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[1] Synthetic aperture radar (SAR) data are collected by a ground-based radar system
forming the synthetic aperture by the sliding of the antennas on a linear rail. Coherent
SAR processing converts the raw data into a complex image. The phase of each image
pixel contains information on the target-sensor distance and can be exploited as a ranging
tool. The interferometric technique, based on the comparison between paired and coherent
SAR images taken at different times, permits the quantitative extraction of this
information, thus allowing the monitoring of the morphological changes. The portable
device used in this application was developed by the Joint Research Center, Ispra, Italy,
specifically for measurements in the field. It is known as Linear SAR, and it is able to
provide 17 GHz measurements with a 2.8 m synthetic aperture. A measurement campaign,
lasting about 1 week, was performed between July and August 2000 for monitoring
superficial displacements at the Ruinon landslide, a 30 million m® rockslide in the Italian
Alps. Two sequences of interferograms are presented and discussed. The interpretation of
the sequences has allowed us to derive multitemporal deformation maps of the test area,
thus showing the entire displacement field of those landslide sectors characterized by
higher radar reflectivity and coherence. Displacement rates up to 1.2 mm h™~' have been
measured with a pixel resolution of 5 m and a measurement precision of 0.75 mm. The
results have been validated by using ground truth data obtained through automatic
extensometers and topographic measurements. Discrepancies are limited to a few
millimeters.  INDEX TERMS: 0694 Electromagnetics: Instrumentation and techniques; 1204 Geodesy and
Gravity: Control surveys; 1824 Hydrology: Geomorphology (1625); 1894 Hydrology: Instruments and
techniques; 9810 General or Miscellaneous: New fields (not classifiable under other headings); KEYWORDS:
remote sensing, interferometry, radar, landslide, monitoring, ground-based DInSAR
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1. Introduction suring ground displacements over wide areas due to
different causes, such as earthquakes, volcanic activity,
glacier motion, and subsidence related to underground
mining or fluid extraction [Gabriel et al., 1989; Massonnet

. ’ . et al., 1993, 1994, 1995; Goldstein et al., 1993; Peltzer et
ing ground displacements. According to the type of ) "1694 Curnec er al., 1994, 1995; Williams et al., 1998;
platform employed, the natural phenomena which can be Ferretti et al., 1999a, 2000].

studied and their spatial and temporal scale of observation
are different.

[3] Several examples prove the effectiveness of differen-
tial SAR interferometry from satellite platforms for mea-

[2] One of the main applications of synthetic aperture
radar (SAR) interferometry (InSAR) is the monitoring of
natural hazards, in particular of those phenomena produc-

[4] Another important field of application is the moni-
toring of slope movements or landslides. Several examples
of successful applications of satellite SAR sensors have
been recently published in cases of large, slow-moving
Copyright 2003 by the American Geophysical Union. landslides [Achache et al., 1995, Prati et al., 1995,
0148-0227/03/2002JB002204$09.00 Fruneau et al., 1996; Carnec et al.,1996; Singhroy et
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al., 1998; Ferretti et al., 1999b, 2001; Rott and
Siegel, 1999; Wasowski and Gostelow, 1999; Rott et al.,
1999, 2000; Kimura and Yamaguchi, 2000; Singhroy and
Mattar, 2000; Refice et al., 2000; Rizzo and Tesauro, 2000].

[5] A landslide is a mass of rock, debris, or earth which
moves down a slope due to gravity [Cruden, 1991]. Despite
this simple definition, a landslide is a complex phenomenon
[Cruden and Varnes, 1996]. It is characterized by five
fundamental mechanisms of movement (fall, topple, slide,
spread, and flow) and their combinations. Landslides can
occur on a range of slopes varying from vertical cliffs (falls)
to horizontal land (spreads), in which the material involved
can range in size and consistency from hundreds of millions
of cubic meters of solid rock to single particles of earth or
debris. The rate of movement ranges over more than ten
orders of magnitude, from imperceptible creeping (velocity
<107 m s 1) to catastrophic failures (velocity >10 m s ),
while the material can move as a whole like a solid block or
can flow like a fluid, depending on the water content and
other factors. In addition, landslide activity can vary in
space and through time and even between different parts of
the same displaced mass.

