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Abstract

Aerial mapping and Earth Observation has undergone a great revolution with the advent of Synthetic
Aperture Radar (SAR) instruments since the early 90’s. SAR acquires images of the Earth in the microwave
spectrum, which is able to penetrate clouds, thus making it an all-weather remote sensing system
operating day and night. Especially, SAR interferometry (InSAR) is a powerful technique based on radar
imagery targeted for surface deformation modelling, from natural hazard mapping to monitoring
subsidence and stability in structural engineering, with a precision of millimetre-level scale.

Nowadays, the use of InSAR-derived products for hydrogeological events monitoring and mapping is well
established in the scientific community and began to be recognized as a valuable tool for risk management
and reduction by administrative entities and Civil Protection authorities.

Within this Thesis work, three complementary approaches for maximizing the interpretation and
management of radar-based information in the framework of multi-hazard mapping and analysis are
proposed. Large multi-temporal interferometric datasets resulting from different processing algorithms
are implemented into post-processing and value-adding routines for extracting readily usable information
from Earth observation analytics. This Thesis work represents the main outcome of a three years-long
activity at the Department of Earth Sciences of the University of Florence and its goal is to test and
evaluate the potential and applicability of operational tools for the characterization of natural and man-
made hazards by intensively exploit large amounts of space-borne SAR products.

The core of the Thesis hinges on illustrating different unsupervised and supervised procedures based on
feature engineering, Data Mining and Machine Intelligence whose tasks can be merged in a
complementary workflow aiming at detecting areas of active motions, spatially and temporally
characterize them in detail and cross-correlate the satellite data with other available source of
information, making the obtained products and results useful for the end-user.

The first of the three approaches rely on a semi-automatic procedure to quickly identify, map and
inventory ground and infrastructures displacements by means of spatial clustering. The case of study
regarded ascending and descending deformation maps covering the whole Italian territory and processed
through the Parallel Small BAseline Subset (P-SBAS) technique. The detection of deforming areas is
followed by an evaluation against the horizontal and vertical components of motion retrieved from a Line
of Sight (LOS) vector decomposition and by a cross-correlation with accessible ancillary layers for a
preliminary classification of the triggering factors. By setting a displacement rate threshold of + 1 cm/year,
a total number of 14,638 areas resulting from both geometries are found to suffer from instability
phenomena in the period spanning from March 2015 to December 2018. The origin of active areas of
deformation are tentatively inferred and preliminary sorted in 11 classes split between natural causes and
man-made activities such as landslides, volcanic-related deformations, subsidence, and mining-related
displacements.

The second procedure focuses on effectively detect high-displacement areas and classify ground motion
sources, by exploring the feasibility of a Machine Learning-based approach. This is achieved by applying
the Random Forest (RF) technique to deformation maps covering the northern part of Italy and by training
the RF model to automatically identify landslide, subsidence, and mining-related ground motion on the



bases of an expertly designed training dataset. The presence of noisy signals and other sources of
deformation is also tackled within the model construction. A set of common predictors and explanatory
variables extracted from the A-DInSAR datasets and from freely accessible informative layers such as
Digital Elevation Model (DEM), land cover maps, and geohazard inventories are exploited for testing the
potentialities of prediction of such model. The model performances could achieve promising results given
an overall accuracy of 0.97, a true positive rate of 0.94 and an F1-Score of 0.93, thus demonstrating the
viability of the proposed procedure.

The third methodology focused on the temporal dimension of A-DINnSAR products. It is proposed an
automated and purely statical-based rationale for the InSAR Time Series clustering based on Principal
Component Analysis (PCA) dimensionality reduction. The popular unsupervised Machine Learning
approach called K-Means, the least squares Linear Regression and the Basic Fast Fourier Transform (FFT)
are also included in the pipeline of the proposed workflow. The above-mentioned is applied prior a
reprojection of the LOS displacement series along the vertical and eastward directions performed for
ascending and descending A-DInSAR datasets covering Valle d’Aosta region (North-western Italy), where
the applied data fusion rationale is robust about the spatial and temporal dimensions. Ultimately, the
retrieved cluster series are further broken down into their trend and seasonality components to enhance
the readability of the classified features.



Riassunto esteso

A partire dai primi anni '90, la mappatura e I'osservazione della Terra hanno subito una grande rivoluzione
con l'avvento degli strumenti di Synthetic Aperture Radar (SAR). Il SAR acquisisce immagini della Terra
nello spettro delle microonde, le quali sono in grado di penetrare le nuvole, rendendolo cosi un sistema
di telerilevamento attivo per tutte le stagioni, giorno e notte. In particolare, I'interferometria SAR (InSAR)
€ una potente tecnica basata su immagini radar mirata alla modellazione delle deformazioni superficiali,
dalla mappatura dei rischi naturali al monitoraggio della subsidenza e della stabilita nell'ingegneria
strutturale, con una precisione di scala millimetrica.

Oggi, I'uso di prodotti derivati dall'InSAR per il monitoraggio e la mappatura di eventi idrogeologici & ben
consolidato nella comunita scientifica ed & ormai riconosciuto come un valido strumento per la gestione
e la riduzione del rischio da parte di enti amministrativi e autorita di Protezione Civile.

In questo lavoro di tesi, vengono proposti tre approcci complementari per massimizzare l'interpretazione
e la gestione delle informazioni di origine radar nel quadro della mappatura e dell'analisi multirischio.
Grandi moli di dati interferometrici multi-temporali risultanti da diversi algoritmi di elaborazione sono qui
implementati in routine di post-elaborazione per estrarre informazioni prontamente utilizzabili e relative
all'osservazione della Terra. Questo lavoro di tesi rappresenta il risultato principale di un'attivita triennale
presso il Dipartimento di Scienze della Terra dell'Universita di Firenze e il suo obiettivo & quello di testare
e valutare il potenziale e 'applicabilita di strumenti operativi per la caratterizzazione dei rischi naturali e
antropici attraverso lo sfruttamento intensivo di grandi quantita di prodotti SAR spaziali.

Il nucleo della tesi e incentrato sull'illustrazione di diverse procedure non supervisionate e supervisionate
basate su Data Mining e Machine Intelligence, i cui compiti possono essere fusi in un flusso di lavoro
complementare volto a individuare aree di movimenti attivi, a caratterizzarle spazialmente e
temporalmente in dettaglio e a correlare i dati satellitari con altre fonti di informazione disponibili,
rendendo i prodotti e i risultati ottenuti utili per I'utente finale.

Il primo dei tre approcci si basa su una procedura semi-automatica per identificare, mappare e
inventariare rapidamente gli spostamenti del terreno e delle infrastrutture mediante clustering spaziale.
Il caso di studio ha riguardato mappe di deformazione ascendente e discendente che coprono l'intero
territorio italiano e sono state elaborate attraverso la tecnica Parallel Small BAseline Subset (P-SBAS).
L'individuazione delle aree deformanti & seguita da una valutazione rispetto alle componenti orizzontali e
verticali del movimento recuperate da una decomposizione dei vettori di spostamento direzionati lungo
la linea di vista satellitare e da una cross-correlazione con strati ancillari accessibili per una classificazione
preliminare dei fattori scatenanti. Impostando una soglia di tasso di spostamento di £ 1 cm/anno, si &
riscontrato un numero totale di 14.638 aree risultanti da entrambe le geometrie interessate da fenomeni
di instabilita nel periodo che va da marzo 2015 a dicembre 2018. L'origine delle aree attive di
deformazione & stata dedotta in via provvisoria e ordinata in 11 classi, suddivise tra cause naturali e
attivita antropiche, quali frane, deformazioni di origine vulcanica, subsidenza e spostamenti di origine
mineraria.

La seconda procedura si concentra sull'individuazione efficace di aree in deformazione e sulla
classificazione delle sorgenti del moto del suolo, esplorando la fattibilita di un approccio basato sul



Machine Learning. Questo obiettivo e stato raggiunto applicando la tecnica Random Forest (RF) a mappe
di deformazione che coprono la parte settentrionale dell'ltalia e addestrando il modello RF a identificare
automaticamente il movimento del suolo legato a frane, subsidenza e miniere sulla base di un dataset di
addestramento progettato da esperti. La presenza di segnali rumorosi e di altre fonti di deformazione
viene affrontata nella costruzione del modello. Un insieme di predittori comuni e di variabili esplicative
estratte dai dataset A-DINSAR e da strati informativi liberamente accessibili, come il modello digitale di
elevazione (DEM), le mappe di copertura del suolo e gli inventari di rischio geologico, sono sfruttati per
testare le potenzialita di previsione di questo modello. Le prestazioni del modello hanno permesso di
ottenere risultati promettenti, con un’accuracy complessiva di 0.97, un true positive rate di 0.94 e un F1-
Score di 0.93, dimostrando cosi la validita della procedura proposta.

La terza metodologia si & concentrata sulla dimensione temporale dei prodotti A-DInSAR. In particolare,
viene proposta una routine automatizzata e puramente statica per il raggruppamento delle serie
temporali INSAR basata sulla riduzione della dimensionalita tramite analisi delle Componenti Principali
(PCA). Il popolare approccio di apprendimento automatico non supervisionato chiamato K-Means, la
regressione lineare ai minimi quadrati e la trasformata veloce di Fourier (FFT) sono inclusi nella pipeline
del flusso di lavoro proposto. Il procedimento e applicato prima di una riproiezione delle serie di
spostamenti LOS lungo le direzioni verticali e orizzontali, eseguita per set di dati A-DISAR ascendenti e
discendenti che coprono la regione della Valle d'Aosta (Italia nord-occidentale), dove la logica di fusione
dei dati applicata e robusta rispetto alle dimensioni spaziali e temporali. Infine, le serie di spostamento
relative ai cluster ottenuti sono ulteriormente suddivise nelle loro componenti di trend e stagionalita per
migliorare la leggibilita degli oggetti classificati.



