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Abstract

We present a new approach for the rapid measurement of the three-dimensional sur-
face deformations caused by a large, rapid moving landslide, in an emergency sce-
nario. The technique exploits the amplitude information of high spatial and temporal
resolution Synthetic Aperture Radar images captured by the COSMO-SkyMed satel-5

lites immediately before and after the landslide event. We show the results obtained for
the Montescaglioso landslide, southern Italy, a large and rapid slope failure triggered
by prolonged and intense rainfall on 3 December 2013. The slope failure damaged
a main road, private homes, and commercial buildings. The results of our work open to
the possibility of preparing accurate surface deformation maps for large, rapid moving10

landslides.

1 Introduction

Large landslides occur in several regions of the Earth, causing local damage and casu-
alties (Petley, 2012). In places, these phenomena affect urban areas, buildings, roads
and rails, threatening the population and causing emergency situations. In such sce-15

narios, rapid mapping of the location and extent of the surface deformation caused by
landslides provides important hints for the rapid response of civil protection authorities,
for rescue and recovery operations, as well as to design and deploy effective monitor-
ing systems. Usually, post-event landslide maps are compiled through field mapping,
and/or the visual analysis of aerial photographs taken shortly after the landslide event20

(Guzzetti et al., 2012). Where the ground displacements are in the order of several
meters, and the velocity of the failure is rapid to very rapid (Cruden and Varnes, 1996),
access to the landslide area may be difficult or impossible, or too dangerous to perform
field mapping. Also, post-event aerial photography of adequate resolution may not be
available. In these circumstances, remote sensing techniques provide an effective al-25

ternative to perform semi-quantitative or quantitative assessments of the extent and
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the amount of the ground deformations. Among several remote sensing techniques,
space-borne Synthetic Aperture Radar (SAR) has demonstrated its efficiency to moni-
tor changes on the Earth’s surface produced by natural and human induced processes
(Rott, 2009). In particular, Differential SAR Interferometry (DInSAR) allows measur-
ing ground deformation by properly analysing the phase difference between two SAR5

images (Massonnet et al., 1993) acquired over the same area at different times and
from different orbital positions (hereafter referred to as temporal and spatial baselines,
respectively). The main advantage of DInSAR is the possibility to generate surface
deformation and velocity maps covering large to very large areas (102–105 km2), with
sub-centimetric measurement accuracy. A known limitation of DInSAR consists in the10

fact that accurate measurements of the deformation cannot be performed where the
deformation is rapid or large. In such cases, the interferometry phase information may
be affected by high fringe rates leading to processing difficulties in the phase unwrap-
ping step and/or to coherence loss due to misregistration errors (Casu et al., 2011).
However, if the deformation introduces geometric distortions without significantly affect-15

ing the SAR image reflectivity, displacements can be observed in the amplitudes of the
SAR image pairs acquired before and after the event. Although measurement accura-
cies gained with this approach, hereinafter referred to as “pixel-offset” (PO), are signifi-
cantly lower than those obtained by DInSAR (Casu et al., 2011), the PO approach has
the advantage of providing 2-D displacement information i.e., the components across20

and along the satellite’s track (range and azimuth directions, respectively). Moreover,
considering PO analyses for SAR images captured along ascending and descending
orbits on the same area, it is possible to retrieve the full three-dimensional deformation
field (Ayele et al., 2009; Raucoules et al., 2013).

In this work, we present the first results of a rapid mapping effort conducted during25

a recent landslide emergency occurred in December 2013 in the Montescaglioso mu-
nicipality, Basilicata Region, southern Italy. In the following, we first describe the main
features of the new landslide. Then, we present qualitative and semi-quantitative infor-
mation obtained immediately after the event using consolidated mapping approaches
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(Guzzetti et al., 2012). Next, we show the results of a three-dimensional surface defor-
mation map obtained using the PO technique applied to high resolution SAR images
acquired by the COSMO-SkyMed (CSK) satellites before and after the landslide event.

