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CHAPTER 1

1. Introduction

Landslides are among the most important and most frequent natural calamities. After
earthquakes, they cause the highest number of victims and of damages to man-built structures.

Thus, landslides risk assessment and prevention is the key step to correct territory planning
and management, as witnessed by growing scientific evidence in this field.

Landslides’ studies rely first of all on territory monitoring, essential for the detection of at-
risk phenomena. Territory monitoring is a complex and dynamic process, which requires continuous
technological adjustments in order to obtain the most precise and up-to-date information on natural
events and on their evolution. Identification of the most efficacious monitoring system is difficult
and it is based on the one that best meets technical, logistical and economic requirements of the
local community and needing careful cost-benefits analyses.

Owing to the high number of contributing factors, the optimization of monitoring processes is
known to be quite complex. Integrated monitoring networks for the assessment of mass movements
are thus being developed in order to obtain useful information on both triggering factors and
magnitude of the studied phenomenon. Such networks also include technical and logistical aspects.

Final comparison of the results obtained from the application of different methods allows to
achieve their validation.

The present study develops in the above-mentioned field. In detail, this work focuses on
Remote Sensing, on its potential as an additional monitoring technique and as an alternative
method, at least in preliminary phenomena evaluations, to traditional ground monitoring systems.

Remote sensing studies complex territorial contexts by means of spectral sensors located at
high distances from the analyzed object. There are two kind of sensors; one, named passive sensor,
measures energy that is naturally available. Such sensors can only be used to detect energy when
the naturally occurring energy is available and this can only take place while the sun illuminates the
Earth (optical sensors). Active sensors, on the other hand, transmit short bursts or 'pulses' of
electromagnetic energy in the direction of interest and record the origin and strength of the

backscatter received from objects within the system's field of view (SAR sensons).



Over the past fifty years many changes have occurred: from the initial uniband sensors
installed on meteorological platforms, bearing kilometrical spatial resolutions, nowadays
commercial platforms, such as the American GeoEye, WorldView and Quickbird, are available.

These modern systems produce multispectral images with sub-metric ground pixel resolution
in the panchromatic band. Satellite technology development, together with images elaboration and
classification methods, have allowed Remote sensing applications to extend to many fields, such as
environmental monitoring, risk analyses and territory planning.

This work analyzes a specific type of landslide event, the slow- or intermittent-moving
phenomena on territorial scale. Monitoring and parameterization of these dynamic processes are
particularly relevant: for instance, ground velocity maps may significantly affect territory planning
and urban development, or they may help in post-event damages evaluation. Remote sensing has
proved to be highly suitable for these and for many other necessities, since it captures data “from
above” in form of images that cover vast study areas.

Among the different types of Remote sensing techniques, one that very well meets dynamic
processes’ requirements is the Interferometry SAR (InSAR). This branch of Remote sensing uses
active monitoring sensors that measure the backscattering radiation produced by the sensor-
originated impulse directed to the Earth’s surface. Such systems use radar antenna that are able to
produce and receive electromagnetic signals; in detail, modern satellites are equipped with
Synthetic Aperture Radar (SAR) sensors which can obtain good ground resolution. The images
obtained from a SAR is composed by the amplitude which depends on the scene reflectivity and the
phase, among others, is proportional to the two-way distance from satellite to ground.

InSAR is the method used to process SAR generated images and it is based on the
combination between one or more pairs of satellite images whose orbital parameters are all known.
The combination of two SAR images of the same scene acquired from different orbits, i.e.,
incidence angles, produces an interferogram. The interferogram is obtained by multiplying one
image by the complex conjugate of the other and contains, on a pixel by pixel basis, the phase
difference between the two acquisitions (Massonet et al.,1993). This phase difference can be
exploited in combination with the orbital information for each acquisition to derive a Digital
Elevation Model (DEM) of the scene. If the latter is already known, InSAR allows to calculate the
terrain displacement.

Over the past twenty years, SAR technology has greatly improved and many satellite
constellations have been launched: ERS1/2 and ENVISTAT ASAR (European Space Agency),
JERS-1 SAR (Japanese Aerospace Exploration Agency), RADARSAT-1/2 (Canadian Space
Agency), TerraSAR-X and TanDEM-X (Infoterra (Germany)), and COSMO-SKYMed (Italian
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Space Agency) (Fig. 1.1). This has allowed the scientific community to develop image processing
algorithms which produce increasingly reliable velocity maps and temporal series of deformation.
Moreover, the availability of a now several decades long (since 1992) images archive made it

possible to reconstruct the history and evolution of previously not monitored landslides.

1992-2000{ 2001 | 2002 | 2003 | 2004 | 2005 2006 | 2007 | 2008 | 2009 2011 2012| 2013| 2014 2015| 2016( 2017 2018| 2019| 2020

European
Space
Agency (ESA)

Canadian Space]
Agency (CSA)

German Space
Agency (DLR) —
EADS -
Infoterra GmbH
Japanese
Space Agency
(JAPEX)

ItalianSpace
Agency (ASI)

Figure 1.1: Temporal schedule of the most important SAR missions.

The growing use of such innovative technologies is nowadays frequently limited to aseptic
data elaborations that do not take into account the geological, geomorphological, geotechnical and
hydraulic characteristics of the observed area, which, instead, are fully considered by traditional
monitoring systems. Therefore, if in one hand satellite data have to be precisely processed, on the
other data control and validation procedures will be needed and are based on the comparison with
traditionally acquired data and on careful on-site surveys. Such information has to be integrated

from the very beginning in the SAR processing in order to achieve its optimization.

1.1 Structure of the thesis

The thesis develops in six chapters.

The first chapter briefly depicts landslides related problems and provides the description of
the purpose of the research project and the thesis’ summary.

The second chapter explains the basic elements of landslides’ mechanisms/dynamics from

both geological and geotechnical points of view.



The third chapter illustrates the different landslides monitoring systems.

The fourth chapter provides a detailed description of the SAR Remote sensing technique with
regard to both platforms and sensors characteristics and different data processing systems.

The fifth chapter shows the application of DInSAR to the four studied sites (Calitri, Moio
della Civitella, Costa della Gaveta, and Agnone). Two types of images were processed: old
generation ENVISTAT ASAR images of ESA and last generation Very High Resolution images
acquired from the Cosmo-SkyMed satellite constellation of ASI.

The sixth and last chapter illustrates the work’s conclusions and provides a critical analysis of
the obtained results. Furthermore, it identifies possible future applications of the studied
technology.

Finally, the Appendix is a short tutorial of SUBSIDENCE for end-users.

1.2 Objectives

The aim of this work is to evaluate the applicability of satellite interferometry monitoring in
the center-southern Italian Appennine. This area is characterized by structurally complex geological
formations that give rise to slow to extremely slow velocity deformative phenomena, which can be
well studied with SAR-based monitoring technique.

A preliminary, detailed study of the different SAR data processing techniques and available
algorithms was made in order to detect limits and potentials of each one. Velocity maps and
deformation time series were then elaborated in order to evaluate phenomena extension and activity
and consequently to define the events’ evolution. Finally, the obtained results were compared with
ancillary data, where available, for validation. Ancillary data included inclinometer data, GPS,
topographic measurements and rain data which, in some cases, allowed a better phenomena
interpretation.

Studied sites displayed representative phenomena and were sufficiently supplied with
traditional monitoring data. Four experimental study sites were identified and are listed below (Fig.

1.2):

- Calitri (Campania Region - Avellino Province), interested by the presence of a huge complex

landslide, reactivated after the main shock of the M = 6.9 November 23, 1980 earthquake;

- Moio della Civiltella (Campania Region - Salerno Province) where two urban centres, Moio

and Pellare are interested by slide-flows and roto-translational slides;



- Potenza, Costa della Gaveta zone (Basilicata Region) involved by many complex mass

movements occurred on the northern slope of the Basento River valley;

- Agnone (Molise Region - Isernia Province) where in the catchment of the Vallone S. Nicola, a
complex slope movement, to be considered as a reactivation of a pre-existing landslide, took

place as a consequence of an intense rainfall event occurred on January 2003.

For each of these sites, available data have been elaborated by means of the processing

procedures that best allowed objective data interpretation.
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Figure 1.2: Location of the case studies, Agnone (IS), Calitri (AV), Moio della Civitella (SA) and Costa della

Gaveta (PT).



CHAPTER 2

2. Landslides

Landslides are a major hazard because they are widespread. It has been calculated that
approximately 3.7 million km?” of the Earth fall in “exposed” areas; of these, 820 000 km” represent
high risk zones. Moreover, as urban and infrastructures development has expanded to hillside areas,
the landslides exposed population counts approximately 300 million individuals (4-5% of world

population), with 66 million people living in high risk zones (Fig. 2.1).

Global Landslide Hazard Zonation - Hot-Spots

Degree of Hazard

1 Nepgligible to very low  (Class 1-2)
| Low {Class 3)
| Low to maderata [Class 4)
] Moderate (Clays 5)
B Medium (Class 6)
[ Medium ta high {Class T)
B High (Clage &)
I very high {Class &)

Figure 2.1: Global landslide Hazard zonation (Nadim et al., 2006)

2.1 Definition and classification

A landslide represents “the movement of a mass of rock, debris or earth down a slope”
accordingly to Varnes 1978 and Cruden 1991. The phenomena described as landslides are not
limited to either “land” or “sliding”, and the use of the word has implied a much more extensive
meaning than its component parts suggest. It has to be pointed out that ground subsidence and
collapse are excluded from this definition.

Landslide classification is based on Varnes (1978) system which contemplates two terms: the

first term describes the material type and the second one describes the type of movement.



The material types which can be involved in a landslide are rock, earth and debris, being
classified as follows:

- Rock: is “a hard or firm mass that was intact and in its natural place before the initiation of
movement.”

- Soil: 1s “an aggregate of solid particles, generally of minerals and rocks, which either was
transported or was formed by the weathering of rock in place. Gases or liquids filling the pores
of the soil form part of the soil.”

- Earth: “describes material in which 80% or more of the particles are smaller than 2 mm, the
upper limit of sand sized particles.”

- Debris: “contains a significant proportion of coarse material; 20% to 80% of the particles are

larger than 2 mm and the remainder is less than 2 mm.”

It is important to point out that material types should describe the displaced material in the
landslide before the event occurs.

The types of movement describe how the landslide movement is distributed through the
displaced mass (Cruden & Varnes 1996). The five cinematically distinct types of movement are
described in the sequence fall, topple, slide, spread and flow. Table 2.1.1 and Figure 2.1.1 show

how the two terms are combined to give the landslide type.

Table 2.1.1: Mass movement classification based on process type and material (Cruden and Varnes
1996; Dikau et al.1996)

Process type Type of material
Rock Debris Earth
Topple Rock topple Debris topple Earth topple
Fall Rock fall Debris fall Earth fall
Slide Translational Rock slide Debris slide Earth slide
Rotational
Flow Rock flow Debris flow Earth flow
Spread Rock spread Debris spread Earth spread
Complex e.g., rock avalanche  e.g., flow slide  e.g., slump-earthflow

In order to analyze the phenomenon and then to carry out better procedures to prevent or
mitigate the landslide hazard, more information about its type and velocity become useful. The
velocity of the mass movement is one of the most important aspects in landslide studies. In the table

3.1.2, as described by Cruden & Varnes in 1996, seven classes of velocity have been identified,



from extremely rapid events whose rate can exceed the speed of a person running (5 m/sec) to

extremely slow events (below 16 mm/year) that are imperceptible without appropriate instruments.

Rotational landslide Translational landslide Block slide

Figure 2.1.1: Mass movement classification (Cruden and Varnes, 1996).

Table 2.1.2 also shows the importance of the velocity factor with respect to the identification
of landslides risk mitigation procedures. A complete picture is offered, for instance, by several
relatively frequent phenomena which took place in the Italian center-southern Appennine: on one
hand the debris flows that involved pyroclastic deposits resting over carbonate ridges, at the end of
the 1990s (Sarno - 1998, Quindici - 1998 and Cervinara — 1999), which caused many victims and
considerable damage. On the other, large slope instability phenomena characterized by slow to
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extremely slow velocity that involved slopes in structurally complex formations (Calitri — 1980,

Agnone - 2003), which caused no victims, but only damage to man-built structures, and which

allows the population’s coexistence.

Table 2.1.2: Mass movement classification based on velocity of displacement (after Cruden and Varnes 1996).

Class Description Typical Expected damages and population reaction

velocity
1 Extremely =5 m/sec Disaster of major violence; buildings destroyed by
rapid impact of displaced material; many deaths;

escape unlikely

2 Very rapid =3 m/min Some lives lost; velocity too great to permit all
persons to escape

3 Rapid =1.8 m/h Escape evacuation possible; structures destroyed

4 Moderate =13 m/month  Some temporary and insensitive structures can be
temporarily maintained

5 Slow =1.6 m/year Remedial constructions can be undertaken during
movement; insensitive structures can be
maintained
with frequent maintenance work if total movement
is not large during a particular acceleration phase

4] Very slow =15 mm/year  Some permanent structures undamaged by movement

7 Extremely slow <15 mm/year  Imperceptible without instruments; construction

possible with precautions

Examples above described show that the effects on people and structures, deriving from

event, are connected with landslide velocity. Therefore, considering the types of movement and the

velocity classes, new definitions are given by Cruden & Varnes (1996):

a) Fall: this landslide, whose velocity varies from very rapid to extremely rapid, consists in the

detachment of rock or soil from steep slopes, that can be preceded by a small slide or topple
of the material involved; subsequently, the detached material moves mainly in the air, going
down by falling, bouncing or rolling. The dominance of one of these movement’s modes
will depend upon the slope: free fall can occur if the involved slope is characterized by angle
> 76°; decreasing of the slope angle will cause a transition to bouncing and, then, to rolling
when angles < 45° are reached. It is clear that local slope variations may infer on the modes

of movements (Hungr & Evans, 1988).

b) Topple: in this case, the movement, that can assume velocities from extremely slow to

extremely rapid, is a rotation around a point/axis below the gravity centre of the involved

mass of soil or rock. Subsequently, the phenomenon can evolve into fall or slide, depending
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on the geometry of the surface of separation and of the displacing mass as well, and also on
the orientation and extent of the discontinuities.

c) Slide: a slide indicates a downslope movement of soil or rock that mainly occurs on zones of
intense shear strain or along a rupture surface, usually starting by local failures on the
ground that subsequently will enlarge forming the main scarp of the landslide. By depending
on the shape of the surface of rupture, rotational and translational slides can be distinguished
(Varnes, 1978), moving along a curve and planar surface, respectively. In the first case, the
ratio between the depth of the surface of rupture and its length ranges usually in the interval
0.15 + 0.33 (Skempton & Hutchinson, 1969); the slope failure follows inhomogeneities and
discontinuities eventually present in the material involved by landslide (Varnes, 1978). In
the case of translational slide, that are usually shallower than rotational, the ratio of depth of
the surface of rupture to its length is less than 0.1 (Skempton & Hutchinson, 1969).
Moreover, rotational and translational slides show different behaviors, that need to be taken
into account in the stability analysis and control measures: while the first ones, in fact, tend
to restore the equilibrium of the sliding mass, the translational phenomena can continue to
move on long slopes, depending upon the inclination of the surface of rupture, and
frequently, if the velocity and water content increase, can evolve into a flow.

d) Lateral Spread: it describes the lateral extension of soil or rock mass combined with the
subsidence in softer and more plastic underlying material. Spreads involving rock do not
show the presence of a defined surface of rupture, while phenomena occurring in cohesive
soils can result from liquefaction or plastic flowing of the underlying material (Varnes,
1978).

e) Flow: these phenomena have kinematics and distribution of velocities in the landslide body
similar to those of a viscous liquid. They are characterized by continuous movement in
which shear surfaces are not usually preserved. Differently than in a slide, considerable
deformations can interest the body of a flow. As above highlighted, flows can derive from
slide movements, when the moving material presents an increase of water amount and a
decrease of its cohesion, or when it encounters steeper slopes, leading in this case even to an

increase of the potential damages on the affected territory.

2.2 Landslide causes

The great variety of slope movements reflects the diversity of conditions that cause the slope

to become unstable and the many processes that trigger the movement. Opposite forces face
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themselves inside all slopes: on one hand there are forces which promote the downslope movement
and on the other, there are forces which tend to resist to it. The stability of a slope depends on the
balance between the downslope shear stress and the shear strength of the soil, along a sliding
surface. On the basis of such theory, two main landslide causes categories have been identified
(Terzaghi, 1950): external factors, which result in an increase of the shearing stress (e.g.
geometrical changes, unloading the slope toe, loading the slope crest, shocks and vibrations,
drawdown, changes in water regime) and internal factors which result in a decrease of the shearing
resistance (e.g. progressive failure, weathering, seepage erosion). Hardly ever landslides take place
because of only one factor. Actually, ground conditions alone (weak strength, sensitive fabric,
degree of weathering and fracturing) cannot be considered as causes, but rather as significant
contributors, being necessary for an unstable slope to develop, in addition to environmental criteria
of stress, pore water pressure and temperature.

The process leading to the development of the slide begins with the formation of the rock
itself, when its basic properties are determined and includes all the subsequent events of crustal
movement, erosion and weathering (Varnes, 1978). For this reason, and from the physical point of
view, it is more correct to consider three stages of slopes’ stability: stable, marginally stable and
actively unstable (Crozier, 1986). Stable slopes are those in which stability forces are sufficiently
strong and higher than the destabilizing ones. Marginally stable slopes are those in which
destabilizing forces reach a certain level of activity and prevail some time on stability forces.

Finally, actively unstable slopes are those in which destabilizing forces produce continuous
or intermittent movement. The transition from one stage to another is the result of two causal
factors categories:

1. Preparatory causal factors which make the slope susceptible to movement without
actually initiating it and thereby tending to place the slope in a marginally stable state.

2. Triggering causal factors which initiate movement. The causal factors shift the slope from
a marginally stable to an actively unstable state.

A simple classification system of landslide causal factors is useful because landslide causes
assessment is complex and landslides are not always investigated in great detail. The operational
approach proposed by the WP/WLI Working Group on Causes of Landslides (WP/WLIL, 1994)
covers the majority of landslides and considers the available data from simple site investigation and
information furnished by other site observations.

Landslide causal factors are divided according to their effect (preparatory or triggering) and
their origin (ground conditions and geomorphological, physical or man-made processes). Ground

conditions may not have a triggering function, while any ground condition or process may have a
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preparatory function. Table 2.2.1 is a short checklist of landslide causal factors arranged in four
practical groups.

Ground conditions or the material and mass characteristics of the ground, can be mapped on
the surface of the landslide and in the surrounding ground and explored in the subsurface by drilling
and trenching. Mechanical characteristics can be determined by testing.

Geomorphological processes, or changes in the morphology of the ground, can be
documented by pre-existing maps, aerial photographs, surveys of the landslide, or careful
observation over time by the local population.

Physical processes concern the environment and can be documented at the site by

instrumentation, such as rainfall, earthquake, seismographs or piezometers.

