
1 INTRODUCTION 
 
Significant challenges persist regarding the practical 
applicability of space-borne data to landslide 
investigations. One of the most important factors 
which limit the utility of many currently available 
satellite datasets is the coarse resolution of space 
imagery. This problem and other limitations have 
been discussed in various publications (e.g. Soeters 
& van Westen, 1996, Wasowski & Singhroy, 2003). 
The recent and future deployment of new, higher 
resolution, optical and microwave satellite systems 
(e.g. IKONOS, RADARSAT 2), hold the premise 
for increasing use of space data in landslide studies.  

This article is focused on the outstanding capa-
bilities of space-borne SAR, and particularly on 
monitoring slope instability with the Permanent 
Scatterers (PS) differential interferometric technique 
developed at Politecnico di Milano, Italy (Ferretti et 
al., 2000, 2001, Colesanti et al., 2003a, b) and pat-
ented worldwide (U.S. patent 6,583,751, E.P. patent 
1.183.551). Thanks to all-weather, day-night capa-
bility to detect and accurately quantify small ground 
surface displacements (millimetric elevation 
changes), the PS SAR interferometry is attractive for 
landslide hazard investigations and possibly for pre-
liminary warning. Under suitable conditions, i.e. fa-
vorable slope orientations and dips with respect to 
the radar sensor acquisition geometry, presence of 
many privileged radar targets such as buildings, oc-
currence of very slow movements, the PS approach 

can offer a valuable alternative for providing initial 
wide-area assessment of ground displacements. This 
approach is thus intended for those areas where there 
is potential slope hazard and where more detailed 
geotechnical investigations may ultimately be re-
quired. 

To demonstrate how radar data can be used to 
assist in landslide hazard mapping we present case 
history of a large unstable slope in Liechtenstein 
(Fig. 1). First we offer some basic principles of SAR 
interferometry. Then we present the results of the PS 
application, which relies on the exploitation of SAR 
imagery acquired by the ERS-1 and ERS-2 satellites 
of the European Space Agency (ESA). Finally, the 
local site conditions and processes related to 
landsliding and ground surface deformations are 
discussed to indicate how these can constrain the 
interpretation of PS interferometry data. 

2 STUDY AREA 

2.1 Physical setting and local geology 
The study area is located in the Liechtenstein Alps, 
south of the country’s capital Vaduz (Fig. 1). The 
Triesenberg-Triesen landslide (Allemann, 2002) oc-
cupies the west-facing slopes of the Rhine river val-
ley characterised by high local relief (over 1000 m). 
The two main towns affected by landsliding are 
Triesen and Triesenberg, located respectively at 
about 500 and 900 m a.s.l. 
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year monitoring of a large landslide complex in the Liechtenstein Alps. 

 
  



 
The study area is situated in the westernmost part of 
the Eastern Alps, near the main Alpine suture zone 
developed along the Austroalpine/Penninic 
boundary. The local tectono-stratigraphic relations 
in the landslide area are shown in Figure 2. The 
bedrock of the middle-lower slopes is constituted by 
Late Cretaceous and Late Cretaceous-Earliest 
Tertiary flysch units known as Vaduzer and Triesen 
Flysch (Allemann, 2002). The upper slopes contain 
deformed units arranged in tectonic nappes. A 
variety of rocks is present including Perm-Trias age 
sandstones, undifferentiated flysch and breccias, and 
Late Cretaceous flysch and chalks. The bedding is 
irregular, but counter-slope dips predominate. 

A vast hillslope area is mantled by Quaternary 
age superficial deposits, which include considerable 
amounts of coarse materials of rock fall and rock 
slide origin. Talus materials are present in the upper 
slope area, at the base of steep rock scarps. Moraine 
deposits crop out extensively along the middle 
slopes of the valley. Finally, large alluvial fans are 
present at the slope base near the northern and 
southern lateral margins of the Triesenberg-Triesen 
landslide. 

2.2 The Triesenberg-Triesen landslide 
The Triesenberg-Triesen hillslope is covered by a 
large landslide complex (Figs 1, 2), which has an 
area of approximately 4.2 km2, the depth on the or-
der of 100 m and estimated volume of 500 million 
cubic meters (Allemann, 2002). The origin of the 
slide may date back to the retreat of the Rhine valley 
glacier, which took place over 10,000 years ago. 
 