Glossary of frequently used acronyms

Acronym Meaning
A-DINSAR Advanced Differential Interferometric Synthetic
Aperture Radar
CPA Civil Protection Authorities
DInSAR Differential Interferometric Synthetic Aperture
Radar
DM Data Mining
EO Earth Observation
InSAR Interferometric Synthetic Aperture Radar
LOS Line of Sight
MAC Moving Area Cluster
ML Machine Learning
MP Measurement Point
PS Persistent Scatterer
P-SBAS Parallel Small Baseline Subset
PSI Persistent Scatterer Interferometry
RF Random Forest
S1 Sentinel 1
SAR Synthetic Aperture Radar
TS-INSAR Time Series Interferogz';rric Synthetic Aperture







1. Introduction
1.1. Background

Over the past few decades, the flourishing of remote sensing technologies usually involving spaceborne
sensors have enshrined the rise of a breakthrough change in the way natural and manmade environment
is observed and monitored. Earth observation (EQ) data, due to the constant development of space-based
technologies, to the increased awareness of climate change impacts and to the challenge of consistently
disseminate timely geospatial information, are now at the forefront in the gathering of information about
planet Earth’s physical, chemical, and biological systems (Sabeur et al., 2018). The ability of satellites to
deliver up-to-date and repeat-coverage imagery to the public coupled with the scientific knowledge of
turning large amounts of EO data into valuable global information layers have determined an unprecedent
contribution to a comprehensive risk mitigation planning and improved disaster response. The current
scenario is well underway: the expertise in remote sensing technologies have witnessed the feasibility of
a near-real time assessment and global sharing of the state and evolution of our environment during or
after natural disaster events.

Prior to the advent of consistent implementation of Earth observation technology, the scientific
community collected information about Earth processes predominantly through ground-based sensors,
resulting in an insufficient density of networks and a very limited coverage and resolution of data.
Recently, the massive amount of remotely sensed data has brought a shift in the approach to data
curation, being ingest processing and information sharing a great challenge considering both temporal
and spatial resolutions (Probst et al., 2017). Therefore, Big Data in EO has constituted an emerging
paradigm to describe the range of new techniques for the development and application of new image
processing techniques for an adequate and computationally efficient exploitation of remotely sensed
scenes from a Big Data point of view. Moreover, EO Big Data is concerned with quantitatively analysing
complex geoscience processes and spatial-temporal systems characterizing socioeconomic processes
(Guo et al., 2015). Therefore, EO research is expected to boom over the next decades while already
involving different branches of expertise converging in the newly defined role of the EO data scientist.

Nowadays, the operating space-borne sensors cover a broad portion of the electromagnetic spectrum
from visible light and infrared to microwave, where increasingly refined spatial and spectral resolution are
integrated with data sampling frequencies that allows the monitoring of the cyclic changes of terrestrial,
oceanic, and atmospheric system processes. In 2008, more than 150 EO satellites were in orbit, recording
data with both passive (i.e., measuring reflected solar radiation or emitted thermal energy) and active
sensors (i.e., emitting energy and recording the reflected or backscattered response) and acquiring more
than 10 terabits of data daily (Tatem et al., 2008). By April 2021, the total number of satellites had grown
to over 950, according to UCS (Union of Concerned Scientists; ucsusa.org). Most of the EO satellite
platforms operates at Low Earth orbit (LEO), namely at an altitude of less than 1000 km from the Earth’s
surface, thus guaranteeing to take images of higher resolution. Concerning LEO satellites devoted to Earth
mapping and monitoring, it is used a specific polar orbit called Sun-Synchronous Orbits (SSO) whose high
inclination (ca. 98°) makes the satellite’s revisit time longer for equatorial areas than for polar regions.
The spatial and temporal coverage is often increased by means of constellations, which consist of equal
or similar satellites that are launched together to create a net around Earth. For instance, between the



operational satellites mounting passive sensors, the Copernicus Sentinel-2 mission comprises of a
constellation of 2 twin satellites carrying an optical instrument that samples 13 spectral bands (from 10
to 60 m spatial resolution) at a revisit frequency of 5 days at the equator and provides multispectral
observations in continuity with QuickBird, SPOT and LANDSAT program. On the other hand, one of the
most common active sensors used for EO are those emitting a radar (Radio Detecting and Ranging) signal
that can penetrate cloud covers and that can operate both day and night. Those instruments, known as
Synthetic Aperture Radar (SAR) sensors, transmits electromagnetic pulses which are reflected or scattered
back by the Earth’s surface objects. The instrument is provided with an antenna that can detect and record
the return pulses within discrete wavelengths in the microwave domain (such as X, C and L bands, from
the shortest to the longest wavelength), allowing for the generation of SAR imagery.

SAR acquisition contains a twofold level of information: amplitude and phase. Amplitude is the strength
of the radar backscattered response, while phase is the fraction of a single sine wave cycle. The phase of
the SAR image primarily related to the-sensor-to-target distance. Through the comparison of the phase
of successive radar images acquired on the same target area it is possible to extract distance information
about the Earth's terrain: this approach is called Interferometric SAR (InSAR; Bamler & Hartl, 1998b). InSAR
constitutes the most used technique to retrieve highly accurate and spatially dense measurements
regarding the Earth’s surface deformation. InNSAR can be used in the context of terrain motion
measurement in case of natural hazard such as in the event of subsidence, landslide, earthquake, or it can
also be applied for infrastructure, civil construction, mining, or gas reservoirs monitoring.

Starting from the early 2000, many processing algorithms classed as Persistent Scatterer Interferometry
(PSI; (Crosetto et al., 2010, 2016; Gernhardt et al., 2010) were developed to obtain the spatial distribution
and the temporal evolution of land displacements from local to large scale. The PSI represents a branch
of interferometry whose main outcome is to provide a map of ground-based targets, typically with a
strong and constant radar backscatter signal over time, for each of which it is retrievable a time series
providing the deformation history over the observed period. The capability to sample deformation
phenomena over time depends on the characteristics of the acquisition process of operating SAR sensors,
determining the availability of SAR data. The active SAR missions nowadays operating are marked by
uneven strategies regarding the acquisition plan, the data policy and the sensor acquisition band: for
instance, the four-satellite CosmoSkyMed constellation, TerraSAR-X operates in X-band with a revisit time
of 16 and 11 days over the same area, while Sentinel-1 (C-band), Radarsat-2 (C-band) and ALOS-2 (L-band)
having a revisit time of 12, 24 and 14 days, respectively. In general, it has been widely proved that PSI-
derived products are highly sensitive, precise, and accurate, therefore they demonstrated to be a primary
tool for the extensive mapping and monitoring of deformation processes affecting Earth’s surface (Capes
& Teeuw, 2017).

Regularly updated multi-temporal interferometric data covering large area of the planet have represented
a great revolution in the EO scenario. In this framework, in this thesis it is introduced the new paradigm
“Big SAR data”. Relevant efforts towards the extensive exploitation of massive SAR archives have already
been carried by research teams and commercial companies in terms of analysis and monitoring services
at a various scale of analysis. In this context, a cutting-edge Copernicus initiative named the European
Ground Motion Service (EGMS, european-ground-motion-service) will provide, starting from September
2022, multi-temporal interferometric products over Europe with a one year-update plan, thus constituting




a baseline for ground motion applications at continental, national and local level. The latest technological
developments in space infrastructures (Upstream) coupled with performing data processing techniques
and valuable data distribution approaches (Midstream) have resulted in unprecedented quantities of
monitoring data. The need for implementing efficient value-adding tools for the optimization of data
usage (Downstream), compels us to find innovative solutions for the automated management of
enormous streams of data which can no longer be investigated manually. Therefore, the above-
mentioned circumstances must be actively intercepted by analysts to bring an evolution of EO towards
the designing of approaches benefitting from Artificial Intelligence (Al) to support entities in charge of

natural risk management and global environmental change mitigation.

1.2.Scope of the research

This Thesis work represents the culmination of a three years-long research activity at the Department of
Earth Sciences of the University of Florence, with a 6-month period of collaboration with the Remote
Sensing group of the British Geological Survey (BGS) based in Keyworth (Nottinghamshire, United
Kingdom). The research period with BGS was conducted remotely in first instance, then it consisted of a
visiting fellowship of 3 months at the Keyworth offices. The project was partially funded by “Presidenza
del Consiglio dei Ministri-Dipartimento della Protezione Civile” (Presidency of the Council of Ministers—
Department of Civil Protection), through the IREA-CNR/DPC and CPC-UNIFI agreements and also by the
IREA CNR/Italian Ministry of Economic Development DGS-UNMIG agreement and H2020 EPOS-SP (GA
871121).

The project aims at providing Civil Protection Authorities (CPA) and involved stakeholders with the
capability of periodically evaluating and assessing the potential impact of geohazards and human-induced
deformations of the Earth’s surface. This objective will be based on the performances of the spaceborne
SAR sensor Sentinel 1, both in terms of wide area coverage and high temporal repeatability.