Table 2.2.1. A landslide causal factors (after Popescu M.E., Seve G., 2001).

1. GROUND CONDITIONS

(1) Plastic weak material

(2) Sensitive material

(3) Collapsible material

(4) Weathered material

(3) Sheared material

(6) Jointed or fissured material

(7) Adversely oriented mass discontinuities (including bedding, schistosity, cleavage)

(8) Adversely oriented structural discontinuities (including faults, unconformities, flexural shears,
sedimentary contacts)

(%) Contrast in permeability and its effects on ground water contrast in stiffness (stiff. dense
material over plastic matenial)

2. GEOMORFHOLOGICAT PROCESSES

(1) Tectonic uplift

(2) Volcanic uplift

(3) Glacial rebound

(4) Fluvial erosion of the slope toe

(3) Wave erosion of the slope toe

(6) Glacial erosion of the slope toe

(7) Erocsion of the lateral marging

(8) Subterranean erosion (solution, piping)

(9) Deposition loading of the slope or ifs crest

(107 Vegetation removal (by erosion. forest fire_ drought)

3. PHYSICAL PROCESSES

(1) Intense, shert period rainfall

(2) Rapid melt of deep snow

(3) Prolonged high precipitation

(4) Rapid deawdown following floods, high tides or breaclhing of natural dams
(3) Earthguake

(6) Voleanic erupticn

(7) Breaching of crater lakes

(8) Thawing of permafiost

(9) Freeze and thaw weathering

(107 Shrink and swell weathenng of expansive soils

4. MAN-MADE PROCESSES

(1) E=xcavation of the slope or its toe

(2) Loading of the slope or its crest

(3) Drawdown (of reservoirs)

(4) Trrigation

(3) Defective maintenance of drainage systems

(6) Water leakage from services (water supplies, sewers, stormnwater drains)
(7) Vegetation removal (deforestation)

(8) Mimng and quartying (open pits or underground galleries)
(9) Creation of dumps of very loose waste

(107 Artificial vibration (including traffic. pile drrving. heavy machinery)

S

Careful local observations over time of water wells or damage from earthquakes may be
acceptable substitutes. Variations in mechanical properties with distance from the surface may, in

some circumstances, indicate changes of these properties with time.
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Man-made processes can be documented by site observations and from construction or
excavation records at the site. Separate identification of artificial and natural landslides is useful for

both administrative and theoretical reasons.

2.3 Hazard mitigation

Landslide activity, regardless of slope movements’ different configurations, materials
involved and arisen phenomena, can defined by the following four possible different stages
(Leroueil, 1996):

1. Pre-failure stage, when the soil mass is still continuous. This stage is mostly controlled by
progressive failure and creep;

2. Onset of failure characterized by the formation of a continuous shear surface through the
entire soil or rock mass;

3. Post-failure stage which includes movement of the soil or rock mass involved in the
landslide, from just after failure until it essentially stops;

4. Reactivation stage when the soil or rock mass slides along one or several pre-existing
shear surfaces. This reactivation can be occasional or continuous with seasonal variations of
the rate of movement.

Hazard is the probability that a phenomenon such as a first-time slope failure or an active
landslide reaching a given rate of movement occurs. In the failure stage, hazard is directly related to
the probability that the triggering factor reaches a critical value leading to failure. For the pre-failure
and reactivation stages, hazard associated with a rate of movement is related to the probability that
the aggravating factor reaches a given value leading to such rate. For the post-failure stage, the
hazard associated with a given rate of movement is very much governed by the materials involved
and the predisposing factors, and thus it is more difficult to be defined.

When dealing with a slope of precarious stability and/or presenting a risk which is considered
too high, there are three main options:

1. Do nothing to the slope and possibly reduce its possible consequences;

2. Do nothing but install a warning system in order to insure or improve the safety of people;
3. Improve the safety of the slope to a satisfactory level in order to reduce the risk to an
acceptable level.

When the size of the moving or potentially moving mass is too large or when the cost
associated to mitigation is too high, the possibility to relocate the structure elsewhere should be
examined. Obviously, it is preferable to consider such a possibility during the planning stage.
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It is worth noting that warning systems do not modify the hazard but contribute to reduce the
consequences of the landslide and thus the risk, in particular the risk associated with the loss of
lives. Many types of warning systems have been proposed and the selection of the appropriate one
should take into account the stage of landslide activity:

1. At pre-failure stage, the warning system can be applied either to identify revealing factors
or aggravating factors. Useful revealing factors are, for example, the opening of fissures or
the movement of given points on the slope; in such cases, the warning criterion will be the
magnitude or rate of movement. When the warning system is associated with triggering or
aggravating factors, the first step is to define the relation between the magnitude of the
controlling factors and the stability condition or the rate of movement of the slope. The
warning criterion can be a given pore water pressure, a given stage of erosion, a minimum
negative pore pressure in a loess deposit, etc. It can be also based on rainfall; for example,
the hourly rainfall and the cumulative rainfall during a two-day period have been combined
in an alarm criterion.

2. At failure stage, the warning system can only be linked to revealing factors, generally a
sudden acceleration of movements or the disappearance of a target.

3. At post-failure stage, the warning system has to be associated with the expected
consequences of the movement. It is generally associated with the rate of movement and run
out distance.

4. Inform the public or the users of facilities about the dangers.

In this perspective, monitoring of landslides plays an increasingly important role in the
context of living and coping with these natural hazards. The classical methods of land surveys,
inclinometers, extensometers and piezometers are still the most appropriate ones. But the
development of methods based on remote sensing and remote access techniques should be of
primary interest.

DOE (1994) identifies the following categories of monitoring designed for slightly differing
purposes but generally involving similar techniques:

(1) Preliminary monitoring involves provision of data on pre-existing landslides so that the
dangers can be assessed and remedial measures properly designed or the site abandoned.

(2) Precautionary monitoring is carried out during construction in order to ensure safety and
to facilitate redesign if necessary.

(3) Post-construction monitoring in order to check on the performance of stabilization
measures and to focus attention on problems that require remedial measures.

Monitoring techniques will analysed in the next chapter.
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2.4 Landslides in structurally complex formations in Southern Italian
Appennine

The Southern Apennine chain represents an African-verging fold and thrust belt build on
during the Neogene tectogenesis. Starting in the middle Miocene and extending to the upper
Pliocene, several compressional tectonic phases (Patacca et al., 1990), associated with the collision
between Africa and Europe, caused progressive thrusting and piling of different tectonic units
corresponding to different paleogeographic domains, toward stable external domains of the Apulo-
Adriatic foreland. Deformation front direction was NW-SE and migrated toward NE. During the
Quaternary, the Southern Apennines were affected by an important extensional tectonic phase, with
a NE-SW extensional trend which caused further chain fragmenting into several isolated blocks. In
the same period, counter-Apenninic regional transcurrent faults were generated.

The geological, geotechnical and geomorphological characteristics of the Southern Appennine
represent the basis of rather frequent mass movements. Their magnitude appears to be variable and
as such they variably involve man-made structures and activities; relevant events can dramatically
affect a given area in terms of economic and social development and of territory planning and
utilization. They may actually cause destruction of villages, upsetting of the drainage network and
damages to large public works (motorways, aqueducts, dams, etc.), thus posing complex and
expensive problems of prevention and correction which are in some cases beyond man's control.

The geological and geotechnical aspects and the mechanism of the landslides of Southern
Italy are varied and extremely complex and have been analyzed in several studies of general
character (Almagia 1910, Cotecchia 1971, Guida and Iaccarino, 1991, Di Maio et al., 2010).

The stability conditions principally depend upon present morphological, geological,
geotechnical features which, in turn, depend upon the genesis and constitution of the involved
materials and upon the succession of the events modeling landforms. This is particularly true for
slopes occurring in formations that have been referred to as structurally complex formations (Fig.
2.4.1) (ESU, 1977).

These formations (Esu, 1977) can be distinguished in three main groups (A, B and C): the
first one is constituted by fine materials, lithologically homogeneous, with presence of structural
discontinuities, while the second one by heterogeneous material, like flysch, characterized by the
presence of two kind of soils with different mechanical characteristics and the last one constituted
by heterogeneous material like rock or less weathered rocks in a clayey matrix.

Further, depending on the geologic structure, the A and B types can be subdivided in: al)
fissured and/or fractured clays (or argillites), and a2) scaly clays (or argillites); bl) regular

alternance of rock and fissured and/or fractured clays (or argillites), b2) chaotic setting of rock
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strata and highly fissured/fractured or scaly clays (or argillites), and, eventually, b3) scaly clays (or

argillites) produced as effect of tectonics, which include rocks.
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Figure 2.4.1. Types of Structural complexities (after Esu, 1977)
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All sites are characterized by the outcropping of structurally complex formations, that, like
noted above, have a key-role in the control of the mechanical and hydrological behaviour of the slopes.
Such materials are affected by many mass movements because of their poor mechanical properties,
due to the weathering of the shallow layers,

A picture of the magnitude and number of landslides in the Southern Italy is given in Fig.
2.4.2 which shows the landslide index obtained from IFFI Project. The IFFI project (Italian
Landslide Inventory - 2008) was carried out by the Geological Survey of Italy in ISPRA (National
Institute for Environmental Protection and Research) in cooperation with the Italian Regions and
Indipendent Provinces. More than 480.000 events have been inventoried in this project which

represents the first updated and homogeneous inventory map on the entire national territory.

Landslide index (%)
o

1-5

5-15 .
| BB
| ERU

Figure 2.4.2. Landslide index (%): area affected by landslide/total area; the area of interest is in red dashed line.

The main aims of IFFI Project were to give a complete and updated overview of landslide
phenomena in the Italian territory, by collecting data obtained from different institutions (River
Basin Authorities, Regions, Independent Provinces and Municipalities) and to put up a cognitive
tool in order to assess landslide hazard, for the environmental protection and land use planning on

national and local scale.
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Figure 2.4.3 represents a sketch of Landslide Inventory Map where the detected landslides, by
means of points shape (PIFF), are showed. The area of interest is composed by three administrative
Italian Regions (Basilicata, Campania and Molise) where a part of the relieves of the Southern
Appennine chain are present and in which the studied sites are located. As shown in Figure 2.4.4 the
number of landslides is very high. Approximately 56000 landslides have been inventoried,

representing about the 12% of the identified phenomena on the entire Italian Nation.
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Figure 2.4.3. Sketch of Landslide Inventory Map for the area of interest.
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Figure 2.4.4. Number and percentage of landslides in the area of interest.
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In detail, in Agnone, Calitri, Moio della Civitella and Potenza municipalities 529, 72, 83 and
129 landslides have been identified, respectively (Figures 2.4.5, 2.4.6, 2.4.7, and 2.4.8). Landslide
density (number of landslide/Km?) varies between 0,7 for Calitri and Potenza sites to higher values,
about 5, in Agnone and Moio della Civitella municipalities.

Landslides involve structurally complex formations, largely outcropping in the area of
interest. The phenomena are generally slow-moving or intermittent landslides, with a complex style
of activity (Cruden & Varnes 1996). As shown in Figure 2.4.9 slides, earth flows and slides
evolving into earthflows (complex phenomena) are the most common typologies, characterized by

slow or extremely slow velocity (Cruden e Varnes, 1996).
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Figure 2.4.9. Distribution of inventoried landslides with relation to typology

It is worth pointing out that in the last years (2010-2013) the River Basin Authorities, which
are the reference territorial entities in charge of land planning and management in terms of landslide
risk assessment, are working to revise the Landslide Inventory Maps, each for their respective
territorial area. Such update involved, in some instances, the growth of the inventoried landslides.
The case of the Basin’s Authority of Sele River whose territory falls in both Campania and Basilicata
regions is emblematic. The Landslide Inventory Map update identified approximately 10000 more
phenomena (Fig. 2.4.10). Such increase can be explained on one hand by the natural evolution of the
slope, and on the other by the detection method used. More detailed survey scales, in situ studies,
photointerpretation of higher resolution aerial photographs and the availability of updated maps

allowed to identify otherwise unknown phenomena. Finally, a relevant contribution to landslide
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identification was made by new techniques of Remote Sensing, which will be further analyzed in the

following chapters. Such techniques, together with traditional methods, were used to obtain a

comparable accuracy of ground surface displacements, being less expensive and time consuming.
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CHAPTER 3

3 Monitoring

The term “monitoring” refers to control processes, which may display different degrees of
complexity, of a given phenomenon or activity.

Knowledge of the environmental components and of the dynamics that rule phenomena
evolution is crucial to territory management. For this reason, territory monitoring plays a key-role in
the analysis of events which may produce catastrophic effects on the community.

This chapter describes the steps needed to build an effective monitoring system. Ideally, the best
monitoring system for a given phenomenon is identified on the basis of the answers to the following
questions:

- What has to be monitored?

- Which is the magnitude of the event?

- How to monitor?

- Which scale has to be used?

- What is the monitoring frequency?

- How long does the monitoring campaign have to last?

- What are the costs?

- What are the expected results and advantages?

The working phases can be outlined as follows:

a) Phenomenon description

b) Action planning

¢) Monitoring network development

The first phase (phenomenon description) is carried out by archive research of thematic maps,
aerial photographs, photographic documentation, historical data, cause and type of event, previous
studies, etc.).

In action planning the results obtained in the first phase are critically evaluated, initial on site
surveys are carried out, as well as a functional in-depth analysis of the monitoring planning. The

final result of this phase is the identification of possible preliminar investigations or peculiar
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measures to perform before developing the monitoring network. In this phase some kind of
monitoring (i.e. of superficial movements) is frequently activated in order to better understand the
real activity of the phenomena and its extension. This allows to determine the extent of possible
additional surveys and investigations.

The monitoring network development entails the installation and maintenance of a true
monitoring network. To do so, it is required to carry out the investigations (preliminary, deepened),
specified in the previous phases. They essentially consist in direct surveys and geological and
geotechnical investigations, whose results allow to define:

- Which are the parameters to measure;

- Where and how to measure them.

3.1 Landslide monitoring

Monitoring applied to the phenomena of slope instability corresponds to a source of
measures that enable to understand the extension, the magnitude and thus to estimate the associated
hazard. More generally, the understanding of the phenomenon must provide for the acquisition of
information on:

* the system of sub-superficial displacements, in terms of direction, modulus, and rate of

velocity;

* the scheme of deep displacements, with definition of the position of the sliding surface;

* the aquifer system regimen;

* the rainfall regimen;

For each of the above-mentioned items there are several techniques and different types of
instruments, which over time have become increasingly sophisticated and refined. In particular, the
development of electronics and sensors gave a remarkable acceleration in the evolution of devices,
which nowadays have reached accuracy and response times inconceivable a decade ago.

Regarding sub-superficial movements monitoring, various techniques have been developed,
which can be synthetically divided into:

- Photogrammetry/Photointerpretation;

- Ground-based and satellite geodetic techniques;

- Geotechnical;

- Remote sensing.

Considering the peculiarities of each of these techniques, it is often desirable to proceed to

their simultaneous use, in order to obtain the same information that will be subsequently merged for
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a better and more objective interpretation of the data. For this purpose, it is necessary to know the

potentials and limitations of each of them.

3.1.1 Photogrammetry/Photointerpretation

Photogrammetric techniques have been extensively used in ground movements studies
(Maria et al. 2004; Mills et al. 2005; Hu et al. 2008; Liu and Wang 2008; Smith et al. 2009). The
main advantages of using photogrammetry are the reduced time of fieldwork, simultaneous three-
dimensional coordinates, and, in theory, an unlimited number of points that can be monitored. The
accuracy of photogrammetric point position determination has been much improved in last years,
making it attractive for high accuracy deformation measurements.

The interpretation of aerial photographs has proven to be an effective technique for the
recognition and delineation of landslides (Soeters and Van Westen 1996). It is an effective
technique for recognizing and delineating the three-dimensional overview of the terrain from which
the interrelations of photography, drainage, surface cover, geology materials, and human activities
on the landscape can be viewed and evaluated.

An overall perspective of a large area and boundaries of existing slides can readily be
delineated on aerial photographs. Surface and near-surface drainage channels can be traced.
Important relations in drainage, topography and other natural and man-made elements that seldom
are correlated properly on the ground become obvious on photographs. Furthermore, soil and rock

formations can be seen and evaluated in their undisturbed state. Recent photographs can be

compared with old ones to examine the progressive development of slides (Fig. 3.1.1.1) and aerial

v % o

Figure 3.1.1.1: Example o rogresve development of a slide by aerial photographs studied.
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photographs can be studied at any time, in any place and by any person. Terrestrial photogrammetry
and ground-based photography are also being used for local-scale landslide monitoring.

Sites that are too steep or too small to be confidently viewed from the air are fit for ground
studies, albeit at distance. Terrestrial photogrammetry can effectively be used for unsafe or

inaccessible sites, as road cuttings and landslides.

3.1.2 Ground-based and satellite geodetic techniques

They allow to evaluate the absolute position of the investigated points. In some cases the
geodetics sensors can be used for the evaluation of control points by repeated measurements. In
others, continuous measurements can be obtained by using automated instruments. In both cases,
the objective is to obtain the coordinates (position and height) of control points within areas
affected by deformation phenomena. From the comparison of the calculated position in the various
readings and throughout statistical evaluations on the reliability of the data, the actual displacement

vectors can be traced back, as shown in the Figure 3.1.2.1.
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Figure 3.1.2.1: Example of topographic network measurements.

An example of terrestrial geodetic sensor, used for the monitoring of landslide phenomena
(Reyes and Fernandez 1996; Walstra et al. 2004; Wasowski et al. 2004; Burghaus et al. 2009) is the

total station (Fig. 3.1.2.2a). The latter allows to assess the three positioning parameters, distance,
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vertical angle and horizontal direction simultaneously, making it is possible to obtain the absolute
position of the monitored points.

Points identification is usually carried out by using targets (denominated prisms), located on
specific pillars (Fig. 3.1.2.2b), which allow to detect the position in a very short time. Also in this
case, it is possible to identify advantages and constraints of this technique. The main advantage of
this instrumentation is the capability to detect the three-dimensional coordinates of the monitored
points, thus allowing to reconstruct the real displacement vector. The main constraint is that

monitored points are only the ones which are actually visible by the instrumentation.

—

Figure 3.1.2.2: a) left, the total station , b) right, the topographic stake with prism

As for terrestrial systems, satellite instrumentation, referred to as the Global Positioning
System (GPS) (Fig. 3.1.2.3), allows the assessment of the position of points affected by movement
by obtaining their three-dimensional coordinates (Bonnard et al 1996; Wasowsky et al.2004; Mills
et al.2005; Webster and Dias 2006, Yin et al., 2008; Zhang et al., 2008). The current GPS systems
allow to perform both occasional measures, repeated over time, and real-time measurements thus
allowing studies in small and large scale. The main advantages, with respect to the terrestrial
instrumentation, are the possibility to work in any condition of visibility and weather. It is
nevertheless required a certain satellite "visibility" from the monitored points. Several experiments
conducted in the field of monitoring of surface deformation estimated an error of about + 5 mm for
ranges of 50 km in diameter in the absolute positioning of the point.

