Table 1).
Differential SAR interferograms were processed in the two-pass
approach using the SwissAlti3D DEM oversampled to 5 m (2011
� Swisstopo). SwissAlti3D DEM has an estimated vertical accuracy
of 1–3 m for an original 2 m pixel spacing and is based on airborne
laser scanning for heights up to 2000 m and on stereocorrelation of
airborne images acquired from 2008 to 2011 for areas above
2000 m. Standard processing steps included co-registration of the
TerraSAR-X acquisitions, multi-looked interferogram generation
using a 5 � 5 window, estimation and removal of the topographic
phase using the DEM, baseline refinement and subtraction of a
height-dependent atmospheric phase contribution. For the estima-
tion of the coherence images used in the texture image analysis, an
adaptive filtering function based on local fringe spectrum
(Goldstein and Werner, 1998) was applied to reduce noise in the
phase images. The function computes locally the interferogram

Fig. 2. (a) SAR interferogram and (b) the related PSI signal using Envisat sensor and additional examples of (c) ALOS and (d) TSX SAR interferograms observed on the study
area. The polygons are those of Fig. 1 mapped manually using ERS-1/2 and JERS-1 DInSAR data.

Table 1
Number of selected interferograms from summers 2008 to 2012.

Time intervals (day) Number of pairs

11 11
22 10
33 10
44 10
55 10
66 9
77 12
88 11
352 12
363 7
374 8
638 6
649 5
660 5
704 6
715 8

Total 140
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power spectrum, designs a filter based on the power spectrum, fil-
ters the interferogram, and estimates the phase noise coherence
value for the filtered interferogram. According to software require-
ments, a small Fast Fourier Transform (FFT) of size of 32 was cho-
sen for the filtering of rapidly changing phase associated with the
topographic phase of rugged terrain.

2.2. Persistent Scatterer Interferometry (PSI)

The application of DInSAR is limited by temporal and geometric
decorrelation and inhomogeneities in the tropospheric path delay.
In Persistent Scatterer Interferometry (PSI) differential SAR Inter-
ferometry is applied only on selected pixels that do exhibit a
point-target scattering behavior and are persistent over an
extended observation time period (Ferretti et al., 2001;
Wegmüller et al., 2003). Through the use of many SAR scenes, even
if separated by large baselines, errors resulting from atmospheric
artefacts are reduced and a higher accuracy can be achieved. Over
built-up areas with numerous man-made structures or in regions
where rocks or single infrastructures (e.g. houses, power line
masts) scattered outside villages are visible, it is therefore possible
to estimate the progressive deformation of the terrain at millime-
ter accuracy. In mountainous regions the number of persistent
scatterers is limited by the sparse urbanization, the large forest
cover, and areas of shadow and layover (Farina et al., 2006;
Colesanti and Wasowski, 2006; Strozzi et al., 2006; Meisina et al.,
2008).

In our PSI analysis (Wegmuller et al., 2004; Strozzi et al., 2009)
the selection of candidate point targets is based on the temporal
mean-to-standard deviation ratio of the co-registered TerraSAR-X
intensity images and the spectral correlation averaged over the
single look complex stack. Interferometric processing is performed
with respect to the central reference image of September 11, 2009
with baseline values between �166 m and 183 m (Table 2). Swis-
sAlti3D DEM is considered for initial topographic related phase
estimation and removal. Two-dimensional linear regression with
respect to height and deformation rate is iterated various times
in order to include as many points as possible, because the quality
of potential additional points can be evaluated more reliably if the

improved model for the validated points is available. At the last
stage, points with a regression standard deviation of less than
1.0 rad are considered. The discrimination of atmospheric phase,
nonlinear deformation, and error terms is based on their differing
spatial and temporal dependencies.

2.3. Short Baseline Interferometry (SBAS)

For mountainous regions one major limitation to the use of PSI
is the presence of snowcover. Interferograms computed with
images acquired from November to June of every year are mostly
decorrelated. Also yearly TerraSAR-X interferograms are largely
decorrelated, caused by the surface deformation of soils, large
deformation of the ground and/or changes in the vegetation cover.
Therefore, PSI results are mainly restricted to rates of movements
of a few cm/yr. On the other hand, TerraSAR-X is able to provide
consistent series of interferograms with 11 days time intervals,
which show very good coherence under snow-free conditions
and permits application of a Short-Baseline Interferometry (SBAS)
processing approach (Berardino et al., 2002; Cascini et al., 2010;
Lauknes et al., 2010). Based on the singular value decomposition
inversion described by Lee et al. (2010) and Schmidt and
Burgmann (2003), we formulate in our algorithm a set of linear
equations that are functions of the deformation velocities during
the time intervals spanned by the interferogram. DEM height
correction is not applied because of the excellent quality of
SwissAlti3D, which does not produce any noticeable artifacts also
for X-band interferograms with spatial baseline as large as 500 m.