The goal of this Thesis work is to test and evaluate the feasibility of automated procedures for the
management and for the analysis of large datasets of space-borne SAR data, processed by means of
different PSI approaches, as operational tools for the spatial and temporal characterization of geohazards
in different geological and geomorphological environments. In particular, three different and
complementary approaches are proposed for the rapid detection, classification and characterization of
the historical motion trend of areas of the territory suffering from significant surface displacements.
Landslides, subsidence, mining-related displacements and many other natural or anthropogenic
phenomena are evaluated with reference to their impact in terms of ground deformation intensity,
deformation pattern and spatial occurrence.

In this framework, the main tasks and implementations of the proposed analysis methodologies are:

e Rapid mapping from large to local scale of areas affected by active ground motions for the
construction of continuously updated geohazard inventories ideally suited for territorial planning
activities;

e Exploitation of multiple sources of informative and ancillary layers for the pre-screening and
assessment of the deformation cause of active areas;



e Statical-based methods for the comprehensive analysis of the motion trend of the Earth's surface
over time to detect both seasonal and multiannual surface displacements and their driving
processes, in the framework of geohazard mitigation procedures within civil protection activities.

1.3. Thesis structure

Besides the Introduction, Discussions, Conclusions and References, this Theis work is subdivided into
different chapters which are organized as follows:

CHAPTER 2. Description of the basic principle of spaceborne radar remote sensing, status of past and
recent SAR missions, fundamentals of SAR interferometry, Differential Interferometry and reviews of the
actual interferometric processing techniques (both single pairs and multi-interferograms).

CHAPTER 3. Delineation of the main state-of-the-art systems and platforms for EO data consultation with
major focus on InSAR-based infrastructures for geohazard monitoring.

CHAPTER 4. Brief description of the potentialities deriving from the consistent post-processing analysis
of large A-DINSAR data stream. Here are outlined the proposed approaches for the downstream
conversion of interferometric data into value-added products.

CHAPTER 5. Description of post-processing methodology based on clustering radar-targets for the
unsupervised hotspot mapping and screening of deforming areas from a nation-wide interferometric
dataset covering the Italian Peninsula.

CHAPTER 6. Presentation of an original supervised Machine Learning approach testing the feasibility of
statistically combine different morphometric variables and ancillary layers for the automatic recognition
of the triggering factor responsible for the displacements detected from very large InSAR deformation
maps.

CHAPTER 7. Description of an automated unsupervised procedure designed for the efficient Data Mining
(DM) of InSAR Time Series of displacements by means of Python scripting. The main temporal motion
trends are statistically extracted, broken down into their main temporal components and deployed for
the clustering of radar features.



2. Radar-based remote sensing

Radar is an acronym that stands for “RAdio Detection And Ranging”. A radar is an active sensor that
transmits microwave radio pulses and receives the backscattered radiation to detect the illuminated
targets. The returning signals is processed to quantify the parameters of the backscattered signals
produced by the targets (Emery & Camps, 2017). Synthetic aperture radar (SAR) is a form of radar
mounted on a moving platform, such as an aircraft or spacecraft. The distance the SAR device travels over
a target during the period when the target scene is illuminated creates the large synthetic antenna
aperture (a moving antenna). By combining a sequence of acquisitions, SAR allows to create high-
resolution images by simulating a much larger antenna than the actual physical one deployed on the
space-borne platform.

SAR products are primarily used to monitor surface displacements over large areas and thus assist hazard
analysis and spatial planning. A satellite-based SAR sensor scans the Earth's surface by means of
electromagnetic microwave pulses. The SAR antenna scans the terrain below the platform through
sending microwave pulses and by receiving and. Subsequent signal processing (i.e., the backscattered
echoes from the below terrain) allows for a reconstruction of a high-resolution image of the observed
scene. SAR imaging is of particular importance for geoscientific applications given the capability of
microwaves to penetrate the atmosphere under virtually all conditions (all-weather and day or night)
compared to other bands of the electromagnetic spectrum.

Wavelength and length of the sensor's antenna constitute important parameters in determining the signal
interaction with the surface, how far a signal can penetrate a medium, and the resolution of an acquiring
radar system. In particular, the longer the antenna, the higher the spatial resolution of a radar sensor in
the azimuth direction (R, ,imy ), parallel to its orbit(1):

Razimu = RX b
(1)

where R is the-sensor-to-target distance and b (2) is defined as:

(2)

where b is defined as the width of the radar beam, A is the wavelength of the signal and L is the length of
the sensor's antenna. Therefore, from a satellite in space operating at a wavelength of about 5 cm (C-
band radar), it would be required a radar antenna of about 4,250 m long in order to get a spatial resolution
of 10 m. Concerning the aperture of the antenna, it relates to how long the target area is illuminated,
which in turns reflects the achievable resolution (the longer the antenna, the more resolution on the
ground). During the forward movement of the satellite, the target scene is repeatedly illuminated from
different positions by a single beam antenna, few meters long (Figure 1). The several acquisitions are
recorded, stored, combined, and then processed together, simulating a “synthetic aperture”, to provide
the required azimuth resolution (Hooper, 2006).
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Figure 1. Principle of synthetic aperture radar (source: Braun, 2019).

Radar sensors utilize wavelengths at the centimetre to meter scale (K, to P band respectively; Figure 2)
which makes the sensor suitable for different purposes (Table 1). Every sensor emits its signal at a specific
central frequency (operating frequency) that defines the signal propagation and penetration features. For
satellite applications, the three most commonly used bands are: C-band (4-8 GHz, 7.5-3.8 cm
wavelength), X-band (8-12 GHz, 3.8—2.4 cm wavelength) and L-band (1-2 GHz, 30-15 cm wavelength). C-
band is the SAR workhorse, and its pulses are capable of imaging through tropical clouds and rain showers.
However, it holds a limited ability to penetrate vegetation canopies or soils. L-band has a lower resolution
than C- and X-band images but are more coherent over time, especially in vegetated regions. X-band,
despite being more prone to coherence decay in vegetated areas, has the highest imaging resolution with
direct applications for ice and snow monitoring (Table 1).
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Figure 2. Representation of the different SAR bands and the associated frequency and wavelengths (source earthdata.nasa.gov).

Table 1. The table below denotes the SAR deployed bands with associated frequency, wavelength, and the application typical
for that band.

Band Frequency Wavelength

Ka
K
Ku

X

27-40 GHz
18-27 GHz
12-18 GHz

8-12 GHz

4-8 GHz

2—-4 GHz

1-2 GHz

0.3-1 GHz

1.1-0.8 cm
1.7-1.1cm
2.4-1.7 cm

3.8-2.4cm

7.5-3.8cm

15-7.5cm

30-15cm

100-30cm

Typical application
Rarely used for SAR (airport surveillance)
rarely used (H20 absorption)
rarely used for SAR (satellite altimetry)

High resolution SAR (urban monitoring; ice and snow, little
penetration into vegetation cover; fast coherence decay in vegetated
areas; InSAR)

SAR most used band (global mapping; change detection; monitoring of
areas with low to moderate penetration; higher coherence; InSAR);
ice, ocean maritime navigation
Little but increasing use for SAR-based Earth observation; agriculture
monitoring (expends C-band applications to higher vegetation density)
Medium resolution SAR (geophysical monitoring; biomass and
vegetation mapping; high penetration, InSAR)

Biomass is a P-Band satellite mission expecting to be launched in
August 2023; vegetation mapping and assessment. Experimental SAR.

A satellite SAR sensor travels along its path through a predefined polar orbit with the transmitting antenna
towards to the ground surface (Hooper, 2006)thus observing the same scene from the East in the
descending orbit and from the West when capturing images in ascending orbit. The radar signal hits the
assumed flat Earth’s surface with an angle which is equal to the inclination of the antenna with respect to
the nadir direction (Off-nadir angle; Figure 3). The Off-nadir angle it is also referred to as look angle. The
angle between the radar beam centre and the normal to the local topography is the incidence angle, which
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can be considered equivalent to the Off-nadir angle by neglecting the Earth’s curvature and the local
topography. Usually SAR sensors are defined as “side-looking”, since radar antenna beam illuminates the
ground (antenna footprint) to the right side of the satellite along the flight direction, which is called
azimuth direction. The sensor-to-target distance is called slant range, which, if projected on the ground
represents the ground range. The direction of the main lobe of the transmitting antenna is called range
direction. The width of the illuminated area is called swath (Figure 3). Polarization can be vertical or
horizontal and this refers to the orientation of the plane in which the SAR sensors typically transmit the
electromagnetic waves.

An imaging SAR system has different standard acquisition scheme which are designed for different
applications but also on the desired coverage and data resolution. The different acquisition systems differ
by their geometrical configuration of the SAR antenna or by their temporal properties. Regarding the
Stripmap mode (SM; Figure 3), the antenna usually looks sideways down in a direction perpendicular to
the flight direction, with a multi-beam antenna that can illuminate different sub-swath through different
beams (Guarnieri & Prati, 1996). Spotlight-SAR is a mode for obtaining high-resolution by steering the
radar beam to keep the target within the beam for a longer time implying the formation of a longer
synthetic aperture, thus providing a great enhancement in imaging resolution. However, this mode of
operation is usually at the expense of spatial coverage. Another acquisition scheme is the ScanSAR,
consisting in obtaining wide-swath coverage by periodically switching the antenna elevation beam to
points in several range sub swaths, which are acquired quasi simultaneously. The drawbacks associated
with that acquisition mode are overcame by the Interferometric Wide swath (IW) mode, which
implements a new type of ScanSAR mode called Terrain Observation with Progressive Scan (TOPS) SAR
(De Zan & Monti Guarnieri, 2006). Several sub swaths are acquired by TOPS mode, with the increased
coverage that is obtained through a reduced azimuth resolution and a nearly uniform signal-to-noise ratio.
Like IW mode, Extra Wide Swath Mode (EW) mode uses the TOPSAR technique to cover a very wide area
at medium resolution (Figure 3). A less common acquisition mode is Wave Mode (WM).
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Figure 3. SAR instrument acquisition modes (source: ESA 2016, modified).