While, as far as the evaluation of displacements is concerned, they are characterized by a
standard deviation of about 3 mm for the horizontal component and 1.5 times the horizontal to the

vertical.
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3.1.3 Geotechnical monitoring

This term is commonly used to indicate the set of measures aimed at controlling the
behavior of "geotechnical systems". In the study of the behavior of landslides slopes such measures
include, among others, the evaluation of surface deformations, with the techniques set out above. In
particular, we can measure displacements, absolute or relative, evaluate the deformations among
different sectors of the mass in motion and, thus, correlate them to its geometry and to the type of
movement expected or observed. It is also possible to collect information and perform
measurements.

It can also measure the stress state and the presence or absence of water. Among the main
instruments for geotechnical monitoring inclinometers, extensometers and piezometers should be
mentioned. It must be pointed out that, in addition to these instruments, weather stations are of
fundamental importance. They measure parameters such as rain, humidity, snow, wind, etc.. for the

study of landslides phenomena.

3.1.3.1 Inclinometers

In many cases inclinometers are used to determine subsurface movement of landslides

(Borgatti et al., 2006; Bonnard et al., 2008; Bressani et al., 2008; Jongmanset al., 2008; Mihalinec
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and Ortolan 2008, Yin et al., 2008). They are installed in boreholes located within the landslide
(Fig. 3.1.3.1.1).

Inclinometers allow to evaluate the depth of the sliding surfaces, by measuring at the same
time the direction of displacement (azimuth) and its vertical component. The accuracy of the
measurement is of the order of £ 0.02 mm for every 3 m of depth. The major limitation lies in the
fact that for the shape of the instrumentation it is possible to estimate the displacements only in 2D

without obtaining three-dimensional repositioning.
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Figure 3.1.3.1.1: scheme of inclinometer installation.

3.1.3.2 Extensometers

They enable the measurement of axial deformation with respect to reference points placed
along the same axis. Even in this case they can be installed inside boreholes. The most widespread
extensometers are characterized by accuracies of the order of £ 0.3 mm for every 30 m. The main
factors influencing the measurement gauge are the temperature and the correct installation of the
equipment. Further limitation lies in the fact that the measurement is one-dimensional, so only
useful in case the direction of the displacement vector is already known.

One of the main causes triggering landslides phenomena is the change in groundwater level
due, in some cases, to high intensity rainfall events that results in the reduction of the resistance of
the materials involved in the event. For this reason, piezometers are the most widely used
instruments in deformation monitoring; since they measure the change in groundwater level over
time (Fig. 3.1.3.2.1), they allow, throughout a careful reading, a first interpretation of the possible

causes of triggering event.
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Figure 3.1.3.2.1: Piezometer and graphs of piezometric readings.

They are placed inside conveniently instrumented boreholes. The different types of
piezometers (vibrating string, tires, Casagrande, open pipe) are used according to the filtration

speed of the water inside the soil, which in turn affects the accuracy and response times of the

piezometric measurements.

3.1.4 Remote sensing

This term refers to all the techniques that allow to investigate a phenomenon by means of
sensors that work at different wavelengths (Fig. 3.1.4.1) placed at a considerable distance from the

studied object.
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Figure 3.1.4.1: Electromagnetic spectrum
This is done by sensing and recording reflected or emitted energy and processing, analyzing
and applying this information. The distance of the observer from the collected information can
range from a few meters (Proximal Sensing) to thousands of kilometers (Remote Sensing).
As far as the application of this technique to the monitoring of landslides phenomena is

concerned, two approaches can be identified, depending on the source of the electromagnetic
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energy: a qualitative one, which only allows to classify the phenomenon (type, extension, etc..) and
works primarily with optical data at wavelengths ranging from the visible to the infrared by means
of passive sensors which measure the energy reflected when the illumination source is external. The
second approach uses active sensors, which illuminate the scene and measure the backscattered
signal, at L, C or X-bands, obtaining quantitative information, such as the magnitude (volume and
velocity) of the event, such as the case of SAR sensors. Thanks to these sensors, Advanced
Differential Interferometry techniques like PSInSAR (Ferretti et al., 2001), SBAS (Berardino et al.,
2002), SPN (Arnaud et al., 2003), CPT (Mora et al., 2003), IPTA (Duro et al., 2005), PSP-IFSAR
(Constantini et al., 2008), SqueeSAR (Prati et al., 2010) have been implemented. In the last two
decades they have achieved encouraging results in various fields of application (glaciers (Goldstein
et al., 1993 ), volcanoes (Massonnet et al., 1995), earthquakes (Massonnet et al., 1993), subsidence
phenomena (Cascini et al., 2009), monitoring of infrastructures (Rising et al., 2012) and, in
particular, landslides phenomena monitoring (Ferretti et al., 2005; Meisina et al., 2006; Calcaterra et
al., 2008).

Finally, two terrestrial active remote sensing techniques that in recent years have achieved
good results must be mentioned. They are the use of the Laser Scanner (Oppikofer et al, 2006;
Oppikofer, 2008; Travelletti et al, 2008) and the Ground Based SAR as a tool for monitoring
buildings or structures (Tarchi et al. 1997), landslides (Tarchi et al., 2003b, Leva et al. 2003),
glaciers (Luzi et al. 2007). The first was especially created for the use in architecture, but it has
quickly found wide application in engineering, like the monitoring of structures subjected to stress
and strains, such as bridges, towers, dams, galleries, etc.

Recently, thanks to the overall performance improvement, especially in range and accuracy
in angular relocation of rotating mirrors, the laser scanner has been used for applications in different
fields as in the study of geomorphology (e.g. landslide slopes and caves); examples include the
monitoring of mining and evolutionary rock quarries and /or loose material.

The ground based radar with synthetic aperture and interferometric technique (GBInSAR) is
an innovative type of remote detection that allows a very accurate measurement of the movement of
the ground over large areas. It uses a combination of devices and methods that can generate raster
maps of two-dimensional deformations (and/or velocity) of a slope irradiated, from a remote
location, with electromagnetic waves covering an area of several square kilometers and obtaining a
sub-millimetric precision (equivalent or even better than traditional topographic and geotechnical
instrumentation). The output maps are made up by thousands or tens of thousands of pixels, each
with its own time series of displacement. Various reasons make GBSAR an attractive device: it

provides displacement measurements with sub-millimetric precision on areas large up to a few
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square kilometers; it acquires images with "high” frequency; it has a ground resolution of a few
meters and it is able to monitor also relatively fast movements. This large amount of information
and the spatial distribution of data are typically useful for understanding the phenomena, for real
time monitoring, and, finally, for the decision-making process. Periodic monitoring of landslides
phenomena with GBInSAR represents a promising approach for the long-term evaluation of
instability conditions, especially in those areas where property and infrastructure are exposed to
risk.

More information on the monitoring methods can be found in the general reviews (Franklin
1984; Keaton and DeGraff 1996; McGuffey et al. 1996; Mikkelsen 1996; Soeters and Van Westen
1996; Turner and McGuffey 1996; Olalla 2004; Van Westen 2007; Liu and Wang 2008).

Ultimately, in order to obtain the best results from a technical/economic point of view in the
phase of which monitoring system has to be installed, it must be taken into account the actual
capacity (resolution, precision, error, processing time, etc.) of the individual systems, in order to
choose the most suitable technique for the phenomenon to be studied. An example of this
preliminary evaluation can be easily done with a scheme like the one shown in the following figure

(Fig. 3.1.4.2).

Velocity Description Velocity Typical
Class (mm/sec) Veloaty
A r'Y
7 Extremely
Rapud .
5x10° 5 m/sec
] Very Rapd
5x10° 3 m/min
5 Rapud
5x 107 1.8 mhr
4 Moderate
5x10° 13 m/month
3 Slow
sx10”° 1.6 m/year
2 Very Slow
5x107 15 mm/vear
Extremely
sSLow
v Yy

Figure 3.1.4.2: a) PSInSAR; b) Traditional DInSAR; ¢) GBInSAR; d) Inclinometers; e) GPS; f) Total station; g)
Field survey.
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CHAPTER 4

4. Radar remote sensing: technique and applications

4.1 Radar

Radar is the acronym for Radio Detection And Ranging. It refers to a technique as well as an
instrument. The radar instrument generates electromagnetic waves in the radio wavelengths and
detects the echo of these waves from objects. The radar technique uses the two-way travel time of
the pulse to determine the range to the detected object and its backscatter intensity to infer physical
quantities. Although the technology mainly gained momentum through military applications in
those early years, civil and scientific applications arose quickly afterward (Hanssen, 2001). There
are some advantages coming from the use of these sensors, such as:

- the opportunity to acquire data whenever you want day and night, and whatever are the
weather conditions;

- the full control of the signal features (such as the wavelength, the angle of incidence, the
phase).

The microwave beam enlightens the earth surface, called swath, with a certain obliquity

compared with the direction of the nadir (Figure 4.1.1). The SAR image will be a projection in the

< SAR Antenna

Footprint

Figure 4.1.1: The imaging radar geometry (Chan and Koo, 2008).

35



sensor’s acquisition plane, slant-range plane, of the targets placed on the Earth surface, the ground-
range plane. The direction along the trajectory is called along-track or azimuth range, while the
perpendicular direction is called across-track or ground range. Differently from the optical survey
instruments which can distinguish among targets according to their angular distance from the nadir
of the sensor, a radar can generally distinguish the reflected signals coming from different targets
only according to the return time of the signal. That is why the radars use a side-looking shape, that
is to say, they enlighten just a side of ground range. It is also important to make a distinction
between the angle of incidence of the sensor and the angle of local incidence (Figure 4.1.2), that is
the one formed of the radar beam and the local normal to the surface which is subject to some
changes according to the ground slope. The direction between the antenna and the object along the

Line Of Sight (LOS) is called slant range.
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Figure 4.1.2: The relationship between radar incident angle (0) true vertical, and local slope angle (o) (after
Henderson and Lewis, 1998).

This kind of sensor is defined Real Aperture Radar (RAR). Ground resolution is defined as

the capability of the sensor to detect two targets on the ground and is given by:

ch.

Pg - 2 sind (1)

where A is the wavelength, ¢ is the speed of light and O is the look angle. The range resolution is
function of wave width and look angle but independent of height.

While the azimuth resolution (Fig. 4.1.3) is the minimum distance on the ground in the direction
parallel to the flight path of the platform at which two targets can be separately imaged, and is equal
to:
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Figure 4.1.3. Range resolution of areal aperture radar (Chan and Koo, 2008).
Through the just said equation we can immediately see how, as for the RAR system the
azimuth resolution is highly limited by the antenna length. For example, if we consider the

following values:
A=3,1cm

D=10m
h =700 km
vy =23°

The dimension of the pixel on earth will be about 3 km along the satellite orbit direction. That
is the reason why the RAR system on satellite platform cannot be used in order to assessing the

displacements.

4.2 Synthetic Aperture Radar (SAR)

SAR is a technique which uses signal processing to improve the resolution beyond the
limitation of physical antenna aperture (Curlander et. al., 1991). In SAR, forward motion of actual
antenna is used to ‘synthesize’ a very long antenna (Fig. 4.2.1) allowing to reach a good resolution
with antenna structures of reasonable size.

In an instant t; the radar beam starts “enlightnening” a point P. The transmitter sends a series
of waves that, from ty to an instant t,, beat P. The real antenna D occupies, then, a series of 2N+1
equispatial positions, and for each of them it will send a pulse to the target. Therefore the real length

antenna D defines a synthetic length Ls, along the direction of the azimuth, expressed as:
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Figure 4.2.1: Synthetic Aperture Radar.
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obtained in the range T = to— ti. Moreover we can notice that, by using all the synthetic aperture Ls,

we can determine an angular resolution of:

Bs = o ©

twice higher than the one of a real aperture radar at the same length (synthetic). Combining the two

equations we can obtain:

AL=psh=3 (9

2

thus obtaining a spatial resolution in azimuth direction useful in order to monitorate and equal to the

half length of the real antenna.

4.3 Spectral bands

The SAR sensors operate on different bands of the electromagnetic spectrum. Penetration is
the key factor for the selection of the frequency: the longer the wavelength (shorter the frequency),
the stronger the penetration into vegetation and soil. We show below (Table 4.3.1) the wavelengths

usually adopted:
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Table 4.3.1: Band, frequency and wavelength for SAR sensors.

Band Fr:gg:;cy Wavelenght (cm) Satellite

Pband | 0" 140 — 76,90 AIRSAR
L-band 0,39,— 1,55 76,90 — 19,30 JERS-1, SAR, ALOS PALSAR
S-band | 1,55-4,00 19,30 - 7,50 Almaz-1
C-band | 4,00 —8,00 7,50 -3,75 ERS-1/2 SAR, RADARSAT-1/2,

ENVISAT ASAR,RISAT-1

X-band ?’8’% (; 3,75-2,75 TerraSAR-X-1, COSMO-Skymed
K-band 1;) é?(())o_ 2,75 -0,83 Military domain/GBSAR

It is worth pointing out that in the last years the K-band is also used for civil application

(landslide monitoring) by means of Ground Based SAR.

4.4 Radar images characteristics

4.4.1 SAR acquisition mode

Depending upon the system configuration, SAR sensors can acquire data in different modes

(Figure 4.4.1.1).

Stripmap: antenna pointing is fixed relative to the flight line (usually normal to the flight line).
The result is a moving antenna footprint that sweeps along a strip of terrain parallel to the path
motion. The stripmap mode is normally used for the mapping of large areas (usually with
coarse-resolution data)

ScanSAR: The sensor steers the antenna beam to illuminate a strip of terrain at any angle to
path of platform motion. The principle of the ScanSAR is to share the radar operation time
between two or more separate sub-swaths in such a way as to obtain full image coverage of
each.

Spotlight: The sensor steers its antenna beam to continuously illuminate a specific
(predeterminated) spot or terrain patch being imaged while the platform flies by in a straight
line. The spotlight mode is a practical choice when the mission objective is to collect fine-
resolution data from one or more localized areas. The advantages are: 1) the spotlight mode
offers finer azimuth resolution than that achievable in stripmap mode using the same physical
antenna, 2) spotlight imagery provides the possibility of imaging a scene at multiple viewing
angles during a single pass.
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Figure 4.4.1.1: Acquisition mode

4.4.2 Distorsions

The reference frame of a focused SAR image is spanned by the range-azimuth coordinates
Because of the radar is side-looking, ground elevation will result in geometric distortions in the

SAR image. Figure 4.4.2.1 shows the effects of foreshortening, layover, and shadowing, caused by

the oblique viewing geometry.

Example of SAR image affected by geo

Figure 4.4.2.1: metric distorsions (Tele-Rilevamento Europa, 2011).

The geometric distorsions: it is ready to notice that, since the sensor is located in every
moment along a certain flying line, and since it gathers data even at a certain distance from it, the
image given will show different scales moving from the area underlying the flying line to farther

and farther areas. Actually the objects of the image near to the flying area (near range) will appear
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compressed towards ground range, if we compare them to the farther objects (far range). Knowing
the height of the sensor and assuming a flat area, it is possible to approximate the real positions of
the radar returns. This operation is called slant-to-ground projection.

Foreshortening (Fig. 4.4.2.2a) occurs when the radar beam reaches the base of a tall feature
tilted towards the radar (e.g. a mountain) before it reaches the top. Because the radar measures
distance in slant-range, the slope (from point a to point ») will appear compressed and the length of
the slope will be represented incorrectly (a’to ') at the image plane.

Layover (Fig. 4.4.2.2b) occurs when the radar beam reaches the top of a tall feature (b) before
it reaches the base (a). The return signal from the top of the feature will be received before the
signal from the bottom. As a result, the top of the feature is displaced towards the radar from its true
position on the ground, and “lays over” the base of the feature (b’ to a’).

The shadowing effect (Fig. 4.4.2.2c) increases with greater incident angle 6, just as our
shadows lengthen as the sun sets.

i s S ba ¢ ..

a'l |b" ¢

. ©

a b c

Figure 4.4.2.2: Geometric distorsion effects: foreshortening (a), layover (b) and shadowing (c).

In order to restrict these effects, various techniques have been developed which are based on
the use of several images in order to have different view angles and digital elevation models
(DEM).

Radiometric distorsions, have, however, an influence on the energy received by the sensor.
They are often associated to the geometric ones, for example, since the backscattered energy is
collected in slant range direction, the energy received from a foreshortening slope will be stored in a
smaller area than the real one, then will be pressed in fewer pixels than it wouldn’t be if we were in
geometry ground range. This will lead to have brightness points, because the energy coming from
several objects will be combined together. Unfortunately, this effect can’t be adjusted unless with
information coming from other sources, essential to validate the results and to understand the
topography of the area.

To fully understand this phenomenon we have to understand in which way the SAR data is

recorded. When an electromagnetic wave is scattered from a point on the ground (x,y), the features
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of the ground cause changes both in the angular phase ¢(x,)), and in the amplitude 4(x,y) of the
electromagnetic wave. After the focusing process, the SAR image is complex. The amplitude,
which represents the modulus, depends on the scene reflectivity while its phase is proportional to
the two-way distance from satellite to ground and therefore to the geometry of the scene. The
amplitude image usually allows to distinguish the structures (houses, rivers, rock formation, ...)
which are in the picture, but they are extremely speckling all the same. The phase image is, on the
contrary, always speckling and it doesn’t show any kind of structure (but it is essential to the
interferometric analysis), while the amplitude, although they are speckling, can be interpreted more
easily. Referring to the phase images, the speckle is the cause of the radiometric distorsion. It is the
product of the interference among waves coming from the different objects inside the pixel. If we
consider k discrete scatterers inside the pixel, we can notice that the wave coming from the satellite

interacts with each one of these targets, creating a backscattered wave equal to:

Ae=YN_ A% (6)

The interference let the return signals to be amplified or weakened according to the related
phase. Moreover we need to consider that the intensity of the backscattered signal isn’t always the
same, but it is function of the frequency band adopted by the satellite, as shown in picture 4.4.2.2,
and the typical scattering workings of the single targets, as well as the pulse incidence angle (Figure
4.4.2.3). It is possible to reduce the speckle through multilook processing and spatial filtering. As
for multilook processing, the observation period of the returns is divided in shorter sub-periods.
During every sub-period the instrument gets “a look™ on the object. Using the average of these

intervals we obtain the final image. This operation, however, reduces the spatial resolution.
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Figure 4.4.2.2: Penetration capacity for the electromagnetic wave for L, C and X band: trees (above), soil
(below).
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Another way to reduce the speckle is by applying spatial filters to the image, among which
there is the Lee filter, the improved Lee filter, Frost filter, the improved Frost filter, the Gamma

filter and the Kuan filter as better shown in Hanssen, 2001.
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Figure 4.4.2.3: Backscattering mechanism: a) superficial, b) volume and c) double bounce.

