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ABSTRACT
In the framework of the on-going SLAM project (Service for Landslide Monitoring), funded by the European Space
Agency (ESA) the Permanent Scatterers processing and the analysis of high resolution images (e.g. SPOT5) have been
performed at a basin scale, on the whole territory of the Arno River basin (Central Italy). The project aims at the
development of a service based on the integration of EO-data within the current practices used for landslide risk
management. The studied area, with a spatial extension of about 9,000 km2, has been chosen for the presence of a high
number of mass movements (up today about 20,000 landslides have been mapped and 300 of them have been classified
as at high risk from the institutional authorities) and for its significance, in terms of landslide typology and
environmental conditions, with respect to the Italian Apennine territory. By considering the technical requirements
imposed by the Italian legislation for the documents related to landslide risk management, three products based on EOdata have been defined related to landslide inventory mapping, landslide hazard mapping and landslide monitoring. To
this aim, about 350 SAR images have been interferometrically processed by means of the PS technique, detecting about
600,000 PS. The processing of SPOT5 images and aerial-photos, still in progress, have been performed for the
extraction of features related to the landslide presence, useful for the geomorphological analysis and, as a consequence
in order to give a spatial meaning to the punctual information provided by the PS. This procedure has been coupled with
a intense geological interpretation phase characterized by the analysis of traditional in situ monitoring data, ancillary
data and the performing of field surveys. The results of the above described methodologies will impact on the current
documents used by the Arno Basin Authority for the landslide risk management (e.g. P.A.I., Piano di Assetto
Idrogeologico) creating a case history of major importance in Europe.
1

INTRODUCTION

Landslides problem assumes in Italy an unique significance within the Mediterranean and European framework, second
only to Japan with respect to the technological advanced countries. Some observations on the social and economic
impact of landslides in Italy can be drawn from the statistical analysis of the data collected in the last years by the
GNDCI, the CNR National Group for Geo-hydrological Disaster Prevention. The GNDCI databases (AVI and SCAI)
report about 18,000 records of landslides which caused damages or losses of human lives in the XX century, an
estimated number of dormant phenomena, still potentially reactivable, of about several hundred thousands and about
5,000 urban areas affected by slope instability problems. The total amount of damage caused by landslides in the last
century has been evaluated at € 1-2 billions per year, which corresponds to about 0.15% of the national gross domestic
product [1]. In the same period the average number of casualties has been computed as 59 per year, with a total number
of 5,939 [2]. Such evaluations have to be considered as an underestimation of the real scenario. In fact, damages caused
by mass movements are often addressed to other natural phenomena, such as earthquakes, floods and volcanic
eruptions, which represent the main triggering factors of landslides. From these data the need of improving the
knowledge of the landslide hazard within the national territory appears clear, in order to live together with landslides in
an sustainable way. Thanks to the present-day technology, such as remote sensing technique and geographical
information systems all the phases related to landslide risk management can be facilitated: the former provides fast data
acquisition over large areas, and the latter permits an efficient elaboration of geo-referenced data. The aim of this paper
is to show the preliminary results reached within the on-going SLAM project, funded by the European Space Agency.
SLAM (Service for LAndslide Monitoring) aims to define a service based on the integration of EO-data analysis within
the current methodologies used by the Italian and Swiss national authorities institutionally remitted to landslide risk
management. The results provided in this note focus on the Italian territory and in particular on the Arno River Basin
(central part of Italy), which has been selected as a test-site. The in-depth analysis of the end user requirements related
to the official documents imposed by the national law, has allowed to define different products which can be realized

with the support of EO-data. In particular, the products are focused on the forecasting phase, aiming at the landslide risk
identification and at the monitoring of mass movements inducing high risk scenarios.
2