The acquisition of SAR images is done in slant range coordinates, corresponding to the radar coordinate
system. Consequently, ground elevation (i.e., mountain slopes with high relief) will cause geometric
distortions in the radar imagery. The results are clearly visible as effects on radar images (Figure 4) with
the compression of features in the near-range relative to features in the far range. These distortions,
whose appearance and information can significantly vary in function of the incidence angle respect to the
surface morphology, can be distinguished into Foreshortening, Shadowing and Layover. Foreshortening is
caused by the shorter travel time of the radar pulse, as the slant range distance to an object on the inclined
slope is shorter than to an object on flat areas. The fore-shortened areas appear brighter in the SAR image,
due to the compression into a smaller image part of the backscattered slope (Figure 5). On the other hand,
when the terrain slope is close to the radar off-nadir angle, the cell dimension becomes very large, and all
the details are lost. This happens when topographic surfaces on the opposite side of incoming beam
generally are not illuminated, and they suffer of Shadowing (dark-toned). The steeper the sensor
incidence angles and the terrain slope, the more pronounced is the effect. Lastly, it can happen that the
terrain slope exceeds the radar off-nadir angle, and so the back-scattered signals are imaged in reverse
order and superimposed on the contribution coming from other areas. For example, layover can be
observed when, in very steep slopes, the radar pulse first hits the top of a mountain and then its foot.
Consequently, the top is imaged in front of the mountain’s foot, leading to great geometric distortions in
the radar image.
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It is worth mentioning also the so-called radiometric distortions. It is associated with the combination
of the back-scattered signals of distinct objects into a single pixel, which is compressed in a smaller
area than the original one. This effect, known as Speckle, is because registered echoes can add both
constructively and destructively, creating a noise effect attributed to random interference between the
coherent returns issued from the numerous scatterers present on the surface (Gagnon & Jouan, 1997).

2.1.Spaceborne SAR missions

The first satellite designed for the observation and the study of oceans implemented with SAR instruments
was SeaSat-1, launched in 1978. Starting from the 1992, several satellite-based SAR sensors have been
launched, providing images acquired at different wavelengths and that can be used for ground
deformation monitoring. Indeed, the first ESA (European Space Agency) Earth observation mission begun
with the ERS 1/2 experience. ESA launched ERS-1 in July 1991 and ERS-2 in April 1995. These two twin
satellites were provided with a range of instruments such as a SAR sensor, a radar altimeter and ocean
surface temperature and sea winds instruments, with ERS-2 implemented with an extra instrument
(GOME) designed to monitor ozone levels in the atmosphere. ERS-1 and ERS-2 mounted a radar C-band
sensor and with an incidence angle of 23° and a resolution of 30m x 26m. ERS-1, after acquiring more than
1.5 million individual SAR scenes, was deactivated in March 2000, while ERS-2 was deactivated in 2011
after 16 years of successful operations.

The JERS-1 mission, instead, started in February 1992, led by the National Space Development Agency of
Japan (NASDA). ERS-1, which ceased operations in October 1998, was an environmental Japanese satellite
with a radar/optical sensor whose task was to cover the global land area for national land survey,
agriculture, forestry and fishery, and also for the environmental and disaster protection. It acquired
images in L-band and with a westward repeat cycle of 44 days.

The RADARSAT mission consists of a pair of remote sensing satellites from the Canadian Space Agency
(CSA) meant for operational monitoring services on a global basis ever since. RADARSAT-1 and RADARSAT-
2 data were launched in in November 1995 and December 2007, respectively, where the first one was
decommissioned in 2013 and the second still being operational. The two satellites were equipped with a
C-band SAR. RADARSAT-1 peculiarity was the ability to shape and steer its radar beam over a 500-km
range, while RADARSAT-2 have a superior resolution imaging, flexibility in se-lection of polarization, left
and right-looking imaging options, and more precise measurements of spacecraft position and attitude.
EnviSAT, which stands for Environmental Satellite, was another ESA mission successor to the ERS missions,
and it was launched in 2002 with 10 instruments aboard, such as radar altimeter, temperature-measuring
radiometer instruments, medium-resolution spectrometer. The main objective of EnviSAT was the
analysis and monitoring of the Earth’s environments on various scales, from local to global, with
application in the management of Earth’s resources and to the field of meteorology. By May 2012, ESA
declared the end for the EnviSAT mission, due to a loss of contact with the satellite.

The Advanced Land Observing Satellite (ALOS) was a Japanese satellite from Japan Aerospace Exploration
Agency (JAXA) that was launched on 24 January 2006. The instruments with which it was equipped were:
L-band SAR, Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM), and an Advanced
Visible and Near-Infrared Radiometer-2 (AVNIR-2). ALOS completed its operational phase on 12 May 2011
after failing due to a power anomaly. In May 2014, the ALOS-2 mission started, where the new satellite is
provided with a more advanced radar sensor.
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The German X-band sensor TerraSAR-X, launched in June 2007 (Meta et al., 2010), was the first SAR sensor
acquiring in TOPS mode. TerraSAR-X was joined by TanDEM-X in 2010 and now the twin satellites offer an
unmatched offer in terms of geometric accuracy: a multi-mode X-band sensor permits to acquire with a
resolution up to 0.25 m (spotlight mode), and moreover they guarantee an excellent radiometric accuracy
and rapid switches between imaging modes and polarizations.

Starting from 2007 to 2010, another mission made up of 4 identical satellites mounting X-band SAR
sensors have taken place: COSMO-SkyMed is an Italian Earth-imaging constellation owned and operated
by ASI (Agenzia Spaziale Italiana) with a programmable system providing different performance
characteristics in terms of swath size, spatial resolution, and polarisation configurations. COSMO-SkyMed
is intended for the management of environmental and anthropogenic risks, as well as for civil and military
use.

Sentinel missions are the last generation of Earth observation satellites of the ESA and the Copernicus
group (program of the European Commission). Sentinel satellites carry a range of technologies, starting
from radar to multi-spectral imaging instruments for land, ocean, and atmospheric monitoring. TOPS
became the standard acquisition scheme of the Copernicus C-band sensor Sentinel-1A (S1A), launched in
October 2014 and Sentinel-1B (S1B), launched in April 2016 (Yaglie-Martinez et al., 2016). The mission
ended for S1B in 2022 and plans are in force to launch Sentinel-1C as soon as possible. S1A, and the data
records of S1B, allowed to create a long-term consistent data archive to be used in the application based
on long time series. The consistency in data collection, the short revisiting time (12 days over the same
area) and the free data policy have qualified the S1 mission as a primary SAR system for land and ocean
services, such as: monitoring and routine sea-ice mapping, surveillance of the marine environment,
monitoring land surface for motion risks, mapping of forests, and support to humanitarian aid and crisis
situations.

The SAOCOM (SAtélite Argentino de Observacion COn Microondas) satellite series are polarimetric L-band
SAR (Synthetic Aperture Radar) constellation of two spacecraft. The relative program is defined, managed
and operated by CONAE (Comisidon Nacional de Actividades Espaciales), Argentina's Space Agency, Buenos
Aires. The SAOCOM-1 mission is composed of two satellites, SAOCOM-1A and -1B, which were launched
consecutively in October 2018 and August 2020. The overall objective of SAOCOM is to conduct
monitoring services for natural and anthropogenic disaster management support and agriculture, mining
and ocean applications - including monitoring surveys of Antarctica (study of continental glacier evolution,
global change indicators, etc.).

In Figure 6 the main SAR missions are ordered in chronological order, by the type of sensor and by the
revisiting time capability of the related satellites.
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Figure 6. Image depicting the main SAR missions features (Raspini et al., 2022).

2.2.SAR Interferometry

A SAR satellite can acquire over the same area at different times by exploiting repeated orbits of the same
satellite or by simultaneously acquire from the same platform with two radars. In this sense, it is possible
to “interfere” two SAR images by cross-multiplying, pixel by pixel, the first SAR image with the complex
conjugate of the second (Bamler & Hartl, 1998a; Franceschetti et al., 1992; Massonnet & Feigl, 1998): this
technique is called SAR interferometry. By combining pixel-by-pixel the phase of these two images
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gathered at different times and acquired with slightly different looking angles, an interferogram can be
generated where phase is highly correlated to the terrain topography and deformation patterns can be
mapped. Finally, the interferogram is built from the complex product of two SAR images (master and the
slave images) and its phase.

Considering a single ground pixel, the variation of the travel path difference (Ar)(3) between the two
satellites in the slant-range direction, can be defined with the following equation:

Brqs

Ar = —2
" R

(3)

where: B, is the perpendicular baseline, R is the distance in slant range between target and sensor and
g, is the distance between two points in perpendicular direction to the slant range.

