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Abstract

Abstract

Ground motion represents the main reaction tedigml and deep deformations induced by multiple
natural and anthropic phenomena (i.e. vadose zone processes as swelling/shrinkage of clay soils, soll
consolidation, aquifer compaction, solid and fluid extraction and-itwduced compaction) which
take pace at different spatitemporal scale. This kind of hazard affects an increasing number of
worldwide regions, densely populated, causing damage to the environment and infrastructures.
Recent advanced ground deformation investigations make ssetfite SyntheticAperture Radar
(SAR) data, a new remote sensing tool, to examine the mechanisms of ground motion around the
world. In particular, Advanced Differential Synthefiperture RadarA-DINSAR) techniques which
arebased on the processing of mukiphterferograms derived from a large setéast 20 images) of
SAR images. These techniquaEw to obtainthe displacement time serie$ measuring pointever
wide areas at millimiters resolution. The techngjigvealready been successfully appliednonitor
the evolution of different processes.
In the last two decade#\-DINSAR techniqus have experienced a major development, which is
mainly related to (i) the progress of the SAR data acquired by the CE&S{¥Kded satellites and the
recent ESA Sdmel missions, that act at higher spatomporal resolution, and to (i) the
development of advanced processing algorithms. The improvementsArMS AR technique need
of anappropriate methodology to analyse extremely large datakéth consist ohuge amounts of
measuring points with high temporal resolution.
This work contributes to addresstiese problemby exploiting the great potential contained in the
A-DInSARtime series.
The project aims are:

1. Development of amethodology to analyse muliensor and multemporal A-DINSAR

dataset for the geological interpretation of areas affected by ground motion;

2. Analysis of the mechanisms of ground motmainly due to groundwater level change;

3. Integration ofA-DINSAR data with numerical models.
The study has been carried outareas representative of moderattes of displacement (the valley
bottom of the Oglio river, in Italypf swelling-shrinkageof clayey soil§Oltrepo Pavesean lItaly), of
coastal subsidence (Ravenna, in ltaly), of sliogibilities (Piemonte Region, in Italy), of high rate
of pumpinginduced subsidence (Alto Guadalentin Basin, in Spain) and of ground motion due to

groundwater level change (London Basin, in United Kingdom).
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In thefirst step of thestudy, a novel methodolggvas developetb analyse multsensors and mudti
temporalA-DINSAR data for the geological interpretation of areas affected by ground maten
procedurewas implemented using open source software aodnsists of three main phases. In the

first pha®, the vertical and&V components of motion are disentangled, tredlisplacements time

series (TS) accuracy assessment is performed. In the second phase, different statistic tests are appliet
in order to find the spatitemporal pattern of the principaglomponents of movement, and the
kinematic model of the targets. The result of this step is the identification of areas with significant
movement, sce al | ed Aground motion areaso. Ground m
minimum 3 oftargets with a maximum distance of 50 meters, characterized by the same trends
(linear, nonlinear, seasonal). Finally, the third step consists of a data fusion AFEHRSAR data

and the geological data to determine the causes of ground motion processes.

In the seond step of the study, a muttisciplinary approach has been choserémntify the driving
mechanismsMore preciselythe proceduremplementedoy Tomaset al. (2010b) was applied, by
including crosscomparisondetweenA-DINSAR time series andifferert factorssuchasgeological

factors (i.e. geological age and lithologies, soft soil thicknelgjirogeological factors (i.e.
piezometric levis of different aquifer layers) angeotechnical factors (i.e. engineering geological

unit map).

Finally, in thethird step of the studyA-DINSAR datawere integrateavith 1D numerical modelThe

ground motion changes due to groundwater level variatiegr® simulatedusing the approach
introduced byTomaset al. (20103. Therefore, theA-DINSAR data was included ithe phase of
calibration and validation of the numerical model.

In the investigation site of theOltrepo Pavese, theleveloped methodologallowed the
disentanglment of natural and maimduced processethrough the analyses of ER® and
RADARSAT data The resultsvereuseful to gain insighinto three deformational behavioursédar,
nortlinear (accelerations and decelerations of the movements), and seasonal components of motion.
The crosscomparisons with the geological, geotechnical and hydrogealadatagave insights into
different geohazards such as swellisigyinkage of clayey soils, land subsidence due to the load of
new buildings, moderate tectonic uplift, and seasonal ground motion due to seasonal groundwater
level variations.

In the valley bttom of the Oglio rivera PreAlpine valley located upstream the Iseo Lakee
application of the methodology through ERSL/2 and RADARDAT data, highlighted the
geomorphologic control of the subsidence pattern

Multiple datasets have been employed foe Ravenna cassudy such as: ER&2, Envisat
TerraSARX and Sentinell. The application of the methodology in this site corditine capability to
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recognizeground motion areas. Different components of motion have been recognihedperiod

from 192 to 2016 in the Ravennsuch as mukyear and seasonal component of mottbrgugh the
A-DInSAR analysisand he priority areas for furthénvestigations were identified.

The reproducibility of the methodologyas assessed for investigations at regioscale in the
Piemonte Region. The SAR images acquired #8a@d (ERSL/2, ENVISAT and Sentinel) and %

Band (COSMGSkyMed) sensors were exploited to identify and interpret slope instabilities.

The main advantage of the me t h o d oadppiagtprdirs landslides investigations were the
identification ofdifferent portiors of the landslidecharacterized by variousehaviours (linear and
nonlinear trend) andhe detection ofarge unstable area that can be considered as a predisposing
factor for the actiation of phenomena.

The analysis of the mechanismsainly due to groundwater level changes performedn the Alto
Guadalentin Basin in Spailm this basin,lte land subsidence due to the groundwater overexploitation
reaches the higher values measwéduropa (>10 cm/yr). In this case, the combined analysis of
geological and hydrological information with displacement maps andst@mes retrieved from
multi-sensor and multemporal SAR images had provided new insglitout mechanisms of ground
motion due to groundwater level change. The approach allowed to understand that very thick soft soil
layer with low permeability that has been drained since the 1960s, are involved in slow consolidation
processwhere the maximum settlement has yet to be ezhch

Finally, London Basinwas chosen to model ground motion due to grouteiwlavel change; by
applying D model, since the large availability of geological, hydrogeological and geotechnical data.
In this case thentegration ofA-DINSAR data in the moding permitted to analyse the spatio
temporal variability of theground motion response to groundwater levels variations across the
London Basin.

Overall, the study demonstrates how a better knowledge of ground deformations eccuthence,
measuremdn mechanics and prediction can be reached by combAiBINSAR with geological
geotechnicaland hydrogeological datdhe results could be used for land use planning and civil
protection purposes, providing fundamental information to adopt mitigati@sures in order to
reduce the social, environmental, infrastructural and economic impacts of this silent hazard.

