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Abstract 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
ȰIl  divertimento della ricerca scientifica è 
anche trovare sempre altre frontiere da 
superare, costruire mezzi più potenti 
ÄȭÉÎÄÁÇÉÎÅȟ ÔÅÏÒÉÅ ÐÉĬ ÃÏÍÐÌÅÓÓÅȟ ÃÅÒÃÁÒÅ 
sempre di progredire pur sapendo che 
probabilmente ci si avvicinerà sempre di 
più a comprendere la realtà, senza arrivare 
ÍÁÉ Á ÃÁÐÉÒÌÁ ÃÏÍÐÌÅÔÁÍÅÎÔÅȢȱ 
 

Margherita Hack 



 

3 

 

Abstract 

Abstract 

Ground motion represents the main reaction to superficial and deep deformations induced by multiple 

natural and anthropic phenomena (i.e. vadose zone processes as swelling/shrinkage of clay soils, soil 

consolidation, aquifer compaction, solid and fluid extraction and load-induced compaction) which 

take place at different spatio-temporal 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 use of satellite Synthetic-Aperture Radar 

(SAR) data, a new remote sensing tool, to examine the mechanisms of ground motion around the 

world. In particular, Advanced Differential Synthetic-Aperture Radar (A-DInSAR) techniques which 

are based on the processing of multiple interferograms derived from a large set (at least 20 images) of 

SAR images. These techniques allow to obtain the displacement time series of measuring points over 

wide areas at millimiters resolution. The techniques have already been successfully applied to monitor 

the evolution of different processes.  

In the last two decades, A-DInSAR techniques have experienced a major development, which is 

mainly related to (i) the progress of the SAR data acquired by the COSMO-SkyMed satellites and the 

recent ESA Sentinel missions, that act at higher spatio-temporal resolution, and to (ii) the 

development of advanced processing algorithms. The improvements in the A-DInSAR technique need 

of an appropriate methodology to analyse extremely large datasets which consist of huge amounts of 

measuring points with high temporal resolution. 

This work contributes to address to these problems by exploiting the great potential contained in the 

A-DInSAR time series. 

The project aims are: 

1. Development of a methodology to analyse multi-sensor and multi-temporal A-DInSAR 

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

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

3. Integration of A-DInSAR data with numerical models. 

The study has been carried out in areas representative of moderate rates of displacement (the valley 

bottom of the Oglio river, in Italy), of swelling-shrinkage of clayey soils (Oltrepo Pavese, in Italy), of 

coastal subsidence (Ravenna, in Italy), of slope instabilities (Piemonte Region, in Italy), of high rate 

of pumping-induced subsidence (Alto Guadalentín Basin, in Spain) and of ground motion due to 

groundwater level change (London Basin, in United Kingdom). 
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In the first step of the study, a novel methodology was developed to analyse multi-sensors and multi-

temporal A-DInSAR data for the geological interpretation of areas affected by ground motion. The 

procedure was implemented using open source software and it consists of three main phases. In the 

first phase, the vertical and E-W components of motion are disentangled, and the displacements time 

series (TS) accuracy assessment is performed. In the second phase, different statistic tests are applied 

in order to find the spatio-temporal pattern of the principal components of movement, and the 

kinematic model of the targets. The result of this step is the identification of areas with significant 

movement, so-called ñground motion areasò. Ground motion areas correspond to a cluster of a 

minimum 3 of targets, with a maximum distance of 50 meters, characterized by the same trends 

(linear, non-linear, seasonal). Finally, the third step consists of a data fusion of the A-DInSAR data 

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

In the second step of the study, a multi-disciplinary approach has been chosen to identify the driving 

mechanisms. More precisely, the procedure implemented by Tomas et al. (2010b) was applied, by 

including cross-comparisons between A-DInSAR time series and different factors such as geological 

factors (i.e. geological age and lithologies, soft soil thickness); hydrogeological factors (i.e. 

piezometric levels of different aquifer layers) and geotechnical factors (i.e. engineering geological 

unit map). 

Finally, in the third step of the study, A-DInSAR data were integrated with 1D numerical model. The 

ground motion changes due to groundwater level variations were simulated using the approach 

introduced by Tomás et al. (2010a). Therefore, the A-DInSAR data was included in the phase of 

calibration and validation of the numerical model. 

In the investigation site of the Oltrepo Pavese, the developed methodology allowed the 

disentanglement of natural and man-induced processes through the analyses of ERS-1/2 and 

RADARSAT data. The results were useful to gain insight into three deformational behaviours: linear, 

non-linear (accelerations and decelerations of the movements), and seasonal components of motion. 

The cross-comparisons with the geological, geotechnical and hydrogeological data gave insights into 

different geohazards such as swellingïshrinkage 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 bottom of the Oglio river, a Pre-Alpine valley located upstream the Iseo Lake, the 

application of the methodology, through ERS-1/2 and RADARDAT data, highlighted the 

geomorphologic control of the subsidence pattern. 