[6] Owing to this complexity, the satellite platforms
presently operational are, in general, of limited utilization
for landslides since their characteristics, such as the inci-
dence angle, the spatial resolution, and the time interval
between successive passages, are not optimal compared to
the particular spatial and temporal pattern of movements. In
those cases where the landslide has particular character-
istics, such as the coverage of a small area, a fast-moving
rate of displacement, and an occurrence on steep slopes or
within narrow valleys, the use of ground-based sensors
represents a valid complement to satellite sensors. More-
over, in some situations they are the only sensors which can
be deployed in order to guarantee the necessary flexibility
and adaptability needed for each specific case.

[7] This paper focuses on an application of ground-
based differential InSAR (GB-DInSAR) using portable
ground-based instrumentation to produce deformation
maps of the observed slope. The technique was originally
proposed by the authors for the monitoring of a variety of
man-made structures and has already been validated
through laboratory and field tests in operational conditions
on an arch dam, on a bridge, and on a slope affected by
underground mining activity and gravitational slope
deformations [Zarchi et al., 1997, 1999, 2000a, 2000b;
Pieraccini et al., 2000a, 2000b].

[8] A research program funded jointly by the Italian
Space Agency and by the National Research Council Group
for Hydro-Geological Disaster Prevention and supported by
the Italian Department of Civil Protection started in 1999
with the aim of exploring the applicability of GB-DInSAR
for monitoring landslides. In the framework of this ongoing
program, GB-DInSAR has been tested on a series of land-
slides with different types of movement, different materials,
different rates of movement, and different distributions/
styles of activity.

[v] A first application of GB-DInSAR to the “landslide
problem” has been performed by Beatrizotti et al. [2000] on
the Airolo landslide, a complex slope movement probably
originated by a slow toppling of rock blocks. In that case,
only the acquisition of the first “reference image” is

TARCHI ET AL.: MONITORING LANDSLIDE DISPLACEMENTS

described, but no interferograms, showing displacement
fields, are produced.

[10] Here a new specific application to a landslide site is
described. We considered a large rockslide in the Italian
Alps, where the presence of an independent monitoring
system allowed us to validate the results through “ground
truth” measurements. The preliminary results of this cam-
paign, carried out between July and August 2000, have been
discussed in three short notes by Atzeni et al. [2001a,
2001b, 2003], but they are here presented in detail and
thoroughly discussed. A parallel paper [Tarchi et al., 2003]
discusses the results of another campaign carried out, in
October 2000, on the Tessina landslide, a large, complex
earth slide/flow located in the Italian eastern Alps.

2. Differential SAR Interferometry (DInSAR)

[11] The SAR technique is employed to obtain high-
definition microwave images by using antennas of relatively
small size mounted on spaceborne, airborne, or ground-
based carriers [Curlander and McDonough, 1991]. The
antenna synthesis is obtained by moving the sensors,
usually along a straight trajectory, and by repeating radar
measurements perpendicularly to the movement direction at
selected spatial intervals. The data processing results in an
image with a spatial resolution approximately equal to that
obtainable through a real antenna with a dimension equal to
the segment of trajectory covered by the sensor.

[12] The spatial resolutions of the images typically range
from 10 to 25 m for the current operational satellites and
from 1 to 3 m for the most advanced airborne sensors.
Using ground-based sensors, the resolution depends on the
distance between the sensor and the target area; usually, it is
possible to obtain a resolution of the order of a few
centimeters at a distance of some tens of meters and a
resolution of a few meters at a distance of some kilometers.

[13] Each pixel of a complex SAR image is characterized
not only by its radiometric amplitude, expressing the target
reflectivity at the frequency of observation, but also by its
phase, depending on the target-to-sensor distance and on the
dielectric properties of both the target and the medium
where the electromagnetic wave propagates. In general, in
a single SAR image these two contributions cannot be
separated, and moreover, only the principal value of the
electromagnetic phase of each pixel can be measured. This
is the reason why a single SAR image is not directly usable
in practical applications such as topography estimation and
monitoring of ground displacements.

[14] The above mentioned problems can be solved, under
particular assumptions, by using coupled SAR images of the
same scene obtained through identical measurement param-
eters. The quantitative comparison between a pair of com-
plex SAR images produces an interferogram showing the
phase difference between the two images. In this way,
dielectric effects can be minimized or cancelled out, pro-
vided that they were similar at the moments of the two
acquisitions.