The short-baseline (SBAS) processing sequence applied here
includes the computation of a series of multi-look differential
interferograms, the removal of the topographic-related phase with
use of SwissAlti3D DEM, phase unwrapping, the removal of a linear
atmospheric signal with respect to height, the computation of
cumulative displacement maps and time series using Singular
Value Decomposition (SVD), and terrain-corrected geocoding. The
baseline distribution of interferograms is restricted within
�282 m to 331 m. Phase unwrapping was performed only for pix-
els with coherence values larger than 0.4 computed on an adaptive
window with size between 3.0 and 9.0. Adaptive filtering of the

Table 2
Spatial baseline and acquisition time of interferograms considered in PSI. The central reference image is September 11, 2009.

# Date (yyyymmdd) Spatial baseline (m) Time interval (day) # Date (yyyymmdd) Spatial baseline (m) Time interval (day)

1 20080811 183.2592 �396 27 20110622 61.8237 649
2 20080822 �100.606 �385 28 20110725 �96.2326 682
3 20080913 �121.97 �363 29 20110805 �5.5401 693
4 20080924 �44.0022 �352 30 20110816 172.711 704
5 20090524 67.9389 �110 31 20110827 �51.3479 715
6 20090604 92.9711 �99 32 20110907 �60.707 726
7 20090626 3.605 �77 33 20110918 �165.866 737
8 20090707 �38.8573 �66 34 20110929 94.2386 748
9 20090718 �32.3875 �55 35 20111010 �3.2289 759

10 20090729 �142.093 �44 36 20111021 20.8579 770
11 20090809 154.8672 �33 37 20120528 47.6992 990
12 20090831 �124.304 �11 38 20120608 8.9114 1001
13 20090911 0 0 39 20120619 41.5318 1012
14 20090922 �2.5012 11 40 20120630 73.4568 1023
15 20091003 �98.882 22 41 20120711 �166.634 1034
16 20091014 �79.3109 33 42 20120722 166.4561 1045
17 20091025 �161.073 44 43 20120802 81.4773 1056
18 20100613 124.6117 275 44 20120813 49.0954 1067
19 20100624 18.646 286 45 20120824 �114.114 1078
20 20100705 �47.563 297 46 20120904 �38.3144 1089
21 20100716 �109.788 308 47 20120915 50.9465 1100
22 20100829 118.2335 352 48 20120926 �74.0102 1111
23 20100909 20.3591 363 49 20121007 150.9254 1122
24 20100920 �55.5414 374 50 20121018 �39.7306 1133
25 20110531 51.0003 627 51 20121029 132.557 1144
26 20110611 �54.8933 638
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interferograms before phase unwrapping is avoided because of the
limited size of the observed geophysical phenomena. The design
matrix is augmented with a set of additional weighted constraints
on the acceleration that penalize rapid velocity variations. The
weighting factor can be varied from 0 (no smoothing) to a large
values (>10) that yield an essentially linear time series solution.
We set the weighting factor at 0.5 to take into account deformation
non-linearity. Processing was performed independently for every
year from 2008 to 2012. Here we focus on the 2012 results,
because of the larger number of available TerraSAR-X acquisitions,
leading to a more robust mean deformation rate map and a longer
time series of displacements, and the possibility to validate the
results with a larger set of coincident ground-truth. In addition,
stacking of all 11 days InSAR data from 2008 to 2012 was per-
formed to generate a mean displacement rate map. The 2008–
2012 stacking result is very similar to the SBAS mean deformation
map for 2012 alone and is therefore no more discussed here.

2.4. Semi-automated texture analysis of interferometric phase image

A method to semi-automatically detect slope movements from
DinSAR data was developed on the basis of the visual signal inter-
pretation used for the compilation of slope movement inventories
performed in the Swiss Alps (Barboux, 2014). This method is con-
sidered to be an alternative to PSI and SBAS in the case of rapidly
moving landforms (velocities larger than about 30 cm/yr), which
are anticipated to cause phase unwrapping errors of interfero-
grams. In addition, with this method the phase noise, which is by
default excluded by phase unwrapping, is also considered as an
important tool to identify the position, extent and contour of rapid
displacements.

Our procedure is divided in three parts. The first step consists in
the classification using different statistical methods of textural
image features extracted every 25 m from the interferometric
phase (Fig. 3a) according to three DInSAR signal patterns: (1) no
change defined by a plain pattern, (2) smooth change characterized
by a (partly) fringe pattern and (3) decorrelated signal expressed
by a noisy pattern (Barboux et al., 2013). The texture is evaluated
around the considered pixel within a radius of 40 m (8 pixels)
related to the size of the landforms that have to be detected. For
every interferogram the DInSAR signal map is finally produced at
5 m resolution by interpolation (Fig. 3b). In a second step, selected
interferograms with the same time interval are combined in order
to determine the overall slope movements at this specific time
interval. This combination is performed in order to produce a
map assessing the occurrence of each DInSAR signal class for the
selected studied period and to prevent the presence of single arti-
facts due e.g. to atmosphere or snow. Thus, pixels are classified into
the most represented DInSAR signal class in the set of selected
interferograms. An extra class ‘‘NaN” is added indicating when
the algorithm is not able to clearly classify the pixel. The classifica-
tion can be finally transposed into the slope movement’s index
according to the three following classes: (1) plain pattern corre-
sponding to ‘‘no deformation”, (2) (partly) fringe pattern poten-
tially related to ‘‘gentle deformation” and (3) noise pattern
potentially related to ‘‘large deformation” (Fig. 3c). Exceptional
variations in the velocity rate of a landform observed during one
single interferogram will be also smoothed by this process and
cannot be detected. However, noise related to vegetation or gla-
ciated area, persistent over all interferograms, has to be interpreted
correctly.