Multiple datasets have been employed for the Ravenna case-study such as: ERS-1/2, Envisat, 

TerraSAR-X and Sentinel-1. The application of the methodology in this site confirms the capability to 
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recognize ground motion areas. Different components of motion have been recognized in the period 

from 1992 to 2016 in the Ravenna, such as multi-year and seasonal component of motion, through the 

A-DInSAR analysis and the priority areas for further investigations were identified. 

The reproducibility of the methodology was assessed for investigations at regional scale in the 

Piemonte Region. The SAR images acquired by C-Band (ERS-1/2, ENVISAT and Sentinel-1) and X-

Band (COSMO-SkyMed) sensors were exploited to identify and interpret slope instabilities.  

The main advantages of the methodologyôs application in landslides investigations were the 

identification of different portions of the landslide characterized by various behaviours (linear and 

non-linear trend) and the detection of large unstable area that can be considered as a predisposing 

factor for the activation of phenomena. 

The analysis of the mechanisms, mainly due to groundwater level change, was performed in the Alto 

Guadalentín Basin in Spain. In this basin, the land subsidence due to the groundwater overexploitation 

reaches the higher values measured of Europa (>10 cm/yr). In this case, the combined analysis of 

geological and hydrological information with displacement maps and time-series retrieved from 

multi-sensor and multi-temporal SAR images had provided new insights about 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 

process, where the maximum settlement has yet to be reached.  

Finally, London Basin was chosen to model ground motion due to groundwater level change; by 

applying 1D model, since the large availability of geological, hydrogeological and geotechnical data. 

In this case the integration of A-DInSAR data in the modelling permitted to analyse the spatio-

temporal variability of the ground motion response to groundwater levels variations across the 

London Basin.  

Overall, the study demonstrates how a better knowledge of ground deformations and the occurrence, 

measurement, mechanics and prediction can be reached by combining A-DInSAR with geological, 

geotechnical and hydrogeological data. The results could be used for land use planning and civil 

protection purposes, providing fundamental information to adopt mitigation measures 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 2015-March 2015), at the Geohazards InSAR laboratory and 

Modelling Group, Geological Survey of Spain (IGME) under the supervision of Dr. Gerardo 

Herrera and in United Kingdom (June 2015-July 2015 and September 2015), at the British 

Geological Survey (BGS) under the supervision 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 human-induced processes. Furthermore, the questions 

unanswered and the main objectives and novel contributions are described.   

1.1.  Background  

Ground motion can be the surface evidence of shallow or deep-seated deformation induced by 

different natural and human-induced processes. This phenomenon can imply surface deformation with 

3D displacement components, negative and positive vertical movements and/or horizontal (E-W) 

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 as: aquifer-system 

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 poroelastic rebound 

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 aquifer-system in response to changes in 

aquifer head or swelling shrinkage of clayey soils. 

The impacts of ground motion can be infrastructural, economic, environmental and social (Abidin et 

al. 2015), including impacts on the natural heritage, natural surficial drainage system, agricultural 

activities, building 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 young alluvium soils and the relatively 

weak mitigation and adaptation strategies. 

Therefore, in the pre-mitigation investigation phase, the identification of ground motion areas and the 

understanding of driving factors is fundamental in order to adopt suitable land 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 
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displacements (i.e. linear or non-linear), the spatial extension of the affected areas, and the mechanism 

of ground motion. 

In many cases, the ground motion evidences are the result of superimposed processes that act at 

different spatio-temporal scale that makes it difficult to discern, and to map the different processes 

and to evaluate the associated triggering factors. The complexity of the mechanism recognition 

requires a multidisciplinary approach including the expertise of engineering geologists, 

hydrogeologists, geotechnical engineers. Up to now, 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. 

 

 

 

Figure 1. Example of various processes of subsidence (from Minderhoud et al., 2015). 

Since the early 1990s, advanced subsidence studies exploited Satellite radar interferometry technique 

to investigate ground deformation phenomena. The technique is a remote sensing tool 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 surface. The distance between sensor and targets (named 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 revisit time in the range of 35 to 6 
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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 Interferometry (A-DInSAR) 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 geological 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 remote sensing 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 thesis, the relevant contribution 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. 