The interferometric phase variation Ag (4) between the two observations is then proportional to Ar
divided by the transmitted wavelength A:

A _ 2mAr _ 4m Byq;s
=TT TTR

(4)

The interferometric phase variation A@ can be imagined as the result of two contributions (5), namely the
(i) phase variation proportional due to altitude difference (q) between the on-ground targets and the (ii)
phase variation proportional to the displacement (s) of the point targets along the slant range direction:

A _ —4m Byq 4t B,s
o= A Rsin6 A1 Rtan@

(5)

where 0 is the incidence angle and the 4 is referred to the two-way path sensor-target-sensor. From (5)
it is computed the so called interferogram flattening, where the perpendicular baseline (B,,) is known
from precise orbital data, and the second phase term can be computed and subtracted from the
interferometric phase. The flattened interferogram provides an ambiguous measurement of the relative
terrain altitude due to the 2m cyclic nature of the interferometric phase. After the flattening, it is
performed the reconstruction of the signal's original phase. This is called phase unwrapping and consists
in adding appropriate multiples of 27 to each phase input to restore original phase values. Once the
interferometric phases are unwrapped, an elevation map in SAR coordinates is obtained (InSAR DEM
generation).
Assuming that the targets on the ground change their relative position during two successive SAR
acquisition, then a new additive phase term (6) is present within the interferometric phase:
A 4n
Pa = Td
(6)

with d representing the point scatterer displacement along the slant range direction. Therefore, the
interferometric phase (after the flattening operation) would contain the topographic and motion
contributions:
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At this point, it is possible to retrieve the terrain displacement component through the so-called
differential interferogram, which consists in subtracting the altitude contribution from the interferometric
phase by using an already available DEM (Digital Elevation Model).

More precisely, the interferometric phase is the results of the sum of several contributions that may affect
the computation of the interferogram. The main purpose of an interferometric process is to separate the
different components, extracting only the one related to the displacements by removing or minimizing
the others. Having in mind the already mentioned topographic and motion components, the other several
phase contributions are illustrated as follows:

e The atmospheric phase component plays an important role for SAR images acquired at different
times. Humidity, temperature and pressure affects the radiation travel path producing delays in
the signals and reduction of the velocity of the microwaves that contaminate the observations.

e Orbital phase errors are due to small variation of the cross-track and along track components of
the orbit during the SAR acquisition: this can result in artifacts in the derived interferograms which
are uncorrelated to the real ground deformation (Shirzaei & Walter, 2011).

e Another source of error is the residual topographic error (RTE), which is tied to the local
topography and the normal baseline (distance between the two antenna phase centres that
illuminate the same area). It should be noted that there exists a critical baseline over which the
interferometric phase is pure noise.

e The noise component of the phase, instead, is related to speckle effect or can be associated to
the temporal and geometric decorrelation of illuminated scatterers (e.g., vegetated areas or
water basins).

e k is an integer value called “phase ambiguity” resulting from the wrapped nature of the
interferometric phase, whose estimation is concerned with the correct phase unwrapping.

2.3. Differential Interferometry (DINSAR)

Differential Interferometric Synthetic Aperture Radar (DInSAR) allows to measure terrain deformation
from an imaged scene to be derived from two complex SAR images, where the topographic contribution
has been removed (Rosen et al., 2000). The term “Differential interferometry” can be misleading because
interferometry is a differential technique (i.e., involving the subtraction of the altitude contribution) right
from the beginning, however other phases subtraction process can be further executed for surface
displacement modelling. DInSAR is recognized to be a great technique for land deformation applications
and for the monitoring, the investigation of several types of natural hazards (Gabriel et al., 1989) and for
the reconstruction of the surface topography (i.e., DEM creation) as a result of multiple SAR acquisitions.
DInSAR is effective with wide areas displacement analysis, the global coverage, and the repeat observation
capabilities of SAR satellites.
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In the time interval between the acquisition of the two images, the target on the ground changes its
relative position and the phase component related to the displacement varies. For every image pixel, the
displacement occurred, ranging between —mt and +T, is then calculated and the interferogram derived.
This “fringe” of coloured pixels cycles represents units of the radar wavelength and represent the
difference in signal phase received by the radar instrument over time. It is possible to calculate
deformation by since every fringe correspond to a deformation of half the wavelength of the band of the
SAR instrument. Taking into account the number of consecutive fringes it is possible to retrieve the
cumulated displacement over the observed area. An abrupt colour change in the fringe can be measured
relative to the fringe's colour pattern. In Figure 7 it is briefly represented the generation process of an
interferogram, over on area encompassing the San Andreas Fault in California. It is possible to detect a
colour change in the fringe (pink and yellow meets in correspondence of a fault line) which is caused by a
tectonic surface movement that occurred between the observation dates of the two images.

Nov 13, 2009 Nov 18, 2010 Interferogram

Movement

6ecm 0 +6cm

Figure 7. Schematic picture showing basic principle of DInSAR (source: NASA/JPL-Caltech)

By looking at the spread of the fringes it is possible to ascertain the magnitude of the observed ground
motion. Close, compact fringes show greater surface movement and wider fringes show gentle to no
change as seen from the radar’s line of sight. An abrupt change in fringe may be indicative of an
earthquake fault ruptured and violently offset, or it can be the consequence of a mountain slope collapse
phenomena.

The correct visualization of the displacement fringes can be hindered by a loss of coherence. This can
happen when the surface electromagnetic characteristics between the two images used to derive the
interferogram are not stable through time (Hanssen, 2001). The coherence decreases when the noise
phase component is high (e.g., resulting in radar images affected by speckle). In general, the DInSAR
coherence is affected by temporal baseline (longer time intervals between two successive SAR acquisition
would decrease the level of coherence), normal baseline (higher distance between orbits of the two
images would decrease the level of coherence), the local topography (the presence of steep slopes,
oriented parallel to the sensor orbit, reduce the coherence) and the terrain properties (humidity reduce
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the coherence). Coherence is measured as an index with values comprised between 0 and 1, with the
latter indicating the maximum value of coherence. Despite the application of different filters and various
image correction procedure, all the sources of noise cannot be totally removed, thus resulting in a
coherence value which is often lower than 1.

DInSAR represents an ideal solution for monitoring surface deformations along the sensor's line-of-sight
(LOS) direction with millimetric precision over large areas. In particular, the technique has several
applications related to the following natural hazards:

tectonic motions and earthquake-induced deformations in the co-seismic, post-seismic and inter-
seismic events (Klinger et al., 2000; Lavecchia et al., 2016; Peltzer & Rosen, 1995; Wright
et al., 1999);

volcanic-related displacements (Figure 8) due to volcanic deflation and uplift (Hooper et al.,
2004a; Lanari et al., 1998; Lundgren & Rosen, 2003);

landslides, where only slow and very slow movements gravitational phenomena are detectable
due to intrinsic DInSAR limitations (Cascini et al., 2010; Colesanti & Wasowski, 2006; Novellino et

al., 2021; Peyret et al., 2008; Reyes-Carmona et al., 2020; Squarzoni et al., 2003);

subsidence due to natural or anthropic causes (Aly et al., 2009; Cascini et al., 2010; Crosetto et
al., 2015; Ferretti et al., 2000);

mining-induced deformation (Fan et al., 2021; Herrera et al., 2007; Ng et al., 2011; Samsonov et
al., 2013; Spreckels et al., 2001).
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Figure 8. Differential interferogram depicting uplift and subsidence movements associated with a June 2007 earthquake swam
on Kilauea Volcano, located on the southeast portion of the island of Hawai (source: Zhong Lu, USGS).

2.4. A-DInSAR processing techniques

Since DINSAR has become a consolidated and well-established measurement tool, many software and web
platforms (i.e., SNAP software, developed by ESA) have been ideated to allow new users to apply the
DInSAR approach, expanding the scientific community. Moreover, many scientific approaches and
techniques have been set up to overcome the main limitations of the single-pair interferometry
(atmospheric and decorrelation errors) by exploiting long stack of interferograms. Starting from the early
2000s, a number of algorithms known as Advanced DINSAR (A-DInSAR) techniques were developed to
accurately characterize ground deformation by providing spatially dense deformation measurements
coupled with a history of movement over time. The term A-DInSAR is used in this work with the same
significance of Persistent Scatterers Interferometry (PSI) which represents a specific class of DInSAR
techniques exploiting multiple SAR images over the same area to retrieve the displacement phase
component, after proper data processing and analysis (Crosetto et al., 2016).

A-DInSAR techniques generally require a minimum number of SAR images (i.e., data stack) (Figure 9) to
perform a reliable temporal analysis. Based on the type of sensor, this number may vary: a minimum of
ca. 20 images is needed to perform a reliable analysis on C-band data, while a shorter data stack is
sufficient for X-band data (Bovenga et al., 2013). This is due to the fact that shorter wavelength allows for
higher resolution images and more consistent results. In general, the reliability of the results would greatly
improve in relation with the increase of the number of images deployed for the analysis (Colesanti et al.,
2003).
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A-DInSAR algorithms main outcomes include the deformation time series and the deformation velocity
estimated over the analyzed pixels, which are characterized by a small noise component of the phase.
These kinds of pixels are typically related to two types of reflectors: those where the response to the radar
is dominated by a strong reflecting object and is constant over time within a data stack (Permanent
Scatterer, PS) and those where the response is constant over time but is due to different small scattering
objects (Distributed Scatterers, DS) (Crosetto et al., 2016; Ferretti et al., 2011). In this thesis, PS, DS and
MP (Measurement Point) are used as synonyms. PS are mainly represented by targets exhibiting reduced
temporal decorrelation due to their high electromagnetic reflectivity and their coherent and stable
scattering behavior (Figure 9). This kind of reflectors are abundant over urban areas, where buildings,
man-made metallic structures and roads are present, or also in rocky outcrops. The PS density is very low
in vegetated, forested, agricultural or low-reflectivity areas and in steep slopes facing the radar sensor
(shadowing). Snow covered surfaces, as well as constantly changing surfaces such as construction sites
can lead to the complete or partial loss of PS. Some efforts have been spent towards the maximization of
the quality and number of PS selected as reliable a priori, through polarimetric A-DInSAR (Samsonov &
Tiampo, 2011). Also, notwithstanding the remarkable increase of measurement points on ground, the
position of a PS cannot be known before the processing of the data: this can be regarded as a criticality
when coping with small-scales analysis of surface deformation, since some targets of interest may be not
sampled at all. The use of X-band-derived high-resolution data can mitigate this deficiency (Crosetto et
al., 2010). Moreover, since A-DInSAR results and artifacts removal depends on a stable reference point to
estimate relative velocity in respect to that point, a good knowledge of the site characteristics is required.
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Figure 9. A-DInSAR basic principles: (a) SAR data acquisition over time with phase component variations due to surface
displacements, changing atmospheric and ground conditions; (b) collection of a stack of SAR images over the area of interest
constituting the starting point of any A-DInSAR processing; (c) different types of reflectors exhibiting different scattered
responses.