[15] The residual phase difference can then be related,
pixel by pixel, to topography and/or to relative displace-
ments of the corresponding portions of the observed area.
The topographic effect is dependent on the baseline, namely,
the perpendicular distance between the paths described
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by the sensor during data acquisition, and disappears for a
pair of images acquired from exactly the same location. This
condition (zero baseline) is the ideal arrangement for the
application of InSAR aimed to measure ground displace-
ments. Since the zero baseline condition is almost impossi-
ble to be realized with spaceborne and airborne platforms,
an additional step is necessary in order to separate the two
above mentioned effects and to extract information on
displacements. The technique is referred to as differential
interferometry (DInSAR) and, basically, subtracts a second
interferogram, which is considered to contain only topo-
graphic effects, from the first one. To this aim, two
alternative methods have been proposed. The former is re-
ferred to as three-pass interferometry [Zebker and Goldstein,
1986], whichuses athird image. The latter, referred to as digital
elevation model (DEM) extraction method [Rosen et al.,
2000], generates a synthetic interferogram by using an existing
DEM of the observed area and the precise knowledge of the
trajectories (orbital parameters) of the sensor during the
acquisition of the paired images.

[16] On the other hand, with a ground-based platform, the
ideal condition of zero baseline can usually be met, and a
couple of images are sufficient to generate a topography-
free interferogram and, finally, to derive information on
displacements. For the sake of simplicity we refer to this
specific application of InSAR using a ground-based system
as GB-DInSAR.

[17] Independently, for both the platform and the specific
method, whenever the application of DInSAR is monitoring
movement, the final product can be referred to as a
displacement map having the following general character-
istics: (1) measured displacements referring to the compo-
nent of the real displacement along the line-of-sight (LOS)
of the SAR system and to the time span between the
acquisitions of the SAR images; (2) spatial resolutions
equal to those of the original SAR images; the resolution
could degrade if spatial averaging is applied at a step of the
processing chain; and (3) accuracy in measuring displace-
ments, usually a fraction of wavelength.

[18] Note that the typical ambiguity in the interpretation
of the phase measurement is only partially solved since the
relative displacement of each pixel cannot exceed half of a
wavelength. Since this criterion holds for adjacent pixels,
displacements of even several wavelengths can be correctly
measured, provided that they are characterized by a
“smooth” spatial distribution regarding a large number of
pixels. An unambiguous interpretation of the results can be
achieved by applying an additional processing step, referred
to as “phase unwrapping”’ [Goldstein et al., 1988; Fornaro
et al., 1996].

3. Description of the Test Site

[19] The Ruinon (literally, “huge ruin’’) landslide is one
of the most hazardous slope movements in the Italian Alps.
It is located in Valfurva (Middle Valtellina), near the village
of Bormio, in the Rhaetian Alps (Figure 1). The landslide is
currently active, and its continuous movements affect an
estimated volume of rock of ~30 million m®, representing a
serious threat to human lives and socioeconomic activities
in the area. Its rapid collapse would destroy the road
connecting the well-known tourist resorts of Bormio and
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Figure 1.

Aerial picture of the Ruinon rock slide.

Santa Caterina Valfurva and, most importantly, would block
the Frodolfo stream, with the probable formation of a highly
unstable landslide dam.

[20] The geological aspects of the landslide have been
studied in detail by Del Piccolo [1999], G. Crosta et al.
(unpublished manuscript, 1999), and Agliardi et al. [2001].
The landslide is located in the lower portion of a southwest
facing slope (azimuth of the dip direction = 240°N), with an
average inclination of 36°, on the hydrographic right of the
Frodolfo stream (Figure 2).

[21] The slope consists of pre-Permian metapelites (phyl-
lites), belonging to the Upper Austroalpine basement of the
Campo-Ortles Nappe, and is locally covered by glacial
deposits and debris produced by rockfalls. The schistosity
of the metapelites dips toward 35°N, with an inclination of
22°. The landslide, which has a total length of 770 m and a
width of 410 m, is characterized by two main scarps
oriented northwest-southeast, parallel to the main fracture
system: The “upper scarp” is located at an elevation of
~2100 m above sea level (asl), the “lower scarp” at ~1900
m asl. The southeastern border of the landslide is abruptly
cut by the Confinale creek, a right-hand tributary of the
Frodolfo, the course of which is controlled by a northeast-
southwest master joint.