2 Local setting

On 3 December 2013, a large landslide struck SW of Montescaglioso, a town located in5

the Matera Province, southern Italy (Fig. 1). As many towns in Southern Italy, the inhab-
ited area is located at the top of a hill bounded by steep slopes, showing widespread
development of landslides of different typologies. In particular, the slope affected by
the new landslide is characterized by several morphologies related to ancient gravi-
tational movements, as also reported in the official geological map, produced during10

the 1950’s, where extensive landslide bodies were mapped. Mean annual rainfall in
the area is 570 mm, with the highest monthly value typically occurring in November
(187 mm).

In the general area crop out sediments of the “Bradanic Trough”, Pleistocene in age
(Tropeano et al., 2002), including a regression (coarsening upward) sequence made15

up of clay (at the bottom), sand, and gravel (at the top). In the slope where the new
Montescaglioso landslide occurred, sediments are heterogeneous, as demonstrated
by the presence of large blocks of conglomerates (max size about 5m×3m) found at
different elevations in the slope. We attribute the chaotic distribution of the materials to
repeated, old and very old landslides, the result of a complex morphological evolution20

of the area.

3 The new Montescaglioso landslide

The new Montescaglioso landslide occurred after 56 h of continuous rainfall, from
30 November (14:00 CET) to 2 December (22:00 CET), with a cumulated rainfall mea-
sured at the Ginosa rain gauge, located 8 km from Montescaglioso, of E = 151.6 mm,25
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and mean rainfall intensity I = 2.7 mmh−1. Two months before the landslide event, be-
tween 5 and 8 October 2013, the general area between Apulia and Basilicata, includ-
ing the town of Montescaglioso, was struck by a heavy rainfall event with a cumulated
rainfall E = 246 mm, and a mean rainfall intensity I = 3.6 mmh−1. The event caused
widespread flooding, numerous shallow landslides, severe economic losses, and four5

fatalities.
The length of the landslide deposits, measured along its main axis, is LL ∼ 1.2×

103 m, and the width, measured perpendicularly to its main axis, is WL ∼ 8.0×102 m.
The landslide extended from ca. 200 m of elevation in the source area to ca. 110 m of
elevation at the toe, and affected a total area AL ∼ 3.0×105 m2. The slope failure dam-10

aged the freeway connecting the town of Montescaglioso to the Province road SP175,
disrupting more than 500 m of the road. The failure also involved a few warehouses,
a supermarket, and private homes located on the right bank of a channel in the area
known as “Cinque Bocche” (Fig. 1). Anecdotal information collected immediately after
the event indicates that the landslide was rapid, with the main movement occurring15

in a short period of 15–20 min. The movement started at 13:05 CET, and affected the
freeway shortly afterward. Next, the movement involved the lower-left flank of the land-
slide, resulting in the formation of a swarm of scarps and counterscarps, several tens
of meters in length and with a maximum height of seven to eight meters, damaging
several buildings. A house (shown by “C” in Fig. 1) was moved a few meters downs-20

lope and tilted, fortunately retaining its overall integrity and allowing the inhabitants to
escape avoiding direct consequences.

4 Geomorphological mapping of the new Montescaglioso landslide

To respond to a request of the Italian National Department for Civil Protection (DPC),
in the period from 9 to 24 December 2013 we conducted an initial geomorpholog-25

ical analysis to prepare a preliminary landslide inventory map and characterize the
new Montescaglioso event in the broader context of the pre-existing landslides in the
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study area. This was done through the visual interpretation of seven sets of black-and-
white stereoscopic aerial photographs taken from 1947 to 2003, at scales ranging from
1 : 24 000 to 1 : 36 000. The aerial photographs were obtained at low resolution from the
online catalogue of aerial photographs of the Istituto Geografico Militare Italiano (IGMI,
http://www.igmi.org/voli/). Despite the low resolution of the aerial photographs, visual5