4.5 Spaceborne SAR Sensors

The main features of satellites on which SAR sensors are built are outlined below:

ERS-1 and ERS-2 SAR

JERS-1 SAR

RADARSAT-1/2

ENVISAT ASAR

Agency: European Space
Agency (ESA)

Frequency: Band C

Agency: Japanese
Aerospace Exploration
Agency

Agency: Canadian Space
Agency

Agency: European Space
Agency (ESA)

Ground resolution: 25
m

Frequency: Band L

Frequency: Band C

Frequency: Band C

Acguisition mode:
Stripmap

Ground resolution: 20
m

Ground resolution: 10—
100 m (Radarsat-1) 3100
m (Radarsat-2}

Ground resolution: 15—
1000 m

Swath: 100 km

Repeat cvcle: 35 giomi

Acquisition mode:
Stripmap
Swath: 70 km

Acquisition mode:

Stripmap e ScanSAR

Swath: 50-500 km

Acquisition mode:

Stripmap e ScanSAR

Swath: 100-405 km

Lauched: 1991-2000
(ERS-1) e 1995 (ERS2)

Repeat cycle:44 giomi

Repeat cvcle : 24 giomi

Repeat cycle: 35 glomi

Lauched: 1993

Alos-Palsar

Lauched : 1995
(Radarsat-1} e 2007
(Badarsat-2)

Lauched: 2001

Agency: Japanese
Aerospace Exploration
Agency

TerraSAR-X-1 COSMO-SKYMed Sentinel-1
Agency: Infoterra Agency: Italian Spatial Agency : European
(Germany) Agency (ASIT) Spatial Agency (ESA)

Frequency: Band L

Frequency: Band X

Frequency: Band X

Frequency : Band C

Ground resolution: 7-
100 m

Ground resolution: 1-
16m

Ground resolution: 1-
100m

Ground resolution : 15-
1000 m

Acguisition mode:
Stripmap, ScanSAR

Acquisition mode:
Smipmap. ScanSAR e

Spotlight

Swath: 20-350 km

Swath: 15-60 km

Acguisition mode:
Stripmap, ScanSAR e

Spotli
Swath: 20-400 km

Acquisition mode :
Stripmap, ScanSAR e

Spotli
Swath: 100-405 km

Repeat cyvcle: 44 giomi

Repeat cvele: 11 giomi

Repeat cyvcle: 4 giomi

Repeat cvcle : 6 giomi

Lauched: 2006

Lauched: 2007

Lauched: 2007-2010 (4
satelliti)

Lauched : 2013 (2
satellit)
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ERS 1/2: the two European Remote Sensing satellites, ERS-1 and ERS-2, were ESA's first
real Earth observation missions, carrying an imaging Synthetic Aperture Radar (SAR), a radar
altimeter and ocean surface temperature and sea winds instruments. ERS-1 was launched in 1991
and deactivated in March 2000. ERS-2, carrying an additional ozone sensor, then it was launched in
1995 and deactivated in 2011.

JERS-1: is an Earth Observation Satellite to cover the global land area for national land
survey, agriculture, forestry, and fishery, environmental protection, disaster protection, and coastal
monitoring, etc. focusing on observation around the world and resource exploitation. It was
launched into a solar-synchronous sub-recurrent orbit at an altitude of 568 km with a recurrent
period of 44 days by the H-I launch vehicle on February 11, 1992 from National Space
Development Agency of Japan (NASDA) Tanegashima Space Center, and has been continuing to
observe and collect data with a mission data recorder by the high performance Synthetic Aperture
Radar (SAR).

RADARSAT-1/2: Radarsatl was launched on November 4th, 1995 and is Canada’s first
commercial Earth observation satellite developed to monitor the planet’s natural resources and
environmental changes. It is equipped with a state-of-the-art synthetic aperture radar (SAR)
instrument that can be steered to collect data over a 1,175 km wide area using 7 beam modes. This
provides users with superb flexibility in acquiring images with a range of resolutions, incidence
angles and coverage areas. RADARSAT-2 is Canada's next-generation commercial SAR satellite.
The satellite was launched on December 14th, 2007. RADARSAT-2 provides powerful new
capabilities which include high resolution imaging, flexibility in selection of polarization, left and
right-looking imaging options, shortened programming, processing and delivery timelines, superior
data storage and more precise measurements of spacecraft position and attitude.

ENVISAT: Envisat was ESA's successor to ERS. Envisat was launched in 2002 with 10
instruments aboard and at eight tons is the largest civilian Earth observation mission. More
advanced imaging radar, radar altimeter and temperature-measuring radiometer instruments extend
ERS data sets. This was supplemented by new instruments including a medium-resolution
spectrometer sensitive to both land features and ocean colour. Envisat also carried two atmospheric
sensors monitoring trace gases. The Envisat mission ended on 8th April 2012, following the
unexpected loss of contact with the satellite.

ALOS: The Advanced Land Observing Satellite (ALOS) is the satellite that follows JERS-1
and ADEOS and enhances their land observing technology. ALOS will be used for cartography,
regional observation, disaster monitoring, and resource surveying. was launched on January .24th

2006.
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Terrasar-X: TerraSAR-X was launched on June 15th, 2007 and has been in operational
service since January 2008. Following the launch of a second sister satellite, TanDEM-X in early
2010, the two satellites act as a pair. Applications of the high-resolution TerraSAR-X radar imagery
include: Topographic Mapping, Surface Movement, Change Detection, Land Cover and Land Use
Mapping, Defence and Security Applications, Rapid Emergency Response, Environmental
applications.

Cosmo-SkyMed: is a Space-Earth Observation Dual Use System devoted to provide
products/services for the following purposes: a) environmental monitoring and surveillance
applications for the management of exogenous, endogenous and anthropogenic risks; b) provision
of commercial products and services. The constellation consists of 4 satellites, each one equipped
with a microwave high-resolution synthetic aperture radar (SAR) operating in X-band.

Finally, Sentinel satellites belong to the field of GMES (Global Monitoring for Environment
and Security) Program is to provide data, information, services and knowledge that support
Europe's goals regarding sustainable development and global governance of the environment.
GMES features several components, including in-situ measurement, Data Infrastructure, Service
Provision and a Space Segment; this latter is responsible for the operational provision of Earth
observation (EO) data, delivered by a series of 'Sentinel' spacecraft.

The ESA Sentinels constitute the first series of operational satellites for GMES; the GMES
space component will use new as well as existing space assets. ESA is currently undertaking the

development of three Sentinels mission families:

1. Sentinel-1: Focusing on synthetic aperture radar (SAR) applications

2. Sentinel-2: Providing high-resolution optical observation for GMES land and emergency
services

3. Sentinel-3: Providing optical and microwave observation for GMES operational marine and

land services

Furthermore, the Sentinel-4, Sentinel-5 Precursor and Sentinel-5 missions are foreseen for later
deployment to cover the atmospheric chemistry monitoring requirements.

The Sentinel-1, -2 and -3 missions are based on a constellation of two satellites in the same
orbital plane, a configuration that fulfils GMES' revisit and coverage requirements and provides a
robust and affordable operational service. Individual satellite lifetimes are specified as seven years,
with consumables allowing mission extension up to 12 years. The life-cycle of the space segment is

planned to be in the order of 15-20 years.
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4.6 SAR interferometry

Interferometry SAR (InSAR), first described by Gabriel et al., 1989 had its first applications
(Massonnet et al.,1993), essentially based upon the analysis of single or, at most, few interferences
which allow to supply information about deformations of the earth surface. Moreover the
development of multipass interferometric techniques (Ferretti et al., 2001; Berardino et al., 2002)
enabled to reach excellent results for the quantitative monitoring of deformations along the LOS.
The InSAR is based upon the analysis of phase differences between two SAR images acquired in
different spatial positions. This phase difference conveniently processed, is compared to the ground

topography, determining two kinds of results:

- Digital Elevation Model with high resolution (DEMs);

- Deformation maps characterized by millimeters resolution.

SAR interferometric data have a different content from the simple optical data: the connection

extent between two SAR images is, actually, very susceptible to the changes in the nature of the
scatters inside the resolution cells (ground pixel). A satellite can observe the same area from
slightly different look angles. This operation can be made with the help of two sensors applied on
the same platform (for instance the Shuttle NASA missions), or in different periods with the aid of
images captured on different satellite orbits. Satellites cover ascending and descending orbits: due
to Earth rotation and to the fact that SAR antenna is pointed on the same side with respect to the
velocity vector in the orbit trajectory, an area can be enlightened from East during descending
orbits (from North to South) or from West during ascending ones. The perpendicular line to the
trajectory orbit and the look line form an angle called look angle.
If we succeed in combining two acquisitions coming from East and West, we are able to eliminate
the many spatial distortions previously described. However it is difficult to acquire two SAR
images from ascending and descending orbits at the same time identifying the same targets. When
this happens it is possible to decompose the velocity vector. This operation can be better
understood by considering a X, y, z Cartesian coordinate system, in which the three directions
coincide with the horizontal E-W and N-S and vertical, respectively.

In such reference system the velocity vector V can be calculated as:

V=V -§+V §+V, -5 )

where Vi, Vy e V, are the velocity vector components along the horizontal (E-W and N-S) and

vertical directions, and sy, Sy, S, the unit vectors of the three coordinate axes of the Cartesian system.
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Thus, using mean velocity values V, and V4, obtained from the PS database, the following system is

obtained:

{ Va =VX “Syasce +Vy - Syasce +Vz - Sza5ce ()

Va =VX - Syaesce + VY - Sydesce +Vz - Szaesce

Where Syasce, Syasces Szasces Sxdesces Sydesces aNd Szdesce TEpresent the direction cosines of the respective
velocity vectors V, and V.

In this reference system the number of unknown variables (Vy, Vy and V,) is higher than that
of the equations and therefore it cannot be solved. However, due to the geometrical characteristics
of the acquisition, the component on N-S direction appears to be negligible.

Velocity in this direction is acceptably approximated to zero, thus allowing to solve the
previous system and to assess motion components in E-W and vertical directions (corresponding to

x and z directions):

{ V, = Vy cosB,s. + Vg sinf,c.,
Va=Vy Cosedesce + Ve Sinedesce

(€))

where V, and V4 are respectively the velocity values in ascending and descending geometry and
Oasce and Bgesce are the incidence angles in the two geometries.

Actually this technique employs the phase measures to infer the differential range (difference
between distances perceived by the radar sensor to the same target on two different points of view)
and the range change (difference between two couples of images, proving that a target transfer
took place between the two acquisitions) in the SAR acquisitions concerning the earth surface,
while the amplitude is crucial for the co-registration of the images. At computational level, the
interferogram is obtained by multiplying one image by the complex conjugate of the other and
contains, on a pixel by pixel basis, the phase difference between the two acquisitions. One of the
images is taken as a reference (usually the first according to a chronological order), will be called

master, while the other will be called s/ave. This product is performed on the complex value typical

id1 ih2
of the single pixel 4,e for the complex combined of the second 4,e :

AAe A0 _ Ae iA¢1' Ase iA¢2:A1 Ase i(¢1'¢2) (10)
The deriving result will have amplitude A4 equal to the one of the first image multiplied for the

second, while the phase will be the difference between the two.
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4.7 Baseline

The geometrical parameters of acquisition are very important in the interferometric analysis.
The distance between the two satellites at the time of the evaluation, on the perpendicular plane to
the orbit direction, is called interferometer baseline (B,), while the latter one component projected
on the normal direction to the image slave line of slant range is called perpendicular baseline (B,)
(Figure 4.7.1). Presuming that initially we have, for each portion of ground enlightened by the

radar, just one

r -
\\\ 7 o

»

Figure 4.7.1: Interferogram acquisition geometry (Blanco, 2008).

dominant scatter, which remains constant in the time interval of the acquisition. This punctual
scatter is observed from two different look angles. Once a reference earth point with given
coordinates has been identified, the path difference between the two satellites in the direction of
slant range, which is given going from the reference cell on the ground to another, defined as Ar (in
the case of small baselines compared to the flying height and compared to not very far earth cells)

can be given by the following expression:
Ar=22%[m] (1)

where: Bn = perpendicular baseline, R = distance in slant range between target and sensor and qs =
distance between two points on earth in perpendicular direction to the slant range.

The phase interferometric difference A¢ corresponding to a path difference Ar between the
two satellites, is proportional to the relationship between a complete phase cycle in radians (equal to

2m) and the wavelength A, that is the distance between the two following peaks, all multiplied for
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Ar:

:Zrmr o =t_rr . Bngs
Ao T s [rad] (12)

This phase can be then divided in two contributions:
— a component that is proportional to the height difference q (Figure 4.7.2) between the
reference and the recorded point;
— the other component that is proportional to the distance s along the slant range direction,

between the two points.

Interferometer baseline

Perpendicular haseline

v

Ground range

e .. Slantrange
N

A
Figure 4.7.2: Geometry for interferometric acquisition.

4w Bnds 41 Bns

T Rsin# A Rtan#@

[rad] (13)

where:

0 = local incidence angle on the slant range direction which s e g, are referred to.

We consider B, known from orbital data. The second term can be calculated or eliminated
starting from equation (9), once we know the morphology of the analysed territory. If the DEM
used has a very low precision, or it is even a reference ellipsoid, such a procedure (called
interferogram flattening) creates, as a result, a proportional phase map to the residual ground
height. However, in case the DEM is accurate, the procedure leads to a repositioning map.

The phase discontinuities we can notice in the interferogram flattened in Figure 4.7.3, which
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look like level bend, represent the phase differences depending either on discontinuity (and
displacements) in the ground morphology, or simply due to incongruities between a cyclical phase

+ 21 and a linear colour scale (black=1°, white= 360°, or viceversa).

H
sl ‘_I‘i“

Figure 4.7.3: Comparison between 1nterferogra (lef) d interferogram flattened (right).

Actually in the latter instance, the increasing of quote corresponding to 1° which takes place
between a phase 360° and the phase 1° involves indeed the creation of an interferometric fringe.
We can notice that without further information, it isn’t possible to evaluate the ambiguity of + 2nk,
with & whole number, which can be found between two consecutive fringes, and therefore it isn’t
possible to know beforehand if there is or not a topographic residual between two points which are
enclosed by an interferometric fringe.

The height difference module corresponding to a gap between two fringes will be equal or
multiple of ha (altitude of ambiguity) defined, therefore, as the difference of height which generates

a change in the interferometric phase of 2 after the interferogram flattened:

_ AR sin@

h,= [m] (14)

2By,

as noticed, such a value is inversely proportional to the baseline perpendicular Bn. In general, the
larger is the perpendicular baseline, the more accurate is the computation of the height; therefore a
high presence of fringes can determine a more accurate map of the ground elevation, but even with
more ambiguity. An interferogram with high baseline will be indeed more sensible to slope
variations, compared to a shorter baseline one.

However the baseline has a high-ranking limit, represented by the so called critic baseline,
beyond which the phase signal is just noise.

Therefore the flattened interferogram produces a measure of quote affected by ambiguity, due

to the periodicity (2m) of the interferometric phase. Yet the variation of phase between two points,
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can represent a measure of the real variation of height, if we eliminate all the cycle slips
corresponding to the fringes that are on the image. The addition process of whole multiples of 2z to
the interferometric phase is called Phase Unwrapping. There are many techniques which contribute
to the creation of this procedure, but none of them represents a univocal method. Once unwrapped
the image, we can directly go from the phase to the altimetric information, obtaining a SAR
elevation map, and once it is georeferenced on a suitable ellipsoid (e.g. WGS84) and sampled again
on a suitable reference grid (e.g. UTM), it represents, in effect, a DEM, that can be used in various
applications in local and environmental field (from the city planning to the control of natural risk

management).

4.8 Differential Interferometry

The interferometric processing of the image, besides supplying elevation maps, can, as we
said before, also provide to notice slight position relative changes among different points on the
same one. These deformations take place on the survey ground because of sudden events (e. g. an
earthquake), or slow natural events (consider the glacier melting), or caused, even partially, from
the anthropogenic activity (as in the case of fluid extraction which generates subsidence
phenomena). In such cases, we can add the expression of the interferometric phase A¢ an additional

term independent from the baseline:
_4m

where:
d = distance covered because of a displacement of the scatter, projected on slant range.
In this way, after the interferometric flattened, the residual phase will include few height factors

(topographical  residual), and many deformation factors (distortion components):

A(P A Rsin9+ A d (16)

Therefore, if a DEM with an adequate precision is available, the contribution of known
topography can be almost completely removed from the interferometric phase, A, so as to measure
the ground motions in the so called differential interferogram. Finally we have to consider that the
precision of the SAR concerning the motions of the grounds is far greater compared to the altimetric
measure of the date: a A/2 deformation to the slant range direction generates a 2m phase

variation. Therefore, the precision both of the elevation maps and the motion ones depends on a
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wide quantity of parameters both structural and geometric which vary according to the single

acquisition, since it isn’t beforehand definable.

4.9 Error sources

As we have seen so far, the interferometric phase, outcoming from the path difference of the
slant range signal between two acquisitions, in theory would only depend on the elevation
differences between the two images and the deformation related to them. Basically, however, such a
signal will see the contribution of other different factors, which can be summed up to form the
interferometric phase. The different contributions to the interferometric phase can be described as it

follows:

Ry—Rq
A(P:4ﬂ: T - ﬂlqotopo_*_ﬂ':‘!} mov ‘hﬁ@ ﬂat+ﬂ(p atm+ﬂ(p noise (17)

Besides the topographic contribution AP and the one deriving from the earth surface
motion Ag . other three factors contribute to the definition of the interferometric phase for a

given diffusor inserted in an earth cell:

4) ﬂ'wﬁ'at
The parameters which identify the satellite position during the acquisition of the image on the
ground are called orbital parameters, and they are made up of a series of points on the satellite orbit
path, whose position and speed are known. This information is usually given by the service
supplier. In order to minimize the error more accurates state vectors (position and speed) are
needed. This data was obtained from the European Space Agency and from other institutions and
universities several months after the satellite acquisition.
B)Ap
When two SAR images are acquired in different dates, the travelling speeds of the
electromagnetic waves are different due to the atmosphere variations. This signal disturbance can
take place due to variations in humidity, temperature and pressure in the air. This effect usually
arouses a phase shift included inside a single cycle 2m, with a gradual variation inside the image.
That is why, having at your disposal a wide range of images of the same area, which have very
different conditions of acquisition, it is possible, relating every one of them to only one master
image, to eliminate a part of this disturbance, following the APS pattern (Atmospheric Phase

Screen) for the spreading in atmosphere. Another possibility can be to use atmosphere patterns
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specifically realized for the area of interest, which are also able to determine a phase shift

contribution due to the tropospheric refractivity when the signal passes through.