In the third part we propose to use the automatic mapping
based on specific time intervals for the rough estimating of the

Fig. 3. Process of semi-automated DInSAR and slope movements mapping for a specific time interval. Layover and shadow in white.
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velocity rate of a landform (Fig. 4). The process requires several
slope movement maps (Fig. 3c) derived from a large set of TSX
DInSAR data with various time intervals. The time intervals are
those of the available interferograms, i.e. multiple of 11 days up
to 88 days within the snow-free season and three to five other
intervals after one and two years during mid summer (Table 1).
The estimation is performed over a spatially outlined area with
an almost homogeneous deformation rate, for instance a DInSAR
polygon of the available inventory. For every polygon the variation
of the proportion of each slope movement’s index given by the ser-
ies of slope movement maps, indicated as ‘‘Deformation rate”, is
analyzed as a function of the time intervals (Fig. 4b). On the basis
of the deformation rate two thresholds are selected: (1) s_stab cor-
responding to the time interval until the proportion of ‘‘no defor-
mation” index is higher than 50% and (2) s_dec corresponding to
the time interval from when the proportion of ‘‘large deformation”
index is higher than 50% (Fig. 4b). The period in between these two
thresholds represents the time intervals where (partly) fringe pat-
tern possibly related to gentle deformation can be observed.

In Fig. 4 two examples are indicated. For the DInSAR polygon
863 a noise pattern related to large deformation is already classi-
fied for about 60% of the 11 days interferograms, meaning that
the s_dec index is 11 days and the s_stab index is not applicable.
For the DInSAR polygon 862 no deformation is classified for a little
bit more than 50% of the 11 days interferograms and a noise pat-
tern related to large deformation is classified for more than 50%
of the interferograms after 22 days. In this case the s_stab index
is 11 days and s_dec index 22 days. Table 3 is then used to evaluate

the velocity rate according to the 4 classes used in previous slope
movement inventories using DInSAR, namely the classes
‘‘cm/year”, ‘‘cm/month”, ‘‘dm/month” and ‘‘cm/day”. According to
Table 3 Polygon 863 is classified in the cm/day class (noise pattern
even after 11 days), while polygon 862 is attributed to the
dm/month class (noise pattern even after 22 days).

3. Results

3.1. Results of PSI and SBAS

PSI results obtained from TerraSAR-X data from 2008 to 2012
are presented in Fig. 5a and show slow creeping or sliding with
rates up to 4 cm/y. In particular, the Jegi landslide in the south-
west of the study region is very well covered with valid informa-
tion (large blue polygon). This result is generally similar to that
obtained with ENVISAT ASAR images (Fig. 2c), although with a
much larger number of point scatterers, because in both cases large
time intervals spanning over the winter had to be considered. On
the other hand, SBAS computed over only one single season is able
to detect larger rates of movements up to more than 20 cm/y
(Fig. 5b). When looking at single 11 days interferograms, as pre-
sented e.g. in Fig. 2d, the impression is that larger slope move-
ments should be detected but phase unwrapping failed over the
active rock glaciers where rates of movements are larger than
20 cm/y. Indeed, displacement over these small landforms is often
spatially incoherent, with large rock blocks moving independently
on the surface, and is thus causing phase noise. Filtering of the

Fig. 4. (a) Localization and (b) rough estimation of deformation rate for two DInSAR polygons. The time intervals of the TerraSAR-X interferograms (Tables 1 and 3) are
indicated with a logarithmic scale.

Table 3
Correspondence between class of velocity rate and time interval according to TSX DInSAR signal observed on the interferometric phase image.

Time interval (day)

11 22 33 44 55 66 77 88 352 363 374 638 649 660 704 715

Classes of velocity rate cm/day n n n n n n n n n n n n n n n n
dm/month f/n n n n n n n n n n n n n n n n
cm/month f f f f f/n f/n f/n f/n n n n n n n n n
cm/year p p p p p/f p/f p/f p/f f f f f/n f/n f/n f/n f/n

p: plain pattern, f: (partly) fringe pattern, n: noise pattern.
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interferograms was avoided to not smooth the displacement pat-
tern and remove the signal of the largest moving parts of the
unstable slopes. We anticipate nevertheless that for these land-
forms the phase noise represents an important tool to identify
the position, extent and contour of displacements.