 

 
Today the toe of the landslide complex is distant a 
few hundred meters from the Rhine River and re-
sults unaffected by fluvial erosion. 

The overall landslide slope is around 18.5°, but 
there are several local slope breaks (Fig. 2). Two 
main streams follow lateral flanks of the landslide, 
whereas the surface water drainage within the slide 
mass is irregular. There appear to be several mass 
movements superimposed on the main slide mass 
and this adds some complexity to the mechanism of 
motion. Nevertheless, the inferred basal slip geome-
try indicates that the movements are predominantly 
translational (Fig. 2). 

There are several evidences of the ongoing activ-
ity of the landslide. These include the documented 
damage to the roads and to several buildings, espe-
cially those located in Triesenberg. Furthermore, 
surface movements were measured during the topog-
raphic campaigns in the 1980’s and the GPS surveys 
in 1990’s (Frommelt AG, 1996). The inclinometer 
monitoring demonstrated the presence of deforma-
tions occurring at depths varying from several to 
about 20 m (GEOTEST AG, 1997). All the ground 
control data indicate the occurrence of displace-
ments with average velocities between 1 and 4 
cm/yr. 

3 SPACE-BORNE SAR INTERFEROMETRY  

3.1 Background 
Here we offer only a brief introduction to space-
borne SAR interferometry. Further details, including  
principles of SAR data acquisition, processing and 
analysis can be found in remote sensing literature 
(e.g. Hanssen, 2001). 

Figure 1. Location map (left) and corresponding multi-image SAR reflectivity image (right). Note a radar satellite picture with 
black arrows indicating azimuth and range directions and the Triesenberg – Triesen landslide area (marked by black line). 



Figure 2. Cross section of the Triesenberg - Triesen landslide (modified after Alleman, 2002). 
 

Synthetic Aperture Radars (SAR) are coherent 
microwave active systems capable of recording the 
electromagnetic echo backscattered from the Earth 
surface and of arranging it in a 2D complex valued 
(amplitude and phase) image map, whose dimen-
sions are the sensor-target distance (slant range or 
Line of Sight direction, LOS) and the platform flight 
direction (azimuth). One of the currently operating 
space-borne platforms is the ESA ERS-2 satellite, 
whose side-looking SAR sensor images the Earth 
from an orbit about 780 km above the Earth surface. 
ERS-2 illuminates a 100 km wide strip with a con-
stant off-nadir angle of around 21°. Each ERS scene 
covers approximately a 100x100 km2 area with the 
resolution of about 5 m in azimuth direction and 9.5 
m in slant range. In its principal acquisition mode 
ERS-2 has a 35 day revisiting time. 

The basic principle of interferometry relies on the 
fact that the phase of SAR images is an ambiguous 
(modulo-2π) measure of the sensor-target distance. 
Distance variations are determined by computing on 
a pixel by pixel basis the phase difference (interfer-
ometric phase) relative to two SAR images acquired 
over the same area during successive satellite passes. 
SAR interferometric data can be used for generating 
3D images of the Earth surface (interferometric digi-
tal elevation models, DEM). Moreover, by compen-
sating for the topographic contribution to the inter-
ferometric phase (differential SAR interferometry - 
DInSAR), ground deformation can be isolated in 
single or in series of interferograms. These applica-
tions are possible as long as the phase contribution 
introduced by electromagnetic scattering on the 
various objects within the test area remains nearly 
constant (coherence condition) between the two 
acquisitions involved in each interferogram. 

Despite a few spectacular case studies (e.g. Frun-
eau et al., 1996) and the recognition of some areas 
suitable for practical applications (e.g. mass move-
ments above the tree line in high elevation areas like 
the Alps, Rott et al., 1999), DInSAR has not become 
an operational tool for landslide monitoring. The 
loss of coherence, typically related to the presence  

of vegetation cover, is a major problem for monitor-
ing applications that need to rely on long-term se-
quential SAR observations. The presence of atmos-
pheric distortion affecting the interferometric phase 
is another serious drawback. These and other limita-
tions of conventional DInSAR applications to the 
investigations of landslide-prone slopes have been 
discussed in more detail in Wasowski et al. (2002). 

3.2 Permanent Scatterers (PS) technique 
Several limitations to the practical applicability of 
the conventional DInSAR to landslide monitoring 
are overcome by using the PS technique. A detailed 
description of the PS technique and validation tests 
can be found respectively in Ferretti et al. (2000, 
2001) and in Colesanti et al. (2003a, b). 