O Ap

Atmospheric effect is not usually predominant in the phase noise, but the latter is the sum of

noise

several distributed factors, which can vary considerably through time between two acquisitions. As
we said before, the elements which create a phase interference of phase speckle are mainly:

e Variation of the scatters, mainly for densely lush reservoirs and areas densely lush, which

change in few milliseconds, the response on earth of the signal will hardly supply
comparable values, even if it is acquired in a short time. This factor can be defined temporal
decorrelation.

e Variation of the incidence angle, which has as a main consequence the variation of the critic

baseline, beyond which the response is only noise. This factor depends on the dimensions of
the pixel on earth, and the ground formation, on the radar frequency and the distance from
the sensor — target. In order to reveal this special contribution to the noise we can use the
term spatial decorrelation.

o JVolume scattering, when there is a volumetric distribution of scatters on the resolution cell,

the incident signal can carry out different paths inside it, with a different number of
rebounds, return time, and so on. As the previous, this decorrelation source depends on the

critical baseline too.

4.10 Applications

In the last twenty years many DInSAR applications have been developed, and the capability
of the DInSAR has been extensively documented. A great contribution to this success certainly
comes from different fields of geosciences. Some of the most relevant DInSAR application fields
are discussed below:

- Seismology: probably represents the field where the major number of scientific
achievements have been obtained, including different types of coseismic studies, see e.g.
(Massonnet et al., 1993; Peltzer and Rosen, 1995; Peltzer et al., 1999; Reilinger et al., 2000;
Pedersen et al., 2001); post-seismic deformation studies (Peltzer et al., 1996; Massonnet et al.,
1996), and inter-seismic tectonic events (Wright et al., 2001; Colesanti et al., 2003). As it is
described later in this paper, such types of deformations can only be achieved by using advanced

DInSAR processing and analysis tools.
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- Volcanology: represents another relevant application field, with several studies of volcanic
deflation and uplift, e.g. see (Massonnet et al., 1995; Lu et al., 2000; Salvi et al., 2004). Several
examples of DInSAR applications to volcanology are described in Massonnet and Sigmundsson
2000.

- Glaciology: different researches have been led in this domain. They included InSAR ice
topography measurements (Kwok and Fahnestock, 1996); ice velocity measurements (Goldstein et
al., 1993; Joughin et al., 1996; Mohr et al., 1998); and other glaciological applications, like the
determination of the discharge of glaciers (Rignot et al., 1997; Joughin et al., 1999).

- Landslides. In this important application several results have been achieved. However, with
the A-DInSAR techniques for some types of landslide phenomena (slow and extremely slow
movement) it has been possible to perform DInSAR deformation measurements. The most relevant
results are described in Fruneau et al. 1996; Hilley et al. 2004; Delacourt et al. 2004; Colesanti &
Wasowky 2006; Meisina et al., 2008; Herrera et al., 2009, Cascini et al., 2010.

- Ground subsidences and uplifts due to fluid pumping, construction works, geothermal
activity, etc. have been described in several papers, see e.g. Massonnet et al. 1997; Galloway et al.
1998; Amelung et al. 1999; Wicks et al. 2001; Crosetto et al. 2003; Lanari et al. 2004; Cascini et al.,
2009. Most of the published results concern urban areas, over which DInSAR data remains coherent
even with large observation periods.

- Infrastructures: deformations monitoring of man-made structures, such as dams, buildings

and transport infrastructures, see e.g. Perissin et al., 2009; Proto et al., 2010; Stabile et al., 2012.

4.11 Interferometric algorithms

A first attempt to develop advanced DInSAR techniques is represented by the algorithms
referred to as stacking approaches (Peltzer et al., 2001); these techniques are focused on reducing
the effects of the phase artifacts due to changes in the atmospheric conditions between the
acquisition SAR pairs (atmospheric artifacts) and/or those due to the uncertainties in the sensor
orbit information (orbital artifacts). The stacking techniques essentially calculate a weighted
average of all the deformation velocities computed from single interferograms (the weights being
the corresponding time spans) and allow providing an improved estimate of the mean deformation
rate of the investigated area.

However, it was with the development of techniques aimed at computing deformation time
series from sequences of SAR images that the DInSAR techniques made a major step forward.
These advanced DInSAR approaches typically require few tens of images (typically at least 20-30)
to be reliably exploited and can be roughly grouped in two main categories: techniques that work on
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localized targets, referred to as Persistent Scatterers (PS) methods (Ferretti et al., 2000; Werner et
al., 2003; Arnaud et al., 2003, Hooper et al., 2004, Duro et al., 2005, Costantini et al., 2008, Iglesias
et al., 2012), and those that also use distributed targets, referred to as Small BAselines Subset
(SBAS) methods (Berardino et al., 2002; Mora et al., 2003; Lanari et al., 2004; Prati et al., 2010),
although a solution that incorporates both the PS and SBAS approaches has been also recently
proposed (Hooper, 2008).

4.12 Coherent Pixels Technique

Among the different algorithms previously mentioned, in this work we have focused on the
application of the algorithm implemented by Mora et al., 2003 - Coherent Pixels Technique (CPT)
at the Remote Sensing Laboratory (RSLab) of the Universitat Politecnica de Catalunya (UPC)

CPT is able to extract from a stack of differential interferograms the deformation evolution
over wide areas during large time spans. The former is achieved thanks to the coverage provided by
current SAR satellites, like ESA’s ERS or ENVISAT, Terrasar-X and Cosmo-SkyMed, while the
latter due to the large archive of images acquired since 1992.

The processing scheme is composed of three main steps: a) the generation of the best
interferogram set among all the available images of the zone under study; b) the selection of the
pixels with reliable phase within the employed interferograms and, c) their phase analysis to
calculate, as the main result, their deformation time series within the observation period. Following
will be described the steps above mentioned.

Before to explain in detail the different steps is worth to pointing out that the first pass in the
interferometric processing is the co-registering. When multiple images cover the same region and,
in particular, a speckle filtering based on time-series will be performed, or image rationg (or similar
operations) are required in the original slant range geometry, SAR images must be co-registered.
This requires spatial registration and potentially resampling (in cases where pixel sizes differ) to
correct for relative translational shift, rotational and scale differences. Note that co-registration is
simply the process of superimposing, in the slant range geometry, two or more SAR images that
have the same orbit and acquisition mode. In detail the registration process made by CPT algorithm
consists in:

Coarse registration: Align the cropped images with an accuracy of a pixel for the whole
image. This step is performed doing the amplitude correlation of a portion of both images;

Fine registration: Align the cropped images with an accuracy of a fraction of pixel,
processing each pixel separately. This step can be done also with amplitude correlation of block
divided images or with geocoding techniques that require an external DEM and the orbital
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information.

a) The aim of the generation of best interferogram set is to identify the minimum number of
interferograms in the stack which have the maximum quality overall. In order to do the selection,
from all the available images, the spatial baseline, the temporal baseline (B;) and the Doppler
frequency (Dg) are considered. In order to estimate the perpendicular baseline values (B,) a
reference image is selected. Generally, that image is the one that has been used as the reference one
in the co-registering process. After that, interferograms selection is done by means of Delaunay
triangulation of the available images in the {B,,B;,Ds} space, so every arc connecting a pair of
images represent an interferogram.

b) Terrain deformation cannot be always detected from all the pixels within the area under
investigation since, due to decorrelation, only part of them would have enough phase quality along
acquisition. There are different criteria in order to do the pixel selection based on the coherence
stability (Berardino et al., 2002) and the amplitude dispersion (Ferretti et al., 2001). Here will be
briefly described only the pixel selection criterion based on the coherence stability. Such criterion is

based on the spatial coherence estimator (Seymour et al., 1994). Such estimator is defined as:

y = EML y My a18)
Zi{i'ﬂ’}n'lzzilf:l'ﬂ’gmz”

where y1 and y2 are the master and slave complex images, respectively. The phase of this complex
coherence is in fact the multi-looked (or averaged, ML) interferometric phase while its magnitude is
the phase quality estimator. The size of the required coherence estimation window worsens the
spatial resolution. Typical ML are 3*15 or 4*20 pixels (range and azimuth, respectively) which
represent 60*60 meters and 80*80 meters ground spatial resolution. The standard deviation of the
interferometric phase, o,, can be calculated from the estimated coherence, y, and the multilook
(Hanssen,2001) as shown in Figure 4.12.1 A pixel will be selected if it shows a coherence higher
than the threshold in a certain percentage of interferograms.

c) The last step consists in phase analysis to calculate their linear deformation time series
within the observation period.

The phase of each pixel is difficult to evaluate due to the occurrence of an offset among the
different interferograms. In order to overcome this constraints, CPT relates the neighboring selected
pixels by means of a Delaunay triangulation. This kind of triangulation allows to connect
neighboring pixels with non-overlapped triangles. The selected pixels are the nodes of the mesh and

the connections among the pixels represent the links. In order to reduce the atmospheric effects the
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length of this links are set up. After the triangulation is possible to evaluate the phase increment
between two neighbouring pixels. If the maximum connecting distance between pixels has been
properly fixed, then the atmospheric term can be considered negligible. Since the linear velocity
term and DEM error are constants for each node in the whole set of differential interferograms, it is
possible to retrieve a good estimation of them adjusting the phase model, to the available data.
Finally, an integration process is necessary to obtain the velocity values for each pixel. It is
necessary to identify a control point (named seed) characterized by linear velocity and height well-
known. In practice, many stable points not affected by deformation are used, depending on the
extent of the area and the infield information available. A good distribution of control points helps
to reduce the offsets that could appear among zones badly connected. Depending on the chosen
threshold, selected pixels may vary in a wide quality range, and consequently so it will the quality
of the estimations on the increments of the linear parameters. Furthermore, bad links will lead to
wrong velocity values after the integration process. In order to obtain larger pixel density but
preserving the suitability of the result quality multi-layer processing has been implemented (Blanco
et al., 2006). Selected pixels are divided into different layers according to their quality. After that,
beginning with the top layer, the linear block is iteratively executed by adding successive layers, so
the obtained absolute values of each layer act as the seed values to the following integration
process. By doing this, the results obtained with the high quality layers are preserved and the
estimation of the low quality layers improves. Consequently, multi-layer processing improves linear

results and rises pixel density while providing a quality label for each one.
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Figure 4.12.1. Phase standard deviation vs coherence for different number of multilook (Blanco, 2009).
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After calculating the contribute of linear deformation, it is possible to calculate the non-linear
component in order to obtain the complete evolution of deformation. The first step of the non-linear
model consists in the calculation of the phase residues @resigque, Obtained by subtracting the absolute

linear phase model @041 from the original interferometric phases ¢ for the selected pixels:

Presiaue = P — Pmoaer (19)

The residual phases are calculated only in correspondence of reliable pixels. The phase residues

consists in 2 terms:

- Atmospheric perturbations. This term can be considered as a low spatial frequency signal in
each image due to its approximately 1 km correlation distance. However for each acquisition
date atmospheric conditions can be considered random.

- Non Linear deformation. This term can be assumed to present a narrower correlation window in
space (or at least much narrower than atmospheric artefacts) and a low pass behaviour in time.

Starting from these considerations is possible to separate the atmospheric artefacts from the
non-linear deformation applying a filtering process in both spatial and temporal domains in order to

obtain the time-series of the deformation, as in detail described in Blanco et al., 2008.
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CHAPTER §

5. Application of DInSAR technique: case studies

This chapter illustrates the results of the interferometric analyses on the four test sites (Agnone
(IS), Costa della Gaveta (PZ), Moio della Civitella (SA), Calitri (AV)). ENVISAT ASAR images
over the 2002-2010 period were processed for all sites by the application of CPT technique. Both
acquisition geometries (ascending e descending) were available for some sites, while for others the
analysis was carried out on PS processed by T.R.E. (spin-off of Politecnico di Milano). All the
above mentioned data were available thanks to a specific agreement between the Department of
Hydraulic, Geothecnical and Environmental Engineering of the University of Naples and the Italian
Ministry of Environment (MATTM) for the acquisition of PS interferometry data and of the related
SAR images within the Italian Extraordinary Plan for Environmental Remote Sensing.

Finally, last generation images (VHR-Very High Resolution) acquired from ASI satellite
constellation were processed only for the Agnone site thanks to the project “Application of DInSAR
technique for the slow moving landslides monitoring”, proposed by the Department of Hydraulic,
Geotechnical and Environmental Engineering and Department of Biomedical, Electronics and
Telecommunications Engineering of the University of Naples Federico II in the First

Announcement of Opportunity Cosmo-SkyMed.

5.1 Agnone (Isernia)

5.1.1 Geological settings and landslides

The geological setting (Fig. 5.1.1.1) of the Agnone “Colle Lapponi” landslide is characterized
by the presence of Agnone Flysch, a structurally complex formation dated to Upper Miocene
(Vezzani et al., 2004). In the study area, the lower member of the Agnone Formation is present,
made up of marly clays, clayey marls, silty-sandy clays and subordinate sandy levels, with
intercalated carbonate beds. The clayey-marly terms show features typical of a weak rock and a
scaly structure; along the scales, weathering evidences can be found, represented by reddish
coatings. The formation is overlain by a weathered mantel, constituted by brownish-yellowish
clays, silty clays, often iron-oxidated, rich in organic matter and including heterometric carbonate

fragmants (Calcaterra et al., 2008).
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The landslide is a complex slope movement (Fig. 5.1.1.2), consisting of a roto-traslational slide
which evolves in an earth-flow. The landslide took place in the catchment of Vallone S. Nicola, a
tributary to the Verrino Torrent, which runs west of Agnone. It was the consequence of the intense
pluviometric event that occurred in January 2003 in southern Italy. The landslide caused serious
damage to rural buildings and the local road network (Fig.5.1.1.3). The main social consequence
was the cautional evacuation of 15 families from their house, located in the areas directly affected

by the slope movement or in its immediate surroundings (Calcaterra et al., 2008).
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Figure 5.1.1.2. Agnone landslide: a) 2003; b) 2004; c) 2005; d) 2007.
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Figure 5.1.1.3. Damages to rural buildings and the local road network

As evident from Figure 5.1.1.4, and confirmed by different geomorphological surveys (the last one

dating July 2011), the landslide has shown both an advancing (2004-2006) and a retrogressive

(2006-2011) tendency, which resulted in an overall increase in the unstable area, evaluated in about

80,000 m2 from 2004 to 2006, and 40,000 m2 from 2006-2011, reaching a global value of about

280,000 m2. From 2004 to 2011 the foot has progressed of about 350 m and the toe has

retrogressed of about 270 m; consequently, the landslide has reached a total length of about 1500 m.
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Figure 5.1.1.4. Plan view of the Colle Lapponi landslide and its evolution in the time-span June 2004-July 2011.
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A site investigation, carried out in 2006, allowed an in-depth analysis of the lithostratigraphical
features of the terrains, explored down to 40m from the ground surface. Four homogenous horizons
have been recognized, of which their characters are as follows (Fig. 5.1.1.5):

— Complex A: chaotic, plastic, remoulded greyish to brown clay deposits, directly involved in the
reactivations. Thickness: 6.70—11.20 m;

— Complex B: light- to dark grey clays, silty clays, sandy clays, silty sands. Thickness: 4—12 m;

— Complex C: calcareous levels. Thickness variable from dm to m;

— Complex D: dark grey, scaly marly clays, clayey marls and marls, which minimum depth is at

between 15.30 and 20m from ground surface.
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Figure 5.1.1.5. Lithological complexes recognized in the boreholes (Calcaterra et al., 2008).

As regards the relative position of the various complexes, A, B and D are usually found in such
sequence from the ground surface downward, while C can be found interbedded with A, B and D.
Complex C is represented by lithoid, highly permeable beds, and assumes a fundamental role with
respect to groundwater circulation. Following the above litostratigraphical scheme, a cross section
has been reconstructed (Fig. 5.1.1.6) where layers belonging to complex C are not visible due to the
scale adopted.

The rotational character is shown in the source area by the steeply inclined main scarp and by the
overall spoon-like shape. Due to strata attitude (which, even though with several folds and
irregularities, mostly dips toward the east and the north-east) the slope movement evolves from

rotational to translational slide and successively into an earth flow.
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Figure 5.1.1.5. Geological cross-section (Calcaterra et al., 2008).

5.1.2 Processing results

5.1.2.1 ENVISAT images

Results of the interferometric processing of ENVISAT ASAR and last generation Cosmo-
SkyMed images were compared. In particular for this site, thirty-five images (track 36 — frame
2763) acquired over descending orbits of the ENVISAT satellite systems, spanning the time interval
from November 2002 until November 2008, have been processed. In order to apply the DInSAR
technique, pairs of images characterized by small spatial and temporal baseline have been selected
from the available dataset. Twenty-four interferograms (Figure 5.1.2.1.1) characterized by
perpendicular baseline varying between 17 and 573 m have been processed. Temporal baseline
varies between 35 and 210 days. The threshold for temporal baseline values allowed to minimize
the error induced by temporal decorrelation, while for spatial baseline to reduce spatial

decorrelation.
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Figure 5.1.2.1.1 a) Interferograms’ baseline (temporal and spatial), b) temporal distribution of the

interferometric pairs.
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The Figure 5.1.2.1.2 shows the mean coherence map of the landslide area. Four points (S1, S2, S3 e
S4), corresponding to inclinometers positioned during a previous monitoring campaign, were

identified inside the landslide area for subsequent comparison with last generation images.

Legend

Coherence
Value
High : 0.82

Low:0.02

Figure 5.1.2.1.2. Coherence map from Envisat images with inclinometer location.

Coherence values inside the landslide (red line) are very low (Tab. 5.1.2.1.1), as the area is
completely rural. Starting from mean coherence values calculated by means of an estimator, it was
possible to evaluate the phase standard deviation (A¢@) which varies between 48° and 55° and
corresponds to a displacement standard deviation of 0.5 cm. The next step would have been the
elaboration of the velocity map. This was not achieved owing to the absence of points with

significative coherence values.

Table 5.1.2.1.1. Mean coherence, phase (A@) and displacement (Asy) standard deviation.

Mean
Inclinometer Ao[°] Asq [em]
coherence
S1 0.12 55 0.43
S2 0.14 48 0.38
S3 0.11 59 0.46
S4 0.14 48 0.38

5.1.2.2 Cosmo-SkyMed images

Cosmo images, as previously described, were acquired within the project related to the First
Announcement of Opportunity Cosmo-SkyMed. The aim of the project was to verify the suitability
of DInSAR technique using SAR Cosmo-SkyMed imaging in order to study the terrain deformation
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due to landslides characterized by slow and intermittent movements. For this purpose 8 Trihedral
Corners Reflector (TCR) with GPS antenna have been manufactured and installed (Figure
5.1.2.2.1), and a mobile GPS network has been set up in order to study the landslide activity and
compare movements identified by means of interferometric technique (Figure 5.1.2.2.2). This kind
of artificial reflector was chosen on the basis of scientific studies (Sarabandi et al., 1995, Xia et al.,
2004, Ferretti et al, 2007, Doerry, 2008). TCRs were actually identified on the basis of evaluations
of the Radar Cross Section (RCS), which is the parameter that mostly affects the visibility of such
devices. As shown in Figure 5.1.2.2.3, their shape allows the optimization of such parameter and an
easier installation, which, in turn, significantly affects the results in terms of visibility. Installation
considered both geometry of images acquisition (incidence angle) and slope geometry (local slope),
that play a relevant role in SAR acquisitions, as previously described in Chapter 4.