3.2. Results of semi-automated texture analysis

Fig. 6 shows the result of an automated update of the velocity
rate observed for the 44 past inventoried DInSAR polygons over
the study area based on TSX DinSAR data. Most of the DInSAR poly-
gons are generally automatically classified in a faster class of veloc-
ity than the one mapped manually using ERS-1/2 and JERS-1
DInSAR data in Fig. 1. Potential false classification can immediately
be pointed out for some polygons. For instance, polygon 894,
located in a vegetated area, was previously moving at a deforma-
tion rate of ‘‘cm/year” and has been now classified at the rate of
‘‘cm/day”. This apparent strong change of velocity rate is due to
the presence of vegetation disturbing the TSX DInSAR signal and
causing a noisy signal also for the shortest time interval of 11 days.
In the past inventory, this area was classified as moving at
‘‘cm/year” rate based on a 3 years JERS-1 interferogram and the
same rate of movement can be observed on Fig. 5a with PSI based
on TSX data. Moreover, specific attention has to be paid for poly-
gons 869 and 870 which could potentially be incorrectly classified
with a deformation rate of ‘‘cm/day” instead of ‘‘dm/month” due to
the presence of snow cover in the upper part of the slope until late
summer.

4. Validation with DGPS data

4.1. Available DGPS data

Two rock glaciers, Jegi and Gruben, and the surrounding Jegi
landslide located in the region of interest (Fig. 1), are seasonally
surveyed by DGPS campaigns in order to analyze and understand
the processes governing their kinematic. Differential GPS (DGPS)
makes use of two receivers, one set up at a fixed location assumed
to be motionless and one on the points of interest, in order to

improve the accuracy of single measurements which are disturbed
by the atmosphere (Lambiel and Delaloye, 2004). In real-time kine-
matic mode a rapid acquisition of data is possible, with the receiver
left calculating its position for a few seconds. The standard devia-
tion of positioning during this time lapse is usually less than 1 cm
in the horizontal component and less than 2 cm in the vertical one.
By adding the positioning error a total error up to 3 cm can be
reached when comparing two sets of data (Lambiel and Delaloye,
2004).

Jegi is a 720 m long and 100–150 m wide west-oriented rock
glacier located between 2450 and 2750 m a.s.l. (Fig. 7a). It consists
of a rooting zone (2700 m) and a body down to a first front
(2550 m) overriding a 150 m long second tongue located below.
The inclination of the slope is about 20� in the rooting zone, 15�
in the median part and the second tongue and reaches 30� or more

Fig. 5. Results observed with (a) PSI and (b) SBAS methods with TSX data. The polygons are those of Fig. 1 mapped manually using ERS-1/2 and JERS-1 DinSAR data.

Fig. 6. Updated rates of movement obtained automatically for the 44 DInSAR
polygons based on TSX data.
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in the frontal parts. The rock glacier is located on a larger landslide
developing mainly to the south of it (Fig. 7c). A network of 84 DGPS
points covering the rock glacier and its surrounding area is mea-
sured twice a year since 2009, preferably in end of June and early
October. The velocity measured by DGPS increases from a few
decimeters per year in the rooting zone to 2.5–3.5 m/y in the first
frontal part, the second tongue is only moving at rate of 0.2–
0.5 m/y. Strong seasonal fluctuations of the velocity rate is observed
over this rock glacier (Fig. 7b), however the velocity rate becomes
roughly similar according to summer or winter in between 2009
and 2012. Due to the positioning error of the DGPS measurements,
the velocity rate of the surrounding landslide can only be estimated
from the total displacements observed between the 2009 and 2012
campaigns, corresponding to a rate of 0.015–0.035 m/y.

Gruben is a 1450 m long and 350 m wide south-west oriented
rock glacier located between 2700 and 2950 m a.s.l. (Fig. 7d). It
consists of a rooting zone formerly originating from a debris-
covered glacier and a wide body down to the front. The inclination
of the slope is about 5� in the zone of the body and reaches 15� in
the frontal part. A network of 46 DGPS is also measured twice a
year since 2012 (early July and early October). The velocity mea-
sured by DGPS increases from about 0.5 m/y in the zone of the
body to 1–1.2 m/y in the frontal part. The uppermost half of the
rock glacier is moving back toward the glacier (like a backcreeping
push-moraine) and a significant subsidence of the surface (up to
50 cm) is taking place during summer independently of the flow
rate. The cause of the subsidence is probably to be sought in the
presence of massive ice occurring beneath a surface blocky layer
not thick enough to prevent ice melt during the summer.