inspection of the photographs allowed to identify and map a large number of geomor-
phological features related to the presence of pre-existing mass movements. In particu-
lar, the geomorphological landslide map shows (Fig. S1 in Supplement): (i) a large, very
old landslide, largely dismantled by erosion processes, including other landslides, that
affected the entire slope, (ii) a number of smaller and more recent landslides, mainly10

translational slides and flows, which are distributed within and at the edges of the pre-
existing, very old landslide, and (iii) numerous, mostly minor, landslide escarpments.
Inside the pre-existing very old phenomenon it was possible to recognize different gen-
erations of landslides. Some of these landslides intersect the town of Montescaglioso
(Fig. S1 in Supplement).15

In addition to the interpretation of the aerial photographs, we performed field sur-
veys to evaluate the main consequences of the landslide, and to compile a map of the
surface deformation in the landslide area. The field surveys were aided by the visual
analysis of post-event terrestrial photographs, and photographs taken during helicopter
flights (Fig. S2 in Supplement). The geomorphological features mapped in the field and20

through the inspection of the terrestrial and the helicopter photographs included sin-
gle fractures, sets of fractures, tension cracks, trenches up to 6 m in depth/width, and
pressure ridges. Many of the geomorphological features mapped immediately after the
landslide event were later destroyed by the construction of temporary roads.

5 Three-dimensional surface deformation from space-borne SAR25

The Italian Space Agency (ASI) made available a set of X-band CSK images for the
study area. The dataset consists of 31 images taken along ascending orbits over the
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30 January 2012–18 December 2013 time interval, and 12 images taken along de-
scending orbits over the period from 21 March 2012 to 12 December 2013, both sub-
sets including a single post-event image.

A first DInSAR analysis was performed on the acquisitions across the investigated
event. However, in the area affected by the new Montescaglioso landslide the DInSAR5

processing produced unsatisfactory results, which were primarily attributed to the ex-
cessive fringe noise related to the fast-moving deformation pattern (Fig. S3 in Supple-
ment). We note that the retrieved DInSAR signal is generally very noisy also in areas
located near (but outside) the new Montescaglioso landslide. We consider this a con-
sequence of the large temporal and/or spatial baselines that characterize the available10

CSK image pairs across the landslide event and, in general, the entire data distribution
(Fig. S4 in Supplement).

Considering the poor quality of the DInSAR results, we applied the amplitude-based
pixel-offset technique to the SAR data pairs across the event with the smallest spatial
baselines, to reduce the impact of the spatial decorrelation. In particular, we consid-15

ered the ascending 16 January 2013–18 December 2013, and the descending 10 Jan-
uary 2013–12 December 2013 data pairs, characterized by spatial baselines of 155 m
and 40 m, respectively, and covering approximately the same time interval. As already
outlined, the PO technique allows identifying with a good spatial detail the areas af-
fected by large displacements, which are on the order or exceed the pixel size e.g.,20

three meters for the available CSK data. By combining the PO measurements obtained
from the CSK ascending and descending orbits, we determined the three-dimensional
deformation pattern caused by the new Montescaglioso landslide. Inspection of Fig. 2
reveals that the ground displacements have a dominant SSW component, with values
exceeding 10 m among large part of the landslide deposit and, in some cases, reaching25

about 20 m. Furthermore considerable subsidence values were identified in the areas
experiencing the largest damages, while a distinct uplift (up to 5 m) was imaged close
to the accumulation area.
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6 Discussion and conclusions