Eleven images were acquired over the February 2011 - January 2012 period (Table 5.1.2.2.1).
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Table 5.1.2.2.1. List of Cosmo-SkyMed images for Agnone site.

ACQUISITION
BEAM DATE ORBIT/LOOKSIDE
HI-01 24/02/2011 R/D
HI-01 29/04/2011 R/D
HI-01 31/05/2011 R/D
HI-01 18/07/2011 R/D
HI-01 19/08/2011 R/D
HI-01 22/10/2011 R/D
HI-01 07/11/2011 R/D
HI-01 25/12/2011 R/D
HI-01 10/01/2012 R/D
HI-01 26/01/2012 R/D
HI-01 11/02/2012 R/D
Peak RCS | o = 43‘}/ PeakRCS | og = 4"‘:/:;
S:ZCWE A=+2ab N Off-mds cone 5:;‘:“‘"& A= afFa
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Figure 5.1.2.2.3. Formulas for RCS of Basic Elements.

Three GPS readings, respectively in February 2010, June 2011, and March 2012, were
recorded during the interferometric images availability period. Processing demonstrated that the
landslide is still active and shows different moving rates: 15 cm/year in the upper part, 2 cm/year in
the middle part and 5 cm/year in the lower part (Fig. 5.1.2.2.5).

Ten out of eleven images in descending orbit have been used for the time interval February
2011 - January 2012; the last image was not considered as it showed low reflectivity values due to

the presence of the snow during the acquisition (Fig. 5.1.2.2.6a and b).
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Co-registered images have been processed (Fig. 5.1.2.2.7), and all possible interferogram
pairs (41) with spatial baseline lower than 1000 m have been individuated (Fig. 5.1.2.2.8). This
threshold for spatial baseline values allowed to minimize the error induced by spatial decorrelation.

Figure 5.1.2.2.9 represents the mean coherence map; coherence values of the corner

installations appear to be quite high. Mean coherence values have then been calculated,
showing lower displacement standard deviation values than those obtained from ENVISAT
processing (Table 5.1.2.2.2).

The last step to complete the entire DInSAR processing would have been the elaboration of
the deformation map, in terms of mean velocity map and time series of deformation. Due to the
limited number of available images, the velocity map showed few unconnected points which gave

rise to a considerable amount of noise.
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Figure 5.1.2.2.6. Comparison between two different acquisition 24/2/2011 (a) and 11/2/2012 (b) in which is shown
the different reflectivity caused by the presence of the snow.
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Figure 5.1.2.2.9. Mean Coherence map and corner position.
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Table 5.1.2.2.2 Mean coherence, phase (Ap) and displacement (As,) standard deviation for Cosmo SkyMed
images processing and ENVISAT images processing.

Corner reflector Envisat Cosmo SKy-Med
(ML 20x4) (ML 4x4)
CR2 0.14 0.88
CR4 0.14 0.85
CR6 0.12 0.88
CRS8 0.15 0.87
A 50° 10°
Ac +4.0 mm + 0.5 mm




5.2 Costa della Gaveta (Potenza)

5.2.1 Geological settings and landslides

In this test site two landslides (Costa della Gaveta and Varco d’1zzo) occurred on the slope of
a hill facing the valley of the Basento river (Fig. 5.2.1.1), East of the town of Potenza, in Southern
Italy (Fig. 5.2.1.2) have been investigated. Several geological and geomorphological studies have
been carried out in the last 30 years (Guida et al. 1988; Perrone et al. 2004; Del Prete and Del Prete
2009; Di Maio et al. 2010).

Figure 5.2.1.1. Costa della Gaveta hill.

572000
1

Figure 5.2.1.2. Study area
The landslides, as described by Di Maio et al., 2010 (Fig. 5.2.1.3), which exhibit similar
geometric and kinematic features, occur in the geological formation of the Varicoloured Clays
(Middle Cretaceous—Oligocene), constituted by tectonized, fissured and heterogeneous clay shales,
clay and mudstones, including blocks and layers of marls, calcarenites and limestones (Pescatore et

al. 1999). They can be described as ancient and complex roto-translational slides evolving into earth
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slides according to the classification of Cruden and Varnes, 1996. The slow movements of the

landslides cause severe damage to houses and infrastructures. In particular, the highway and the

railway, whose tunnel crosses one of the accumulation zones, need frequent maintenance and

strengthening, besides continuous monitoring (by extensometers, inclinometers and topographic

measurements), with notice able social cost.
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Figure 5.2.1.3. Geomorphological section (Di Maio et al., 2010)
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In order to study and to monitor the landslides, an integrated monitoring system composed by

measuring devices of rain, pore pressures (Casagrande piezometers, electrical piezometers), deep

(inclinometers) and surface (GPS) displacements has been installed. So as to understand the

phenomena and eventually to give warnings to the population for disaster prevision (Calcaterra S. et

al. 2008). From the experimental data, some important features of the landslides have been

understood. Costa della Gaveta landslide has been studied by Di Maio et al. (2010). It was

understood to be an earth slide, whose displacements can be considered uniform (Calcaterra S. et

al., 2010). The displacement rate (Fig. 5.2.1.4) decreases from upslope to downslope, probably
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Figure 5.2.1.3. GPS displacements (Calcaterra S. et al., 2010)
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because of the increase in the areas of transversal sections, the ‘‘soil discharge’” being practically
constant. The Varco d’Izzo landslide has been analyzed by Del Prete and Del Prete (2009), which

mapped only only a small portion of a much larger and complex landslide.

5.2.2 Results

For this site ENVISAT images were processed. The results were then compared with
ancillary data obtained during the same period by traditional monitoring campaigns. Twenty-four
ENVISAT images (Track 086 Frame 798) in ascending orbit over the period 01/28/2007 through
07/11/2010 underwent the entire elaboration process in order to produce the velocity map and the
deformation time series.

The first step was to register the images needed to elaborate the Amplitude map represented

in figure 5.2.2.1.
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Figure 5.2.2.1. Amplitude map of the study area.

Potenza city (white area) and the SS 407 Basentana road can be clearly seen on the left hand side.
In order to reduce decorrelation, the next step was to identify interferometric pairs with sufficiently
low spatial and temporal baseline values. The following limits were set: 250 m and 211 days,

respectively. In this way, sixty interferograms were generated (Fig. 5.2.2.2).
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Figure 5.2.2.2. Interferograms and perpendicular baselines.

The mean coherence map, which allows to evaluate the reliability of the derived

measurements, was then elaborated (Fig. 5.2.2.3). In order to identify the points to use for further

analyses, a 0.4 coherence threshold was set. This value allows to obtain a phase standard deviation

equal to 15°, using a 15x3 multilook.

Finally, the mean velocities map (along the LOS) was developed (Figure 5.2.2.4) after

identifying a stable point (Water Purification Plant of Acquedotto Pugliese located in Masseria

Romaniello).

It is worth mentioning that mean velocities were estimated for a few points inside the mapped

landslide perimeter because of the images’ low resolution and of low number of natural reflectors in

the considered area.

Figure 5.2.2.3. Mean coherence map.

As far as the Costa della Gaveta landslide concerns, accordingly with GPS measurements,

decreasing rate of velocity have been detected from upslope (I10 inclinometer) to downslope (SS

407 Basentana road). It is worth pointing out that even on the western side (outside of the landslide
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scar) mean velocity of displacements higher than 5 mm/year have been detected, probably due to
the widening of the phenomenon. On the other hand, for Varco d’lzzo landslide, only in
correspondence of the GPS points (F2 and F3) high velocity values have been encountered, while
the slope is substantially stable.

Location of instruments (GPS points and inclinometric tubes) placed during previous in situ
geognostic campaigns are also shown in the Fig. 5.2.2.4.

Among such instruments there is a GPS station network which was installed in 2006 by the
Italian Geological Service (Calcaterra S. et al., 2010) in order to monitor some relevant structures.

This network consists of 13 fixed stations, integral with stable constructions or with purpose-
made pillars, both built inside the studied terrain. A similar station was placed near the Masseria

Romaniello Water Purification Plant, which is believed to be a landslides-unaffected area.
Fixed stations allow continuous measurement of superficial displacements by remote acquisition

(Fig. 5.2.2.5).
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Figure 5.2.2.4. LOS velocity maps of Costa della Gaveta (left) and Varco d’1zzo (right) landslides for the January

2007-July 2010 period.

Analyses of topographic data, geomorphologic evidence and inclinometric measurements

allowed to identify the landslide’s geometric and kynematic characteristics and to calculate the
superficial displacement velocities values, which were then compared with satellite data. Ground-
registered velocities proved to be ten-fold higher than the interferometric ones (for instance, 1.6

cm/year for the F2 point and 2.0 cm/year for the F5 point vs. approximately 0.47 ¢ 0.37 cm/year,
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Figure 5.2.2.5. Examples of GPS installations.

respectively). It must be taken into account that satellite-registered velocities are referred to the
sensor-target connecting line (LOS — Line of Sight), which is oriented West-East. Therefore, in
order to compare ground (GPS) and interferometric measures, it was necessary to elaborate a map,

shown in Figure 5.2.2.6, which allowed to estimate the percentage of real movement that the
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Figure 5.2.2.6. Real movement percentage map, calculated on the basis of the acquisition and site’s geometries.
The arrows show the directions of the horizontal components of the velocity vector along the LOS.
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satellite is able to identify in relation to the acquisition geometry and to the site’s topographic
characteristics (Plank et al., 2012).

Table 5.2.2.1 compares the mean velocities for eight reference points; for six of them there
appears to be a fairly good agreement between the two monitoring techniques.

For example considering the F5 point, located inside the Costa della Gaveta landslide, the estimated
velocity magnitude was 1.8 cm/year by GPS measurements and 0.47 cm/year along the LOS with
satellite data elaborations.

The latter value, owing to the acquisition geometry and to the site’s topographic
characteristics, accounts for approximately 30% of the real movement and so, after adjustments,
turns out to be 1.6 cm/year. In the same way, considering the F3 point, located inside the Varco
d’Izzo landslide, the estimated velocity magnitude was 10 cm/year and 1 cm/year by GPS and
satellite measurements, respectively. After adjusting for a 12% of real movement on the basis of
acquisition geometry and of the site’s topography, satellite obtained measurement corresponds to

8.3 cm/year.

Table 5.2.2.1. Comparison between ground and interferometric measurements.

Costa della Gaveta Velocity (cm/year)
GPS | SAR | % | Total
110 3.60 0.56 | 15 | 3.70
F5 1.80 047 | 30 | 1.60
CS14 0.72 | -0.57 | 55 | 1.00
I8 098 | -1.25 | 40 | 3.10
Varco d’1zzo Velocity (cm/year)
F3 10.00 | 1.00 | 12 | 8.30
F2 1.30 037 | 20 | 1.80
CS01 0.84 | -034 | 20 | 1.70
I5 1.30 037 | 38 | 1.00

It is worth pointing out that recently a specific project for the acquisition of high resolution
Cosmo-SkyMed images for this site has been signed with Italian Spatial Agency. Figure 5.2.2.7
shows the comparison between ENVISAT and Cosmo-SkyMed images referred to Costa della
Gaveta test site; it is possible to highlight the wide zones characterized by bright pixels in the
ENVISAT scene that represent areas affected by strong geometrical distorsions (foreshortening,
layover and shadowing effects). In such areas, as described in Chapter 4, no useful points for
interferometric processing have been identified. For this reason, these areas were not monitored.
The causes of such distorsions may be identified in both the low resolution of ENVISAT images

and, most of all, the incidence angle used for the images’ acquisition, which is known to be fixed
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and equal to 23° for ENVISAT. On the contrary, last generation satellites can vary such angle
between 20° and 50°. This, together with their higher resolution, allows to obtain superior quality
images. Actually, the opportunity to set the incidence angle optimizes the images’ quality also in
relation to the site’s morphology. An example is shown in Figure 5.2.2.8, in which layover and
foreshortening maps from ENVISAT (incident angle 23°) and Cosmo-SkyMed (incident angle 37°)
acquisitions and processed according to the algorithm described by Notti et al. (2010) are compared.

In order to apply this algorithm a geographical information system (GIS) procedure has been
implemented. The procedure consists in a routine developed in Model Builder (Fig. 5.2.2.9) that

allows to predict the areas in which layover and foreshortening will occur.

Figure 5.2.2.7. ENVISAT amplitude image (above), Cosmo Sky-Med amplitude image (below)
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Starting from the geometry of the ground surface (slope and aspect models obtained from a DEM)
and acquisition geometry of the radar (incident angle and the angle from north of the satellite track)

is possible to perform in a semi-automatic way the Ripgex:

Rin4er = — sin(arctan(tan(S)= sin(da)) — )

where S is the slope, Aa is the aspect correct with angle from north of the satellite track and 0 is
incident angle of LOS.

Such parameter is an index that can vary from negative values to 1. The negative and lower values
(<0.3) represent the zones affected by layover and foreshortening effects, larger values indicate
slopes that are averse to the radar LOS, and therefore good oriented.

Finally, in the area affected by landslide phenomena, a comparison between percentage of
measurability of movement maps for ENVISAT- and Cosmo-SkyMed-acquired images (Fig.
5.2.2.10) was made. As already observed for layover and foreshortening maps, last generation
images processing increases the measurability of movement percentage inside landslide areas, thus
allowing to estimate the possible deformation more precisely.

It is worth pointing out that the increase of such value is not related to a better visibility in
terms of scatterers covering; anyway, such limit could be overcome by means of artificial scatterers

installation.
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Figure 5.2.2.8 Comparison between ENVISAT and Cosmo-SkyMed layover and foreshortening maps.
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Figure 5.2.2.9. Model to perform the R-Index
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5.3 Moio della Civitella (Salerno)

5.3.1 Geological settings and landslides

The Moio della Civitella test site, located in the Cilento and Vallo di Diano National Park
(Salerno province), was selected among the urban centres presenting higher values of PS density
and velocity in Campania. At the same time, the different types of landslides affecting the area, and
their interaction with the anthropogenic structures and infrastructures (as demonstrated by the
observed damage to buildings), make the village one of the most interesting with respect to the
analysis of the landslide hazard and mitigation of the related risk.

Moio della Civitella, whose first settlement dates back to VI=IV century BC, is a small village

of some 1700 inhabitants and is composed of two urban centres, Moio and Pellare (Fig. 5.3.1.1).

Figre 5.3.1.1. Moio della Civitella town.

The area is geologically characterized by the presence of the Crete Nere-Saraceno Fmn.
(Bonardi et al. 1988), a structurally complex formation (Fig. 5.3.1.2), Cenozoic in age, belonging to
the North Calabrian Unit. The formation is mainly made up of argillites with intercalated carbonate
and silicoclastic arenites, often weathered at the outcrop. In the study area, this terrain, showing the
typical features of the highly tectonized rocks of the southern Italian Apennines (diffuse and
pervasive tectonic discontinuities, intense fracturing, extremely variable bedding, etc.) is overlain
by a Quaternary cover consisting of heterogeneous debris in a silty-clayey matrix. The differences
in lithology, and in the hydrogeological behaviour of the terrains as well, are among the main
factors predisposing instability at Moio della Civitella. The area, characterized by hilly
morphologies with low-gradient slopes at elevations between 600 and 200 m a.s.l., is intensely

affected by erosional and gravitational processes. Among them, landslides occupy a top-rank

83



position, as it is well demonstrated by Figure 5.3.1.3. Such map is an extract from the IFFI project
(Inventory of Landslides in Italy) a national project dedicated to landslide inventory and mapping in

Italy (Amanti et al. 2001).

I Earth flow
- Complex |
S

Figure 5.3.1.3. Landslide inventory map (IFFI project).
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Following the Cruden & Varnes (1996) classification, the prevailing typologies are complex
landslides and rotational slides evolving to translational slides. The main slope movements derive
from ancient phenomena which have involved large portions of the slopes, if not their whole
extension. This is also the case for the landslides that directly affect the urban centres. As common
in many similar settings of the southern Italian Apennines, the rotational component of the complex
slope movements is generally limited to the source areas, whilst most of the landslide body consists
of the flow component, which may reach overall lengths on the order of several hundreds of metres.
Multiple, or superimposed, phenomena are also frequent. As regards state of activity, landslides are
generally dormant, whilst rainfall-triggered reactivations are common during the rainy seasons,
generally involving limited parts of the landslides. As shown in the landslide map, the largest slope
movements directly involve the inhabited areas, the lifelines and the main communication routes.

A detailed geomorphological mapping is currently being carried out, aimed at updating the
available landslide inventory map, and at creating the morphological database information
necessary for the ongoing monitoring campaigns. On the basis of the preliminary field surveys and
interpretation of past monitoring data (boreholes, inclinometers, piezometers), the following
elements have to be re-marked:

- below the topsoil horizon, an almost continuous debris cover is present, about 3 to 25 m
thick, made up of arenaceous and conglomeratic blocks in a silty-clayey matrix;

- between the debris cover and the Crete Nere-Saraceno Fmn., a clayey horizon deriving
from the weathering of the bedrock can be found, whose thickness varies from 0.5 to 5 m;

- the available piezometers revealed groundwater levels regularly hosted by the debris cover,
located very close to the ground surface (depth < 5 m);

- with the exception of some minor reactivations, the main slope movements seem to be

dormant at the present.

5.3.2 Traditional monitoring

Moio della Civitella territory, and, more in detail, the two urban centers of Pellare and Moio,
have been thoroughly investigated with a topographic measure points and inclinometers network in
order to study superficial and sub-superficial movements (Calcaterra et al., 2008, Calo, et al., 2012).

Seven inclinometric columns were progressively installed (Figure 5.3.2.1), with depths
ranging between 7.5 and 13 m; four of them (I1, 12, I3 and 14) provided measurements for the 2007-
2009 period, while the most recent ones (I5, 16 e 17) were used between years 2008 and 2009.

Measurements’ characteristics are shown in Table 5.3.2.1.
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Limited superficial displacements of 1,6 cm were identified by I1 inclinometer over the April

2007-March 2009 time span (Figure 5.3.2.2), while the deep measurements clearly indicate the

presence of an active slip surface located at depth of about 4 m. Inclinometers 15 e 16 registered

equal and more extended superficial displacements (2,7 cm) and show active shear surfaces,

respectively, at depth of about 3 and 10 meters. As far as the 14 concerns, have been measured only

millimetric movements, confirming the present inactivity of the large slope movement.

Displacements occurred in the S-SW direction, in agreement with the terrain’s morphology.

Finally, measurements from the 12 and I7 inclinometers were excluded as

unreliable, probably because of a wrong installation procedure.
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Figure 5.3.2.1. Inclinometers’ position in Moio della Civitella

they proved to be

As reported in Calo 2009, the nearby location of the boreholes 15 and 16, there is a clear

difference in the depth of the shear surface in the inclinometer readings: at 15,

a shear surface is

located at 3-3.5 m, whilst, on the other hand, readings at 16 indicate a more developed shear surface
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at 9.5 m. This may be explained by the limited depth (8.5 m) of the borehole 15, that thus does not

allow to detect the deep shear surface (at 9.5 m).