The deformation time series history is a major information resource and one of the most important
products resulting from A-DInSAR processing. The cumulated displacement over the observed period is
available for each PS and it is fundamental for many applications (e.g., studying the kinematics of a given
phenomenon, quiescence, activation, acceleration, hyperbolic trends etc.) and for correlate deformation
trend changes with external and causative factors (Cigna et al., 2011). Every time series is composed of
several deformation estimate corresponding to every SAR acquisition. For this reason, they are
particularly sensitive to the phase noise. This is evident especially for C-band data, while X-band data show
a remarkable quality improvement of the time series (Crosetto et al., 2010). The deformation model
deployed by most of the existing A-DINSAR techniques is linear, which is an important assumption that
needs to be evaluated, especially when analyzing site-specific displacements. For the same reason, the A-
DInSAR techniques deploying a linear model would result in a loss of PS in those areas where the observed
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non-linear deformation it is significant, because there is a misfit between the linear model and the real
ongoing displacement behavior. Moreover, the deformation time series can be affected also by
anomalous trend not related to real ground motions, such as long-term geological processes, errors tied
to removal of the atmosphere contribution, uncompensated phase ramps, unstable reference point,
thermal effects on the target (Notti et al., 2015).

In addition to the above-mentioned limitations, another severe drawback tied to A-DINSAR capabilities
lies within the detectable maximum deformation rate. In particular, “fast” deformation phenomena
cannot be derived due to the ambiguous nature of its observations (i.e., the wrapped interferometric
phases): if the observed deformation phases overcome m, the real displacement cannot be estimated. The
limit is set to a maximum differential deformation between two acquisitions of A/4 over the revisit
interval. Depending on the orbital characteristics of the different SAR missions and on the deployed
sensors capabilities, the maximum differential deformation rate measurable may vary. For instance, for
TerraSAR-X mission the maximum velocity rate is 25.7 cm/yr, for S1A it is estimated to be 42.6 cm/yr,
while, regarding ALOS, the limit reaches 46.8 cm/yr (Crosetto et al., 2016). It must be stressed that the
capability to sample deformation phenomena over time depends on the availability of SAR data (i.e., data
acquisition policy, the orbital tube, the revisiting time, the allowed perpendicular baselines), which heavily
influences the outcomes of the A-DInSAR processing chains.

The last two decades have seen the flourishing of several A-DInSAR techniques. The so-called Permanent
Scatterers approach (Ferretti et al., 1999, 2000) led to the creation of the PSInSAR algorithm by TRE-
Telerilevamento Europa, and it constitutes the first A-DINSAR approach to be developed. Another
common approach is Small Baselines Subset (SBAS) (Berardino et al., 2002) which exploit distributed
targets. Other approaches are: IPTA, developed by Gamma Remote Sensing (Werner et al., 2003), the CPT
(Blanco-Sanchez et al., 2008), and the STaMPS method (Hooper et al., 2004b), which is an open-source
software for A-DInSAR processing developed at the Stanford University. In Table 2 the main A-DInSAR
approaches are reported.

Table 2. Main A-DInSAR approaches.

A-DInSAR approach
PSInSAR (Permanent Scatterers Interferometry) (Ferretti et al., 1999, 2000)
SBAS (Small Baseline Subset) (Berardino et al., 2002)
Modified SBAS (Schmidt & Biirgmann, 2003)
CPT (Coherent Pixels Technique) (Mora et al., 2003)
IPTA (Interferometric Point Target Analysis) (Werner et al., 2003)
SPN (Stable Point Network) (Duro et al., 2004)
StaMPS (Stanford Method for Persistent Scatterers) (Hooper et al., 2004b)
STUN (Spatio-Temporal Unwrapping Network) (Kampes, 2006)
PSP (Persistent Scatterers Pairs) (Costantini et al., 2009)
DePSl (Delft Persistent Scatterer Interferometry) (Ketelaar, 2009)
SqueeSAR (Ferretti et al., 2011)

Main references

WAP (Wide Area Product)
SARproZ
MInTS (Multiscale InSAR Time Series)
Distributed Scatterers approach
Modified SqueeSAR
CPS (Cousin PS)
P-SBAS

(Adam et al., 2011)
(Perissin & Wang, 2012)
(Hetland et al., 2012)
(Goel & Adam, 2014)
(Lv et al., 2014)
(Devanthéry et al., 2014)
(Casu et al., 2014)
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In this Thesis work, datasets obtained from SqueeSAR and P-SBAS approaches are deployed. The
characteristics of the two A-DINnSAR techniques are briefly exposed:

SqueeSAR represents an evolution of the PSINSAR technique. Phase and amplitude are the main
parameters exploited by the PSInNSAR method, where amplitude allows to individuate the
coherent PS with a stable reflectivity while phase allows to estimate the ground movement of the
PS. The temporal evolution of the movement is retrieved based on a linear model of displacement,
and the temporal unwrapping strategy necessitates to know a priori the characteristics of the
motions to be analysed. The result of the PSInSAR is an accurate measurement of the movements
along the LOS of each PS, respect to an assumed reference point, in the time interval considered.
The SqueeSAR algorithm is able to include and see those measurements points referred to
partially coherent and homogeneous areas with low reflectivity (i.e., DS), enhancing the
measurement accuracy of surface displacements. Deformation velocity maps and time series of
the displacements are the main final products.

The Parallel Small BAseline Subset (P-SBAS) advanced DInSAR processing bases its principle on the
SBAS technique (Berardino et al., 2002), which retrieves time series of deformation exploiting
interferograms characterized by small temporal and spatial baseline. The deployment of
correlated interferograms would results in the high coherence and the high spatial density of the
final product. Independent acquisition datasets, separated by large baselines, are properly linked
by applying the Singular Value Decomposition (SVD) method, to retrieve deformation time series
and velocity maps. To get beyond the high computational requests of the SBAS technique, the P-
SBAS method was put in place. P-SBAS has been adapted to efficiently run on high performance
distributed-computing infrastructure (e.g., grid and cloud computing) (Zinno et al., 2015), and
tailored for S1 IW TOPS data processing.
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3. Big SAR Data management for multi-hazard assessment and
monitoring

In recent years, massive amounts of spaceborne geospatial data have been generated thanks to the
flourishing of the EO systems. From the technological development of satellites platforms to the
increasing interest in investing in the global space segments, from the strategic role played in assessing
the socio-economic impact of climatic crises to the management of emergencies, EO data played a crucial
role in understanding processes on our planet, enabling the scientific community and CPA to make great
strides in monitoring environmental change, risk detection and land cover analysis (Gomes et al., 2020).
In this context, managing large EO data represents a recent major challenge considering limited storage
and processing capacities of personal computers. The present limitations can prevent EO data users to be
fully deployed in their entirety, causing a limited usage of the available data and thus resulting in a limited
impact for scientific research and operational applications (Stromann et al., 2020). Thus, there is a need
for changing traditional spatial data infrastructures (SDI) to effectively store, ingest, prepare, process,
analyze and disseminate these big data sets (Figure 10).
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Figure 10. Building a robust data pipeline for processing and managing satellite Imagery (source: medium.com)

A-DInSAR techniques constitute a multi-scale tool offering the ability to detect ground displacements over
wide areas with relatively high spatial density of measures and with millimetric sensitivity precision. A-
DInSAR technique has seen its popularity dramatically increased with both the availability of X-band data
(since 2007) and with the launch of Copernicus S1A and S1B satellites in April 2014 and April 2016,
respectively. SIA&B represent a big revolution in the Earth Observation scenario thanks to the
unprecedent revisiting time, the main acquisition mode on land (IWS which implements the TOPS), the
worldwide coverage, the systematic acquisition plan, the rapid product delivery, and a free data policy.
S1 constellation acquired over Europe around 300 passes considering ascending and descending
geometries, where an initial repeat pass of 12 days of S1A only (~180 scenes in 6 years) was improved to
6 days in late 2016 thanks to the launch of S1B (~120 scenes in 4 years). However, it worth reporting that
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S1B mission ended prematurely due to an anomaly dated back to December 2021. Apart from S1, the
number of satellite data sources is continuously increasing, guaranteeing to design redundant acquisition
schemes in which the possible failure of one of the systems chosen cannot compromises the monitoring
strategy.