[22] The geological section of the slope in Figure 3 shows
a possible interpretation of the landslide geometry and
movement mechanism. The section is based on four deep
boreholes, equipped with inclinometers, showing the pres-
ence of weak and cataclastic zones at depths of >90 m
(G. Crosta et al., unpublished manuscript, 1999).

[23] In recent work, Agliardi et al. [2001] interpret the
landslide within the broader context of a large-scale, Sack-
ung-type, deep-seated slope gravitational deformation, af-
fecting the entire slope between the Cavallaro and the
Confinale valleys in Valfurva from an elevation of ~3000 m
asl to the valley bottom and with an areal extension of ~6 km?.
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Figure 2. General plan showing the main geomorphic elements and the location of monitoring
instrumentation. The position of the radar is also shown. Labels Ella, E11b, E16, and B6 indicate the

sensor used for data validation.

The entire slope is monitored by the Geological Monitor-
ing Center of the Lombardia Regional Administration
through an extensive network composed of a series of
extensometer and distometer sensors, part of which are
equipped for real-time data acquisition and transmission,
plus survey-mode GPS and topographic benchmarks.
Details on the monitoring instrumentation are given in

Table 1, whereas the location of the main active control
points is shown in Figure 2.

[24] The recorded movement pattern is typical of a “rock
slide” mechanism, with a deep-seated sliding surface. The
most active sectors of the landslide are located in the south-
eastern portions of the two main scarps. The upper scarp is
characterized by maximum movement rates of ~6 mm d ™'
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Figure 3. Interpretative cross section with a hypothesis of the landslide geometry.
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Table 1. Main Characteristics of the Network for Monitoring
Surface Displacements®

Number of  Frequency of
Label Type of Instrument Control Points Observations®
E automatic extensometers 16 4
D manual distometers 71 1-7
B terrestrial geodetic measurements 16 1
GPS Global Positioning System 18 1

“The monitoring network was installed by the Geological Monitoring
Centre of the Lombardia Regional Administration.

bSystems E, D, B, and GPS are measured in days, hours, months, and
years, respectively.

in its southeast sector (on the right in Figure 1); abrupt
accelerations occur after major rainfalls, with a delay of
~10 days with respect to the rainfall peak (G. Crosta et al.,
unpublished manuscript, 1999). Scarce information is avail-
able on the displacement rates within the lower scarp since no
automatic instrumentation has been installed; first data from
topographic and GPS surveys seem to suggest velocities as
high as 30 mm d .

[25] A DEM ofthe landslide with a 5 x 5 m resolution was
built by digitizing topographic contour lines on a 1:2000 map
produced by the Regione Lombardia (Figure 4). The projec-
tion of the radar image on the DEM is necessary for a correct
interpretation of the displacement maps.

4. Materials, Methods, and Measurement
Campaign

[26] The system employed is a portable SAR device
known as Linear SAR (LISA), specifically designed and
implemented by the Joint Research Centre, Ispra, Italy, for in-
field use. A scheme of the hardware is provided in Figure 5.
The microwave component of the system is composed of a
continuous-wave, stepped-frequency scatterometer based on
a network analyzer which includes a signal source from
30 kHz to 6 GHz. An additional module from coherent up-
and-down frequency conversion allows measurements in the
frequency band from 14 to 18 GHz. The antenna synthesis is
obtained by moving a motorized sled, hosting the antennas
and other microwave components, along a 2.8 m long linear
rail system [Rudolf et al., 1999; Rudolf and Tarchi, 1999]. A

Figure 4. Shaded relief of the test site based on a digital
terrain elevation model with pixels of 5 x 5 m.
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Linear SAR (LISA). Tx, transmitting antenna; Rx, receiving
antenna; and NWA, network analyzer.
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drawback of the use of a ground-based system is the limita-
tion on the maximum extent of the synthetic aperture, which
is usually much smaller than the azimuth extent of the image
area. As a consequence, the azimuth resolution is far from
optimal, i.e., the resolution which can be attained when the
synthetic aperture is equal to the footprint of the antenna of
the system. Attainable resolution can be even an order of
magnitude less than the optimum but still sufficient for many
applications. In addition, the azimuth resolution is not
constant, decreasing with the range distance and the lateral
position of the image pixel with respect to the center of the
synthetic aperture.