Table5.3.2.1.Characteristics of inclinometric measurements

Inclinometer | Depth (m) | Reference measure | Readings | Position
I1 11 April 2007 6 Moio
12 13 April 2007 4 Moio
13 12 April 2007 5 Moio
14 7,5 April 2007 3 Pellare
I5 8,5 January 2008 2 Pellare
16 10,5 January 2008 2 Pellare
17 7,5 January 2008 2 Pellare
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Figure 5.3.2.2. Inclinometric measurements.
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As mentioned in Calo 2009, starting from year 2007, a topographic measure points network
was installed (Figure 5.3.2.2). Before installation, several in sifu campaigns were carried out in
order to identify the most appropriate positions to measure possible instabilities and, at the same
time, to evaluate their reciprocate visibility.

The final network was composed of 73 measure points, divided between the two urban centers
and installed on man-built structures (buildings and road system); three control stations has been
used as reference benchmarks for the measurement of the whole network.

The survey was conducted using a Total Station, that allows to reach very accurate results:
angles were measured with a precision of 1" while distances were measured with a standard mode,
with a precision of I mm + 1.5 ppm. Depending on weather conditions (temperature, humidity and
pressure), that influence the resulted accuracy, the adopted instrument allows measurements on very
long distances, up to 3 km.

Four measures were registered for Moio starting from June 2007, while Pellare was monitored
staring from December of the same year. No significant displacements were identified and

movements’ values were of approximately 1 mm over the March 2008-March 2009 period.
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Figure 5.3.2.2. Topographic network; control points (green).
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5.3.3 GPS monitoring

In addition to the traditional monitoring techniques previously described, a continuous
acquisition GPS network composed of four points was set up starting from April 2008 (Fig.
5.3.3.1). The network’s structure was the following: one master point, named MOIO, located in a
stable part of the studied area, and three rover points (P1, P2 e P3), installed inside the landslide
area. Points P1 and P2 were active between April 2008 and May 2009 and April 2008 and March
2009, respectively. Point P3, instead, provided measurements only during the March 2009-May
2009 period.

Subsequent elaborations allowed to calculate the three components of displacement, dx, dy
and dz, corresponding to the E-W, N-S and vertical directions, respectively. Table 5.3.3.1 shows the
results for the three monitored points. Points P1 and P2 registered a global displacement of

approximately 2 cm, with predominant horizontal component (dx and dy); the vertical component
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showed ten-fold lower values. Point P3 proved to be essentially stable (0,6 cm). Displacement’s
direction was also calculated (Figure 5.3.3.2), which appeared to be in agreement with terrain’s

morphology even in this case.

Table 5.3.3.2. GPS displacement components.

Point Period dx (m) | dy (m) | dz (m)
P1 April 2008 —May 2009 | 0.021 | 0.025 | 0.003
P2 | April 2008 —March 2009 | 0.012 | 0.018 | 0.004
P3 March 2009 —May 2009 | 0.004 | 0.005 | 0.001
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Figure 5.3.3.2. GPS displacement vector.
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5.3.4 Interferometric measurements

The aim of this study was to assess the landslides’ activity in two urban centres, Moio and Pellare
(Calcaterra et al., 2008 and Calo et al., 2012) where slide-flows and roto-translational slides are the
prevailing types of slope instabilities. Accessible ENVISAT images (53 ascending and 33
descending) for the 2002-2010 period have been elaborated. The availability of images acquired
from different orbits allowed the combination of results in order to obtain the E-W and vertical
velocity components.

A total of 53 images were available for the ascending track (Track 358 Frame 801); thirty-seven
interferograms with spatial and temporal limits of 200 m and 210 days, respectively, were obtained.

All images were then co-registered and the mean coherence map (Figure 5.3.4.1) was elaborated.

Azimuth |

Range

Figure 5.3.4.1. Amplitude and mean coherence map.

The next step was to identify those points with above-threshold coherence value. Owing to the
necessity to have a sufficient number of points covering the entire study area, displaying, at the
same time, a phase standard deviation of approximately 20° using a 15x3 multilook, two coherence
value limits were set (0,40 and 0,35). Another crucial part of the interferometric chain was to
determine a stable reference point; for this purpose, MOIO master point of the previously described
GPS network was used. Processing was thus completed and the mean velocities map was elaborated

(Figure 5.3.4.2).

91



N\ \ ,/ /f r‘7 . \\
\\\\i‘ ff’{?w{a;f«wg;;:,\\ £
Legend —]
» Velocity (mm/y)—|

A 1976--800 -
7.99--500 -
7
=
A

-499--3.00
299--2.00
1.99-2.00
201-5.00
501-2005

[ N N

B
AN
7 \é
“

AN
0 ey
72,

F“\\“‘Y’ e fC
L1

\

(@ 3P
270 125

50 N \ gf’? i
f qmm‘“v\ IR
dod-7 /_ﬁ':t\;\"}w* \-.‘:\JJ’/F-‘?‘X\ A

Figure 5.3.4.2. LOS velocity map for ascending images.

Reduced displacement velocities of 5-8 mm/year magnitude in EW direction (target-sensor
connecting line in ascending orbit), as indicated by the negative sign, were calculated for both Moio
(north) and Pellare (south) urban centers. This finding is also confirmed by traditional monitoring
results previously shown.

Thirty-three descending images (Track 494 Frame 2799) were processed. The same maximum
baselines as those of the ascending images were used. Even in this case, and for the already
discussed reasons, it was necessary to identify two coherence threshold values, which were set at
0.5 and 0.4, respectively. A mean velocities map was then processed (Figure 5.3.4.3). This
geometry’s results mainly confirm the findings of the ascending one, with the exception that
velocities have a positive sign (sensor-target connecting line in descending orbit), and almost the

same direction (EW).
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Combination of the results of both ascending and descending geometries shows that displacement’s
predominant component is the horizontal over the vertical one, since the two tracks’ velocities have

opposite signs (see example Figure 5.3.4.4).
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Figure 5.3.4.4. Horizontal displacement projected on LOS direction.
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Table 5.3.4.1. Results of the decomposition.

V. Va \L Va
Point | (mm/y) | (mm/y) | (mm/y) | (mm/y)
11 -3.27 4.89 0.82 11.05
13 -5.57 8.03 1.23 18.42
14 -6.42 9.65 1.63 21.76
17 -3.38 6.27 1.49 13.07
P2 3.07 -3.65 -0.27 -9.10

where V, and V4 are the mean velocity in ascending and descending, and Sxasce, Szasce» Sxdesce» and
Szdesce Tepresent the direction cosines of the respective velocity vectors V, and V4. Table 5.3.4.1
shows the results of decomposition for points acquired by both geometries; the horizontal
component appears to be at least ten times greater when compared to the vertical one. Finally, time
series for two significant points and rainfall acquired by a recording rain gage located near Moio
were compared in order to find a relation between rain peaks and displacements activation. As
shown in the following graphs (Figure 5.3.4.5), no such relation was demonstrated, according to
Herrera et al., 2010, probably due to two principal reasons: a) the temporal sampling of these
satellites, which is 35 days for each SAR image in the best of cases, and b) the error associated with

each measurement of the time series.
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Figure 5.3.4.5. Cumulative rainfall and time series of displacement.




For these reasons and considering the analysed phenomena kinematics and triggering mechanisms,
an attempt was made to identify a relation between the rate of rain which could trigger an event and
the possible related accelerations. The latter could be recognized looking at the curve’s variation of
the gradient that describes the deformations temporal trend (Fig. 5.3.4.6). In some cases the
accelerations actually corresponded to rain peaks. It is worth pointing out that the response to rain
can be quite variable, owing to the different geotechnical characteristics of landslides soils and the

morphological shape of the slope.
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Figure 5.3.4.6. Example of relationship between cumulative rainfall and probable acceleration of landslide.
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5.4 Calitri (Avellino)

5.4.1 Geological settings and landslides

Calitri is a small town in the Avellino province, Campania region, Italy, lying on the left side
of the Ofanto River (Fig. 5.4.1.1). In the Calitri area, the oldest outcropping deposits belong to the
Varicoloured Clay Group (Lower Cretaceous — Lower Miocene), made up of chaotic scaly clays
(Fig. 5.4.1.1). The latter are interposed as olistostromic lenses within the Pliocene deposits of the
Ariano Irpino Super Synthem, in the area represented by the Ruvo del Monte and Andretta

synthems (clayey to arenaceous-conglomeratic sediments).

_CALITRI
(@RWMa |

-
“at N

\

Figure 5.4.1.1. Geological scheme of the Calitri area (APAT 2006 — redrawn). Legend: UINDb: alluvial deposits;
al: old and recent landslides; RVM, RVMa: Ruvo del Monte Synthem; SAD, SAD2: Andretta Synthem; PDO:
Paola Doce Formation; AV: Varicoloured Clay Group.

The southern slope of the Calitri hill is affected, since historical times, by a large complex landslide
(roto-translational evolved into earthflow), which prevailingly involves the pelitic terms (silty and
marly clays, sands) of the Ariano Irpino Super Synthem. The last reactivation of the Calitri
landslide, studied by several authors (e.g. Del Prete and Trisorio Liuzzi 1981; Hutchinson and Del
Prete 1985; Budetta et al 1990; Parise and Wasowski 1998, 1999; Martino and Scarascia
Mugnozza2005), occurred about three hours and a half after the main shock of the Campania-
Basilicata 23 November 1980 M=6.9 earthquake (Martino and Scarascia Mugnozza 2005). Del
Prete and Trisorio Liuzzi (1981) assessed the volume of the 1980 reactivation in the order of about
23 Mm’, while, on the basis of some inclinometer readings, Hutchinson and Del Prete (1985) placed
the maximum depth of the rototranslational body’s rupture surface at about 100 m from ground

surface (Fig. 5.4.1.2).
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Fig. 13 Provisional section A-A of the Calitri landslides.

Seziane provvisoria A-A della frana di Caliiri

Figure 5.4.1.2. Section of the landslide (after Hutchinson and Del Prete 1985).

Boreholes drilled in the toe zone revealed the shallower depth of the earthflow, which sealed about
4 m of alluvial terrace deposits (Hutchinson and Del Prete 1985; Budetta et al 1990). Several
historical records of landslide activity at Calitri were found (Parise and Wasowski 1999; Martino
and Scarascia Mugnozza 2005), the oldest of which dates back to 1694. The present-day state of
activity of the landsides at Calitri has been briefly reported by Calo (2009) who, in the time span
1995-2009, recognized several small active landslides, mainly interesting the erosion areas in the

eastern part of the main landslide (Fig. 5.4.1.3).

Figure 5.4.1.3. Landslide-inventory map of the southern side of the Calitri hill (Calo 2009, modified). Legend:
Blue = active landslide; Black = dormant landslide; Violet = active erosion area; Green = dormant erosion area.
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5.4.2 Procedures for SAR data interpretation

In Calitri test site PS interferometric data interpretation was applied. Direct interpretation of a
given PS dataset in ascending and descending orbits acquisition is indeed difficult and often causes
real motion perception problems to the user. Many times data acquired under a different LOS
produce ambiguity in the definition of the real movement of the terrain. This ambiguity in the PS
data display represents one of major constraint in the spreading and in the use of this kind of data
and their interpretation for landslides monitoring problems.

For this purpose there are two different procedures proposed by TeleRilevamento Europa
(T.R.E., 2006) and Campania Region (2008) respectively, which allow an easier interpretation of
the PS data. Ascending and descending PS data used for this purpose were provided for by the
Italian Ministry of Environment and processed by T.R.E.

The syntethic PS algorithm, developed by the SAR team at the Politecnico of Milan and
Tele-Rilevamento Europa (T.R.E. 2008). Thus the components of the velocity vector in the
horizontal direction East-West and in vertical direction (Zenith - Nadir) can be assessed.

In order to obtain the decomposition of the velocity vector, a resampling of the PS data on a
geographical grid with a regular mesh is necessary. The methodology for the combination of PS

ascending and descending data is outlined in Fig. 5.4.2.1.

=
l

Grid of
resampling

Combination of PS
(ascending and descending)

|
| |

Vertical velocity Horizontal velocity
Zenit - Nadir E-W

Synthetic PS
(ascending)

Figure 5.4.2.1. Synthetic PS procedure flow-chart.
98



The mean velocity value of PS points inside each mesh is calculated in order to obtain
synthetic PS values for each cell. Such value is assigned to the center of gravity of the mesh.

For each cell the coefficient of variation is then calculated, allowing for comparison between
different types of data. The coefficient of variation is defined as the ratio of standard deviation (oy)
and the arithmetic means of speed value (Xx). As such, it may be influenced by the contemporary
presence of positive and negative values and thus, it becomes critical in presence of non-linear

distortions:

RSD=g, = o

]

R||s—.c'

also, meshes with a coefficient of variation greater than 0.5 and lower than -0.5 are discarded.

This procedure is applied to both ascending and descending data sets, as to assess the
component of velocity vector on a common grid of "pseudo-PS'.

In the present work, based on the data acquired by ERS and ENVISAT satellites, the incident
angles in ascending and descending geometry are the same and correspond to 23°.

TELLUS procedure has been tested by the Campania Region in the TELLUS project
(PODIS Project Campania, 2008).

A ‘pre-processing’ statistical analysis based on frequency distributions of PS mean velocities
in all the available datasets was carried out. Q1 (25%), Q2 (50%) and Q3 (75%) quartiles were
calculated. The range (Q3 - Q1) is defined as the “interquartile range” (IQR). Mean velocity falling
outside this interval (outliers) were discarded. More precisely, the values in the range [Q1 - (1.5 x
IQR)] and [Q3 + (1.5 x IQR)], which are also characterized by a low average velocity, are
considered to be the most reliable and therefore are defined as “normal”.

The procedure provides a morphometric approach, represented by the “correction” of the PS
data, achieved by its projection on the slope considering both the slope angle and aspect information
obtained from a Digital Terrain Model with a 10m x 10m cell resolution. Such “correction” is not
applied to PS with slope angle value close to 3° and, consequently, provided with flat aspect. For
this reason, prior to PS values statistical analysis, a database “cleaning” (elimination of PS with
slope angle value lower than 3°) is necessary.

The mean velocity vector Vi, os is projected along the direction of the maximum slope angle (Fig.

5.4.2.2) where:
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Figure 5.4.2.2. Projection of the velocity vector along the direction of the maximum slope angle (“Morphometric
correction” after PODIS Project Campania, 2008, modified).

The value of the projected velocity vector (Vpsiope) 18:

Vopstope = VmLos €08 b = Vi os cos (90 — Incident angle + slope) (5)
or
= VmLos sin a = V05 sin (Incident angle - slope) (6)

and in orthogonal direction (Vsiope) 18:

Vislope = VmLos €08 @ = Vi os cos (Incident angle - slope) ()
or

= Viros sin b = V1 os sin (Incident angle + slope). (8)

The obtained Vigope 1s decomposed and projected along the slope aspect (Fig. 5.4.2.3) in

ascending and descending orbit of acquisition, where:

f = aspect — (90 — Azimuth angle)
g=90°-f

h=90°-1

1= (270 + Azimuth angle) - (180° - aspect)

The Vpsi0pe projected along the slope aspect is equal to:
Vpase = Vpsiope €08 £ = Viope €Os (aspect — (90 — Azimuth angle))
= Vpslope SIN € = Vsiope 1N ((180 — Azimuth angle) — (90 — Azimuth angle)) )

and

Vpdese = Vpslope €08 1 = Vpgiope €Os (aspect + (90 + Azimuth angle)
= Vopsiope SIN h = Vipqope sin (- Azimuth angle - aspect).

(10)
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For the ERS and ENVISAT datasets, the incidence angle of the sensor is equal to 23,3° and
for the latitudes of interest a deviation of the orbit azimuth of 12,3° is calculated. Therefore:

a=23.3° - slope

b=66.7° - slope

c=98.3°

f=aspect - 77.7°

g=167.7° - aspect

h=-(12.3° + aspect)

i=102.3° + aspect

The result of this correction cannot replace the original PS, but it can resolve the reading

ambiguities with respect to the slope instability morphodynamics.
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Figure 5.4.2.3. Projection of the velocity vector along the slope aspect (“Morphometric correction” after PODIS
Project Campania, 2008, modified).

5.4.3 Results

Both the above procedures were applied to the entire available dataset. In order to provide
clearer results, we focus here on a limited area near the scar of the Calitri main landslide re-
activated by the November 23", 1980 earthquake.

For the first procedure, and in particular during the data resampling, three different regular
mesh sides have been used (50, 70 and 100 m). For each mesh the number of PS, the average
velocity and standard deviation were calculated, in order to establish which mesh provided the best
results. The results highlight a significant difference in synthetic PS obtained for different size of

the mesh, as shown in Table 5.4.3.1.
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Table 5.4.3.1. Synthetic PS obtained by the processing.

Satellite (mxm) Synthetic PS
ERS 50x50 17
ENVISAT 50x50 18
ERS 70x70 11
ENVISAT 70x70 14
ERS 100x100 6
ENVISAT 100x100 7

Most of the synthetic PS are located at the upper-middle part of the landslide because this
zone coincides with the most urbanized area. The decomposition of the mean velocity vector of
synthetic PS calculated according to the vertical (Vy) and horizontal direction E-W(Vg), gave the

results shown in Fig. 5.4.3.1

Legend R
T v fmmeyear) iy
T = an am=r

Figure 5.4.3.1. Horizontal and vertical component for synthetic PS: ERS (above), ENVISAT (below).
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For both ERS and ENVISAT satellite missions, the synthetic PS show that the horizontal
components of displacement are always in agreement with the morphology of the territory. In
particular, in this area ERS shows the dominance of the horizontal component, while the ENVISAT
synthetic PS offers a prevalence of the vertical component.

Following the second procedure, after the phase of pre-processing, i.e. elimination of PS with
slope values lower than 3° and PS outliers, the results reported in Tab. 5.4.3.2 have been obtained.

Accordingly, about 20% of PS data acquired in both satellite missions were discarded.

Table 5.4.3.2. PS obtained from pre-processing.

Satellite Total PS | PS pre-processing

ERS asc 67 51

ERS desc 116 93
ENVISAT asc 148 122
ENVISAT desc 82 65

The results show that mean velocity values of all PS are very low, varying between -1 and 1
mm/year for PS ascending and descending ERS and ascending ENVISAT.

On the other side, higher values (about 3 mm/year) have been found for the PS descending
ENVISAT in the north-west of the landslide.

Fig. 5.4.3.2 reports the components of the ascending and descending PS, along with the
average velocity vectors obtained from this procedure.

Finally, is possible to highlight that using the PS Synthetic procedure, most of the synthetic
PS resulted to fall in the middle-upper part of the analyzed landslide and both ERS and ENVISAT
PS horizontal displacement components follow the slope attitude. ERS showed dominance of the
horizontal component, while for the ENVISAT synthetic PS the vertical component prevails. Since
the ERS and ENVISAT dataset cover two different time periods, we presume that this difference
could be related to a different behavior of the landslide over time. This is also confirmed by the
inclinometer readings measured for the period 1992-1994 which show a dominance of horizontal
component. In our experience displacement components values (VE and VV) always proved to be
rather low and often negligible.