 

 

 



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

Topic Author  Area Type of ground motion 

Detection 

of ground motion areas 

Meisina et al. (2008) Piemonte Region (Italy) Landslides and subsidence 

Bianchini et al. (2012) Central Calabria (Italy) Landslides 

Lu et al. (2012) Arno river Basin (Italy) Landslides 

Bateson et al. (2012) Large cities in Europe Geohazards 

Peduto et al. (2015) Campania Region (Italy) Subsidence 

Di Martire et al. (2016) Palermo province (Italy) Landslides 

Analysis 

of the mechanism of ground 

motion 

 

Galloway et al. (1999) United States Pumping-induced subsidence 

Tomás et al. (2010b) Orihuela (Spain) Pumping-induced subsidence 

Cigna et al. (2012) Morelia (Mexico) Pumping-induced subsidence 

Chaussard et al. (2013) Indonesia  
Subsidence due to groundwater and gas 

extraction 

Tosi et al. (2013) Venice (Italy) Natural and human-induced processes 

Hu et al. (2013) Beijing (China) Pumping-induced subsidence 

Higgings et al. (2014) 
GangesȤBrahmaputra Delta 

(Bangladesh) 
Natural and human-induced processes 

Liu et al. (2015) Yellow river delta (China) Pumping-induced subsidence 

Bozzano et al. (2015) Acque Albule Plain (Italy) Pumping-induced subsidence 

Modelling 

ground motion 

 

Hoffmann et al. (2003) Antelope Valley (California) Pumping-induced subsidence 

Herrera et al. (2009) Murcia (Spain) Pumping-induced subsidence 

Tomás et al. (2010a) Murcia (Spain) Pumping-induced subsidence 

Teatini et al. (2011) Po river Basin (Italy) Ground motion due to seasonal gas storage 

Calderhead et al. (2011) Toluca Valley (Mexico) Pumping-induced subsidence 

Modoni et al. (2013) Bologna (Italy) Pumping-induced subsidence 

Raspini et al. (2014) Delta municipality Region (Greece) Pumping-induced subsidence 

Fokker et al. (2016) Bergermeer gas field (Netherlands) Ground motion due to gas field management 



 

 

1.1.1.  Detection of ground motion areas  

Various geohazard-mapping methodologies were previously implemented by the use of A-DInSAR 

techniques (Meisina et al., 2008, Lu et al., 2009, Bianchini et al., 2012, Bateson et al., 2012, Peduto et 

al., 2015, Di Martire et 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 average velocities and on statistic approaches 

to automatically detect clusters with significant movements.  

For instance, Meisina et al. (2008) implemented a methodology for detecting ground deformations, 

the so-called ñanomalous areasò by the use of velocities measurements obtained by data processed by 

PSInSARÊ technique in the Piemonte Region (Italy). The approach is based on selecting clusters of 

minimum 3 Persistent Scatterers (PS) with a maximum distance of 50 meters among, characterized by 

displacement rates over 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 detect a great 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 landslides 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 ground deformation due 

to different processes, as local settlement of man-made structure (i.e. Apennine and Langhe) or the 

shallow deformations caused by seasonal processes in debris (Alps). 

Bianchini et al. (2012) introduced a methodology to detect extremely slow and very 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 

Persistent Scatterer Interferometry. LHSM methodology is based on the Line of Sight (LOS) average 

velocities clustering and limitations were recognized in the areas where the geometry of the satellite 

acquisitions implicates underestimation of the real movements. 

Lu et al. (2012) proposed a spatial statistical approach for Persistent Scatterers Interferometry (PSI) 

Hotspot and Cluster Analysis (PSI-HCA) to automatically detect extremely slow-moving landslides in 

the Arno river Basin (Italy). The PSI-HCA approach shows a high potential for detecting extremely 

slow-moving landslide taking into account the PS velocity and spatial distribution. Some PSI-HCA 

limitations were recognized in differentiating various geo-processes. 

In 2011, a 3-year Collaborative Project of the European Commission started, the so-called 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 performed 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).    

Peduto et al. (2015) implemented a methodology to detect subsidence areas using radar interferometry 

in the Campania Region (Italy). In particular, the 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 direction by 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 distribution of cells 

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 Martire et al. (2015) according to Lu et al. (2012), mapped landslides using the kernel 

density of PS data in Palermo Province (Italy). Even in this case, the approach shows the advantage to 

map landslides with slow movements and some limitations in areas where the geometry of the satellite 

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 of the processes. Most common man-induced 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 also 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 the International Hydrological Decade 

(IHD), 1965ï1974 and an ad hoc working group on land subsidence was assembled, and codified as 

the Working Group on Land Subsidence (WGLS). Galloway et al. (1999) described the role of 

underground water in human-induced land subsidence 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 

dewatering of organic soils. Furthermore, it deals with the influence of the ground-water-level 

declines caused by pumping, or by infiltration from reservoir impoundments on the catastrophic 

formation of sinkholes in susceptible earth materials. The use of radar interferometry data in the 

Antelope Valley, Mojave Desert, California allowed to detect residual (time-delayed) aquifer-system 
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compaction due to the presence of thick aquitards. Following, several works were performed by 

means of satellite data to investigate ground motion due to hydrological processes. Among previous 

studies, Tomás et al. (2010b) addressed about the analysis of subsidence conditioning and triggering 

factors by means of PSI data in Orihuela (Spain). It distinguished various conditioning and triggering 

factors such as: 

Á Geological factors (i.e. geological age and lithologies, soft soil thickness); 

Á Hydrogeological factors (i.e. piezometric levels of different aquifer layers);  

Á Geotechnical factors (i.e. soil deformability).  

