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Abstract. We present an approach to measure 3-D surface&ompiled through field mapping and/or the visual analysis
deformations caused by large, rapid-moving landslides usef aerial photographs taken shortly after a landslide event
ing the amplitude information of high-resolution, X-band (Guzzetti et al., 2012). Where the ground displacements are
synthetic aperture radar (SAR) images. We exploit SARof the order of several metres, and the velocity of the fail-
data captured by the COSMO-SkyMed satellites to mea-ure is rapid to very rapid (Cruden and Varnes, 1996), access
sure the deformation produced by the 3 December 20130 the landslide area may be difficult or impossible, or too
Montescaglioso landslide, southern Italy. The deformationdangerous to perform field mapping. In these circumstances,
produced by the deep-seated landslide exceeded 10 m amdmote sensing techniques provide an effective alternative to
caused the disruption of a main road, a few homes and comperform semi-quantitative or quantitative assessments of the
mercial buildings. The results open up the possibility of ob- extent and the amount of the ground deformations (Singleton
taining 3-D surface deformation maps shortly after the occur-et al., 2014, and references therein).
rence of large, rapid-moving landslides using high-resolution Among several remote sensing techniques, space-borne
SAR data. synthetic aperture radar (SAR) has demonstrated its effi-
ciency to monitor changes on the earth’s surface produced
by natural and human-induced processes (Rott, 2009). In
particular, differential SAR interferometry (DINSAR) allows
1 Introduction measuring ground deformation by analysing the phase dif-
ference between two SAR images (Massonnet et al., 1993)
Large landslides occur in several regions of the earth, causingcquired over the same area at different times and from dif-
damage and casualties (Petley, 2012). In places, these phgsrent orbital positions (hereafter referred to as temporal and
nomena affect urban areas, buildings, roads and rails, threatgpatia| baselines, respectively). The main advantage of Din-
ening the population and causing emergency situations. IlGAR is the possibility of measuring sub-centimetre surface
such scenarios, rapid mapping of the location and extent OHispIacements over large areas 3300° km?). For study-
the surface deformation caused by large landslides can PrAng landslides, the application of DINSAR techniques can
vide important indications of the rapid response of civil pro- pe jimited locally by the unsuitable exposure of the unstable
tection authorities, for rescue and recovery operations and|opes with respect to the satellite acquisition geometry and

et al., 2013). Most commonly, post-event landslide maps are
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the maximum detectable surface velocities between conseaires (Boenzi et al., 1971). Annual rainfall in the area aver-

utive SAR acquisitions (Wasowski and Bovenga, 2014). Inages 570 mm, with most of the rainfall falling in Novem-

the latter case, interferometric phase information may be afber (187 mm). In the general area, the crop-out sediments of

fected by high fringe rates leading to processing difficultiesthe “Bradanic trough”, Pleistocene in age (Tropeano et al.,

in the phase unwrapping step and/or to coherence loss due ®002), included a regression (coarsening upward) sequence

misregistration errors (Casu et al., 2011). If the deformationmade up of clay (at the bottom), sand and gravel (at the top).

introduces geometric distortions without significantly affect- In the slope affected by the new Montescaglioso landslide,

ing the SAR image reflectivity, displacements can be ob-sediments are heterogeneous, as demonstrated by the pres-

served in the amplitudes of the SAR image pairs acquirecence of large blocks of conglomerates (with a maximum size

before and after the event, with a method hereinafter referre@f about 5 mx 3 m) found at different elevations in the slope.

to as “pixel offset” (PO). We attribute the chaotic distribution of the materials to re-
Compared with standard DInSAR, the PO approach appeated, old and very old landslides — the result of a complex

plied to SAR imagery provides 2-D displacement informa- morphological evolution of the area.

tion, i.e. the displacement components across and along the

satellite’s track (range and azimuth direction, respectively). ) )

Ground displacements that can be detected using the PO ag- 1h€ new Montescaglioso landslide

proach are around 1/1.0 .to 1/20 of the pixel size, which forBetween 5 and 8 October 2013, the general area between

modern SAR sensors is in general of the order of a few me- . - . : .