Rapid mapping via remote sensing of human induced and/or natural disasters dur-
ing emergency scenarios is becoming a standard practice to support emergency and
recovery operations (Boccardo, 2013). This includes analyses of data acquired from
different remote platforms (ground based systems, manned and unmanned aerial sys-5

tems, and space-borne systems), and from different types of sensors (e.g., panchro-
matic, multispectral, hyperspectral, thermal, LiDAR, radar). For large, catastrophic land-
slides, selection of the most appropriate mapping and monitoring technique depends
on multiple factors (Wieczorek and Snyder, 2009). After a new landslide event, the
rapid evaluation of the area affected by the mass-wasting, as well as measurements10

of the associated surface deformation, are extremely important. Indeed, this informa-
tion is crucial to have some guidance for the planning and installation of a monitoring
network, and eventually of an early warning system aimed at ensuring safety for peo-
ple and infrastructures. Moreover, post-event deformation maps represent the base
of knowledge to assess further geomorphological analyses and geophysical investi-15

gations, as well as for the evaluation of the residual risk and thus for the design and
realization of mitigation and stabilization measures (Revellino et al., 2010).

In general, aerial and satellite optical images acquired before and after a landslide
event are considered for first order evaluations of ground displacements in emergency
scenarios; however, optical data can usually provide qualitative and/or semi quanti-20

tative bi-dimensional information only. Furthermore, the availability of exploitable data
strictly depends on the meteorological conditions at the acquisition time, as for example
cloud coverage might compromise the visibility of the area of interest. Airborne LiDAR
associated with photogrammetric surveys represent also a powerful remote sensing
methodology to map post-event landslide deformation, as well as to estimate the mo-25

bilized mass volume (e.g., Giordan et al., 2013). Further, the acquisition of LiDAR data
might be in some cases hampered by the high costs and operational issues, as well as
by unsuitable meteorological conditions.
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When the slope exposure is suitable with the satellite acquisition geometry (Colesanti
and Wasowski, 2006), space-borne SAR can be considered as a valid alternative to
map and measure surface deformation relevant to landslide phenomena. This tech-
nique has the main advantage to acquire data day and night, as well as in any weather
condition. Though, as mentioned in the introduction, the exploitation of DInSAR tech-5

nique in large and catastrophic landslide scenarios is hindered by the large and/or rapid
deformation usually associated with this kind of events. On the other hand, in this work
we have shown how the amplitude information contained in space-borne SAR images
can be exploited to map and measure rapid deformation caused by large landslides. We
applied the PO technique by considering SAR image pairs acquired before and after10

the new Montescaglioso landslide by the CSK constellation, which ensures high spatial
resolution (pixel 3m×3 m) and short revisit times (16 days on average for the available
datasets). In addition, we combined the PO results obtained from ascending and de-
scending orbits to retrieve three-dimensional ground displacements. To our knowledge,
this is the first time that this approach has been applied to provide rapid mapping of the15

three-dimensional surface displacements in a landslide emergency scenario.
The combination of rapid geomorphological mapping, rapid field mapping, and rapid

measurements of three-dimensional deformation herein presented has been crucial to
support DPC operations during the first emergency phases. The results of the geo-
morphological multi-temporal analysis allowed to recognize the presence of landslides20

of sizes, shapes, and relative age that are different and affect larger portions than
those identified in the existing official documents and maps. The field mapping effort
performed shortly after the event allowed to retrieve useful insights for understanding
the kinematics of the landslide, and for the reconstruction of the geometry of slip sur-
faces (Parise, 2003). Two major landslide scarps were identified: the first, located in25

the middle slope and involving the hypermarket area, which should correspond to the
first phase of the event, while the second, located closer to the slope divide, was pre-
sumably generated during the second phase, and likely resulted from the retrogressive
evolution of the entire phenomenon. Also the 3-D ground deformation measurements
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(retrieved through the PO analysis) allowed imaging the presence of two main direc-
tions of motion, one associated with the main landslide event (SSW) and a secondary
smaller event (SSE), respectively (see Fig. 3). Thus, PO results are well in agreement
with both the magnitude and the deformation mechanisms recognized and mapped
during field observations. The joint interpretation of the results obtained with classical5

and new methods presented in this work has been essential for the design of the to-
pographic monitoring network installed in the Montescaglioso area, as well as for the
mitigation strategies that will be implemented.