These factors can be divided 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 subsidence-induced ground settlement (ŭ) triggered by groundwater abstraction is 

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 stress state due to 

groundwater drawdown (ȹh), which is responsible for the effective stress increase, causing the 

consolidation of deformable soils; and (c) the deformability of the soil (D), which mainly depends on 

the nature of the different layers that constitute the aquifer system and its geological history. 

This relationship can be written as: 

ŭ = H Ĭ ȹh Ĭ D                              (1.1)                                                       (Tomás et al. 2010)      

The mechanisms of ground motion were detected by a spatial comparison of the deformation 

distribution with the factors. The relationship between accumulated deformation and soft soil 

thickness, were performed by plotting the mean and the standard deviation of the subsidence versus 

the different compressible 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 hydrogeological factors, the authors plotted 

the time series of A-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 mechanisms governing this phenomenon by combining radar-derived deformation 

data and pre-existing geo-information. 
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Cigna et al. (2012) investigated the ground deformations in Morelia, (Mexico) by the use of A-

DInSAR data. The authors observed that the variance of the subsidence 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 

mechanisms 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 determination, R2 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 geological cross-sections to assess the geological contribute of motion.  

Chaussard et al. (2013) studied the land subsidence in Indonesia, using A-DInSAR 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 natural land subsidence and movements induced by anthropogenic 

activities at Venice (Italy) using the long- and short-term displacements processed by means of PSI 

technique and acquired by d by C- and X-band sensors, respectively. X-band satellites revealed a high 

effectiveness to monitor short-time movements as those induced by human activities, conversely, C-

band sensors was used to quantify the long-term movements, i.e. the subsidence component primarily 

ascribed to natural processes. By interpolating the two datasets and by removing the C-band from the 

X-band map, the natural and anthropogenic components of the subsidence were distinguished. The 

proposed approach requires the use of A-DInSAR data acquired by C and X sensors, over the same 

period.  

Another exemplificative study was performed by Hu et 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, obtained by means of A-DInSAR 

technique, with the groundwater depression cone. 

In the last years, a group of researchers assessed the state of the worldôs major river deltas in order to 

investigate their subsidence. Taking into account that many of the worldôs deltas are hydrocarbon 

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 delayed reactions 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 

Ganges-Brahmaputra delta (Bangladesh) by a visual inspection of the average velocity obtained by 

means of A-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 of A-DInSAR data, retrieving a correlation with the groundwater level change and with the 

seasonal rainfall rates. 

Bozzano et 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 results with A-DInSAR 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 of subsidence, 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 how the A-DInSAR analysis has 

provided new insights 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 modelling of ground motion caused by groundwater level change, by the 

use of A-DInSAR data.  

Hoffmann et al. (2003) exploited InSAR-derived subsidence observations to implement the inverse 

model of the compaction time constant and inelastic skeletal storage coefficient of compacting 

interbeds in a coupled regional groundwater flow and aquifer-system 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 implemented using the MODFLOW code and for validating the results.   

Herrera et al. (2009) demonstrates the potential of A-DInSAR techniques to validate subsidence 

prediction models by comparing the temporal evolution of the displacements observed in Murcia 

(Spain) with the values computed using the GEHOMADRID finite element code. 

Following, Tomás et al. (2010a) presented the usefulness of the A-DInSAR not only to validate but 

also to calibrate the numerical models of ground subsidence due to aquifer overexploitation for the 

same city (Murcia). In this cases, the authors proposed a one-dimensional model to simulate the 

subsidence due to piezometric level changes. This model assumes that deformations are directly 

caused by vertical effective stress changes derived from piezometric level changes and that aquitard 

pore pressure equilibrates instantaneously with the piezometric level changes of the gravels layer. 
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Teatini et al. (2011) describes the improved results obtained by the use of A-DInSAR data to calibrate 

a 3D fluidȤdynamic 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 east-west components of ground motion in the Lombardia 

gas field (Po river basin, Italy) were extracted exploiting A-DInSAR data acquired in ascending and 

descending modes and then, were included into the geomechanical model. 

Calderhead et al. (2011) extends the approach introduced by Hoffmann et al. (2003) by using A-

DInSAR subsidence data and further constrains the groundwater flow-compaction model with a 3D 

geologic model in the Toluca Valley (Mexico). 

Modoni et al. (2013) performed the 1D modelling of the seepage induced by pumping and of the soil 

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 and satellite-based 

measurements.  The comparisons between observed and simulated 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. 