Apulia and Basilicata, including the town of Montescaglioso,

tres. The PO approach provides an additional and comple\-NaS struck by a severe rainfall event with cumulated rainfall

mentary tool to analyse and interpret surface deformationsE — 246mm and mean rainfall intensity— 3.6 mm -t

in areas where standard DInSAR techniques are hindered b¥ . . . .
. . . . he regional rainfall event caused widespread flooding, nu-
geometrical or morphological constraints (e.g. Manconi and . )
merous shallow landslides, severe economic losses, and four

Casu, 2012). Although the PO approach is becoming pOpuIaﬂ';\talities. A second rainfall event hit the Montescaglioso area

to monitor ground displacements in unstable slopes (Gance el e period from 30 November, 14:00 CET, to 2 December,

aI_., 2014), the appr_oach ha_s been so far rarel_y a_lpphed tolan 22:00 CET, with a cumulated rainfall measured at the Ginosa
slide event scenarios, and in general the majority of the stud-

; . S : rain gauge, 8 km from Montescaglioso, &f= 1516 mm
ies have considered pptlcal imagery (Singleton et al., 2014and mean rainfall intensity = 2.7 mm L, The two events
and references therein). L
: i . exceeded 70 % of the mean annual precipitation.

In this work, we present the first results of a rapid map- . -

. : ) The length of the landslide measured along the main dis-
ping effort conducted during a recent landslide emergency o .

: . ; lacement axis isL. ~1.2x 10°m, and the width mea-

that occurred in 3 December 2013 in the Montescaglios sured perpendicularly to the main axisitg ~ 8.0x 10 m
municipality, Basilicata, southern ltaly (Fig. 1). In the fol- PeTh y ' '

. : : . .._for a total landslide area ol ~3.0x 10°m?. The deep-
lowing, we first describe the main features of the landslide . .
o ) .. “seated slope failure occurred along a SSW-facing slope and
event. We then present qualitative and semi-quantitative in- 2
. . . . : extended from~ 200 m of elevation in the source area to
formation obtained immediately after the event using con- . . :
. . ) ~ 110 m of elevation at the toe, with an average terrain gra-
solidated mapping approaches (Guzzetti et al., 2012). Next,,. .
. : . ient of ~ 10 %. Movement of the landslide damaged or de-
we show the surface deformation map obtained using the P : :
. . : . . ; troyed more than 500 m of the main road connecting the
technique applied to high-resolution SAR images acquire . .
. town of Montescaglioso to the Province Road SP175. The
by the COSMO-SkyMed (CSK) satellites before and after the : :
. . large failure involved a few warehouses, a supermarket, and
landslide event. PO analyses of SAR images captured along . ; .
. . : : rivate homes located on the right bank of a channel in the
ascending and descending orbits allowed the retrieval of th

full three-dimensional deformation field caused by the Iand-fnwzgol:]ngc\:}llgcat‘: d ?r:]nrgg;:[gfcg?ter(lt:r;ge. el\férﬁrlg\iggrsltr:r:tot;e
slide (Raucoules et al., 2013; Hu et al., 2014). y

landslide was rapid (Cruden and Varnes, 1996), with the
main movement occurring in a short period of 15-20 min,
corresponding to an estimated average velocity of about 0.5—
1 mmin~t. The movement started at 13:05 CET and affected
A large landslide struck the SW slope of Montescaglioso,the road shortly afterward. N_ext, the m_o"eT“e”t mvolveo_l the
) : lower-left flank of the landslide, resulting in the formation
a town located in the Matera Province, southern Italy, on
. . . of a swarm of scarps and counter-scarps, several tens of me-
3 December 2013, after 56 h of continuous rainfall (Fig. 1). ; : X .
. , tres in length and with a maximum height of 7-8 m. A house
As many other towns in southern Italy, Montescaglioso was h o >
built at the top of a hill bounded by steep slopes affected(S own by_ C" in Fig. 1) was moveq atew metres downs-
lope and tilted. Fortunately, the building did not collapse

by multiple landslides of different types (Cruden and Varnes, . : - . i
1996). In particular, the slope affected by the new Iandslideand allowed the inhabitants to escape avoiding direct con

is characterized by large, deep-seated, ancient slope faip cAUENCES:

2 Local setting
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Figure 1. Montescaglioso, southern Italy. The red area shows the area affected by the 3 December 2013 Montescaglioso landslide. Locations
of a supermarkeh) and of most damaged building8 &ndC) are shown(D) and(E) show locations of the Cinque Bocche and Capoiazzo
channels. Source of terrain map: Google Earth

4 Geomorphological mapping of the new were drawn on transparent plastic sheets placed over the
Montescaglioso landslide aerial photographs and then digitized exploiting GIS soft-
ware and a 2006 digital orthophotomap available through
To respond to a request of the Italian National Departmenta Web Map Service provided by the Italian Environmental
for Civil Protection (DPC), in the period from 9 to 24 De- Ministry (http://www.pcn.minambiente)it
cember 2013, immediately after the landslide, we conducted The geomorphological landslide map shows the follow-
an initial geomorphological analysis to prepare a preliminarying (Fig. S2 in the Supplement): (i) a large, very old land-
landslide inventory map and to characterize the new Mon-slide, largely dismantled by erosion processes, including
tescaglioso landslide in the context of the pre-existing land-other landslides, that affected the entire slope; (ii) a num-
slides in the study area. This was done through the visual inber of smaller and more recent landslides, mainly transla-
terpretation of seven sets of 30 black-and-white stereoscopitional slides and flows, which are distributed within and at
aerial photographs taken from 1947 to 2003, at scales ranginthe edges of the pre-existing, very old landslide; and (iii) nu-
from 1:24 000 to 1:36000 (Table S1 in the Supplement).merous, mostly minor, landslide escarpments. Inside the pre-
The aerial photographs were obtained as images in JPE@xisting, very old landslide we recognized different genera-
format at low resolution (88 dpi of the negative) from the on- tions of landslides. Some of these landslides affect the town
line catalogue of aerial photographs of the Istituto Geograficoof Montescaglioso (Fig. S2 in the Supplement).
Militare Italiano (IGMI, http://www.igmi.org/voli). The im- In addition to the interpretation of the stereoscopic aerial
ages were printed and visually analysed using a mirror “dou-photographs, we performed field surveys to evaluate the main
ble vision” stereoscope with image magnifications rangingconsequences of the landslide and to compile a map of the
from 1.5x to 15x. Despite the low resolution of the aerial surface deformations in the landslide area, aimed at identi-
photographs, visual inspection allowed the identification andfying zones within the landslide mass that showed different
mapping of a large number of geomorphological features rekinematics (Parise, 2003, and references therein). The field
lated to the presence of pre-existing mass movements in theurveys were aided by the visual analysis of post-event ter-
area. A set of photographical characteristics and morphologrestrial photographs and photographs taken during helicopter
ical features were examined on the stereoscopic aerial phdiights (see Figs. S3 and S4 in the Supplement). The geo-
tographs, including shape, size, photographic colour, tonemorphological features mapped in the field and through the
mottling, texture, pattern of objects, site topography, and setinspection of the terrestrial and the helicopter photographs
ting (Guzzetti et al., 2012). The geomorphological features
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included single fractures, sets of fractures, tension cracksgescending orbits, we determined the three-dimensional de-
trenches up to 6 m in depth or width, and pressure ridgesformation pattern caused by the new Montescaglioso land-
Many of the geomorphological features mapped immediatelyslide (Fig. 2). Visual inspection of Fig. 2 reveals that the
after the landslide event were later destroyed by the construoground displacements have a dominant SSW component,
tion of temporary roads. with values exceeding 10 m for large parts of the landslide

deposit, and exceeding locally 20 m. Significant subsidence

values were identified in the areas experiencing the largest
5 Three-dimensional surface deformation from damages, whereas a distinct uplift of up to 5m was detected

space-borne SAR close to the accumulation area.