The research project has been carried out at the University of Pavia, including periods of research
abroad spent in the Spain (January 2Mch 2015), at th&seohazards InSAR laboratory and
Modelling Group Geological Survey of Spain (IGME) under the supervision of Dr. Gerardo
Herrera and in United Kingdom (June 201y 2015 and September 2015), at the British
Geological Survey (BGS) underetlsupervision of Dr. Francesca Cigna.
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Chapter I. Introduction

Chapter I. Introduction

In this chapter, the framework of this thesis is presented, providing an overview to remote sensing
data and their main applications on natural and heindurced processes. Furthermore, the questions

unanswered and the main objectives and novel contributionesceled.
1.1. Background

Ground motion can be the surface evidence of shallow or-skspd deformation induced by
different natural and humanduced processes. This phenomenon can imply surface deformation with
3D displacement components, negative @oditive vertical movements and/or horizontat\Vig
movements.

More precisely, the negative vertical displacement corresponds to lowering of the ground surface
named land subsidence, induced by a wide variety of processes (Figure 1) such assyatgifer
compaction, drainage of organic soils, underground mining, hydrocompaction, natural compaction,
sinkholes, and thawing permafrost (National Research Council, 1991).

The positive displacement is mainly due to isostatic or tectonic activity and pomeé&siund
following recovery of hydraulic heads.

Another kind of ground motion is a surface movement characterized by a seasonal component of
motion that can be triggered by poroelastic deformations of aegyiééem in response to changes in
aquifer heaar swelling shrinkage of clayey soils.

The impacts of ground motion can be infrastructural, economic, environmental and social éabidin

al. 2015), including impacts on the natural heritage, natural surficial drainage system, agricultural
activities, buitling foundations and transportation network, alteration of irrigation network, and it
enhances the risk of floods, affecting the human life and activities. The increasing factors of risk are
mainly due to the rapid urban development, the relatively yollngitan soils and the relatively

weak mitigation and adaptation strategies.

Therefore, in the pranitigation investigation phase, the identification of ground motion areas and the
understanding of driving factors is fundamental in order to adopt suitadke use planning and
sustainable management of the available resources. Then, ground motion investigations are essential

to delineate the magnitude and type of deformation related to the temporal evolution of surface

11
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displacements (i.e. linear or ninea), the spatial extension of the affected areas, and the mechanism
of ground motion.

In many cases, the ground motion evidences are the ressiipefimposed processes that aict
different spatietemporal scale that makes it difficult to discern, andnep the different processes

and to evaluate the associated triggering factors. The complexity of the mechanism recognition
requires a multidisciplinary pproach including the expertis®f engineering geologists,
hydrogeologists, geotechnical engineers.ttmow, the scientific community carried out in many
areas of the world different strategies and a combination of different methods including field

measurements, remote sensing tools and integrated approaches to solve the complexity of the

problem.
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Figure 1. Example of various processes of subsidence (from Mindertoaid 2015).

Since the early 1990s, advanced subsidence studies exploited Satellite radar interferometry technique
to investigate ground deformation phenomena. The technique is a reemetegstool capable of
mapping displacements over wide areas at very high spatial resolution. The tool allows to obtain the
displacement time series by sending a beam of electromagnetic microwaves from a sensor on board of
a satellite to the earth surfadéhe distance between sensor and targets (hamed Persistent Scatterers,
PS) on the earth surface (i.e. the outcrop of rocks, the roof of buildings, metallic structures) can be

measured. The different satellites pass over the same area with a revisitttimeange of 35 to 6
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Chapter I. Introduction

days and if slow surface deformation occurs, the sensor allows to detect the movement along the line
of sight of the satellite (LOS) with a millimeter accuracy.
Advanced Differential Synthetic Aperture Radar Interferome3yD(NnSAR) techniques belongs to a
family of algorithms based on the simultaneous processing of multiple interferograms derived from a
large set of Synthetic Aperture Radar (SAR) images that had to be a powerful tool for the detection
and monitoring of different geogical hazards including earthquakes, volcanic activity, landslides and
land subsidence and nowadays widely used to map ground deformations due to natural and
anthropogenic processes in different environments.
In this framework, the advances in the rensansing tools provide new possibilities for (i.) mapping,
(ii.) analysing the mechanisms and (iii.) modelling the ground motion processes to precede the design
and implementation of appropriate mitigation methods.
In this thesisthe relevantontributian of the scientist community involved in the ground deformation
investigations is presented distinguishing three main topics (Table 1.):

1. Detection of ground motion areas;

2. Analysis of the mechanism of ground motion;

3. Modelling ground motion.

13



Table 1. Relew of literature contributions to the main topics in the ground deformation investigations.

Topic Author Area Type of ground motion
Meisinaet al.(2008) Piemonte Region (Italy) Landslides and subsidence
Bianchiniet al (2012)  Central Calabria (Italy) Landslides
Detection Lu et al.(2012) Arno river Basin (Italy) Landslides
of ground motion areas Batesoret al.(2012) Large cities in Europe Geohazards
Peduteet al.(2015) Campania Region (Italy) Subsidence
Di Martireet al.(2016) Palermo provice (ltaly) Landslides
Galloway et al. (1999) United States Pumpinginduced subsidence
Tomaset al. (2010b) Orihuela (Spain) Pumpinginduced subsidence
Cignaet al.(2012) Morelia (Mexico) Pumpinginduced shsidence
Analysis . Chaussaret al.(2013) Indonesia S;g;g%?\ce due to groundwater and gas
crggngnmechanlsm of grounc Tosiet al.(2013) Venice (Italy) Natural and humaimduced processes
Hu et al.(2013) Beijing (China) Pumpinginduced subsidence
Higgingset al.(2014) ?B?r?gelﬁreif;]r)naputra Delta Natural and humaimduced processes
Liu et al.(2015) Yellow river delta (China) Pumpinginduced subsidence
Bozzancet al.(2015) Acque Albule Plain (Italy) Pumpinginduced subsidence
Hoffmannet al.(2003)  Antelope Valley (California) Pumpinginduced subsidence
Herreraet al.(2009) Murcia (Spain) Pumpinginduced subsidence
_ Tomaset al.(2010a) Murcia (Spain) Pumpinginduced subsidence
Mrgﬂ(rewlcljlr;gotion Teatiniet al.(2011) Po river Basin (Italy) Grourd motion due to seasonal gas storage
g Calderheactt al.(2011) Toluca Valley (Mexico) Pumpinginduced subsidence
Modoniet al.(2013) Bologna (Italy) Pumpinginduced subsidence
Raspiniet al.(2014) Delta municipality Region (Greece) Pumpinginduced sbsidence
Fokkeret al.(2016) Bergermeer gas field (Netherlands) Ground motion due to gas field managemei




1.1.1. Detection of ground motion areas

Various geohazarthapping methodologies were previously implemented by the useDIhSAR
techniques (Meisiet al, 2008, Luet al.,2009, Bianchinet al.,2012, Batesoet al, 2012, Pedutet

al.,, 2015, Di Martireet al, 2016). Up to now, all the strategies to detect and to map the ground
motion areas are based on the spatial distribution of the avelageie® and on statistic approaches

to automatically detect clusters with significant movements.