The volume of SAR data collected, archived, and processed by A-DInSAR techniques by far falls within the
“big data” remit for such type of imagery, which will be referred to as Big SAR Data in this thesis. Therefore,
multi-temporal InSAR datasets (and the related studies and elaborations) face some major challenges:

e the need to find efficient combinations of computing infrastructure, algorithms, and software
capable to run and optimize the big SAR data processing workflow (Cigna & Tapete, 2021).

e the need for value-adding tools able to manage, organize and analyse the outputs of A-DInSAR
processing routines, which often consists of hundreds of thousands or millions of PS (and DS)
holding several sources information such as geolocation, coherence, average displacement
velocity, and a time-dependent series of displacement values based on the number of SAR scenes
deployed for the multi-temporal processing approach.

EO data and multi-temporal InNSAR datasets require interpretation to some degree. This is due to the fact
that this kind of data are non-repeatable (i.e., unique in space and time), uncertain (i.e., there are different
ways of observing, capturing and recording data), multi-dimensional and complex to analyse and to
understand (Sudmanns et al., 2020). Due to the above-mentioned reasons the recent developments in
big data might be halted. Therefore, the traditional manual post-processing and data integration
methodologies must be necessarily re-adapted to pass-through data-driven, machine-based solutions,
which is purely based on statistics.

Scientific EO satellites capture data regularly from the Earth’s surface allowing for higher-level geospatial
information to characterize geological hazards of potential concern of local CPA. This can be extremely
useful in characterizing and addressing hazardous areas over hundreds or thousands of square kilometres,
allowing CPA to evaluate different scenarios and to plan specific actions based on homogeneous and
reliable measurements. Different practical systems and portals are available for processing, storage, and
analysis of big interferometric data (Cigna & Tapete, 2021). In this framework, several applications have
been already carried out by the scientific community, governmental agencies and by private companies
to map and monitor different sources of deformations connected to different scenario of environmental
hazard.

3.1. State-of-the-art systems and platforms for EO data

A range of different EO portals dedicated to consult, download, programmatically process and integrate
satellite data are nowadays available. Here we focus on the main technical solutions that include SAR
imagery and interferometric finite products. Starting from the public initiatives provided by space
agencies to the efforts pronounced by private corporates, the most used EO systems are the followings
(Figure 11):
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Copernicus Open Access Hub (https://scihub.copernicus.eu) is a web-based system designed to
manage the online dissemination of the EO data collected by the Sentinels satellites. It
provides synchronous access to the latest data, and asynchronous access to the historic data.

Google Earth Engine (GEE) represents the most common planetary-scale platform for Earth
science data & analysis. Remote sensing data are available and can be processed without requiring
download. Users can also upload their own private data. A Web-based integrated programming
environment (IDE), as well as an application programming interface (APIl), can be used to perform
pixel-based image processing (Sudmanns et al., 2020).

USGS (United States Geological Survey) Earth Explorer provides online search, browse display,
metadata export, and data download of satellite, aircraft, and other remote sensing inventories
(https://earthexplorer.usgs.gov/).

The DIAS (Data and Information access services), launched in June 2018, are cloud-based
platforms developed to facilitate and standardize the access to Copernicus data and information.
The platforms provide access to Sentinel data and to Copernicus operational services, while
hosting processing applications and tools (https://www.copernicus.eu/en/access-data/dias).

The Sentinel Hub (https://www.sentinel-hub.com/) is a cloud API (application programming

interface) for satellite imagery, providing service-oriented satellite imagery infrastructure. It
represents an interface for handling satellite imagery archive and makes it available for end-users
via easy-to-integrate web services.

PANGEA information system (https://www.pangaea.de/) which functions as an Open Access
library for a large variability of data products (including data sets based on satellite imagery).

Earth Observation Data Centre for Water Resources Monitoring (EODC) is a EO data repository
and cloud computing platform. EODC offers access to a variety of data, most notably Copernicus
data, with S1 data included (https://eodc.eu/data/).

Registry of Open Data on AWS (Amazon Web Services) makes available datasets via AWS
resources from a variety of satellites data.

The Copernicus Data and Exploitation platform — Germany (CODE-DE) is a german national access
tool, geared towards national and local authorities, dedicated to geoinformation, which provides
access to remote sensing data, a virtual working environment for data processing and information
material (https://code-de.org/en/).

The Plateforme d’Exploitation des Produits Sentinel (PEPS) is a platform, constituting the national
french counterpart to the CODE-DE platform, providing free access to data sets collected by the
Sentinel satellites. Users are allowed to search, select and download EO data
(https://peps.cnes.fr/).
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Figure 11. The most popular EO systems and platforms (source: Sudmanns et al., 2020).

3.2.InSAR-based monitoring infrastructures

The feasibility and development of remote sensing platforms and services have led to a big revolution in
the EO scenario, in terms of operational capability and amount of radar involved. In this context, some
relevant efforts in the direction of extensive exploitation of large SAR archives has already been carried
out at a various scale of analysis. In particular, radar images are nowadays used within at least two
different lines (Raspini et al., 2018):

e Ground deformation mapping, realized in deferred time, with a yearly frequency plan of update
for objectives like territorial planning or geohazard inventories update.

e Ground deformation monitoring, which is a service provided in near-real-time and it is based on
the anomaly detection of InSAR time series and can be thought as an operational tool for the
support in emergency situations by CPA.

So far, satellite radar data have been mostly used for assessing post-event damages or retrieve data about
the occurred event (i.e., a seismic event, a landslide phenomenon or landscape morphological changes
due to extreme floods) to assess damages within the impacted area and possibly look retrospectively for
possible precursory signals (Raspini et al., 2018). However, given the maturity of the interferometric
technique and the recent developments of the underlying space-infrastructure, new initiatives have taken
place at exploiting radar data at regional, national, and even continental scale, raising SAR technique to a
new level in which it can be used not only for single sites characterization, but for repeated evaluations
within short time frames.

Italy is at the forefront for what concerns the realization and the exploitation of continuous monitoring
systems. Back in 2007, the Italian Government began supporting the largest ever InSAR analysis to be
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founded by a national government. In the first instance, the project involved processing, by means of the
PSInSAR and the PSP techniques, the entire ERS 1/2 and Envisat archives over Italy (more than 15,000 SAR
images covering more than 330,000 km?), which called for the creation of a dedicated geospatial database
to manage millions of radar points (www.pcn.minambiente.it/mattm/progetto-piano-straordinario-di-
telerilevamento/). This interferometric database, spanning from November 1992 to September 2010, was
then extended in a second phase (di Martire et al., 2017) by adding Envisat images acquired between
2008-2010. During the third phase, the project was foreseen with ingestion of 100 frames (40 x 40 km)
from COSMO SkyMed images acquired by ASI (Agenzia Spaziale Italiana). The project was designed to map
unstable areas over the entire national territory.

Other important operative regional, national, and continental scale motion services that have been
successfully implemented are briefly illustrated as follows:

e Ground Motion Service Germany (BBD, Kalia et al., 2017) constitutes the first S1 based nationwide
ground motion dataset. To ensure the combination of remote ground motion data with other
independent data sets, the PSI data are calibrated with time series of continuous GNSS stations.
In addition, plausibility checks are carried out through site inspections, optical remote sensing
data and other geodata.

e InSAR Norway (Bredal et al., 2019) is the Norwegian public national web-based ground motion
mapping service, based on Copernicus S1 data. It was launched in November 2018 by the
Geological Survey of Norway (NGU), The Norwegian Water Resources and Energy Directorate
(NVE) and the Norwegian Space Centre.

e GMS for Denmark (copernicus-sentinel-1-helps-denmark-to-monitor-ground-motion-and-
infrastructure), where the nationwide dataset is produced by TRE Altamira and provided by the
Agency for Data Supply and Efficiency (SDFE), after processing the entire Copernicus S1 archive
over Denmark, from both ascending and descending orbits.

e The Dutch Ground Motion Service (bodemdalingskaart.nl/en-us/) has been finalized by
Rijkswaterstaat (RWS—Ministry of infrastructure and water management). It is currently
operative and it will be updated twice per year and will be a free and open service. 1467 images
from radar satellites were used to build up the dataset composed of ca. 165 million of points, with
a time frame comprised between January 2015 and June 2020.

e S1 Monitoring Services of Tuscany, Valle d’Aosta and Veneto Italian regions launched in 2016,
2018 and 2019 respectively (Confuorto et al., 2021). They are defined as near-real time
monitoring systems based on Sl-derived A-DInSAR products, where time series of each
measurement point are systematically analyzed to detect any change in the deformation pattern.

e EGMS initiative (Crosetto et al., 2020a), implemented under the responsibility of the European
Environment Agency, is the largest wide-area A-DInSAR service ever conceived. This initiative was
defined in the period 2016-2017 and since May 2022 the products are available online for
visualization and soon, they will be downloadable (Figure 12). The EGMS include three main
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products: deformation maps and deformation time series with measurements along the radar
LOS; A-DInSAR deformation map combined with a reference GNSS network; the horizontal east—
west and up—down vertical deformation maps (resolution 100 x 100m) obtained by combining the
ascending and descending A-DInSAR results.
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Figure 12. The EGMS online viewer (source: land.copernicus.eu).
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4. Value-adding approaches for enhanced interpretation of
interferometric products

In this Thesis work, different and complementary approaches for enhancing the interpretation and
management of radar-based information are proposed. Large multi-temporal interferometric datasets
resulting from different processing algorithms are implemented into post-processing and value-adding
routines in the framework of capturing and optimally share values from earth observation analytics.