Raspini et al. (2014) compared the results achieved with a 2D finite element model simulating the 

pumping-induced subsidence in the Kalochori area (Greece), with the A-DInSAR observed 

displacements. 

With reference to the calibration of parameters to be used for subsidence model, Fokker et al. (2016) 

described the application of A-DInSAR data to estimate subsurface model parameters of the 

Bergermeer gas field (Netherlands). 

In this framework, the integration of A-DInSAR technique 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 the ground 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 past A-DInSAR data allowed to obtain noisy time 

series difficult to interpret. 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 in the ground 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/geophysical and 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 observations carried out from the different mechanisms of ground motion in the 

worldwide. Additionally, the combination of A-DInSAR data with hydrogeological and geotechnical 

data have to be strengthened for characterizing the hydrogeological and geotechnical properties of 

soils over wide areas.  

Finally, with reference to the third topic, the key role of A-DInSAR technique has to be reinforced, 

proving exemplificative applications in areas of interest. 

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

1. How can we identify a potential area to suffer ground motion processes by the use of A-DInSAR 

data acquired by different sensors and processed using different algorithms? 

2. How can we distinguish the different components of motion? 

3. Can we use the temporal pattern of the deformation to map various natural and human-induced 

processes characterized by different rate of motion? 

4. Can temporal and spatial evolution of ground motion processes be obtained reliably for small and 

large areas and over different contexts including slope and flat areas? 

5. Can we use A-DInSAR data to characterize the hydrogeological and geotechnical properties of the 

soils? 

6. How can we integrate the A-DInSAR technique in the modelling of ground deformation?  
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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 man-induced cause of ground motion is the groundwater level change and this is the 

process that was mainly analysed and simulated by a 1D model in this thesis. Therefore, in Chapter II 

the theory of the aquifer-system compaction was described in detail.  

Next, Chapter III is dedicated to 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 approach is 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 about the available A-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 first paper is published in the Special Issue ñEarth Observations 

for Geohazardsò of the Remote Sensing journal and the work deals with the development of a 

methodology for detection and interpretation of Ground Motion Areas with the A-DInSAR time series 

analysis. The methodology was implemented in the Oltrepo Pavese (Italy). The second work is 

published in the Proceedings of the International Association of Hydrological Sciences and it deals 

with the preliminary methodology development applied in the Oltrepo Pavese and along the valley 

bottom of the Oglio river (Italy). The third work has been submitted to the Proceedings of the 4th 

World Landslide Forum and it concerns the application of the methodology at regional scale in the 

Piemonte Region (Italy) to investigate slope instabilities. Afterwards, the analyses carry out on the 

mechanism of ground motion in the Alto Guadalentín 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. Finally, the London Basin was chosen to model ground motion 
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due to groundwater level change; by applying 1D 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 results presented in the 

2nd International Workshop on Coastal Subsidence (May 30th ï June 1st, 2016; ISMAR-CNR; 

Venice, Italy). Furthermore, in this section has been described the main activities performed during 

the Erasmus traineeship (12/01/15-13/03/15) at the Geological 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 a methodology to analyse multi-sensor and multi-temporal A-DInSAR 

dataset for the geological interpretation of areas affected by ground motion, in order to: 

ü to overcoming limitations such as the analysis of large datasets  

ü to exploit the great potential contained in the A-DInSAR time series; 

ü to improve the detection of ground motion areas; 

ü to support the interpretation of driving-force mechanisms. 

2. Analysis of the mechanisms of ground motion mainly due to groundwater level change  

ü to provide detailed information about specific areas;  

ü to provide insight for further research in others case histories. 

3. Integration of A-DInSAR data with numerical models  

ü to improve predictions of ground motion; 

ü to calibrate and validate numerical models of ground motion; 

ü to characterize the geotechnical and hydrogeological properties of deposits. 

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

such as:  

Á Geohazards InSAR Laboratory and Modelling group, Geoscience Research Dept., Geological 

Survey of Spain (IGME) [Dr. G. Herrera] 

Á British Geological Survey (BGS), Environmental Science Centre, Keyworth, Nottingham 

(United Kingdom) [Dr. F. Cigna] 

Á Dipartimento di GeosciezeïUniversità degli Studi di Padova [Dr. M. Floris] 



 

25 

 

Chapter I. Introduction 

Á Dipartimento di Scienze della Terra, dell'Ambiente e delle Risorse dellôUniversit¨ di Napoli 

[Prof. D. Calcaterra]  

Á Dipartimento di Ingegneria Civile, Edile e Ambientale (DICEA) dellôUniversit¨ di Napoli 

[Prof. M. Ramondini] 

Á Istituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione di Napoli  [Dr. Sven 

Borgstrom]. 