[27] Measurements were undertaken at the test site using
the maximum synthetic aperture length of 2.8 m with an
azimuth step of 0.7 cm, an observation frequency band from
16.80 to 16.88 GHz, and a frequency step of 50 kHz. The
transmitted power was ~25 dBm (=300 mW).

[28] The measurement campaign was carried out in the
period between 25 July 2000 and 2 August 2000. The
instruments were rigidly fixed on a stable support (Figure 6)
on the slope facing the Ruinon landslide (Figure 2), at an
average distance of 1.3 km, in a site accessible only with off-
road vehicles and devoid of utilities (electricity, telecommu-
nications, etc.). The electricity was supplied by a gasoline
generator and then was stabilized by UPS. Data were col-
lected, stored, and processed on laptop computers directly in
the field.

[20] The main characteristics of the measurement system
in operational conditions along with measurement param-
eters are summarized in Table 2. In accordance with the
selected parameters, the range resolution is ~2 m while the
azimuth resolution ranges from 3 to 5 m.

[30] Image acquisitions were repeated at time intervals of
~35 min from the same position (zero baseline). The overall
duration of the campaign was 7 days (between 27 July 2000
and 2 August 2000) since the first few days were dedicated
to solving problems caused by the lack of facilities in the
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Figure 6. The portable version of LISA used in the test site: (a) detail of the antennas and (b) field

arrangement of the instrumentation.

sites. The time span between successive acquisitions was
selected by considering the track record of displacement
rates of the landslide and, also, the necessity of repeating
measurements in constant conditions of soil moisture and
vegetation cover.

5. Data Processing

[31] The SAR images are obtained from the raw data
collected by the LISA system after a data processing
procedure which includes the following.

[32] (1) Calibration was used to eliminate systematic
errors introduced by the system by using sets of parameters
retrieved from the periodical calibration measurements of a
metallic disc placed at a known orientation and distance
from the LISA [Wiesbeck and Kdhny, 1991].

[33] (2) Focalization involves the reconstruction of the
correct two-dimensional distribution of backscattered energy
of the observed scenario. In order to overcome, in an
efficient way, the specific problems posed by an azimuth
extent much larger than the synthetic aperture, a tailored
time-domain SAR focusing algorithm has been developed
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Table 2. Main Characteristics of the System in the Operational
Condition at the Test Site

Parameter Value
Frequency band, GHz 16.80—-16.88
Frequency step, kHz 50
Frequency points 1601
Aperture, m 2.80
Azimuth step, mm 7
Azimuth points 401
Polarization \'A%
Transmitted power (approximate), dBm 25
Target distance (average), m 1300
Spatial resolution (range), m 2
Spatial resolution (cross range), m 4
Measuring time per image, min 35
Total time interval, days 7
Number of collected images 124

based on the approach of Fortuny and Sieber [1994]. Such
an algorithm can perform the focusing on an arbitrary set of
points, thus allowing one to incorporate, at this stage, the
radar image georeferencing. In fact, this can be easily
accomplished provided that a DEM of the target area is
available and that the position of the radar system with
respect to the target area is known. In this condition the
resulting image is directly referred to the coordinate system
of the DEM without the typical distortion of the SAR
products.

[34] (3) In order to minimize those artifacts due to
moving objects on the observed scene (such as wind-blown
vegetation), groups of three or four images, sequentially
acquired, were coherently averaged. In this way, defocusing
effects are minimized and the signal-to-noise ratio of the
final image is increased. Consequently, the effective time
interval between image pairs used to form the interfero-
grams ranges between 105 and 140 min.

[35] (4) The analysis of coherence has been applied to
individuate those areas where the phase measurement is
disturbed (e.g., vegetation movement during image acqui-
sition), and consequently, it is unsuitable for the assessment
of distance variations. Pixels with low coherence, usually
corresponding to vegetated areas, have been excluded from
the images by applying a two-level mask.

Figure 7.
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[36] In order to estimate the measurement precision, the
phase difference distribution in stable areas has been ana-
lyzed. This distribution shows a mean value of —4°, very
close to the theoretical value of 0°, whereas the standard
deviation, converted in displacement by considering the
central frequency of observation, is equal to 0.75 mm. This
figure has been assumed as the theoretical precision of the
system under the specific operational conditions in the field.