For instance, Meisinat al. (2008) implemented a methodology for detecting ground deformations,
thesec al | ed Aanomal ous ar e asarémerisyobtdinedeby data processed e | ¢
PSINSARE technique in the Piemonte Region (It
minimum 3 RersistentScatterers (PS)ith a maximum distance of 50 meters among, characterized by
displacement ratesver to + 2 mm/yr that are above a significant threshold background related to the
technique precision. The identification of the movement areas was done through an automatic
procedure in a G.I.S. environment. The results highlight the capabilities to @gi@at variability of
geological processes at regional scale. The success of the technique depends on the typology of
processes and their related kinematics, proving to be suitable for assessing the temporal evolution of
slow and extremely slow landséid with constant velocity deformations, but some difficulties were
observed to detect landslides with intermittent behaviour, such as that triggered by rainfall (rock block
slides in the Langhe, complex movements in Apennines) and to distinguish groondadiein due

to different processes, as local settlement of-made structure (i.e. Apennine and Langhe) or the
shallow deformations caused by seasonal processes in debris (Alps).

Bianchiniet al. (2012) introduced a methodology to detect extremely sludwary slow landslides,

called Landslide HotSpot Mapping (LHSM). The procedure of the hotspot mapping was tested in the
Central Calabria (Italy) proving to be useful to identify landslides at regional scale, by means of
PersistentScatterernterferometry LHSM methodology is based on the Line of Sight (LOS) average
velocities clustering and limitations were recognized in the areas where the geontietrgadéllite
acquisitions implicates underestimation of the real movements.

Lu et al. (2012) proposed apatial statistical approach for Persistent Scatterers Interferometry (PSI)
Hotspot and Cluster Analysis (RBICA) to automatically detect extremely slemoving landslides in

the Arno river Basin (Italy). The PSCA approach shows a high potential foted#ing extremely
slow-moving landslide taking into account the PS velocity and spatial distribution. Sori¢CRASI
limitations were recognized in differentiating various -gpeocesses.

In 2011, a 3year Collaborative Project of the European Commissiotestathe sacalled PanGeo.

The aim of the project PanGeo was to provide geohazard information for 52 of the largest towns in

Europe, mapping geohazards by the use of Earth Observation (EO) data. In this framework, the
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detection of the geohazards was perfed using the average velocity, selecting and clustering targets
with average velocity higher than a threshold; which varies depending on the town and phenomena
(Bateson et al., 2012).

Peduteet al.(2015) implemented a methodology to detect subsidemas using radar interferometry

in the Campania Region (Italyh particularthe authors proposed to adopt a grid analysis which cells

size depending on the scale analysis. For each covered cell, the average velocity was computed along
the LOS directiorby weighting PS LOS velocity values on their coherence values.

Then, a velocity threshold was chosen according to the sensor used and the temporal sampling. The
procedure allows to map moving areas by a multiscale approach, providing the distribueitia of c

that can be appointed as moving (average velocity value exceeding the threshold), not moving
(average velocity value lower than the threshold) and not covered (if no PS were found in the singular
grid cell).

Recently, Di Martireet al. (2015) accordig to Luet al. (2012), mapped landslides using the kernel
density of PS data in Palermo Province (ltaly). Even in this case, the approach shows the advantage to
map landslides with slow movements and some limitations in areas where the geometry diitthe sate

acquisitions implicates underestimation of the real movements.

1.1.2.Analysis of the mechanism of ground motion

The second topic of the ground deformation investigations deals with the analysis of the mechanisms
of ground motion to assess the drivers @f pinocesses. Most common rriaduced cause of ground
motion is the groundwater level change and, for this reason, this is the process that was mainly
analysed and modelled in this thesis. Obviously to deeper understand the mechanisms of ground
motion, we &0 have to analyse the others physical processes that partially affect the areas of interest.
With reference to this topic, land subsidence was included in the United Nations Educational,
Scientific and Cultural Organization (UNESCO) programme of theniational Hydrological Decade

(IHD), 1965 1974 and an ad hoc working group on land subsidence was assembled, and codified as
the Working Group on Land Subsidence (WGLS). Gallowayal. (1999) described the role of
underground water in humanduced landsubsidence through illustrative case histories in United
States. These case histories provide information on the role of the extraction and drainage of
groundwater in land subsidence by causing the compaction of susceptible aquifer systems and the
dewatenmng of organic soils. Furthermore, it deals with the influence of the groateklevel

declines caused by pumping, or by infiltration from reservoir impoundments on the catastrophic
formation of sinkholes in susceptible earth materials. The use of ragaileiometry data in the

Antelope Valley, Mojave Desert, California allowed to detect residual {@iefeeyed) aquifesystem

16
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compaction due to the presence of thick aquitards. Following, severks were performed by
means of satellite data to investgground motion due to hydrological processes. Among previous
studies, Tomast al. (2010b) addressed about the analysis of subsidence conditioning and triggering
factors by means of PSI data in Orihuela (Spain). It distinguished various conditionitnggewing

factors such as:

A Geological factors (i.e. geological age and lithologies, soft soil thickness);
A Hydrogeological factors (i.e. piezometric levels of different aquifer layers);

A Geotechnical factors (i.e. soil deformability).
These factors can loivided into two main groups:

1. Conditioning or passive factors, which are inherent to the materials of the aquifer system,
2. Triggering or active factors that cause subsidence once certain conditions concur.

The calculation of subsidenaeduced grond s et t |l ement (U0U) triggered
usually performed with consideration of three parameters: (a) the thickness of deformable soils (H),
which is spatially correlated with the calculated settlements; (b) the variation in the stieeskistto
groundwat er drawdown ( ph) , which is responsi
consolidation of deformable soils; and (c) the deformability of the soil (D), which mainly depends on
the nature of the different layers that conggitilne aquifer system and its geological history.

This relationship can be written as:

U = H T oh T D@1 (Tomas et al. 2010)

The mechanisms of ground motion wereedetd bya spatial comparison of the deformation
distribution with the factors. The relationship between accumulated deformation and soft soll
thickness, were performed by plotting the mean and the standard deviation of the subsidence versus
the differentcompressible thickness areas. The analysis of the geological factors was performed by
computing the mean, the standard deviation and the extreme values (i.e. maximum and minimum) of
deformation for each unit. To understand the role of the hydrogeologatald, the authors plotted

the time series dA-DINSAR ground deformations versus the piezometric level time series to assess a
visual inspection of the correlation between these measurements. The results highlight the improve of
knowledge of the mechamis governing this phenomenon by combining rattaived deformation

data and prexisting geeinformation.