4.2. Validation of SBAS

The SBAS performance for the monitoring of the displacement
over the two rock glaciers Jegi and Gruben is evaluated with data
of the summer of 2012. The displacements measured with SBAS
from the complete set of 11-day TSX DInSAR from the 28th of
May to the 18th of October are compared with the displacements
measured from DGPS campaigns performed on the 27th of June
and the 9th of October 2012 (Fig. 8). The margin of error for these
DGPS measurements reaches 0.028 m/yr in the LOS (estimated
over 10 ground control points). DGPS points observed over the Jegi
landslide are thus excluded. For consistency, validation is per-
formed with DGPS absolute values of velocity projected into the
TSX LOS direction.

Fig. 8 compares the SBAS and DGPS measurements and shows
that there is no correlation for values larger than 0.35 m/yr in
the LOS. Above this threshold, the SBAS error increases because
of phase unwrapping errors. The high value of bias expressed by
the mean and the wide limit of agreements are again due to the
increasing error when estimating high velocity rates and show
the ambiguity of the SBAS results. Without consideration of the
DGPS points moving at rates projected into the satellite LOS
direction larger than 0.4 m/yr, the root mean squared error is
0.0636 m/yr (roughly double that the DGPS imprecision).

Fig. 9 displays the positions and values of error when estimating
the velocity rate with SBAS. The larger errors are found over the
most active parts of the rock glaciers, where the DInSAR signal is
subject to stronger decorrelation. In Fig. 9 it can be also observed
that for a lot of DGPS positions there is no SBAS result, because

Fig. 7. (a) Horizontal flow field observed by DGPS measurements over the Jegi rock glacier during summer 2012 and (b) related seasonal horizontal velocity observed in
between 2009 and 2012. (c) Horizontal flow field of the Jegi landslide derived from total displacement measured with DGPS in between 2009 and 2012. (d) Horizontal flow
field observed by DGPS measurements over the Gruben rock glacier during summer 2012.
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of the coherence threshold of 0.4 applied to phase unwrapping. The
above analysis highlights that a decrease of the coherence value to
enlarge the area covered with a SBAS solution would only lead to
wrong results.

4.3. Validation of PSI

The performance of PSI for the monitoring of displacements
during the time period 2008–2012 is evaluated using total

Fig. 8. Validation of SBAS measurements using DGPS measurements observed over the Jegi and Gruben rock glaciers during summer 2012. DGPS velocities are given in the
satellite LOS direction.

Fig. 9. Error of the SBAS method for the monitoring of displacements for each DGPS point location over the Jegi rock glacier area. Position of the points Jegi-063 to Jegi-066
used for further SBAS time series analysis is indicated.

Fig. 10. Validation of PSI measurements from 2008 to 2012 using DGPS measurements from the summers of 2009 to 2012. DGPS velocities are given in the satellite LOS
direction.
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displacement measured with DGPS between the 9th of July 2009
and the 9th of October 2012 over the Jegi rock glacier and land-
slide. The margin of error for DGPS measurements performed in
between these two campaigns was estimated over 6 ground con-
trol points on stable terrain and reaches 0.19 cm/yr in the LOS.
As DGPS campaigns over the Gruben rock glacier started only in
2012, they are not used for this validation. Validation is performed
with DGPS absolute values of velocity projected into the TSX LOS
direction and is presented in Fig. 10.

As already seen in Fig. 5a, only slow creeping or sliding can be
observed with PSI and therefore only few DGPS points mainly
located over the landslide surrounding the Jegi rock glacier can
be used for the validation. Fig. 10 shows an acceptable agreement
between the displacements estimated from PSI and DGPS measure-
ments when the velocity is below 3.5 cm/yr. The large values of the
mean of differences and the wide limit of agreements are mainly
due to the outliers with velocity larger than 3.5 cm/yr. Without
consideration of these incorrect points, the root mean squared
error between PSI and DGPS reaches 0.58 cm/yr.

4.4. Validation of the semi-automated texture analysis

The performance of the semi-automated texture analysis of
interferometric phase images is evaluated for the rough estimation
of the velocity rate of five DInSAR polygons detected over the Jegi
and Gruben rock glaciers (Fig. 11). This rough estimation is per-
formed using the complete TSX dataset from the summers 2008
to 2012. As already seen in Fig. 7b, the summer velocity rate of
the Jegi rock glacier is roughly similar in between 2009 and 2012
and confirm the possibility to use the proposed method for roughly
estimate the summer velocity during this period over this rock
glacier. Thus, the validation for the two polygons of the Jegi rock
glacier is performed by comparing the result against the mean
summer velocity rate measured with DGPS in between 2009 and
2012. Regarding the Gruben rock glacier, only the DGPS measure-
ments from summer 2012 can be used.