The results deriving from the application of the TELLUS procedure show that also in this case
very low values of the mean velocity components are obtained. A possible explanation lies in the
fact that, owing to very low vector values in the original PS data set, the subsequent vector
decomposition produced negligible slope direction components, which proved to be strongly

correlated to the slope angle values, as also reported by Cascini et al. 2009, 2010.
103



Therefore, both procedures provide similar results and they suggest that the studied landslide
is apparently stable.

Figure 5.4.3.2. Component of velocity for ERS (above) and ENVISAT (below) PS by means of TELLUS
procedure.
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CHAPTER 6

6. Conclusions

Prevision, prevention and mitigation of a variety of instability phenomena, such as landslides,
subsidence and sinkholes require reliable procedures and technologies to reduce the hazard posed to
human life. In particular, monitoring plays a key-role in natural hazard management by providing
cost-effective solutions to mitigate or minimize disaster losses. Remote Sensing methods have been
successfully adopted for a wide range of applications in disaster management; among them the
Differential Interferometry Synthetic Aperture Radar (DInSAR) proved to be a valuable tool to
detect ground deformations.

The DInSAR technique is by now well-established and its operational use for almost
continuous monitoring of large areas of the Earth surface is now starting. The aim of the present
work was to verify the suitability of differential interferometric techniques as complementary tools
for slow-moving landslides monitoring by comparing the interferometric results with conventional
ground-based data (Meisina et al. 2006, 2008, Herrera et al., 2010).

Differential interferometric techniques have been applied to monitor ground deformations on
different case studies, located in the center-southern Appennine of Italy. The test sites are prone to
different types of slow-moving landslides, from slides to complex phenomena, in the same
geological and morphological contexts.

The first phase of this work consisted in learning the basic concepts of DInSAR applied to
slow-moving phenomena throughout the detailed study of SAR images processing techniques. The
ability to “understand” SAR data correctly, crucial for a reliable interferometric processing
whatever the context of application is, was first acquired under the supervision of the researchers of
the Department of Biomedical, Electronics and Telecommunications Engineering of the University
of Naples Federico II and then during the research period spent at the Department of Signal Theory
and Communications of the Universitat Politecnica de Catalunya.

The application of DInSAR to the different study areas and its subsequent results allowed to
critically analyze constraints and advantages of this technique in the field of landslide monitoring.

The analysis first focused on the problem of slope-facing, which greatly affects the possibility
to use this technique. The influence of this factor is related to specific reasons of the acquisition

system geometry (semi-polar orbit). Indeed, for polar orbits slopes that are ideal for InSAR
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monitoring are those facing in a general East or West direction. This maximizes sensitivity of the
SAR instrument, because it is pointed in the direction of the assumed slope movement. Slopes that
are facing in a North or South direction may be effectively monitored with InSAR; however, the
detectable movement is lower for these slopes, and this is related to the slope geometry.

In Agnone test sites, the slope was East-facing and the landslide’s principal component had a
W-E direction, as also demonstrated by the available topographic and GPS measures. Such
configuration has thus allowed to carry out the preliminary steps of the interferometric process
(interferograms and coherence maps) obtaining promising results. Anyway, owing to the limited
number of available images (11 in descending orbit), the whole interferometric process didn’t
produce reliable results in terms of velocity rate.

Moio della Civitella test site is composed of two urban centres, Moio and Pellare, both
developing on West-oriented slopes. For this site, images in both ascending and descending
acquisition geometries were available; this made it possible to combine the results obtained by the
two processing and so to compute both the horizontal and vertical displacement components,
ultimately allowing for a better phenomenon understanding.

On the contrary, the two test sites of Costa della Gaveta and Calitri, had unfavorably exposed
slopes.

The slope affected by Costa della Gaveta and Varco d’lzzo phenomena are predominantly
South-oriented. This limitation was partly overcome by the landslides principal components, both
W-SW directed, which allowed to identify the active movements. In order to perform a preliminary
evaluation of the magnitude of the detectable deformation, the percentage of movement of a
potential landslide measurable by the D-InSAR technique is calculated (Plank et al., 2012). For this
purpose, a specific GIS (Geographical Information System) routine was implemented. The results
here obtained represent a consistent pre-survey assessment of the potential applicability of the D-
InSAR technique for mass movement monitoring prior to radar surveys (Cascini et al, 2009). This
allows stakeholders to evaluate the appropriateness of D-InSAR application to a certain area of
interest and, subsequently, to optimize the global costs. Moreover, as GIS is commonly used in the
field of Earth sciences, even researchers with little or no experience in D-InSAR may successfully
implement this GIS procedure. Furthermore, by repeated analyses for different radar acquisition
geometries is possible to identify the most suitable imaging geometry (incidence angle and orbit).
Nevertheless, also other factors, such as the spatial resolution of the radar sensor, data availability
(repeat cycle) and atmospheric disturbances, have to be taken into account when deciding whether

to use D-InSAR or not.
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Actually, for Costa della Gaveta the best results were obtained: six out of eight evaluated
points showed the same ground velocities in both traditional and interferometric monitoring
techniques.

Calitri test site was the most disadvantaged as both the slope aspect and the landslide
direction were N-S oriented. For this reason, the work focused on the interpretation of PS data
furnished by MATTM and elaborated by means of the algorithm developed by T.R.E.

The analysis then dealt with another problem which may limit the use of the DInSAR
technique, that is the slope grade. Steep slopes are often difficult to study with interferometric
technique because of the geometrical distorsions in the SAR images (layover, foreshortening and
shadow effects). In addition, complicated topography creates some problems in eliminating the
residual topographic phase, especially when an accurate DEM is not available. Slope grades that are
much less than the SAR incidence angle are preferable (Colesanti e Wasowsky, 2006). In this work
slope grade did not significantly affect the results obtained in the different studied sites, owing to
the similar morphological contexts with rather gentle slopes. An additional factor which may have
limited the possible bias deriving from topographic aspects was the use of high resolution DEMs
(10 m x 10 m), obtained from Technical Regional Maps, which also allowed a more precise
georeferencing of results.

An aspect which greatly affected this work’s elaborations and induced careful thinking was
the Image Coherence. The interferometric coherence is one of the main factors in determining
suitability. Slopes with heavy brush, fast growing vegetation and deciduous forests are generally not
suitable for interferometric monitoring unless natural or artificial (e.g., buildings, infrastructures,
corner reflectors) point targets are present. And this is what usually characterizes the landslides
areas.

As already pointed out, coherence threshold have to be set in order to identify the points to
further analyze by means of interferometric processing; moreover, such coherence allow to assess
the error related to deformations’ estimation in terms of phase standard deviation. Thus, coherence
affects both quantity and quality of analyzed points.

All the studied areas showed a limited number of natural reflectors because of a low grade of
urbanization. For this reason and in order to select an adequate number of points for a complete
phenomenon representation, it was necessary to set low coherence thresholds. Such thresholds have
been set up taking into account the function relating coherence and phase standard deviation for
various numbers of looks. Indeed, by means of such function, coherence values producing phase

standard deviations lower than 20°, corresponding to deformation standard deviations of 1.5 mm,
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have been set for all cases. Considering the rate of the deformations of the studied phenomena, such
value is believed to be certainly acceptable.

The Agnone landslide here described develops in a totally rural area, with no natural

reflectors. In order to overcome such limit, artificial permanent scatterers (Trihedral Corner
Reflector - TCR) have been manufactured and installed. This kind of artificial reflector was chosen
on the basis of scientific studies (Sarabandi et al., 1995, Ferretti et al, 2007, Doerry, 2008). TCRs
were actually identified on the basis of evaluations of the Radar Cross Section (RCS), which is the
parameter that mostly affects the visibility of such devices. The latter, together with the use of high
resolution Cosmo-SkyMed images, has brilliantly solved the problem of low coherence values: the
obtained values proved to be quite high (0.7-0.8), with low phase standard deviations (10°).
The problem of low coherence values was also faced in Costa della Gaveta site, where the almost
complete absence of natural reflectors only allowed a partial monitoring of the landslide’s slope.
Recently, a specific project for the acquisition of high resolution Cosmo-SkyMed images for this
site has been signed with ASI and TCRs will soon be installed in this area as well.

The availability of Existing Site Data has proved to be a crucial point for the development of
this thesis. First of all, the availability of a recent DEM is important for the application of InSAR, as
described above. High resolution DEMs (10 m x 10 m), obtained from Regional Technical Maps,
have been used for all studied sites.

Moreover, the availability of site survey and control data, coupled with orthophotography, is
very useful to maximize the accuracy of the positioning of the InSAR data. These data help to
provide a means to interpret the interferometric-derived movement information and to determine the
overall impact of any significant movement. In this perspective and in order to successfully apply
the SUBSIDENCE software, in situ derived data allowed to set relevant parameters, such as the
points considered to be stable (seeds), used in the subsequent phase of triangulation (integration) to
estimate the displacements’ velocities. The identified seeds, obtained from GPS measurements (for
example in Moio della Civitella and Costa della Gaveta), allowed to check and to validate the
interferometric results referred to the points which were localized in instable zones and whose
movements have been measured by means of in situ GPS. A correct validation of the
interferometric elaborations was achieved by comparing the latter results with traditional
monitoring campaigns acquired data (inclinometers, levelling measurements and GPS
measurements), as in the Moio della Civitella and Costa della Gaveta cases. Although the
aforementioned problems (slope aspect, low coherence, etc.) have been encountered in both sites,

this work shows that in all the studied areas the use of interferometric techniques displays results
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which prove to be consistent with field surveys and traditional monitoring approaches
(inclinometers, topographic measurements and GPS measurements).

Encouraged by these findings, interferometric technologies must be increasingly used in the

future, even considering the excellent results of already developed projects, such as MORFEO
(MOnitoraggio del Rischio da Frana con tecniche di Earth Observation, Landslide Risk Monitoring
by Earth Observation techniques), in which industries, CNR (National Council of Research) and
University departments took part, and the First Italian Extraordinary Plan for Environmental
Remote Sensing proposed by the Italian Ministry of Environment.
MORFEO was a pilot project whose aim was to develop pre-operative Civil Protection services for
landslides by means of Earth Observation technologies. It consisted in an integrated System which
was able to supply products and services in support of prevision and monitoring activities for Civil
Protection emergencies’ management. Among the products there were interferometric analyses for
superficial deformations’ monitoring.

The First Italian Extraordinary Plan for Environmental Remote Sensing aimed at the rapid
creation of a database to support decision making processes in all hydrogeological upheaval at-
risk areas and at fostering methods and results data set sharing. These objectives assume a strategic
value for PST-A. The data set was to be created by means of an evolved and specific remote
sensing plan and by the integration of pre-existing or newly developed Statal or Local data sets.

In the near future, the second stage of the Italian Extraordinary Plan for Environmental
Remote Sensing and the availability of VHR last generation images acquired by TerraSAR-X,
COSMO-SkyMed and SENTINEL constellations will hopefully allow us to obtain better results in
terms of ground resolution and time revisiting by means of algorithms that produce increasingly
reliable results. On this point it is worth mentioning that over the past years many improvements
have been brought to the SUBSIDENCE software, which is now able to work also on other types of
algorithms defined as high resolution. Such algorithms select points on the basis of the amplitude
(Centolanza et al., 2012) or of the spectral correlation (Iglesias et al., 2012). Application of such
well-established algorithms to the studied areas here described has been attempted, but
unfortunately poor results were obtained due to the low resolution of available images (ENVISAT
ASAR) and, most of all, to the sites’ morphology.

In conclusion, the technology here analyzed has undoubtedly allowed to move a step forward
in the field of landslide monitoring, especially in phenomena preliminary studies (vast areas, several
decades long database, slow or extremely slow deformations, etc.), but full knowledge of in situ

monitoring techniques is crucial for its appropriate use.
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Appendix: DInSAR processing with SUBSIDENCE software

The SUBSIDENCE software, which implements the Coherent Pixels Technique (CPT)
developed by the Department of Theory of the Signal and Communications of the UPC, comprises
all steps associated to the interferometric processing: extraction of parameters from SLC, image co-
registration with external DEM for a better precision, interferometric filtering, differential
interferogram generation, pixels selection and model adjustment. After the whole processing it is
obtained for each selected pixel: the linear deformation velocity, the DEM error, the atmospheric
phase screen and the deformation time series. All products are geocoded in UTM coordinates and

they can be visualized with GIS or GoogleEarth.
The SUBSIDENCE software is composed by 2 parts: PRISAR and SUBSOFT.

PRISAR consists of a set of C routines designed for: reading the necessary parameters from
the SLC headers, the calculation of the interferograms and the coherences, while SUBSOFT is an
application in IDL that uses the PRISAR’s outputs previously calculated (interferograms and
coherences) to extract the deformation evolution of the area of interest. Both PRISAR and

SUBSOFT are run by IDL.

All routines utilities are controlled and configured by both general and specific parameter
files. These latter are located in a specific directory (datafiles). The structure of the directory is

defined as follows (Fig. 1):

images._par

registration.par

geo.par

date_ms_par

date_slc.par

subparam.par

date_ms_sub par

Figure 1. Datafiles structure
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To carry out a full processing, one has to follow these steps:

a) Configuration of the general parameters file subsidence.par;

b) Configuration of the specific parameters files of PRISAR (images.par, registration.par, geo.par
and date_ms.par);

c¢) Configuration of the specific parameters files of SUBSOFT (date_slc.par, subparam.par,
date_ms_sub.par);

d) Subsidence execution.

a) The subsidence.par file is a flag archive which controls each part of the whole processing.
Moreover it contains the information about the paths of the files involved in the processing,

such as the location of each SLC data or the final results directory:

- the directory where the results of the chosen processes will be stored;

- the SLC images directory;

- the SLC parameters files directory (where they will be stored or generated);
- the registered images directory;

- the interferograms directory;

- the DEM (Digital Elevation Model) directory;

- the DEM data format.

b) It can be divided in two parts: the first is dedicated to the interferograms selection criteria

(temporal and spatial baseline) and the second one to the PRISAR processing itself.

Interferograms selection: There are several methods to make an interferogram selection:

- It can generate automatically all the possible pairs or impose restrictions between the
possible pairs (automatic).

- It can specify an interferogram set using the parameters file date ms.par (manual) and
making a list of interferograms we want to generate. This choice reduce the number of the
interferograms and it can be useful in the case of a large set of images.

- There is also an ideal selection based on a Delaunay triangulation. There is the possibility

of generating an interferograms set referred to the same master.
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PRISAR processing: The first step in the interferometric chain is to extract all the
parameters for each image. The extraction routines are integrated in the main routine. The
software is able to extract parameters from ERS, ENVISAT, TerraSAR-X, Radarsat2 and
Cosmo-SkyMed images.

Once got all the parameters for each image involved in the processing we can proceed with
interferometric chain. There are many step between the images set and the interferograms

set.

Below will be described the different steps:

- Control point: This step carries out the automatic calculation of the checkpoints useful for the
registration;

- Registration: we will perform the images registration. Coarse registration: Align the cropped
images with an accuracy of a pixel for the whole image. This step is performed doing the amplitude
correlation of a portion of both images. Fine registration: Align the cropped images with an
accuracy of a fraction of pixel, processing each pixel separately. This step can be done also with
amplitude correlation of block divided images or with geocoding techniques that require an external
DEM and the orbital information;

- Registration type: It indicates the registration method that will be carried out (amplitude
correlation or with an external DEM);

- Orbits: The orbital calculations will be carried out using information deriving from the
registration process. This step is useful to evaluate the perpendicular baseline;

- Interferograms: we will perform the generation of the interferograms;

- Filtering: to carry out the azimuth/range filtering of the interferograms (for low and high
resolution images);

- Coherence: Coherence maps calculation (cross-correlation value);

- Differential interferogram: to process the differential interferogram calculation. Starting from
the interferogram we will subtract the topography information and the flat earth to isolate the
movement information;

- Differential coherence: we calculate the coherences using differential interferograms that
have been calculated in the previous step (we will calculate the coherences without topography);
- Clean: Here will be cancel the directories of those interferograms that do not respect the

restriction pointed in the interferograms selection criteria.

c¢) Also in case we can divide this step into two parts: the first is devoted to the interferograms
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selection criteria and the second one to the SUBSOFT processing itself.

Interferograms selection: Also for the SUBSOFT processing we can select an

interferogram set between the interferograms generated with PRISAR.

The set can be generated manually from date ms_sub.par;
Otherwise SUBSOFT itself will generate a list using the restriction parameters such as
spatial baseline, temporal baseline and shift doppler.

Moreover, here we can be specify the multilook of the interferograms.

SUBSOFT processing (Linear part of the processing): Also for SUBSOFT routines the first step is

focused on the pixel selection. We can select pixels with three methods:

Coherence pixel selection can detect distributed targets. It is a fast and simple method
since we could get a reliable selection with few interferograms. Its main weakness is a

loss of spatial resolution.

In urban areas it is more interesting to work with other two methods of selection at high
resolution: a) Amplitude Selection and b) Sublook Correlation, instead of detecting
distributed targets we look for point targets and we will have only one scatter in our cell
resolution. This will achieve a better spatial resolution in detection of movements for

scenarios with a high density of point targets.

The process for the linear component consists in:

Coherence selection: will be selected those pixels that overcome the coherence
threshold in a certain percent of the interferograms, guaranteeing a coherence minimum
in all of them;

Calibration: the SVA and the radiometric calibration will be carried out;

Amplitude selection: the amplitude selection method,

Sublook correlation selection: here will be done the pixels selection by spectral
correlation between Sublooks;

Write sublook: we generate sublooks of the registrated images for the pixels selection
method by Sublook Correlation. Also it applies the SVA routine to each image and
writes the absolute value of the image in the image directory;

Triangulation: the triangulation process between the selected pixels;

Seek minimization: Process to calculate the ideal increments;

113



- Data generation: Generation of the information for the following routine;

- CGM: it to search the increments using the CGM method;

- Unwrapping: the unwrapping process of the increments to get the absolute values;
- Unwrapping CGM: the CGM unwrapping method,

- Test Unwrapping: the unwrapping test of the increments;

- Mask: Generation of the linear deformation map using the selected points.

- Map: Generation of the interpolated velocity, DEM error map.

The process for the non-linear component consists in:
- Residue: Generation of not linear residue for each interferogram,;
- Unwrapping: the unwrapping method at high spatial resolution;
- CGM: indicates the unwrapping method;
- Atmosphere interferogram: Extraction of the atmospheric artifacts;
- Delete atmosphere: Elimination of the atmosphere of the first image, which is in all the
images;
- Generation residue: Process to generate a new residue at high spatial resolution;
- Temporal evolution: Estimation of not linear movement at high resolution for every

SLC;

Finally, there is the part of representation of the results:
- Geocode: the georeferencing process;

- KML: generation of kml file in order to show in GoogleEarth or GIS.
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