17



Chapter I. Introduction

Cignaet al. (2012) investigated the ground deformations in Morelia, (Mexico) by the uge of
DInSAR data. The authors observed that the variantieeo$ubsidence signal can be explained by the
location of major wells, the thickness of the underlying Quaternary sedimentary fill (the main aquifer)
that overlies a faulted Miocene basement, and proximity to major faults. The method to analyse the
mecharsms of ground motion is mainly based on scatter diagrams, which plotted the deformation
versus the controlling and triggering factors (i.e. thickness of compressible sediments, water
extraction) and by means of the computation of the Coefficient of detatiori, R for the linear
regression between the two variables (i.e. deformation and thickness of compressible sediments). In
addition, deformation profiles, obtained using the Inverse Distance Weighting spatial interpolation,
were compared with geologicaiosssections to assess the geological contribute of motion.

Chaussardet al. (2013) studied the land subsidence in Indonesia, UBHIYNSAR time-series
analysis. The authors correlated the observed subsidence with surface geology and land use by a
visual inspection of the average velocity, and by reporting for the different land use (i.e. forest,
agricultural, residential, industrial, and mixed such as residential and industrial) the displacement time
series.

Tosi et al. (2013) distinguished naturalnd subsidence and movements induced by anthropogenic
activities at Venice (ltaly) using the longnd shorterm displacements processed by means of PSI
technique and acquired by d by &d Xband sensors, respective§tband satellites revealed a high
effectiveness to monitor shetitne movements as those induced by human activities, conversely, C
band sensors was used to quantify the-k@mg movements, i.e. the subsidence component primarily
ascribed to natural processes. By interpolating the tweetatand by removing theliand from the

X-band map, the natural and anthropogenic components of the subsidence were distinguished. The
proposed approach requires the us&-@INSAR data acquired by C and X sensors, over the same
period.

Another exemplitative study was performed by H al. (2013) in order to analyse the mechanism

of ground motion affecting Beijing in China. More precisely, the authors investigated the excessive
groundwater withdrawal by comparing the average velocity map, obtaineedys ofA-DINSAR
technique, with the groundwater depression cone.

I n the | ast years, a group of researchers ass
investigate their subsidence. T a k iaredhydriocarbom a c c
producers, including those of the Yukon, Lena, Irrawaddy, Po, Rhine, Burdekin, Red, Niger,
Magdalena, Mahakam, Mackenzie, Yellow, Sacramento and Mississippi, the complicated subsurface
geology, the variable extraction depths and the delesattions make more difficult the analysis of

the mechanisms of ground motion (Syvitski and Higgins, 2012).
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Higgings et al. (2014) detected the role of the local stratigraphy on the subsidence affecting the
GangesBrahmaputra delta (Bangladesh) by a &lsmspection of the average velocity obtained by
means ofA-DInSAR techniques and the soil class distribution.

Liu et al. (2015) investigated the mechanism of ground motion in the Yellow river delta (China) by
means ofA-DINSAR data, retrieving a corrdlan with the groundwater level change and with the
seasonal rainfall rates.

Bozzancet al.(2015) implemented a 3D groundwater flow model, which was developed using Visual
MODFLOW 4.2 in the Acque Albule Plain (Italy) and compared the resultsAvEHnSAR data. By
combining the detailed information of the 3D geological and hydrogeological model, the mechanism
of ground motion was deeper understood. The results highlight that in the Acque Albule Plain the
groundwater level variations drive the timing obsigdence, whereas the local geological conditions
(e.g. the thickness of the compressible deposits overlaying the exploited aquifer) drive the magnitude
of the ground motion process.

Therefore, the literature overview, here presented, highlights howA{NSAR analysis has
provided new insiglst about the complexity of the mechanisms of ground motion, nowadays

representing the unique tool to analyse the drivers of the movements over large areas.

1.1.3.Modelling ground motion

The third topic concerns the modedi of ground motion caused by groundwater level change, by the
use ofA-DInSAR data.

Hoffmannet al. (2003) exploited InSARlerived subsidence observations to implement the inverse
model of the compaction time constant and inelastic skeletal storagécieaefbf compacting
interbeds in a coupled regional groundwater flow and agsyfeem compaction model in Antelope
Valley (California). In this case, the INSAR data were used for calibrating the parameters to be used
for a subsidence model implementesing the MODFLOW code and for validating the results.

Herreraet al. (2009) demonstrates the potential ADINSAR techniques to validate subsidence
prediction models by comparing the temporal evolution of the displacements observed in Murcia
(Spain) wih the values computed using the GEHOMADRID finite element code.

Following, Tomaset al. (2010a) presented the usefulness ofARBINSAR not only to validate but

also to calibrate the numerical models of ground subsidence due to aquifer overexploitatien fo
same city (Murcia). In this cases, the authors proposed -@dimemsional model to simulate the
subsidence due to piezometric level changes. This model assumes that deformations are directly
caused by vertical effective stress changes derived freromietric level changes and that aquitard

pore pressure equilibrates instantaneously with the piezometric level changes of the gravels layer.
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Teatiniet al.(2011) describes the improved results obtained by the UséiMSAR datato calibrate

a 3D fluiddlynamic model and to develop a 3D transversally isotropic geomechanical model in order
to simulate the expected displacements for the underground gas storage (UGS) in depleted
hydrocarbon reservoirs. The vertical and -@#sst components of ground motiam the Lombardia

gas field (Po river basin, Italy) were extracted exploita@®InSAR data acquired in ascending and
descending modes and then, were included into the geomechanical model.

Calderheackt al. (2011) extends the approach introduced by Hoffmetnal. (2003) by usingA-

DInSAR subsidence data and further constrains the groundwatecfioyaction model with a 3D
geologic model in the Toluca Valley (Mexico).

Modoni et al. (2013) performed thell modelling of the seepage induced by pumping andeo$tii
deformation induced by the changes of overburden effective stress regime in the area of Bologna
(Italy) and then, the results were compared with the settlements observed by in situ anebsatedlite
measurements. The comparisons between obsandedimulated displacements highlight areas (in
particular, the north area of the alluvial fan of the Reno River) where the adopted model
underestimates the settlements and local conditions require a further refinement of the investigation
campaign.

Raspin et al. (2014) compared theesults achieved with 2D finite element model simulating the
pumpinginduced subsidence in the Kalochori area (Greece), with AHRINSAR observed
displacements.

With reference to the calibration of parameters to be usesuibsidence model, Fokket al. (2016)
described the application A-DINSAR data to estimate subsurface model parameters of the
Bergermeer gas field (Netherlands).

In this framework, the integration oA-DINSAR technigque proved a valuable contribution for

calibrating and validating reasonable models implemented by different approaches.
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1.2. Significance of the problem / Questions unanswered

The literature overview described in the Section 1.1. highlights the gaps and the necessities to be
addressed in thground motion investigations.