The Italian Space Agency (ASI) made available a set of X-

band CSK images for the study area. The data set consis® Discussion and conclusions

of 31 images taken along ascending orbits in the period from

30 January 2012 to 18 December 2013 and 12 images takehhe exploitation of remote sensing data and technologies for
along descending orbits in the period from 21 March 2012the rapid mapping of natural and/or human-induced disas-
to 12 December 2013. Both sub-sets included a post-everters is becoming a standard practice to support civil protec-
image. tion emergency and recovery operations (Boccardo, 2013).

First, we performed a conventional DINSAR analysis ex- This includes analyses of data acquired from different re-
ploiting acquisitions taken across the investigated event, sumote platforms (e.g. ground-based systems, manned and un-
ing the approach proposed by Massonet et al. (1993). In admanned aerial systems, space-borne systems) and exploiting
dition, we carried out spectral shift compensation and inter-different types of sensors (e.g. panchromatic, multispectral,
ferometric fringes filtering (Birgmann et al., 2000). How- hyperspectral, thermal, LiDAR, radar). For large landslides,
ever, in the area affected by the new Montescaglioso landselection of the most appropriate mapping and monitoring
slide the conventional DINSAR processing produced unsattechnique depends on multiple factors (Wieczorek and Sny-
isfactory results, which were primarily attributed to the ex- der, 2009; Giordan et al., 2013). After a new landslide event,
cessive fringe noise related to the fast-moving deformatiorrapid evaluation of the area affected by the mass wasting and
pattern of the landslide (Fig. S5 in the Supplement). We notaneasurements of the associated surface deformations are of
that the retrieved DINSAR signal is generally very noisy alsoprimary interest to design and deploy effective monitoring
in areas located near (but outside of) the new Montescagliosoetworks and to support early warning systems. Post-event
landslide. We consider this a consequence of the large temdeformation maps can also contribute to improved geomor-
poral and/or spatial baselines that characterize the availablphological analyses and geophysical investigations and prove
CSK image pairs across the landslide event and, in generalyseful for the evaluation of the residual risk and, for the se-
the entire data distribution (Fig. S6 in the Supplement). lection, the design, and the implementation of mitigation and

Considering the poor quality of the DINSAR results, we stabilization measures (Revellino et al., 2010).
applied the amplitude-based, pixel-offset technique to the Most commonly, optical images captured by aerial and
SAR data pairs across the event with the smallest spatiasatellite sensors before and after a landslide event are used
baselines, to reduce the impact of the spatial decorrelationfor first-order evaluations of ground displacements in emer-
In particular, we considered the ascending 16 January 2013gency scenarios. However, optical data can only provide
18 December 2013 and the descending 10 January 2013gualitative and/or semi-quantitative bi-dimensional informa-
12 December 2013 data pairs, characterized by spatial baséion, and the possibility of obtaining optical data of suf-
lines of 155 and 40 m, respectively, covering approximatelyficient quality depends on local meteorological conditions.
the same time interval (336 and 332 days, respectively). FoFrequently, during and immediately following the occurrence
these data pairs, we exploited AMPCOR, a Fortran routineof rainfall-induced landslides, cloud coverage limits the vis-
based on the normalized cross-correlation approach, availibility of a landslide area. Airborne LiDAR represents an
able in the ROI_PAC software (Rosen et al., 2004). We con-additional remote sensing tool to detect and map post-event
sidered a matching window of 6464 pixels and calculated landslide deformation and to estimate the volume of the dis-
the PO considering a sparse grid with an undersampling facplaced mass (e.g. Giordan et al., 2013). However, the ac-
tor of 4 pixels. We applied a spatial smoothing filter to reducequisition of LiDAR data can be limited by multiple opera-
high-frequency noise. Readers interested in the details of thdonal constraints, including the local meteorological condi-
PO processing used here are referred to Casu et al. (2011).tions, and the costs of the surveys.