The technique relies on the fact that the scattering 
mechanism of a certain amount of image pixels is 
dominated by single point-wise elements (i.e. much 
smaller than the image pixel). As long as these 
dominant scatterers correspond to objects whose 
reflectivity does not vary in time (in particular 
portions of man-made structures and rock exposures 
not masked by vegetation), all decorrelation effects 
turn out being negligible. 

Permanent Scatterers can be thought of as natural 
(i.e. not deployed ad hoc) benchmarks of a high 
density geodetic network. For each PS the output 
products of the analysis are: 
- Geocoded position and high precision (standard 
deviation ~1m) estimate of the elevation. 
- Time series of the displacement occurring along 
the sensor-target line of sight (LOS) direction. The 
precision of each single LOS measurement ranges 
between 1 and 3 mm. However, only the projection 
along LOS can be recorded and this represents a 
significant limitation in landslide monitoring, where 
3D displacements are of interest (the problem can in 
part be circumvented in favourable geometric cir-
cumstances, by coupling SAR data relative to differ-
ent acquisition geometries). For ERS-1/2 data the 
LOS direction is close to the vertical (average inci-
dence angle on flat terrain ~23°). 



Figure 3. Triesenberg - Triesen landslide site - SAR image (in radar coordinates) showing positions and average Line Of 
Sight (LOS) displacement rates of Permanent Scatterers; white rhomb near the Rhine river marks the reference PS sup-
posed motionless. For visualisation purposes the PS are grouped in four classes based on their LOS velocity. Letters A, B 
and C indicate locations of three representative PS whose LOS displacement time series are shown in Figures 4 and 5. 

 
  
 
 
 
 
As in all DInSAR applications, displacement data 

are relative both in time and space. In time all data 
are referred to the unique master image. In space the 
data are relative to a reference PS supposed mo-
tionless. Average LOS displacement velocities 
(VLOS) can be determined with submillimetric preci-
sion (typical values range from 0.1 to 0.5 mm/yr). At 
present, however, it is possible to monitor with con-
fidence only very slow ground motions, because of 
the current satellite radar systems constraints regard-
ing in particular the available re-visit periods and 
operating wavelengths. 

4 PERMANENT SCATERERS STUDY OF THE 
TRIESENBERG-TRIESEN AREA 

4.1 General distribution of PS and their LOS 
velocities 

Given the size of the hillslope of interest, the PS in-
vestigation was carried out on a larger area (16x16 
km2) centered on the Triesenberg-Triesen landslide 
(Fig. 1). A total of 38 ERS images covering the time 
span August 1992 – August 2001 were exploited. 
The analysis resulted in the identification of around 
7500 PS in the larger area (average density ~ 30 
PS/km2). Most of the PS falls within the Rhine val-
ley bottom, where the density of man-made struc-
tures is the highest (Fig. 3).  



 
 

 
Nevertheless, many stable radar targets are also 

available on the Triesenberg-Triesen slope. They co-
incide mainly with buildings and secondarily with 
structures made of stone, cement and metal (e.g. pe-
rimeter or retaining walls, guard rails, poles). Some 
PS correspond also to natural rock outcrops.  

Around 450 PS were identified within the 1.7x2.2 
km2 area affected by significant displacements, i.e. 
where VLOS systematically exceeds -2mm/yr (Fig. 3, 
n.b. negative sign stands for displacements away 
from the radar sensor, i.e. downslope in our case). 
Although the average PS density is ~120 PS/km2, in 
some steep slope areas covered by trees, notably be-
tween Triesenberg and Triesen, PS are lacking.  

The LOS displacement rates vary from 0 to -20 
mm/yr, which, assuming the occurrence of only 
translational slope movements, would correspond to 
the actual velocities between 0 and ∼ -30 mm/yr. 
Thus, a simple distinction between the stable and 
unstable areas can readily be made by examining the 
distribution of the PS and their velocities (Fig. 3). 
The PS results show that: 
- The great majority of moving PS fall within the 
Triesenberg-Triesen landslide complex (Figs 1, 3);  
- The two main zones with moving PS coincide with 
the urban and peri-urban areas of Triesenberg and 
the northern periphery of Triesen;  
- The slopes surrounding the landslide complex have 
higher inclinations (over 22°), but result unaffected 
by movements (cf. PS B in Fig. 4);  
- The alluvial fans at the slope basis N and S of 
Triesen and the Rhine valley bottom, appear stable. 