With reference to the first topic, the previous methodologies were mainly based on the average LOS
velocity analysis, constrained by the fact that in the pe3tnSAR data allowed to obtain noisy time

series difficult to inérpret. Furthermore, some limitations were recognized for distinguishing the
ground deformation due to different processes, or to detect shallow deformations caused by seasonal
processes.

One of the challenges for the scientific community involved irgtbeind deformation investigations

is to disentangle the different processes and to assess their relative contributions. Understanding
ground motion processes requires appropriate methodology and contributions from the geotechnical,
geological/geophysicaha hydrological communities.

With reference to the second topic, it is clear the necessities to provide a great number of case
histories in order to provide information to be used for mitigation strategies by local authorities and to
interchange the obsetions carried out from the different mechanisms of ground motion in the
worldwide. Additionally, the combination &-DINSAR data with hydrogeological and geotechnical

data have to be strengthened for characterizing the hydrogeological and geotgebperdkesof

soils over wide areas.

Finally, with reference to the third topic, the key roleAeDInSAR technique has to be reinforced,
proving exemplificative applications in areas of interest.

More specifically, in this work the purpose is to addresdalowing questions:

1. How can we identify a potential area to suffer ground motion processes by theAtSHEAR

data acquired by different sensors and processed using different algorithms?

2. How can we distinguish the different components of maétio

3. Can we use the temporal pattern of the deformation to map various natural andirdunad
processes characterized by different rate of motion?

4. Can temporal and spatial evolution of ground motion processes be obtained reliably for small and
largeareas and over different contexts including slope and flat areas?

5. Can we usé&\-DINSAR data to characterize the hgdedogical and geotechnicgropertiesof the

soils?

6. How can we integrate the-DInSAR technique in the modelling of ground deforroa®
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1.3. Structure of the thesis

The thesis is organized in seven Chapters. In the first Chapter, the problem is introduced, by

reviewing the relevant literature and by defining the appropriate concepts and issues.

Most common mainduced cause of ground tran is the groundwater level change and this is the
process that was mainly analysad simulated by ald model in this thesis. Therefore, in Chapter I

the theory of the aquifesystem compaction was described in detalil.

Next, Chapter Il is dedicated A-DINSAR techniques by providing detailed information about the
basic concepts of these remote sensing tools, by distinguishing the different sensors and processing

techniques which were exploited in this thesis.

In Chapter IV the methodological appebas presented, taking into account three main objectives of
the research that are: (i) the identification of ground motion areas, (ii) the identification of the driving

mechanisms and (iii) the prediction of the development of the surface movements.

In Chapter V, the six study areas, where the research was carried out, are described. The criteria for
selection the areas were explained and for each study area, information on the geological and
hydrogeological setting were provided. Additional details alibe availableA-DINSAR data for

each study area are also summarized.

In Chapter VI, the results of the research are presented. More precisely, four published and one
submitted papers are included. The Observationsp ap e
for Geohazardso of the Remote Sensing journa
methodology for detection and interpretation of Ground Motion Areas with-DEBSAR time series
analysis. The methodology was implemented in the @itreavese (Italy). The second work is
published in thé’roceedings of the International Association of Hydrological Scieammbst deals

with the preliminary methodology development applied in the Oltrepo Pavese and along the valley
bottom of the Oglio kier (Italy). The third work has been submitted to fweceedings ofhe 4th

World Landslide Forum and it concerns the application of the methodology at regional scale in the
Piemonte Region (ltaly) to investigate slope instabilities. Afterwards, thesasabarry out on the
mechanism of ground motion in the Alto Guadalentin Basin (Spain) were presented. The achieved
results about the analysis of land subsidence due to the groundwater overexploitation were published
in the Engineering Geology journal. Hiyathe London Basin was chosen to model ground motion
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due to groundwater level chger by applying D model, since the large availability of geological,
hydrogeological and geotechnical data. The results were successfully published in the Journal of

Hydrology.

Finally, in Chapter VII the conclusions were drawn by listing the main results obtained and the
contributions to answering the questions listed in Section 1.2.

In the Appendix, the study of the Ravenna area is presented, by including the reselt$edn the

2" International Workshop on Coastal Subsidence (May 30thune 1st, 2016; ISMARNR;
Venice, Italy) Furthermore, in this section has been described the main activities performed during
the Erasmus traineesh(p2/01/1513/03/15)at the @ological Survey of Spain (IGME), in Spain, in

the framework of the AQUARISK Project.
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1.4. Objectives and novel contribution

The project objectives are:

1. Development of amethodology to analyse mublensor and multemporal A-DINSAR
datasefor the geological interpretation of areas affected by ground matiander to:

U to overcoming limitations such as the analysis of large datasets
U to exploit the great potential contained in &®INSAR time series;
U to improve the detection of grounabtion areas;
U to support the interpretation of driviigrce mechanisms.
2. Analysis of the mechanisms of ground motmainly due to groundwater level change
U to provide detailed information about specific areas;
U to provide insight for further research ithers case histories.
3. Integration ofA-DINSAR data with numerical models
U to improve predictions of ground motion;
U to calibrate and validate numerical models of ground motion;
U to characterize the geotechnical and hydrogeological properties of deposits.

Theresearch project has been carried out at the University of Pavia, including external collaborations

such as:

A Geohazards INSAR Laboratoaynd Modelling groupGeoscience Research Dept., Geological
Survey of Spain (IGME) [Dr. G. Herrera]

A British GeologicalSurvey (BGS), Environmental Science Centre, Keyworth, Nottingham
(United Kingdom) [Dr. F. Cigna]

A Dipartimento di Geosciez&niversita degli Studi di Padova [Dr. M. Floris]
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A Dipartimento di Scienze dell a Ter rdaNapoldel | '
[Prof. D. Calcaterra]

A Dipartimento di Il ngegneria Civil e, Edi |l e e
[Prof. M. Ramondini]

A lIstituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione di Napoli [Dr. Sven

Borgstrom].
Attendee to Scieiiic Projects:

Alnvestigator attendee of the fAPanGeood pro
instability geohazard information for many
Report: Geohazard Description for Zaragoza 2013.

A External Investgat or attendee of the Project A DOR
Scenarios: An Advanced Assessment Service) for the analysis of the land subsidence in the
Alto Guadalentin Basin (Spain)IGME, 2015.

Alnvestigator att ende e Esufliode iesgosigeo@tice®dcicEsd p r
por explotacion de acuiferos mediante técnicas espaciales y terrestres. Aplicaciones a
estructuras e Aplicaciones a estructuras e infraestructuras urbdbeshazards INSAR
laboratory and Modeling Group (IGME), 282017.

A Principal I nvestigator of the Project nLar
space: The Ravenna areaP¢(Nposhér MmGEOE8DYLPHOC
archive, 2015.