Attendee to Scientific Projects: 

Á Investigator attendee of the ñPanGeoò project. PanGeo provides free access to ground 

instability geohazard information for many of Europeôs largest cities. Design of the PanGeo 

Report: Geohazard Description for Zaragoza 2013. 

Á External Investigator attendee of the Project ñDORISò project (Ground Deformation Risk 

Scenarios: An Advanced Assessment Service) for the analysis of the land subsidence in the 

Alto Guadalentín Basin (Spain) ï IGME, 2015. 

Á Investigator attendee of the ñAQUARISKò project - Estudio de riesgos geológico-geotécnicos 

por explotación de acuíferos mediante técnicas espaciales y terrestres. Aplicaciones a 

estructuras e Aplicaciones a estructuras e infraestructuras urbanas - Geohazards InSAR 

laboratory and Modeling Group (IGME), 2014-2017. 

Á Principal Investigator of the Project ñLand subsidence monitoring and understanding from 

space: The Ravenna area (Northern Italy) case historyò - Proposal ñGEO3016ò for the TSX 

archive, 2015. 

Á Investigator attendee of the Project:ñServizio di aggiornamento del SifraP (Sistema 

Informativo Frane in Piemonte) finalizzato alla definizione della pericolosità da frana 

mediante analisi di dati d'archivio, fotointerpretazione ed analisi di dati di interferometria 

satellitareò - ARPA Piemonte, 2016. 
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Chapter II. Mechanic of ground motion due 

to groundwater level change 

In this chapter, the theory of aquifer-system compaction is explained. The mechanic of ground motion 

due to groundwater level change is examined in detail, being the process that was simulated using a 

1D model and described in Sections 5.3 and 6.5. 

2.1. Principles of the aquifer-system compaction 

The relation between changes in pore fluid pressure and compression of the aquifer-system is based 

on the principles of Effective Stress introduced by Terzaghi (1925) 

ůe= ůTīɟ                                (2.1)                                                        (Terzaghi et al. 1925)           

where ůe is the effective or intergranular stress, ůT is the total stress that represents the geostatic load 

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

 

Figure 2.   Schematic representation of the Principle of Effective Stress (from Galloway et al., 1999). 

According to this principle, if the total stress ůT remains constant, a change in pore fluid pressure ɟ 

implicates a proportional change in effective stress ůe within the aquifer-system, causing a small 
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change in volume in the aquifer-system skeleton. The aquifer-system deformation (compaction or 

expansion) under the new load is conditioned by the compressibility of the aquifer-system skeleton.  

Aquifer consolidation is commonly calculated based on Terzaghiôs consolidation theory (Terzaghi 

1943). When the effective stress does not exceed the maximum effective stress that the system has 

experienced in the past (i.e. pre-consolidation stress), the fluctuations in the water level create small 

elastic deformation of the aquifer-system and small land surface displacement. On the contrary, if the 

effective stress exceeds the pre-consolidation stress, the pore structure of susceptible fine-grained 

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 which depends 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 aquifer-system undergo deformation, but according to different 

behaviours. 

 

2.2. Aquitard drainage and aquifer-system compaction 

According to equation (2.1), when ground-water levels are lowered, the pore-fluid pressure is 

transferred to the skeleton of the aquifer system, which compresses to a degree. Conversely, when 

ground-water levels are raised (such as when ground water recharges the aquifer-system) and the 

pore-fluid pressure is increased, support previously provided by the skeleton is transferred to the fluid 

and the skeleton expands. Therefore, the skeleton alternately undergoes compression and expansion as 

the pore-fluid pressure oscillates in response to the aquifer-system discharge and recharge (Figure 3). 

If the load on the skeleton not exceeds the previous maximum load (preconsolidation stress), the 

fluctuations causes small 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 seasonal changes in groundwater level 

(Galloway et al. 1999). 
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Figure 3.   Schematic representation of the reversible deformation in an aquifer-system (from 

Galloway et al., 1999). 

If the load on the aquitard skeleton exceeds the previous maximum load (preconsolidation 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 of the aquifer system (Galloway et al., 1999). 
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Figure 4.   Schematic representation of the irreversible deformation in an aquifer-system (from 

Galloway et al., 1999). 

Tolman and Poland (1940) first realized the conceptual aquitard-drainage model by investigating 

the aquifer-system 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 non-recoverable slow-drainage 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 a one-dimensional code to 

compute the time-delayed aquitard drainage. The theory of hydrodynamic consolidation (Terzaghi, 

1925), and the aquitard-drainage model, explains the delay involved in draining aquitards when 

hydraulic heads are lowered in adjacent aquifers and the residual compaction that may continue 

long after aquifer heads are initially lowered.  
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2.3. Stress-strain analysis 

Land subsidence studies commonly exploit the subsidence and groundwater level measurements to 

analyses the relationship stress-strain in confined and semi-confined aquifer-system (Lofgren, 1969; 

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

al., 2007a, 2007b; Tomas et al., 2010a; Ezquerro et al., 2014; Chen et al., 2016). By plotting applied 

stress (hydraulic head) on the y-axis and either vertical strain or displacement (compaction) on the x-

axis, the mechanical behaviours of the hydrostratigraphic units can be investigated in detail. A 

change in water level (head) represents a change in applied stress, which is equivalent to the change in 

effective stress on a confined aquifer system with a constant total stress. 