[37] After the whole data processing chain the image
resolution is reduced to ~4 x 6 m (range x azimuth). This
is due, in particular, to the windowing of the radar raw data
required by the SAR processing algorithm.

6. Measurement Results

[38] A SAR power image of the landslide and a coher-
ence map are shown in Figure 7. Direct comparison with the
optical image of Figure 1 is possible and shows a close
correlation between areas with higher radar backscattering
and areas without vegetation cover. The two main scarps
and the Confinale stream, on the left flank of the landslide
(on the right side of the image), are clearly distinguishable.

[39] Two sequences of interferograms (Table 3) are pre-
sented in Figures 8 and 9. The spatial resolution of the
interferograms is the same as for the processed SAR images.
The color of each pixel expresses the line-of-sight (LOS)
component of the ground movement. The color scale has
been converted to distance using the central frequency of
observation.

[40] Displacements refer to a reference condition,
corresponding to the time of acquisition of the first image
in the sequence. Positive values indicate a movement
toward the observer. If each image had been directly
compared with the reference one, an additional procedure
of phase unwrapping would be required since the displace-
ments in some areas of the observed scene exceed half of
the wavelength. In order to unambiguously assess displace-
ments of several wavelengths, thus avoiding the necessity of
an additional processing step, each interferogram has been
obtained through a step-by-step procedure where phase
differences are retrieved from pairs of images sequentially
acquired and then are summed up to derive cumulated

@
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(a) Power image and (b) map of coherence of the slope.
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Table 3. Details of the Sequences Obtained for the Ruinon Landslide

Start End Number Number of Effective
of Images  Interferograms®  Duration,® (h:min)

Sequence Date Time, UT Date Time, UT
1 27 July 2000 1344 28 July 2000 0631 28 9 15:55
2 30 July 2000 2351 2 Aug 2000 0833 94 29 55:14

“Interferograms are obtained by averaging 3 or 4 consecutive images.
The effective duration is the total time span between the first and the last averaged interferograms.

Time interval: 1h 45min Time interval: 5h 15min

Figure 8. Selection of interferograms of the first sequence (starting time 27 July 2000, 1344 UT;
effective duration, 15 hours 55 min).



TARCHI ET AL.: MONITORING LANDSLIDE DISPLACEMENTS

Time interval: 7h 16min
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Time interval: 16h 37min
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Figure 9. Selection of interferograms of the second sequence (starting time 30 July 2000, 2351 UT;

effective duration, 55 hours 14 min).

displacements. A mask, derived from the analysis of the
temporal evolution of the coherence, has been applied to the
interferograms in order to eliminate pixels where the phase
measurement is not reliable.

7. Discussion of Results

[41] The interpretation of the interferogram sequences,
shown in Figures 8 and 9, highlights the presence of
relevant displacements concentrated in well-defined areas
within the landslide, with two relative maxima just beneath

the two main scarps. The first sequence (Figure 8) shows
significant displacements on the lower scarp from the
second interferogram after 5 hours and 15 min. Movements
affect an area of ~100 x 100 m, with a subcircular shape.
This area progressively enlarges in the successive interfero-
grams, and displacements rise up to ~21 mm at the end of
the sequence (Figure 10), giving an average displacement
rate of 1.32 mm h™'. From the fourth interferogram, after
8 hours and 28 min, displacements start to occur also on the
upper scarp, affecting an irregular area (~50 x 80 m)
elongated along the dip direction of the slope. At the end
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Starting time: 27/07/2000 14:44 (GMT+1) — Elapsed time 15:55

DISPLACEMENT (mm)

Figure 10. Enlargement of the last interferogram of the
first sequence.

of the sequence (Figure 10) the maximum displacement
measured in this area is ~12 mm (average displacement rate
of 0.75 mm h™"). The other parts of the slope seem to
remain stable.

[42] The second sequence (Figure 9) shows similar
movement patterns but with a lower rate. The subcircular
area below the lower scarp is evident just from the first
interferogram, and it maintains a symmetric displacement
pattern with a central maximum of ~25 mm at the end of
the sequence (Figure 11), which corresponds to an overall
velocity of 0.45 mm h™'. After a certain time the maximum
displacement tends to remain constant while the moving
zone progressively enlarges, as can be observed by com-
paring the last two interferograms of the sequence. The
upper scarp is characterized by the same elongated unstable
zone observed in the first sequence with a maximum
displacement of 18 mm, corresponding to an average speed
of 0.33 mm h™'. The last interferogram (Figure 11) also
shows some distributed displacements of lower magnitude,
but their interpretation would require observation over a
longer time span.