Alnvestigator attendee o frnameertioe del PSifraP] (Sisteman S e |
Informativo Frane in Piemonte) finalizzato alla definizione della pericolosita da frana
mediante analisi di dati d'archivio, fotointerpretazione ed analisi di dati di interferometria
s at e l-ARPA Rieneate, 2016.
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Chapter II. Mechanic of ground motion due

to groundwater level change

In this chapter, the theory of aquigystem compaction is explained. The mechanic of ground motion
due to groundwater level change is examined in detalil, being thesprivat was simulatagsing a
1D model and described in Sections 5.3 ahd 6

2.1. Principles of the aquifersystem compaction

The relation between changes in pore fluid pressure and compression of thesygteferis based
on the principles of Effective Stress introduced by agihz (1925)

Cie= Ol | (2.1) (Terzaghi. 1925)

wherelk is the effective or intergranular stre§s,is the total stress that represents the geostatic load

and] is the pore fluid pressure (Figure 2).

Land surface Land surface
For any arbitrary plane below the —
i water table, the total stress repre- Unconfined
Aquifer system sented by the weight of the over- aguifer
TOTAL STRESS lying rock and water is balanced = o
fweight or load of the || By the pore-fluid pressure and the to-1 —Thick aquitard
overlying rodks intergranular or effective stress. (laterally
and water) O extensive)
0’ o
= € - ck urts
P I \laterally
Confined discontinuous)
aquifer O,
system
stress tha T . .
by the water filling _ 1 —Thin aquitards
the pores of the
the rock matrix) rock matrix )

Figure 2. Schematic representation of the Principle of Effective Stress (from Gakiahy1999).

According to this principle, if the total stre&sremains constant, a change in pore fluid presgure

implicates a proportional change in effective stréssvithin the aquifersystem, causing a small
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change in volume in the aquifsystem skeleton. The aquHgystem deformation (compaction or
expansion) under the new load is conditioned by the comprégsibithe aquifersystem skeleton.

Aqui fer consolidation is commonly <calcul ated
1943). When the effective stress does not exceed the maximum effective stress that the system has
experienced in the pastd, preconsolidation stress), the fluctuations in the water level create small
elastic deformation of the aquifsystem and small land surface displacement. On the contrary, if the
effective stress exceeds the -pomsolidation stress, the pore struetaf susceptible firgrained
aquitards in the system may undergo significant rearrangement and the deformation is mainly inelastic
(Galloway et al., 1999). Vertical ground motion can therefore be the effect of the elastic and/or
inelastic compaction whictdepends on the hydraulic head changes and the thickness of the
unconsolidated deposits (Riley 1969; Helm 1975, 1976). Consequently, both the aquifers and
aquitards that constitute the aquifgtstem undergo deformation, but according to different

behavious.

2.2. Aquitard drainage and aquifer-system compaction

According to equation2(1), when groundvater levels are lowered, the pdheid pressure is
transferred to the skeleton of the aquifer system, which compresses to a degree. Conversely, when
groundwate levels are raised (such as when ground water recharges the-agsiéen) and the
porefluid pressure is increased, support previously provided by the skeleton is transferred to the fluid
and the skeleton expands. Therefore, the skeleton alternatelgaad compression and expansion as

the porefluid pressure oscillates in response to the agsifstem discharge and recharge (Figure 3).

If the load on the skeleton not exceeds the previous maximum load (preconsolidation stress), the
fluctuations causesmall elastic deformation of the aquifer system and small displacement results at
the land surface. In this case the deformations are fully recoverable, commonly resulting in seasonal,
reversible displacements in land surface as effect of the seasongesha groundwater level
(Gallowayet al.1999).
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When water levels drop, due mainly

to seasonal iIncreases in ground-water When ground water is recharged
pumping, some support for the over- and water levels rise, some sup-
lying raterial shifts from the pressur- port for the overlying material
ized fluid filling the pores to the gran- shifts from the granular skeleton
ular skeleton of the aguifer system. to the pressurized pore fluid.
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Figure 3.  Schematic representation of the reversible deformatioaniaquifersystem (from

Gallowayet al, 1999).

If the load on the aquitard skeleton exceedspifeious maximum loafpreconsolidabn stress),
the aquitard skeleton may undergo evident permanent deformation, resulting in irreversible
compaction (Figure 4). Consequently, this results in a permanent reduction of pore volume and a

small permanent reduction in the storage capacity aiquéer system (Gallowagt al.,1999).
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PROLONGED CHANGES IN GROUND-WATER LEVELS INDUCE SUBSIDENCE

Prior to the extensive development of

ground-water resources, water levels are During development of ground- After ground-water pumping slows
relatively stable—though subject to sea- water resources, water levels decline or decreases, water levels stabilize but
sonal and longer-term climatic variability. and land subsidence begins. land subsidence may continue.
Land surface
Subsidence § Subs :Iencel

— or
o
P
P
0. a,
Confined
aquifer = . .
systemn he weight of the overlying Under the principle of effective
' rock and water is balanced by x rs reduces fluid stress, the compaction of a thick
the pore-fluid pressure and the pressures As the total stress sequence of interbedded aquifers
intergranular or effective stress. (O] t a
out the sequence can de-
cay toward equilibrium with re-
L duced pressures in the pumped

S ewrit] aquifers. Most of the land subsi-
Lhev dence occurs as 2 result of the
permanent compaction of the
aquitards, which may be delayed
due to their slow drainage.

Figure 4. Schematic representation of the irreversible deformatiomniaquifersystem (from
Gallowayet al.,1999).

Tolman and Poland (1940) first realized the conceptual agudtaidage model by investigat

the aquifersystem in Santa Clara Valley, California. In particular, they suggested that the observed
subsidence was not only caused by the compaction of the permeable sands in response to the
declining of the hydraulic head, but primarily due to the-recoverable slovdrainage of the clay

layers in the confining units. Successively, Helm (1975,1976) used the insights of previous authors
(Terzaghi, 1925; Tolman and Poland, 1940; Riley, 1969) introduced -dime®sional code to
compute the time&lelayedaquitard drainage. The theory of hydrodynamic consolidation (Terzaghi,
1925), and the aquitardirainage model, explains the delay involved in draining aquitards when
hydraulic heads are lowered in adjacent aquifers and the residual compaction that timaye con

long after aquifer heads are initially lowered.
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2.3. Stressstrain analysis

Land subsidence studies commonly exploit the subsidence and groundwater level measurements to
analyses the relationship strestgain in confined and seroonfined guifersystem (Lofgren, 1969;

Riley, 1969; Poland et al., 1976; Helm, 1976; Holzer, 1981; Burbey, 2001; Burbey, 2003;ezhang

al., 2007a, 2007b; Tomast al, 2010a;Ezquerroet al, 2014; Cheret al.,2016. By plotting applied

stress (hydraulic head) dine yaxis and either vertical strain or displacement (compaction) ornthe x
axis, the mechanicdbehaviours of the hydrostratigraphic ungan be investigated in detail. A
change in water level (head) represents a change in applied stress, whicraieiioithe change in
effective stress on a confined aquifer system with a constant total stress.