As mentioned already, the PO technique allows identify- Where the setting of the local terrain is suitable for
ing with a good spatial resolution areas affected by large disthe satellite acquisition geometry (Colesanti and Wasowski,
placements, which are of the order of or exceed the pixel2006), space-borne SAR is a valid alternative to detecting,
size (e.g. 3m for the available CSK data). Combining the POmapping and measuring surface deformations caused by ac-
measurements obtained exploiting the CSK ascending antive landslides. SAR data can be captured in all weather
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Figure 2. The new Montescaglioso landslide of 3 December 2013. Pixel-offset results f@a)thast—west(b) north—south, angc) up—

down components of the surface deformation. Measurements are the results of the combination of pixel-offset results obtained processing

COSMO-SkyMed images acquired along ascending and descending orbits.

conditions, during the day and the night, with a significant area of interest and the acquisition plan, the CSK configu-
advantage over other remote sensing techniques, and chieflation may provide SAR images with shorter revisit times.
the technigues based on optical (multispectral) data. Al-In principle, PO results can be produced and delivered just a
though conventional DINSAR techniques have known limita- few days after a landslide event.
tions for detecting and measuring the deformation of rapid- The combination of rapid geomorphological mapping,
moving landslides, Garcia-Davalillo et al. (2014) have shownrapid field mapping, and rapid measurements of 3-D de-
recently that processing of L-Band SAR imagery was capaformation proved crucial to supporting civil protection au-
ble of detecting and measuring landslide surface velocitieghorities during the emergency following the new Mon-
up to 1 m per year. tescaglioso landslide. The results of the geomorphological
We have shown that the amplitude information capturedmulti-temporal analysis allowed recognizing the presence of
by space-borne SAR images can be exploited to detect, magpre-exiting landslides of different size, shape, and relative
and measure deformations caused by large, rapid-movingge that affect larger areas than those identified in existing of-
landslides. For the purpose, we exploited the “pixel offset” ficial maps and reports. The field mapping performed shortly
(PO) technique (Rosen et al., 2004) using pairs of SAR im-after the event allowed obtaining useful information to better
age acquired before and after the new Montescaglioso landdnderstand the kinematics of the new landslide and for the
slide by the CSK satellites, which ensures high spatial resoreconstruction of the geometry of the slip surface (Parise,
lution (3 mx 3 m) and short revisit times (16 days on average 2003). Two major landslide scarps were identified in the
for the available data sets). We combined the PO results obarea. A first scarp, located in the middle of slope in the area
tained from ascending and descending orbits to retrieve thevhere the supermarket was located, formed during the ini-
three-dimensional geometry of the ground displacements. Taial phase of movement. A second scarp, located closer to the
our knowledge, this is the first time that this approach was apdivide, was generated presumably during a second phase of
plied to the rapid mapping of the 3-D surface displacementmovement, as a result of the retrogressive evolution of the
of rapid-moving landslides. The application of the PO tech-landslide. The 3-D ground deformation measurements ob-
nique to obtain a rapid assessment of the surface displacdained through the PO analysis detected two main directions
ments after an event depends on two main factors: (i) theof movement associated with (Fig. 3) (i) the main landslide
availability of SAR imagery, which is constrained by the event (SSW) and (ii) a secondary and smaller event (SSE).
satellite configuration and predefined acquisition plan, andThus, the PO results are in agreement with the magnitude
(i) the PO processing time. For the Montescaglioso land-and the deformation mechanisms recognized and mapped in
slide case study, the CSK imagery was made available to us e field. The combined interpretation of the results obtained
and 15 days after the landslide event, for the descending andith classical and new methods presented in this work was
the ascending orbits, respectively. To obtain this result, theessential for the design of the topographic monitoring net-
CSK acquisition plan was modified specifically to contribute work installed in the Montescaglioso area. We expect the re-
to the Montescaglioso civil protection emergency scenario.sults obtained to be useful for the selection and the design
The 3-D deformation maps computed exploiting the PO tech-of the mitigation strategies that will be implemented in the
nique were delivered to the civil protection authorities lesslandslide area and in the neighbouring regions.
than 24 h after receiving the SAR imagery. Depending on the
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