STUDIED AREA

The Arno River Basin, with a spatial extension of about 9,000 km2, represents one of the widest hydrographical basins
of the Italian territory. It can be considered a relative homogeneous area from the viewpoint of its general geological
and landslide characteristics, being located in correspondence to the Northern Appennines (Fig.1). In fact, this mountain
chain is mainly made up of arenaceous and calcareous turbidite sequences and chaotic argillaceous units of sedimentary
and tectonic origin. The type and frequency of mass movements are primarily controlled by lithological and structural
factors, secondarily by the high relief and the rather severe meteorological conditions. The most frequent typologies of
slope movements are roto-translational slides associated with complex earth slides/earth flows in the pelitic formations,
whereas in the Tertiary turbidite bodies translational slides along planar or undulating rupture surfaces occur. Another
types of mass movements, widespread in the basin is given by deep-seated gravitational slope deformations. The
majority of the landslides is usually slow, intermittent and periodically reactivated by prolonged rainfalls. In fact, most
of the present landslides in the Apennines are the reactivations of pre-existing ones, occurred in periods of climatic and
geomorphic conditions different from today [3].

Fig.1. Geographical location of the Arno River Basin (Landsat TM7 RGB 457 composite).
The Arno Basin Authority, the public institution remitted by the Italian law to landslide and flood risk management at
basin scale on the Arno River territory, has mapped up today about 20,000 landslides, classifying 300 of them as at high
risk. Such information are reported in the P.A.I. (Piano di Assetto Idrogeologico), the official document foreseen in the
Italian legislation framework for the landslide risk management [4]. The focus of the SLAM project has been addressed
to respond to the Arno Basin Authority needs in the updating activities of the P.A.I., still in progress, by means of the
integration of EO-derived information with the current practices.
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EMPLOYED TECHNIQUES

The project focuses on the combination of the Permanent Scatterers (PS) interferometric analysis, able to provide
displacement measurements on sparse points characterized by a millimeter accuracy, with the analysis of high
resolution optical images, both from satellite (SPOT5) and airborne platforms (stereoscopic pairs and single aerialphotos). Such a solution allows to provide a spatially distributed meaning to the quantitative point-like information
coming from the PS data. Geographic Information Systems offer an unique tool for the management of spatially

distributed information. For this reason the integration of the above described data with the cartographic ones related to
the landslide analysis is performed within a GIS environment.
The PS technique overcomes the main limits of conventional interferometric approaches to surface deformation
detection, thus allowing to identify individual radar benchmarks (called Permanent Scatterers) where very precise
displacement measurements can be carried out. These objects usually correspond to man-made structures such as
buildings, pylons as well as stable natural reflectors (e.g. exposed rocks) present on the earth surface. By exploiting the
data archive of the European Space Agency (ESA), it is possible to monitor the motion of these targets with millimetre
accuracy, since 1992 [5]. The PS Technique is thus a powerful tool to detect and to monitor different geophysical
phenomena such as: subsidence, landslides, seismic faults, etc. [6, 7]. The so-called Standard Permanent Scatterers
Analysis (SPSA) is suitable for mapping the territory at regional scale, for identifying stable areas and for highlighting
possible risk areas (affected by landslides, subsidence, seismic faults, etc.). PS are detected and their average velocity is
then estimated by an automatic and cost-effective procedure, allowing to process large amounts of data relative to large
areas in a limited period of time. Linear motion model is searched, and information about linear velocity are extracted.
The Advanced Analysis (APSA) is suitable for those small areas where a full exploitation of the information content of
the satellite data is required. It is a very sophisticated and time-consuming analysis, requiring strong interaction with
skilled personnel. The procedure is specific for each area and dataset, but it can extract the maximum information from
the data. Non linear movements are investigated and the estimation of the time series of displacement for each PS is
provided. Over detected landslides the Advanced Processing allows to inspect the phenomenon more deeply: the use of
non linear a priori model brings a more dense network of PS. The production of the time series of displacement for each
PS identified provides the user with information about the history of the inspected phenomena.
The analysis of optical images for landslide identification, especially stereoscopic black and white aerial photographs, is
extensively used in compiling landslide inventories, as reported in literature [8, 9]. The use of stereoscopic imagery and
monoscopic small scale aerial-photos in landslide mapping is very helpful in order to recognize mass movements and
classify their typology. This is possible thanks to the spatial scale, normally varying from 1:50,000 up to 1:10,000,
which allows to identify diagnostic morphologies and terrain features, such as scarps, disrupted vegetation cover and
deviations in soil moisture or drainage conditions, created by mass movements. By using smaller scale imagery, such as
high resolution satellite images (Landsat, SPOT, etc.), a slope failure may be recognized as such, if size and contrast are
sufficiently large [10, 11]. In this case not individual landslides are mapped, but especially by analyzing the images
rendered on a precise DEM, indirect landslide indicators (such as land cover disruption patterns, specific sun-shading
features of hummocky surfaces and scarps) are extracted. Within the SLAM activities, SPOT5 panchromatic images,
with a spatial resolution of 5 meters, have been employed. In order to overcome geometric distortions caused by
viewing geometry, platform instability and earth curvature, image orthorectification, by using a DEM and digitized
vectors of roads and rails, has been applied on satellite image. Due to the image spatial resolution and to the consequent
minimum sizes of objects which can be recognized, only large landslides with high contrast conditions of their related
features respect to the background, have been detected. For this reason efforts have been mainly concentrated on
extracting possible terrain features related to the landslide occurrence. This analysis has been coupled with the
interpretation of stereoscopic aerial photographs and of multi-temporal aerial-photos at smaller scale, over areas
interested by the presence of unstable PS.
4
4.1