The previous works highlight that the same aqtsistem can determine different deformation
responses, according to the stratigraphic characteristic ana@antlount of groundwater pumped.
Indeed, firstly the deformation characteristics of hydrostratigraphic units depend on the types and
properties of soil within the units and secondly depend on the histories of grounigwetehange

that the units have eggenced. The complexity of the deformation responses to the applied stress is
due to the different composition of the hydrostratigraphic units and the different changing patterns of
groundwater levels that the units have experienced.

Zhanget al. (2007a,b) described the features of the aquifgstem compaction in Shanghai. The
authors compared the compaction measurements of individual strata detected by extensometers with
pore water pressure changes measurements detected by observation wells.

The aquiér-system in Shanghai exhibits deformations:

Elastic;
elasteplastic;

plastic;

> > > >

visco-elastaplastic.

As shown in Figure 5 the second confined aquifer is characterized by an elastic deformation during
the period 1968.989; the cumulative compaction clgs&llows the change in groundwater level. In
the period 1982002, the groundwater level fell slowly but the fall was higher than the previous

lowest value that the aquifer unit had ever experienced and the aquifer compaction-daststo
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Figure 5. (@) Compaction variation and groundwater level change in the second confined aquifer in
Shanghai (Chinajb) Stressstrain curve. The eformation ofthe aquifer is primarily elastic in the
period 19651989 and elastplastic in the period 1982002 from Zhanget al.,2007a).
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Soft clay layers one and two in the same aquifer shows a different deformation response (Figure 6).
In this case, thé&ydrostratigraphic units exhibited a viselasteplastic deformation. In facgven

when the groundwatdevel raised in yearly cycles, the strata compacted continuously. Dissipation
of pore water pressure is slow and lags in these units due to their low permeability and their

deformation is primarily plastic.
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Figure 6. @) Compacton variation of soft clay layers one and two and groundwater level change in
confined aquifer one in Shanghai (Chind) Stressstrain curve from January 1981 to December
2002. The dformation ofsoft clays is visceelastoplastic (from Zhangt al.,2007b).
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Another feature of the aquifglystem compaction was observed in sodt clay three. When the
groundwater level rose, the stratum apparently rebounded, conversely when the groundwater level
fell, the stratum compacted. Furthermore, the variatiothefdeformation is synchronized with
groundwater level changes. However, there was an irrecoverable deformation in each yearly stress

cycle, and for this reason the deformation was defined as -glastic.
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Figure 7. (a) Compaction variation of softlay three and groundwater level change in confined
aquifer two in Shanghai (Chinalb) Stressstrain curve of soft clay three from January 1981 to

December 2002. Thestbrmationof soft clays is primarily elastplastic (from Zhang et al., 2007b).

In sunmary, the spatial variation in hydrostratigraphic units and the sigaiporal variation in
groundwater level change influence the complexity of agsifjetem deformation. Therefore, the
stressanalysisrepresents a crucial step for constructing readenalathematic models @fquifer

system deformation.
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Chapter Ill. SAR techniques

Earth Observations (EO) from space combined with complementary terrestrial observations and with
physical models, have been used to monitor various geohazards and are enabintgrstanding of

how the Earth dynamisystem acts (Trallet al., 2005). A relevant aspect of spaugsed earth
observations is that we can investigate the occurrence of different hazards, addressing the operational
requirements of decision supporsgms used by policy makers and emergency managers.

Active remote sensing techniques are a class of Earth Observation tools which have the potential to
provide accurate information about land surface by imaging Synthetic Aperture Radar (SAR) from
airborne or spaceborne platforms. It is an active system providing its own energy source for
illumination using microwave imaging system sensors and consist of an antenna with a day and night

operational capability.
3.1. Synthetic Aperture Radar (SAR)

The antennatransi t s el ectromagnetic (EM) waves from al
are backscattered. Electromagnetic waves with wavelengths between 1 cm and 1 m, have the
advantage to penetrate clouds and are independent of atmospheric conditions.

The man advantages of the use of active sensorfame et al.,2004)

A the possibility to acquire the data at any time and since the waves are actively propagated,

A the control of the signal characteristics (e.g. wavelength, polarization, incidence angle, etc

Radar signals are characterized by two fundamental proparigétudeandphase

Amplitude is related to the energy of the backscattered signal. Therefore, the signal of target
characterized by high reflective quality such as metal and hard olfjetizral or artificial)
determines higher amplitude signal.

Phase is related to the distance between sensor and target. It is a crucial property of the radar signal

used in estimating displacement in interferometric applications.

As shown in Figure 8, Riar (Ratio Detection And Ranging) transmitted the microwaves (radio
signal) directed into a beam towards an area on the earth surface svedlbdwith a certain
inclination respect to thieadir direction The signal enlightens twice the distance betweeget and
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antenna, and, knowing the speed of light, the distaraegd between sensor and target can be
measured. The platform moves along the orbit in flight direction The direction along the
trajectory is called alongack orazimuth rangewhile the perpendicular direction is called across
track orground rangeThe angle between the radar beam and the local vertical is defimeilasce
angle Furthermore, it is important to distinguish tleeal incidence anglewhich depends on the

terrainslope. The measurements are acquired along that Line of Sigh (LOS) of the satellite.

saht path
 Fight Py
< a—lumination angle

Alttude

Figure 8. SAR acquisition geometry (from Kerle et al., 2004).

Furthermore, SAR sensors can acquire data in different acquisition modes that correspond to

different bem footprint extensions (Figure 9):

A StripMap (SM) antenna maps large areas with low resolution, moving along a strip of
terrain parallel to the path motion. The flexibility of the system is given by changing the
incidence angle.

A ScanSAR antenna beam care electronically steerable in elevation. Radar images can be
mapped by scanning the incidence angle and then synthesizing images for the different beam
positions. The principle of the ScanSAR is to share the radar operation time between two or
more sepata subswaths in such a way as to obtain full image coverage of each with a
mediumresolution data.

A Spotlight: antenna beam continuously enlightens predetermined targets (spot) or terrain
patch being imaged with multiple viewing angles during a single géssspotlight allows
to collect highresolution data from one or more localized areas.

A Interferometric Wide Swath Mode (IW): the system implements a new type of ScanSAR

mode called Terrain Observation with Progressive Scan (TOPS) SAR aimed at redecing th
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drawbacks of the ScanSAR mode. The basic principle of TOPSAR is the shrinking of the
azimuth antenna pattern (along track direction) as seen by a spot target on the ground. This
is obtained by steering the antenna in the opposite direction as for Bjpatligport.
TOPSAR mode aims to achieve the same coverage and resolution as ScanSAR, but with a
nearly uniform Signato-Noise Ratio (SNR) and Distributed Target Ambiguity Ratio
(DTAR).