The previous works highlight that the same aquifer-system can determine different deformation 

responses, according to the stratigraphic characteristic and the amount 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 groundwater-level change 

that the units have experienced. 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.  

Zhang et al. (2007a, b) described the features of the aquifer-system 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 aquifer-system in Shanghai exhibits deformations:  

Á Elastic; 

Á elasto-plastic;  

Á plastic; 

Á visco-elasto-plastic. 

As shown in Figure 5 the second confined aquifer is characterized by an elastic deformation during 

the period 1965-1989; the cumulative compaction closely follows the change in groundwater level. In 

the period 1989-2002, 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 is elasto-plastic. 
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Figure 5. (a) Compaction variation and groundwater level change in the second confined aquifer in 

Shanghai (China) (b) Stress-strain curve. The deformation of the aquifer is primarily elastic in the 

period 1965-1989 and elasto-plastic in the period 1989-2002 (from Zhang et 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, the hydrostratigraphic units exhibited a visco-elasto-plastic deformation. In fact, even 

when the groundwater level 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.  

 

 

                    

Figure 6. (a) Compaction variation of soft clay layers one and two and groundwater level change in 

confined aquifer one in Shanghai (China). (b) Stress-strain curve from January 1981 to December 

2002. The deformation of soft clays is visco-elasto-plastic (from Zhang et al., 2007b). 

 



 

34 

 

Chapter II. Mechanic of ground motion due to groundwater level change 

Another feature of the aquifer-system compaction was observed in the soft clay three. When the 

groundwater level rose, the stratum apparently rebounded, conversely when the groundwater level 

fell, the stratum compacted. Furthermore, the variation of the deformation 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 elasto-plastic. 

 

 

 

Figure 7. (a) Compaction variation of soft clay three and groundwater level change in confined 

aquifer two in Shanghai (China). (b) Stress-strain curve of soft clay three from January 1981 to 

December 2002. The deformation of soft clays is primarily elasto-plastic (from Zhang et al., 2007b). 

 

In summary, the spatial variation in hydrostratigraphic units and the spatio-temporal variation in 

groundwater level change influence the complexity of aquifer-system deformation. Therefore, the 

stress-analysis represents a crucial step for constructing reasonable mathematic models of aquifer-

system deformation. 
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Chapter III. 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 enabling our understanding of 

how the Earth dynamic-system acts (Tralli et al., 2005). A relevant aspect of space-based earth 

observations is that we can investigate the occurrence of different hazards, addressing the operational 

requirements of decision support systems 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 antenna transmits electromagnetic (EM) waves from an antenna to the Earthôs surface where they 

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 main advantages of the use of active sensors are (Kerle et al., 2004): 

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

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

Radar signals are characterized by two fundamental properties: amplitude and phase.  

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 objects (natural 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, Radar (Ratio Detection And Ranging) transmitted the microwaves (radio 

signal) directed into a beam towards an area on the earth surface called swath with a certain 

inclination respect to the nadir direction.  The signal enlightens twice the distance between target and 
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antenna, and, knowing the speed of light, the distance (range) between sensor and target can be 

measured. The platform moves along the orbit in the flight direction. The direction along the 

trajectory is called along-track or azimuth range, while the perpendicular direction is called across-

track or ground range. The angle between the radar beam and the local vertical is defined as incidence 

angle. Furthermore, it is important to distinguish the local incidence angle, which depends on the 

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

 

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

 

 

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

different beam footprint extensions (Figure 9): 

Á 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. 

Á ScanSAR: antenna beam can be 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 separate sub-swaths in such a way as to obtain full image coverage of each with a 

medium-resolution data. 

Á Spotlight: antenna beam continuously enlightens predetermined targets (spot) or terrain 

patch being imaged with multiple viewing angles during a single pass. The spotlight allows 

to collect high-resolution data from one or more localized areas. 

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

mode called Terrain Observation with Progressive Scan (TOPS) SAR aimed at reducing the 
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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 Spotlight support. 

TOPSAR mode aims to achieve the same coverage and resolution as ScanSAR, but with a 

nearly uniform Signal-to-Noise Ratio (SNR) and Distributed Target Ambiguity Ratio 

(DTAR). 

Á Extra Wide Swath Mode (EW): the acquisition mode uses the TOPSAR technique to cover a 

very wide area of 400 km at medium resolution of 20 m by 40 m on the ground. 