Using TSX data, each of the five DInSAR polygons is automati-
cally classified into the same class of velocity rate than existing
inventory (Fig. 11b–d). By comparing the averaged 3D velocity rate

Fig. 11. (a) and (d) Averaged 3D summer velocity rates derived from DGPS measurements. (b–g) and (e–g) Comparison of the velocity rates automatically estimated over five
inventoried DInSAR polygons according to the four classes of velocity: cm/day, dm/month, cm/month and cm/year.
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measured from DGPS measurements over each of these polygons,
it appears that the two delineated polygons of the Jegi rock glacier
are correctly classified: the polygon 812 (Fig. 11b) is described by 9
DGPS points having an average 3D velocity of 0.7 cm/day between
2009 and 2012 (class ‘‘cm/day”), and the polygon 862 (Fig. 11c) is
described by 47 points moving with an average velocity rate of
6.8 cm/month (class ‘‘dm/month”). The polygon 864 of the Gruben
rock glacier (Fig. 11g) is also correctly classified: the averaged 3D
velocity between 2012 and 2013 is about 6.7 cm/month, which
corresponds to the ‘‘dm/month” class. However, the two fastest
DInSAR polygons of the Gruben rock glacier (Fig. 11e and f) are
not correctly classified: the average velocity of 0.3 and 0.4 cm/day
given by the DGPS measurements is too low compared to the class
of deformation ‘‘cm/day” that was automatically estimated. The
difference observed over the Gruben rock glacier may be explained
by the non-coincident in time of DGPS and DInSAR measurement
but also by the fact that the outline of the polygon may have to
be updated. Thus, the validation of the presented methodology
over this rock glacier has to be carefully interpreted.

5. Discussion

5.1. Observable velocity rate using PSI and SBAS

Our results allow us to indicate where and when the application
of each of the presented advanced SAR processing methods using a
large TSX dataset is applicable for the detection and mapping of
various slope movements encountered in Alpine environments.
As indicated in many past studies, PSI is a powerful method to
observe slow slope movements with a very high sensitivity in
the mm/year scale (e.g. Crosetto et al., 2007; Raucoules et al.,
2009). However, our work has also shown that the higher spatial
resolution and the shorter revisiting time of TSX used with PSI over
a time span of five years do not provide significantly more benefits
than other sensors for the observation of slope movement faster
than 3.5 cm/yr. This is mainly due to the fact that only SAR images
acquired during the snow-free period from June to October can be
considered in the analysis. SBAS employed with 11 days summer
interferograms increases the range of detectable movements to
rates of up to 35 cm/yr. However, errors due to phase unwrapping
are already possible for velocity rates larger than 20 cm/yr. Similar
problems were also observed in the case of mining (Spreckels et al.,
2001; Przylucka et al., 2015), where undersampling of the SAR data
in relationship to the large rates of movement caused phase
unwrapping errors.

Semi-automated texture analysis was developed to be an alter-
native to PSI and SBAS in the case of rapidly moving landforms
with velocities larger than about 20 cm/yr. The validation of this
methodology with DGPS measurements could be performed only
for a very limited number of moving areas (5 polygons). Therefore,
a further validation of this automated method was performed
against the visual interpretation of the TSX DInSAR data with
respect to the 44 DInSAR polygons previously detected on our
study site.

5.2. Visual interpretation of TSX DInSAR and validation of the
semi-automated texture analysis

Amethodology for the visual upgrade is proposed in the work of
Barboux (2014) as an adaption of the core methodology for slope
movement inventory detailed in Barboux et al. (2014) and would
aim to (a) identify the new moving landforms over the region,
(b) spatially renew the outline of the past inventoried DInSAR poly-
gons, (c) categorize (or update) the deformation rate of the
detected DInSAR polygons and (d) eliminate possible errors (or

no longer moving areas) of the past inventories. Fig. 12a shows
the visual upgrade of the studied area with TerraSAR-X following
this methodology. Many DInSAR polygons have been separated
into different objects and numerous new moving objects were
found thanks to the high spatio-temporal resolution of TSX data.
Few new moving landforms have also been identified. The valida-
tion of the automatically updated inventory against the manual
interpretation is performed in terms of velocity rate classification
whatever the change of the outline of the considered DInSAR poly-
gon. The confusion matrix related to the classification of velocity
rate (Table 4) indicates the number of past inventoried DInSAR
polygons assigned to a class of velocity rate by the automated pro-
cess against the reference class of velocity rate visually interpreted.
An additional class ‘‘–” is defined for past inventoried DInSAR poly-
gons no longer visually detectable with the newer TSX DInSAR
data.

Overall, the average error of the automatic update with respect
to the manual one is 0.68 with a kappa index of 0.58 showing a
moderate agreement. It has to be noted that a change of the thresh-
olds used to identify s_stab and s_dec (for instance a proportion of
respective patterns higher than 40% or 60%) does not imply a
change in the final automated velocity rate classification. Indeed,
the period between s_stab and s_dec, representing the time inter-
vals where (partly) fringe pattern representing gentle deformation
can be observed, is simply extended or reduced while staying cen-
tered on the same range of time intervals and thus the same final

Fig. 12. Result of the visual update and upgrade (outlines and velocity rate) of the
44 past inventoried DInSAR polygons.