Finally, we remark that future integrations of the information gained from classical
geomorphological analyses and SAR images, through DInSAR and/or PO techniques,10

might open a new scenario for the analysis of landslide phenomena presenting com-
plex spatial and/or temporal heterogeneities of the deformation field. Moreover, the
increasing availability of space-borne high spatial and/or temporal resolution SAR im-
ages from satellites ensuring a relatively short revisit times, such as COSMO-SkyMed,
TerraSAR-X, as well as the forthcoming ALOS PALSAR-2 and Sentinel missions, will15

further enhance the possibility to achieve rapid mapping of large landslides in com-
plex emergency scenarios, and thus support civil protection operations in the event’s
aftermath.

Supplementary material related to this article is available online at
http://www.nat-hazards-earth-syst-sci-discuss.net/2/1465/2014/20

nhessd-2-1465-2014-supplement.pdf.
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Figures 275 

Figure 1. Montescaglioso, southern Italy. The reddish area identifies qualitatively the area affected by 276 

mass wasting. The locations of the supermarket (A), as well as of the most damaged buildings (B and 277 

C) is also identified. Base map source: Google Earth™. 278 
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Fig. 1. Montescaglioso, southern Italy. The reddish area identifies qualitatively the area af-
fected by mass wasting. The locations of the supermarket (A), as well as of the most damaged
buildings (B and C) is also identified. Base map source: Google Earth™.
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Figure 2. The new Montescaglioso landslide. Pixel-offset results for the (a) East-West, (b) North-284 

South, and (c) Up-Down components of the surface deformation obtained combining PO results 285 

obtained processing COSMO-SkyMed images acquired along ascending and descending orbits. In 286 

particular, we exploited the AMPCOR Fortran routine available in the ROI_PAC software (Rosen et 287 

al., 2004) using a matching window of 64 × 64 pixels. We calculated the PO considering a sparse grid 288 

with an under-sampling factor of four pixels. We applied a spatial smoothing filter to reduce high-289 

frequency noise.  290 
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Fig. 2. The new Montescaglioso landslide. Pixel-offset results for the (a) East–West, (b) North–
South, and (c) Up–Down components of the surface deformation obtained combining PO re-
sults obtained processing COSMO-SkyMed images acquired along ascending and descending
orbits. In particular, we exploited the AMPCOR Fortran routine available in the ROI_PAC soft-
ware (Rosen et al., 2004) using a matching window of 64×64 pixels. We calculated the PO
considering a sparse grid with an under-sampling factor of four pixels. We applied a spatial
smoothing filter to reduce high-frequency noise.
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Figure 3. The new Montescaglioso landslide. Map of the surface deformation map obtained via the PO 296 

analysis has been prepared using the ©3DA approach (Allasia et al., 2013). Colour scale shows 297 

magnitude of the three-dimensional deformation field. Arrows show the direction of movement (unit 298 

vectors), derived from the PO analysis, in the EW-NS plane. Deformations smaller than two meters are 299 

not shown. The deformation field shows two main directions of motion: (i) a dominant SSW direction 300 

caused by the main landslide, and (ii) a secondary SSE direction caused by a parasitic landslide, 301 

encompassed by the dashed blue ellipse. 302 
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Fig. 3. The new Montescaglioso landslide. Map of the surface deformation map obtained via
the PO analysis has been prepared using the ©3DA approach (Allasia et al., 2013). Colour
scale shows magnitude of the three-dimensional deformation field. Arrows show the direction
of movement (unit vectors), derived from the PO analysis, in the EW–NS plane. Deformations
smaller than two meters are not shown. The deformation field shows two main directions of
motion: (i) a dominant SSW direction caused by the main landslide, and (ii) a secondary SSE
direction caused by a parasitic landslide, encompassed by the dashed blue ellipse.
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