PROVIDED PRODUCTS
Landslide Motion Survey

The product consists of a fast and low cost general overview of landslide distribution and state of activity on a basin
scale. Landslide Motion Survey represents a landslide inventory map with specific characteristics directly derived from
the end user requirements. For the Arno Basin the product consists of an updating of the existing inventory map for
those areas where InSAR information is available. The map reports the spatial distribution of the landslides, the
description of their state of activity, the typology and other information which can be obtained through the use of EO
and traditional data.
The input data employed in order to produce such a product can be summarized as follows:
- Standard Permanent Scatterers Analysis (SPSA);
- HR images (SPOT5);
- aerial photos (sterescopic 1:50,000, monoscopic 1:10,000);
- landslide inventory map;
- high accuracy DEM (10 m cell-size);
- topographic maps (1:10,000).

The work performed on this product is related to the integration, performed in a GIS environment, of the information
coming from the interferometric analysis within the landslide inventory map provided by the user. The first step is the
map overlaying of the PS data on the landslide polygons and lineaments layers using the topographic map as base. A
compliance analysis of the two datasets, in terms of distribution and state of activity, allows to identify possible
discrepancies which are analysed by means of the interpretation of SPOT5 images draped on the high accuracy DEM,
stereo/monoscopic aerial-photos and field surveys. Such analysis is able to provide information about the spatial
distribution of landslides, allowing modifications or confirmation of landslide polygon boundaries and the detection of
new unstable areas with the consequent creation of new polygons. In addition, it provides information about the
landslide state of activity, allowing to confirm or modify the polygons state of activity, which normally is classified in
active, dormant and inactive. This last option is possible by performing the SPSA analysis on two datasets of SAR
images: the last 20 acquisitions and the last 10 years of acquisitions. While the former analysis permits to discriminate
between active and dormant landslides, the latter between dormant and inactive phenomena.
4.2

Landslide Displacement Monitoring

The product consists of a monographic report related to a large mass movement inducing a high risk situation, which
includes a geological modelling study of the phenomenon, obtained from the integration of monitoring data (in-situ and
EO-derived) with the geological-geomorphologic characteristics of the site. The input data employed in order to
produce the Landslide Displacement Monitoring can be summarized as follows:
- in-situ measurements (inclinometric readings, GPS, extensometers, topographic surveys, etc.);
- aerial photos (stereoscopic and monoscopic at 1:10,000 scale);
- Advanced Permanent Scatterers Analysis (APSA);
- high accuracy DEM (10 m cell-size);
- technical reports and databases (SCAI, AVI);
- geomorphologic and geologic maps.
The activity foresee a preliminary collection and review of the bibliographic information after which the map
overlaying of the APSA analysis on an existing geomorphologic map is performed in order to define the areas affected
by movement and define zone with different deformation rates. Discrepancies are analysed by means of interpretation
of aerial-photos and field surveys. The comparison and integration of in-situ vs. EO measurements and the analysis of
such monitoring data with reference to the geological features allow to better understand the geological model of the
phenomenon.
4.3