Table 4
Confusion matrix between automatic and manual velocity rate classification of the
past inventoried DInSAR polygons in the region of interest. Each column represents
the occurrence in the predicted class (automated), while each row represents the
visually observed occurrence in each class (reference).

Automatically classified as

cm/d dm/m cm/m cm/y –

Visually classified as cm/d 6 6 0 0 0 0
dm/m 13 5 8 0 0 0
cm/m 12 0 0 12 0 0
cm/y 11 0 1 6 3 0
– 2 1 0 1 0 0

Ao: 0.68, k: 0.58

The total number of visually classified classes is given in italic, correct automatic
classification is indicated in bold.
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classification of velocity rate is identified. Misclassification of the
automatic update to a faster class of velocity is the most common
error. This is mainly due to the detection and interpretation of the
DInSAR signal as noise pattern on a shorter time interval than it
should be caused by the presence of noise. In particular the yearly
TerraSAR-X interferograms are largely decorrelated over mountain
regions due to the presence of vegetation, snow or atmosphere as
disturbing external effects and thus the estimation of the ‘‘cm/y”
velocity rate class is most of the time not accurate. In other cases
decorrelation is also due to border effects in neighboring areas,
large seasonal variations in the deformation and changes over time
in the outline of the landform. In the case of doubts, visual
interpretation of single interferograms is required to correctly
determine the right class of velocity.

As a summary, the comparison between automatic and manual
classification as well as the validation of the automatic approach
with DGPS indicate that the rough estimation of velocity rate over
an outlined moving zone is accurate for velocity rates of ‘‘cm/day”,
‘‘dm/month” and ‘‘cm/month”, i.e. for velocities larger than about
10 cm/y. However, due to the decorrelation of yearly TSX interfer-
ograms, this method is not accurate for the observation of slow
movements (‘‘cm/y”). Regarding fast velocities, the class ‘‘cm/day”
is by definition given to each polygons showing DInSAR signal
decorrelated on 11 day TSX interferograms. This means that veloc-
ities faster than some centimeters per day are encompassed in this
class.

5.3. Monitoring the temporal variability in rock glacier kinematics

Superimposed to the decennial trend that can be observed in
rock glacier surface motion there is also a seasonal rhythm
(Delaloye et al., 2010). Recently installed continuous GPS sensors,
as the one put in place over the higher front of the Jegi rock glacier
on August 2012 (Fig. 7), indicate that the lowest velocities are gen-
erally observed in spring or early summer and the highest veloci-
ties are reached in most cases between summer and early winter
with a maximum of velocity in autumn (Fig. 13). An additional

short peak in velocity can also occur during the snowmelt phase
end of spring and the maximum of velocity is observed in autumn.
This typical intra-annual variability is also observed from different
GPS stations located around this rock glacier (Wirz et al., 2015).

Whereas the contribution of SAR Interferometry for the
observation of decennial trend or interannual variations was
demonstrated in the previous sections, the feasibility of SAR
interferometry for the observation of intra-seasonal fluctuations
remains to be confirmed. Past studies have suggested that the
acquisition time intervals of SAR data allows the detection of sig-
nificant temporal and spatial variability of rock glacier velocities
(Nagler et al., 2001), but other authors suggest more specific atten-
tion during interpretation of unique interferograms which might

Fig. 13. Horizontal velocity (cm/day) from continuous GPS located on Jegi rock glacier. For position see Fig. 7.

Fig. 14. SBAS time series for the summer 2012 for the points Jegi-063 to jegi-066
over the Jegi rock glacier. For position see Fig. 9a.
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be affected by atmospheric artifacts (Kenyi and Kaufmann, 2003).
The SBAS methodology allows the reconstruction of the temporal
evolution of movement, Fig. 14 gives an example of time series
deformation for the points jegi-063, jegi-064, jegi-065 and jegi-066
that are located over the wide body of the Jegi rock glacier (for
position see Fig. 9a). The four points show similar behavior with
moderate changes in deformation rate, and stronger displacement
observed in 11 days at the end of June – beginning of July and in
August. The lack of significant fluctuations can be explained by
the fact that this part of the rock glacier is maybe not subject to

different rates of strong acceleration during the season (Fig. 7b,
zone 5). But it has to be also considered that SBAS measurements
are restricted to rates slower than about 20 cm/y, which seems
not to be suitable for the observation of seasonal fluctuations over
this active rock glacier (rate detected with continuous GPS larger
than 1 m/yr, Fig. 13).