A Extra Wide Swath Mode (EW): the acquisition mode uses the TOPSARdgeln cover a
very wide area of 400 km at medium resolution of 20 m by 40 m on the ground.

A Wave Mode (WV), a stripmap image is acquired with an alternating elevation beam at a
fixed on/off duty cycle, detecting vignettes 20 by 20 km in size at regukmwais of 100
km. Swaths alternate incidence angles between 23° and 36.5° as shown in Figure 9.

In this thesis, the SAR images were mainly acquired uSingpMap (SM), whereas the SAR
images acquired by the Senthiekensor in Ravenna were acquired gdimerferometric Wide

swath (IW)mode.

S

SENTINEL 1

Flight Direction

SENTINEL 1

Sub-Satellite Track

Orbit Height
~700 km

Mode
Wave Mode

Interferometric Wide Swath

Mode

Figure 9. SENTINEL-1 acquisition Modegfrom ESA).
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3.2. Radar missions and SAR Sensors

Al Satellites are able to achieved a compl et
satellite motion travelling from South pole to North pole (ascending gaasd from North pole to

South pole (descending passes). As consequence, ascending and descending images can be collecte
over the same area (Figure 10).

Ascending

Descending

Figure 10.Ascending and descending geometry of acquisition (from TRE)

Since the 1990s various radaission started collecting data acquired by using different sensors.
Commonly used sensors in radar interferometry techniques are listed in Table 2. All the sensors

provided data used in the thesis, are& and L-Band.

Table 2.Frequency and Wavelemgbf Radar Remote Sensing Bands used in the thesis.

Band Frequency Wavelength Key Characteristics

X-Band 1258 GHz 2.43.75cm Widely used for military reconnaissance, mapping

surveillance (TerraSAK, TanDEM-X, COSMOSkyMed)

Penetration capability of vegetation or solids is limited
C-Band 8-4 GHz 3.757.5cm restricted to the top layers. Useful for sea surveillance

(RADARSAT, ERS1/2, Envisat, Sentindl).

Penetrates vegetation to support observation applics
L-Band 2-1 GHz 1530 cm o

ove vegetated surfaces and for monitoring ice sheet

glacier dynamics (ALOS PALSAR)

(http://www.intelligenceairbusds.com/files/pmedia/egiit/r15796 9 eij radarimagery finalarticle yodf
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Many satellite constellations were launched by the various Spatial Agency. Figure 11 shows the

satellite platforms available for the historical analysis of the surface displacements.

1992 1995 1997 1998 2001 2003 2306 2007 2010 2011 2014
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Figure 11.SAR sensorand radar missions (Pedwbal, 2015)

High Resolution

Very High Resolution

Following, the detailed information about each satellite platform are presented (Table 3), including
the information about the lifetime, the wavelength, the revisit time, the ground resolution and the

incidence angl.
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Table 3.Summary of the satellite platforms detalils.

Wind Scatteremeter iy
Antennae

X {
P

SAR Antenna

ATSR-Microwave Sounder

N ATSR-Infra-red

Radiometer

ERS 1/2 European Remote Sensing (ERS) satellites,-ERBdi 2, are the first twg
satellites of the European Space Agency (ESA) that were launched into the
orbit in 1991 and 1995 respeely, for Earth observation missions. The ERS
mission finished on 10 March 2000 and ER®as retired on 05 September 2011
Wavelength: 5.6 cm (Gband)

Revisit time: 35 days

Ground resolution: 25 m

Incidence angle:23°

RADARSAT-1/2: RADARSAT are theEarth observation satellites that belong
the Canadian Space Agency (CSA). The Raddrsamd -2 were launched o
November #, 1995 and December %42007, respectively. They are instrumen
with C-band Synthetic Aperture Radar (SAR).

Wavelength: 5.6 cm (Gband)

Revisit time: 24 days

Ground resolution: 10-100 m

Incidence angle:10°-60°

ENVISAT: Envisat was ESA's successor to ERS. Envisat was launched in 20
ended on 8th April 2012.

Wavelength: 5.6 cm (Cband)

Reuvisit time: 35 days

Ground resdution: 15100 m

Incidence angle:23°

ALOS PALSAR:The Advanced Land Observing Satellite (ALOS) is a satellit
the Japan Aerospace Exploration Agency (JAXA) used for cartography, re
observation, disaster monitoring, and resource surveyinglanashed on Januar
24" 2006 and ended on May"12011.
Wavelength: 24.1 cm (L-band)
Revisit time: 46 days

Ground resolution: 7-100 m
Incidence angle:8°-60°

TerraSARX: TerraSARX was launched on June 15th, 2007 and has be¢
operational serviceirke January 2008. Following the launch of a second S
satellite, TanDEMX in early 2010, the two satellites act as a pair.
Wavelength: 3.1 cm (Xband)

Reuvisit time: 11 days

Ground resolution: 1-16 m

Incidence angle:20°-55°

CosmaSkyMed: the satdite was launched in 2007 and it is a Spkeeth
Observation that consists of 4 satellites, each one equipped with a microwav
resolution synthetic aperture radar (SAR).

Wavelength: 3.1 cm (Xband)

Reuvisit time: 1-8 days

Ground resolution: 1-100 m

Incidence angle20°-60°

Sentinetl: the twin Sentinell satellites was launched in 2013 and they repre
the first operational syster o r Europeds Copernicu
deformati on of the Earthds surface,
Wavelength: 5.6 cm (Cband)
Reuisit time: 6 days

Ground resolution: 5-100 m
Incidence angle:18°-47°
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3.3. SAR limitations

In this Section, the main SAR limitations are descridadparticular,radiometric and geometric

distortions are mentioned.
3.3.1 Geometric distortions

In the radarmages the variations in scale can cause geometric distortions as function of the incident
angle with respect to the surface morphology. There are three effects that can be observed in the radar

images (Figure 12):

A Foreshortening; theradar measures dis@in slant range and the slope area is compressed in
the image. The effect of shortening is function of the angle that the slope forms with the
incidence angle. The maximum distortion is reached if the radar beam is perpendicular to the
slope.

A Layover; the radar beam reaches the top of the slope earlier than the bottom. The layover is an
extreme case of foreshortening.

A Shadowing; the radar beam is not able to illuminate the ground surface. It is typical of the far
range areas and since the radar beam doedluminate the surface, shadowed regions will

appear dark on an image as no energy can be backscattered.

slant range

-

terrain 5 5 ¥ ! i : f

Y i X RS G o 5|
ground range 1 2 3 “ 5
Foreshortening Layover Shadow

Figure 12. Geometric distortion in radar imagery (from Kerle et al., 2004).
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