8. Validation of the Results

[43] The results have been validated by using independent
measurements provided by the Geological Monitoring Centre
of the Lombardia Region. The observed displacement pat-
terns confirm the activity of the southeastern portion of the
upper scarp, already documented by past monitoring data
(G. Crosta et al., unpublished manuscript, 1999), whereas the
large displacements recorded at the lower scarp were only
hypothesized on the basis of geomorphic evidences but had
never been assessed quantitatively.

[44] The position of all the available sensors placed on
the landslide is shown in Figure 2. Several automatic

TARCHI ET AL.: MONITORING LANDSLIDE DISPLACEMENTS

extensometers are distributed along the upper scarp, and
the area in which they show significant displacements
exactly coincides with the one determined by radar
measurements. The three extensometers with the highest
and most coherent readings in the time period spanned by
the radar sequence have been selected for validating the
results. They are labeled Ella, E11b, and E16 in Figure 2.
The comparison between the cumulated displacement,
measured by these extensometers and by the radar in the
corresponding pixels, is shown in Figure 12.

[45] Both the radar sensor and the extensometers assess
only one component of the displacement vectors: The radar
sensor assesses the displacements along the LOS, whereas
each extensometer measures the component along the wire.
The comparison was done projecting the radar-derived
displacement in the direction of the extensometer wires.

[46] Extensometer readings, taken every 4 hours, are
affected by cyclic effects (with a period of 24 hours) linked
to daily temperature variations; this effect has been elimi-
nated by plotting a six-point average versus time. The
comparison between the radar measurements and the moving
averages (Figure 13) shows a satisfactory agreement
between the two independent techniques. With the excep-
tion of the extensometer Ella in the second sequence,
characterized by a maximum discrepancy of ~4 mm, the
difference between measurements over the total time
interval is <I mm, while discrepancies within this interval
are limited to 2 mm.

[47] These discrepancies are, however, higher than the
theoretical precision of the technique under the specific
operational conditions in the field, which has been estimated
to be 0.75 mm, due, probably, to the following reasons.

[48] (1) Radar measurements refer to an averaged dis-
placement over a pixel of 5 x 5 m, while the extensometer
provides point measurements. This could lead to either an

Starting time: 31/07/2000 00:44 (GMT+1) — Elapsed time 55:14

DISPLACEMENT (mm)

Figure 11. Enlargement of the last interferogram of the
second sequence.
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Figure 12. Cumulated displacements assessed by
the upper scarp.

overestimation or an underestimation depending on the
general behavior of the other scattering centers located
within the cell.

[49] (2) The positions of the three extensometers used for
validation do not exactly correspond to the areas of maxi-
mum displacement detected by the radar. Instead, they are
located on the border of these areas, where the gradient of
the displacement field could be quite steep.

[s50] (3) Radar data tend to average the displacement
which occurs in the time interval necessary to acquire the
image, whereas the extensometer readings are instanta-
neous. This could lead to an underestimation.

[51] (4) Small errors in assessing the angle between the
radar LOS and the extensometer basis could lead to dis-
crepancies in the comparison. This is probably true in the
case of extensometer Ella, the data of which are system-
atically underestimated by radar measurements.

[52] Regarding the lower scarp, it is only possible to
compare the average displacement rates assessed by radar
and the periodic topographic measures on benchmarks since
no automatic instrument is installed there. Most of bench-
marks are positioned outside the area where the radar detects
the maximum displacements. Measurements were carried out
in the period between 27 July 2000 and 29 September 2000,
showing an average velocity of 1.25 mm h™' at the B6
benchmark (Figure 2). During the period between 25 July
2000 and 2 August 2000 the average displacement rate,
assessed by the radar, was 0.9 mm h~'. Considering the
characteristics of this comparison, the agreement between
these values can be considered satisfactory.