Landslide Hazard Mapping

Hazard is one of the component that contributes to the definition of landslide risk and it is defined as the probability that
a mass movement may occur in a defined area during a given period of time [12]. The landslide hazard map which will
be realized within the SLAM project consists of a zonation of the studied area in 5 different levels of hazard, as
summarized in table1, assessed by integrating the EO-derived information with those acquired from traditional sources.
Level

Description

Return
period

Annual
probability

H0

Hazardless area, in which geomorphological processes and soils
physical features are not favourable to landslide trigger

-

-

H1

Areas with geological and morphological conditions unfavourable to
slope stability, without morphological indicators of movement at the
present

2000
1000

0,0005
0,001

H2

Areas with geological and morphological conditions very
unfavourable to slope stability, without morphological indicators of
movement at the present; areas in which only stabilazed landslides
are present

200
100

0,005
0,01

H3

Areas in which geomorphological indicators of slope instability occur,
so new trigger-landslides are possible within a long-term period;
areas with dormant landslides subject to long-term reactivation

10
1
20

0,1
0,05

22

0.5
0,5

H4

Areas in which active landslides are present; areas with indications of
incipient movement; areas involved by expansion of an active
landslide

Table1. Landslide hazard classification.

The input data used in order to realize such a product can be summarized as follows:
- Landslide Motion Survey;
- Landslide Displacement Monitoring;
- landslide factors: slope, lithology, land cover, profile curvature, upslope contributing area;
- technical reports and databases (SCAI, AVI, IFFI).
According to the user requirements, the hazard analysis on the Arno Basin territory has been organized in the following
three main steps:
1) landslide prone areas identification: definition of homogeneous terrain units (HTU) by means of the intersection of
instability factors. The statistical analysis of the HTUs and the spatial distribution of landslide (Landslide Motion
Survey Product) through the use of different techniques (multivariate statistics-ANN) allows to define the lower hazard
level H0, H1, H3. In this way only landslide prone areas are mapped;
2) temporal factor analysis: reclassification of the mapped landslide in three higher hazard levels (H2, H3, H4) by
taking into account the state of activity derived by the Landslide Motion Survey, monitoring data (Landslide
Displacement Monitoring and traditional ones) and historical information (AVI, SCAI, IFFI databases). In particular
such classification will be performed by evaluating the return periods of each mass movements. The class H4 will be
defined with reference to the 2 years return period, the class H3 with reference to the 10 years return period and the H2
to the 100 years return periods. Such temporal limits have been identified by analysing the more widespread typology of
landslides in the Arno River Basin.;
3) landslide hazard mapping: overlaying of the classification based on the temporal factor on the landslide prone areas
zonation. In case of differences and conflicts between the two zonations the first one will be the guide to the final one.
The consequent classification in 4 hazard classes plus a hazardless area represents the final hazard map.
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PRELIMINARY RESULTS

The whole ESA dataset of ERS1/2 images covering the Arno territory, both ascending and descending orbits, have been
acquired. Through the Standard Permanent Scatterers Analysis about 350 SAR images have been processed, obtaining
600,000 PS distributed quite homogeneously on the observed area. A panchromatic SPOT5 image covering the 35% of
the Arno Basin has been precisely orthorectified and draped on a 10 m cell-size DEM in order to allow a visual
interpretation aimed at the extraction of landslide-related terrain features (Fig.2).
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Fig.2. PS data overlaid on the SPOT5 image draped on a DEM