Visual interpretation of each snow-free 11 days interferogram
available during the summer 2012 reveals a substantial variation
of the DInSAR signal on the first front and the second tongue of
the Jegi rock glacier (Fig. 15c, e, g, and i). Thus, we suggest the

Fig. 15. (a) Seasonal behavior of the DInSAR signal patterns observed on Jegi rock glacier in 2012. (b) Orthoimage of the Jegi rock glacier with the outline observed area drawn
as dotted lines. (c–j) Interferometric phase images and corresponding automated DInSAR.
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use of consistent series of TSX interferograms for the automatic
survey of the seasonal rhythm of rock glaciers. Fig. 15 presents
the results of the semi-automated texture analysis of each of the
DInSAR signal patterns during summer 2012. A first single peak
of noise pattern (and respective drop of (partly) fringe pattern) is
observed at the end of June (Fig. 15a) and can be related to the
increase in the activity over the frontal part of the rock glacier that
can also been observed on the interferometric phase image
(Fig. 15e). Then an increase of the noise pattern (and respective
decrease of the fringe pattern) is gradually observed during the
summer with a maximum of velocity reached in September sug-
gesting an increase in the activity of the rock glacier dynamic as
observed with continuous GPS (Fig. 13).

The main advantage of the analysis based on DInSAR data is to
provide information about the evolution in time for the spatial
extent of the deformation rate. Compared to GPS, both continuous
and differential, the whole surface of the landform is systemati-
cally analyzed with DInSAR. But attention is required to accurately
interpret the specific processes governing the landform, because
drops in the interferometric coherence might be also caused by
snow fall, rain fall events, etc. For instance, the short peak of veloc-
ity observed in September 2012 (Figs. 13 and 15) may be related to
heavy rain events causing a heterogeneous movement of surface
boulders rather than an acceleration of the whole rock glacier
during this short period. It is therefore suggested to combine the
DInSAR observation with external data like weather forecast in
order to give reliable interpretation about the specific processes
governing the rock glacier movement.

6. Conclusions

The methods of PSI, SBAS and semi-automated texture image
analysis were compared in order to determine their contribution
for the automatic detection and mapping of slope movements
having various velocity rates based on TerraSAR-X images.
Investigations were conducted in the Alpine environment of the
Western Swiss Alps using 140 interferograms computed from 51
summer acquisitions from 2008 to 2012. We found that PSI is able
to precisely detect only points moving with velocities below
3.5 cm/yr in the LOS, with a root mean squared error of about
0.58 cm/yr compared to DGPS records. SBAS employed with
11 days summer interferograms increases the range of detectable
movements to rates of up to 35 cm/yr in the LOS with a root mean
squared error of 6.36 cm/yr, but inaccurate measurements due to
phase unwrapping are already possible for velocity rates larger
than 20 cm/yr. With the semi-automated texture image analysis
the rough estimation of the velocity rates over an outlined moving
zone is accurate for rates of ‘‘cm/day”, ‘‘dm/month” and
‘‘cm/month”, but due to the decorrelation of yearly TSX interfero-
grams this method fails for the observation of slow movements
in the ‘‘cm/y” range. The above considerations suggest that the
combination of the three methods would allow the correct detec-
tion and mapping of various kinds of slope movements that can
be encountered in Alpine environment.

Regarding fast velocities, the class ‘‘cm/day” is by definition
given to each polygons showing DInSAR signal decorrelated on
11 day TSX interferograms. This means that velocities faster than
some centimeters per day are encompassed in this class. The dis-
tinctions of further velocity classes, as required by the definition
of Varnes (1978), would be certainly feasible with acquisitions
from the Cosmo-SkyMed constellation (ASI, 2007), but interfero-
grams acquired with 4 days time interval over the studied region
are rare. Other possibilities to spatially detect rates of movement
of more than 1 cm/day are given by terrestrial radar interferome-
ters, which permit acquisitions with a sampling rate of a few

minutes (Strozzi et al., 2015), by using sub-pixel offset techniques
on SAR amplitude images (Manconi et al., 2014; Singleton et al.,
2014), but very high-resolution is required to detect small scale
instabilities, and by considering L-band PSI (Bianchini et al.,
2013), which was not possible in our case because only six ALOS
PALSAR images were acquired over the snow-free period. Shorter
revisit time of the radar acquisitions would also permit to increase
the performance of presented methods for the detection of sea-
sonal variations of the rock glacier dynamics, which is very limited
with TerraSAR-X data.

The presented semi-automated method based on texture image
analysis only provides an update of existing inventories by detect-
ing a change in the activity rate for past outlined moving area
(‘‘DInSAR polygons”). A methodology for the visual upgrade is pro-
posed in the discussion in order to validate the semi-automated
texture analysis. In that case, the automated slope movement
mapping can be suggested as a useful tool for visually interpreting
DInSAR data, especially when using a large SAR dataset, in order to
perform an accurate up-to-date inventory and reducing the subjec-
tivity of the operator. An automatic upgrade of existing slope
movement inventory (update of outlines and detection of new
polygons) was however not investigated in this paper but may
be investigated through different mathematical tools used in
image processing for feature detection and extraction. For such
an analysis it is important to define also a confidence degree to
be applied to each classified polygon and its velocity class. SAR
data from the recently launched Sentinel-1 mission could be used
in addition to TerraSAR-X data, providing regular acquisitions with
a 12 days time interval with an increased sensitivity to movement
because of the larger wavelength but at a lower spatial resolution.
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