4.2 Spatial variations in PS LOS velocities 
Although the registered movements are very slow, 
the observed spatial differences in LOS velocities  
are significant. The local velocity values can be used 
to distinguish between various segments of the land-
slide complex and thus help in the preliminary zona-
tion of slope hazard. In particular, the PS data indi-
cate that:  
- The uppermost part of the landslide complex has 
fewer PS (lower density of man-made structures) 
and is characterised by lower deformation rates 
(typically around -5 mm/yr); the reasons for this are 
not certain but lower slope inclinations (~ 14-15°), 
and local variations in lithology might play a role; 
- The locality Undera Bual, upslope Triesenberg, is 
subject to relatively high LOS displacement rates 
exceeding -15 mm/yr (PS A in Fig. 4); this steep 
area (20-23° slope) has been known for slope insta-
bility problems and the deformations have already 
been monitored there in the past using GPS and in-
clinometers (Frommelt AG, 1996, GEOTEST AG, 
1997). Furthermore, signs of instability were ob-
served during the site inspection in 2003 (Fig. 4); 
- The town of Triesenberg exhibits higher displace-
ment rates than those at Triesen and this may be re-
lated to greater slope inclinations. For instance the 
areas immediately downslope and upslope the centre 
of Triesenberg, with slopes exceeding 20°, move at 
velocities -10-11 mm/yr. The site visit in 2003 
showed that some of the PS with these velocities co-
incide with the damaged buildings (Fig. 5);  
 
 

              Figure 4. LOS displacement time series and site conditions of PS A and B (see Figure 3 for location). 



 

 

  
- The lower part of the landslide complex, in the 
northern periphery of Triesen, is characterised by 
lower PS velocities (typically around -5 mm/yr); this 
can be linked to the low slope inclinations amount-
ing to 6-7°; 
- The central part of the landslide (at Triesenberg) 
appears to move at higher velocities with respect to 
its lateral margins. This may not be related to differ-
ences in slope, because the inclinations along the 
flanks of the landslide are similar to those in the cen-
tral part of the mass movement. 

5 DISCUSSION AND CONCLUSIONS 

This case study illustrates that the application of the 
PS technique can provide very useful results on an 
Alpine valley scale, especially where slope hazards 
originate from large slowly moving landslides. 
Thanks to the high density of natural PS targets 
(~120 PS/km2) it was not only possible to detect and 
delimit the unstable area, but also to identify some 
zones within the landslide characterised by different 
displacement rates, and thus by different degree of 
hazard.  

The presence of spatially variable displacement 
rates is not surprising considering the size and com-
posite nature of the Triesenberg-Triesen landslide, 
local variations in slope inclinations, decrease in 
slide thickness away from its central part and pre-
sumably better drainage near the slide flanks. The 
differences in movement rates can also be linked to 
the local lithologic and hydrogeologic variations as 
well as to man’s activity (e.g. cutting, filling and 

slope loading related to housing and infrastructure 
development, increased water input into the urban-
ised slopes). 

In conclusion, the PS technique combines the 
wide-area coverage typical of satellite imagery with 
the capability of providing displacement data rela-
tive to individual image pixels. Given the coverage 
of SAR images (thousands of km2), the larger is the 
area investigated the more cost-effective will tend to 
be the PS monitoring of unstable slopes. Even 
though slow ground surface displacements can be 
measured with millimetric precision by PS SAR in-
terferometry, at present, the most attractive and 
proved contribution provided by this remote sensing 
technique lies in the possibility of i) qualitative dis-
tinction between unstable and stable slopes and ii) 
qualitative or relative hazard zonation of landslides 
based on the identification of segments characterised 
by different movement rates. Because the remotely 
sensed data provide only the LOS projection of the 
displacements, a truly quantitative exploitation of 
the PS technique is feasible where in situ monitoring 
data are available. In general, ground control will 
always be needed because, in addition to mass 
movement processes, there are several other more or 
less localised ground deformation phenomena that 
have to be taken into account to interpret correctly 
the significance of surface changes detected from 
DInSAR (cf. Wasowski & Gostelow 1999). These 
include subsidence (whether caused by natural proc-
esses such as compaction, thawing, or man-made), 
settlement of engineering structures, and shrink and 
swell of some geological materials. 

              Figure 5. LOS displacement time series and site conditions of PS C (see Figure 3 for location). 
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