Further, the whole aerial-photos coverage of the basin in stereoscopic configuration at 1:50,000 scale and in
monoscopic configuration at 1:10,000 scale has been collected. Up today the geological interpretation for the Landslide
Motion Survey product has been performed on several municipalities of the Arno Basin, obtaining very interesting
results. Significant statistical data related to the Landslide Motion Survey for the Rufina municipality have been
computed. The high value of landslide polygons characterized by the presence of PS (27%), the quite homogeneous
spatial distribution of PS, even in rural areas, and their good density (22.5/km2) have to be highlighted. Another
important issue to be considered is the number of unstable areas not yet mapped, which have been detected through the
combined use of the PS information and the interpretation of optical data. In several cases, the possibility of obtaining
information on areas where no superficial evidences of movements could be obtained by the interpretation of optical
data has allowed to better define the landslide boundaries, as shown in Fig.3.
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Fig.3. Examples of Landslide Motion Survey map for the area of Rufina (FI).
Indeed, the Landslide Displacement Monitoring has been already performed on the Carbonile landslide. Such a
phenomenon, located along the Arno River, close to the city of Firenze, represents a large earth-slide (maybe occurred
in the prehistoric age) which modified the Arno river course. From the 1985 the landslide body has been affected by
several reactivations, which have caused many damages in the village areas, involving routes, civil buildings and few
factories. The amount of funds spent for mitigation operations and monitoring activities has been evaluated at € 2
million up today. The results of the Advanced Permanent Scatterers Analysis has been integrated with traditional
monitoring data (mainly inclinometric measurements) and with a geological and geomorphologic analysis of the area,
performed by reviewing bibliographic data and by performing field surveys. During the last years different sectors of
the landslide have been stabilized through the construction of drainage systems and retaining walls, as confirmed both
by the inclinometric readings and the by PS analysis, but some areas are still in movement (Fig.4).
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Fig.4. The Carbonile landslide: APSA analysis overlaid on an aerial-photos draped on the DEM.

The analysis has allowed to retrieve the deformation fields of the area, mainly thanks to the high density of PS. In
particular, it has been possible to recognize the different sectors of the landslide still affected by movement and not
already monitored and to evaluate their deformation rates. Some cross profiles have been realized in order to combine
information on the underground geology, derived from boreholes and inclinometres (stratigraphy and depth of rupture
surfaces) with the superficial ones provided by the APSA. In this way a preliminary cinematic modelling of the
phenomenon has been evaluated (Fig.5).

Fig.5. Cross profiles of the Carbonile landslide showing the PS and the inclinometric data.
The quantitative comparison between the historical series of deformations measured by PS and inclinometres has been
performed on some points, finding a good agreement between the two datasets (Fig.6).
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Fig.6. Terrain displacements vs. time plots of a PS (upper one) and of a neighboring inclinometry (lower one).
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CONCLUSIONS AND PERSPECTIVES

Characteristics of the SLAM products, methodologies and preliminary results on the Italian test sites have been pointed
out in this note. The described work represents a first attempt in the integration of EO-derived data within the current
methodologies employed in landslide risk analysis. In particular the paper aims to explain how it is possible to give a
spatial meaning to the point-like measurements coming from the Permanent Scatterers analysis through the use of
optical images. The visual interpretation of SPOT5 images, draped on a 10 m cell-size DEM and the interpretation of
stereoscopic couples and single aerial-photos in correspondence to PS in movement, has permitted to find superficial
terrain features, such as terraces, scarps, trenches, etc., directly correlated to ground deformations. The work, still in
progress, foresee the extension to the whole Arno Basin territory of the updating of the landslide inventory map and the
production of the landslide hazard map for the same territory. In addition, the geological analysis of other large
landslides, especially for phenomena affecting urban areas, such as Poggibonsi, San Miniato, etc., will be performed.
Finally the products will be validated in collaboration with the end users in order to provide a general acceptance level
from the authorities. The expected result at the end of the SLAM project consist of the integration of the SLAM
products/methodologies within the updating of the Piano di Assetto Idrogeologico (P.A.I.) (still in progress) for the
Arno River Basin.
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