9. Assessment of the Technique With Respect
to Other Monitoring Methods

[s3] Compared with traditional methods of geotechnical
and topographic monitoring, the GB-DInSAR technique
permits one to derive spatially distributed information,
represented as deformation maps offering a complete pic-
ture of an easier and more reliable interpretation of the
movement mechanism. In addition, it is not necessary to
install benchmarks or other instrumentation in the target

radar and by extensometers Ella, E11b, and E16 on

area, and this fact represents an invaluable advantage in the
case of dangerous areas to which access may be not
possible. All maintenance and security efforts can be
concentrated only at the radar location, and the cost of data
acquisition and interpretation is relatively lower, after the
initial investment.

[s4] Compared to interferometry from satellite SAR
imagery, the use of ground-based sensors allows a higher
spatial resolution and excellent accuracy and precision.
The GB-DInSAR is applicable to a variety of ground
conditions, such as steep slopes and narrow valleys, where
satellite images are scarcely utilizable. Moreover, using
ground-based instrumentation, the time interval between
measurements can be customized, thus making possible
the investigation of a wider spectrum of landslide velocities
and ensuring reliable results even for fast-moving land-
slides; these kinds of phenomenon pose the most risk to
public safety and building instability.

[55] On the other hand, the main drawbacks of this
technique concern the following aspects: (1) the necessity
of installing the device on stable ground in a location where
the target area is completely visible; (2) the impossibility of
obtaining information in densely vegetated areas, where the
backscattered signal results are heavily disturbed; (3) the
necessity of a preliminary gross estimate of ground dis-
placement rates for the selection of the time interval
between successive measures in order to avoid uncontrolled
phase wrapping; and (4) the necessity of maintenance and a
permanent power supply if the device is installed in the field
for long periods.

10. Conclusions

[s6] The campaign on the Ruinon landslide is the first case
in which data collected with the GB-DInSAR technique have
been validated through comparison with ground truth data
provided by a series of independent techniques. Owing to the
relevance of the phenomenon under observation and to the
actual conditions in which measurements have been carried
out, this experience can be considered as a test for the
effective use of the technique in operational conditions.
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Figure 13. Detailed comparison between cumulated displacements assessed by radar and moving
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started on 30 July 2000, 2300 UT.

[57] In the specific case of the Ruinon landslide the
technique allowed us to derive multitemporal displacement
maps showing the LOS deformation field of the landslide
and providing an immediate indication of the state and
distribution of activity. These results have been achieved
through a pure remote sensing technique, without install-
ing sensors or benchmarks on the target area, and in
difficult conditions from a logistical and operational point
of view. The interpretation of the deformation fields

obtained in the two interferogram sequences (15:55 and
55:15 hours long, respectively) allowed us to confirm the
activity of the southeastern sectors of the upper scarp
(already known on the basis of historical monitoring data)
and of the lower scarp (only hypothesized on the basis of
surface geological evidence and only partially verified
through GPS and topographic surveys). In all cases, the
comparison with the independent sensors can be consid-
ered satisfactory.
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[s8] The sequences of interferograms are, however, too
short to improve our interpretation of the landslide mech-
anism. A clear picture of the landslide mechanism in space
and time can be obtained only with long-term monitoring
extended over several weeks or months. In the short spans
covered by the radar campaign it was possible to assess the
fastest movements related to the sliding of superficial
debris. It is, however, significant how in selected points
these movements are comparable with those assessed by
extensometers across the upper scarp. The debris displace-
ment occurs, probably, as a consequence of the deep-seated
sliding of the landslide left block.

[s9] If DInSAR performances could be confirmed, also,
by long-term monitoring, this technique could be employed
to better understand landslide mechanisms, especially in the
case of large-scale and complex mass movements with an
irregular distribution of activity, such as the Ruinon land-
slide. The capability of the system to provide two-dimen-
sional data can be helpful in interpreting the landslide
kinematics and in providing input for numerical models.
Moreover, long time series of SAR-derived displacements,
assessed over wide landslide sectors, could be directly used
for prediction and early warning purposes, applying models
for forecasting the timing of slope failure such as the ones
presented by Fukuzono [1985] or by Voight [1988].

[60] Balancing the advantages and disadvantages dis-
cussed in section 9, it is possible to affirm that the proposed
portable instrumentation can be effectively utilized for the
following applications: (1) for the study and interpretation of
slope instability mechanisms in space and time; (2) for
landslide control in urban areas, cultural heritage sites, and
other locations of high societal value; (3) for the design of
alarm and early warning systems for civil protection purpo-
ses; and (4) to test the effectiveness of landslide stabilization
works through time.
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