Á 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 regular intervals 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 using StripMap (SM), whereas the SAR 

images acquired by the Sentinel-1 sensor in Ravenna were acquired using Interferometric Wide 

swath (IW) mode.  

 

Figure 9. SENTINEL-1 acquisition Modes (from ESA). 

https://sentinel.esa.int/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-wide-swath
https://sentinel.esa.int/web/sentinel/user-guides/sentinel-1-sar/acquisition-modes/interferometric-wide-swath
https://directory.eoportal.org/web/eoportal/satellite-missions/p/paz
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3.2. Radar missions and SAR Sensors 

All Satellites are able to achieved a complete Earthôs surface coverage by combination of the orbital 

satellite motion travelling from South pole to North pole (ascending passes) and from North pole to 

South pole (descending passes). As consequence, ascending and descending images can be collected 

over the same area (Figure 10). 

 

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

Since the 1990s various radar mission 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 X-, C- and L-Band. 

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

Band Frequency Wavelength Key Characteristics 

X-Band 12.5-8 GHz 2.4-3.75 cm Widely used for military reconnaissance, mapping and 

surveillance (TerraSAR-X, TanDEM-X, COSMO-SkyMed) 

C-Band 8-4 GHz 3.75-7.5 cm 

Penetration capability of vegetation or solids is limited and 

restricted to the top layers. Useful for sea-ice surveillance 

(RADARSAT, ERS-1/2, Envisat, Sentinel-1). 

L-Band 2-1 GHz 15-30 cm 

Penetrates vegetation to support observation applications 

over vegetated surfaces and for monitoring ice sheet and 

glacier dynamics (ALOS PALSAR) 

(http://www.intelligence-airbusds.com/files/pmedia/edited/r15796_9_eij_radarimagery_finalarticle.pdf) 

http://www.intelligence-airbusds.com/files/pmedia/edited/r15796_9_eij_radarimagery_finalarticle.pdf
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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. 

 

Figure 11. SAR sensors and radar missions (Peduto et al., 2015) 

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 angle. 
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Table 3. Summary of the satellite platforms details. 

 

ERS 1/2: European Remote Sensing (ERS) satellites, ERS-1 and ï2, are the first two 

satellites of the European Space Agency (ESA) that were launched into the same 

orbit in 1991 and 1995 respectively, for Earth observation missions. The ERS-1 

mission finished on 10 March 2000 and ERS-2 was retired on 05 September 2011.  

Wavelength: 5.6 cm (C-band) 

Revisit time: 35 days 

Ground resolution: 25 m 

Incidence angle: 23° 

 

RADARSAT-1/2: RADARSAT are the Earth observation satellites that belong to 

the Canadian Space Agency (CSA). The Radarsat-1 and -2 were launched on 

November 4th, 1995 and December 14th, 2007, respectively. They are instrumented 

with C-band Synthetic Aperture Radar (SAR).  

Wavelength: 5.6 cm (C-band) 

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 2002 and 

ended on 8th April 2012. 

Wavelength: 5.6 cm (C-band) 

Revisit time: 35 days 

Ground resolution: 15-100 m 

Incidence angle: 23° 

 

ALOS PALSAR: The Advanced Land Observing Satellite (ALOS) is a satellite of 

the Japan Aerospace Exploration Agency (JAXA) used for cartography, regional 

observation, disaster monitoring, and resource surveying. was launched on January 

24th 2006 and ended on May 12th 2011.  

Wavelength: 24.1 cm (L-band) 

Revisit time: 46 days 

Ground resolution: 7-100 m 

Incidence angle: 8°-60° 

 

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.  

Wavelength: 3.1 cm (X-band) 

Revisit time: 11 days 

Ground resolution: 1-16 m 

Incidence angle: 20°-55° 

 

Cosmo-SkyMed: the satellite was launched in 2007 and it is a Space-Earth 

Observation that consists of 4 satellites, each one equipped with a microwave high-

resolution synthetic aperture radar (SAR).  

Wavelength: 3.1 cm (X-band) 

Revisit time: 1-8 days 

Ground resolution: 1-100 m 

Incidence angle: 20°-60° 

 

Sentinel-1: the twin Sentinel-1 satellites was launched in 2013 and they represent 

the first operational system for Europeôs Copernicus programme to detect small 

deformation of the Earthôs surface. 

Wavelength: 5.6 cm (C-band) 

Revisit 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 described. In particular, radiometric and geometric 

distortions are mentioned.  

3.3.1 Geometric distortions 

In the radar images 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):  

Á Foreshortening; the radar measures distance 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. 

Á Layover; the radar beam reaches the top of the slope earlier than the bottom. The layover is an 

extreme case of foreshortening.  

Á 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 does not illuminate the surface, shadowed regions will 

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

 

 

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