With the EO business model shifting from selling raw data to foster services for higher-value information
to extract, EO data are set to be the main actor in the next years to provide stakeholders with decision-
making tools and operational processes. Given the growing volumes of available data and the increase in
variety of EO data and the contemporary shift towards cloud-based storage and processing infrastructure,
new value-adding solutions have started to develop. EO specialists will be focusing on the analytics for
value creation, while the market-agnostic “APIfied” players will further reduce the barriers to EO adoption
in high-volume markets, which will fuel demand for data along the entire value chain (capturing-value-
earth-observation-analytics).

Along with the SAR specialists in charge of the data processing, A-DINSAR data requires analysis experts
able to deliver and interpret the data for different application purposes. Therefore, the final step of any
radar-based analysis is conducted on the basis of ancillary information (e.g., geological, hydrogeological,
topographic, land cover,...) and in conjunction with any other in-situ or remote sensing sensors available
on the area of interest. Based on the scale of the study, different aims and objectives are feasible: at the
detailed scale of analysis (>1: 5,000), radar data can provide the deformation history of single buildings
affected by intense ground motions, also making it possible to apply techniques for the evaluation of the
damage probability (Del Soldato et al., 2019). At medium scale (1:100,000 — 1:25,000), a possible
applicability of interferometric products would be to the define the ranking of the municipalities affected
by active deformation. At large scale (1:25,000 — 1:5,000) the analysis is carried out for zoning the built-
up areas within the most affected territories where damage occurred or is likely to occur. Moreover, A-
DInSAR data can be employed to improve the prediction reliability within landslide susceptibility maps
(Ciampalini et al., 2016). A multiple scale approach can be combined and used to release the full potential
of the interferometric technique. A cascade multiscale approach (Peduto et al., 2015) allows recognizing
the most hazardous zones in an area of interest, while the working scale can be progressively increased
and ancillary data with different resolution can be adapted consequently.

Different workflows have been proposed to deploy interferometric datasets within post-processing
strategies for the detection of areas of active motions, characterize them in detail and cross-correlate the
satellite data with relatable geospatial and temporal information. The purpose of implementing value-
added products is to evaluate the impact of ground motions (intended as high deformation rates or abrupt
changes in the trend of deformation) and therefore to provide the CPA in charge of the hydrogeological
risk reduction with solid decisional tools.

Cigna et al. (2011) and Meisina et al. (2008) were among the first to realize that the need for automatic
or semi-automatic strategies is becoming urgent and critical topics of discussion for the scientific
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community. They showed that through the expert interpretation and analysis of A-DInSAR time series is
possible to characterize the ground instabilities of a territory spatially and temporally. In particular, the
integration of radar satellite data together with in situ available ancillary data such as geological,
geomorphologic, climatic would be an important practice for hazard mapping and for the identification of
the appropriate mitigation measures.

Berti et al. (2013) propose an approach for the automated interpretation of A-DInSAR time series of
displacement which is based on conditional sequence of common and standard statistical tests. The
authors point out that the manual classification and visualization of large quantities of multi-temporal
radar data cannot be performed systematically. Therefore, the authors developed a standalone
application with a graphical user interface (called PS-Time), which requires A-DINSAR time series as its
input and performs their classification into predefined trends of deformation, such as uncorrelated, linear,
quadratic, bilinear and discontinuous. Mirmazloumi et al. (2022) proposes an updated procedure to the
workflow of Berti et al. (2013), where the objective is to extend the classification rationale of to investigate
the misclassified time series and a critical noise source such as vertical jumps caused by PUE (Phase
Unwrapping Errors).

Bakon et al. (2017) propose to detect outliers in the postprocessing phase of multi temporal
interferometric results, while maintaining a good density of MPs in the final results. By applying clustering
techniques, PCA (Principal Component Analysis), Voronoi diagrams, median absolute deviation and
Jaccard index the resulting products are cleared of statistically insignificant observations.

Tomas et al. (2019) developed a semi-automatic tool for the identification and pre-screening of geological
and geotechnical deformational processes from A-DInSAR processed results. The proposed procedure
aims at the detection of Active Deformation Areas (ADA) from deformation map, allow the decomposition
of Line of Sight (LOS) displacements from ascending and descending MPs into vertical and east-west
components and categorizes each ADA into potential geological hazards. The methods objective is to
discriminate landslides, subsidence, sinkholes, and consolidation processes from radar data.

Hussain et al. (2021) presented a statistical approach for detecting offsets and gradient changes in A-
DInSAR time series by statistically identifying significant peaks in the first, second and third difference
series. The gradient change detector can be used for both online and offline outliers’ identification by
finding statistically significant movements in the second derivative series. The methodology demonstrates
to work well in case of availability of long time series data given that its computation is parallelised and
vectorised for major efficiency in order to deal with the large data volumes.

Machine learning (ML) technologies have been successfully applied to interferometric products for
feature detection and classification. In this sense, the screening of volcanic deformation, coal mining and
tunneling subsidence is accomplished by Anantrasirichai et al. (2021) by spatially interpolate the
deformation signals, apply overwrapping techniques and by deploying synthetic training datasets.
Brengman & Barnhart (2021) use CNN (Convolutional Neural Networks) to detect, locate, and classify
temporally and spatially impulsive surface deformation events in interferograms with the main objective
being the identification of co-seismic or co-seismic-like surface deformations. Ansari et al. (2021) takes
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advantage of a deep Long Short-Term Memory (LSTM) autoencoder model to find temporal relations in
deformation time series and cluster similar features.

In the following chapters, three new different approaches for spatial and temporal analysis of large
interferometric datasets are outlined. The scale study of this research is from regional to nationwide,
while maintaining a major focus on the retrieval of precise and accurate ground deformation information
at a very localized scale. The common and underlying objective of the various presented approaches is
the development of new A-DINSAR post-processing tools addressed to the management of big and large
A-DInSAR datasets covering whole regions or nation. The spatiotemporal characteristics constituting the
multi-temporal interferometric dataset are here retrieved from automated routines of supervised and
unsupervised approaches for the automated recognition, detection, and characterization of ground
deformation areas. In this way, surface displacements occurring on the monitored territories are intended
to be periodically seized, characterized, and uploaded in updated inventories concerning multi-level
hazards which can be further exploited by the CPA for risk mitigation and remediation practices.

In the following chapters, novelties, advantages, and constraints of the proposed Data Analytics (DA) tools
are outlined. The post-processing operations are conducted and evaluated considering A-DINSAR datasets
ranging from regional/small to large/detailed scale (“scaling up” approach). Feature engineering, data
integration, DM and ML techniques are adopted for a comprehensive selection and transformation of the
most relevant variables and information retrievable from already processed interferometric datasets
deployed as test cases (Figure 13):

CHAPTER 5 — MOVING AREA CLUSTERS (MAC) DETECTION AT NATIONAL SCALE. Here is presented a GIS
geoprocessing tool (Python scripting) chaining together sequences of processes for the spatial clustering
of radar targets moving with relatively high values of displacement trend. The detected deforming areas
(MAC) are then evaluated against the Line of Sight (LOS) velocity vector decomposition and the accessible
ancillary layers for a preliminary classification of the triggering factors. The proposed methodology is here
applied to the mean ascending and descending deformation maps covering the whole Italian territory
resulting from 3294 and 2868 S1 acquisitions respectively, spanning from March 2015 to December 2018
and processed through the Parallel Small BAseline Subset (P-SBAS) technique. By setting a displacement
rate threshold of + 1 cm/year, a total number of 14,638 areas resulting from both geometries are found
to suffer from instability phenomena, the origin of which are in turn preliminary sorted in 11 classes split
between natural causes and man-made activities. With 2 degrees of confidence, landslide and subsidence
events are found to be the main causes of deformation within the Italian territory, constituting
respectively 31% and 27% of the total unstable areas, followed by volcanic-related processes (22%). Lastly,
it is displayed a complete overview of the deformation phenomena which have recently occurred on the
Italian Peninsula starting from national scale statistical analysis and ending up with local scale
investigations according to the deformation patterns visible through the vertical and East-West
components of motion.

The proposed DM procedure can be applied to A-DINSAR deformation maps for the static mapping of
hotspots of ground deformation due to geological or anthropogenic phenomena.

CHAPTER 6 — MACHINE LEARNING-BASED ASSESSMENT OF GROUND DISPLACEMENT SOURCE. Here is
presented an example of automated solution aimed at performing integrated analysis of large amounts
of interferometric data. To effectively detect high-displacement areas and classify ground motion sources,
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it has been explored the feasibility of a machine learning-based approach. This is achieved by applying the
Random Forest (RF) technique to large-scale deformation maps spanning 2015-2018. Focusing on the
northern part of Italy, the model is trained to identify landslide, subsidence, and mining-related ground
motion with which to construct a balanced training dataset. The presence of noisy signals and other
sources of deformation is also tackled within the model construction. The proposed approach relies on
the use of explanatory variables extracted from the A-DInSAR datasets and from freely accessible
informative layers such as Digital Elevation Model (DEM), land cover maps, and geohazard inventories. In
general, the model performance is very promising as we achieved an overall accuracy of 0.97, a true
positive rate of 0.94 and an F1-Score of 0.93. The obtained outcomes demonstrate that such transferable
and automated approach may constitute an asset for stakeholders in the framework of geohazards risk
management.

CHAPTER 7 — AUTOMATED CLUSTERING OF TIME SERIES OF SURFACE DEFORMATION. A statistical-based
approach based on the time-dependent displacement behaviour of radar MPs is implemented with the
purpose of deriving the most widespread deforming trends within the observed A-DInSAR dataset. The
approach copes with the applicability of an automated unsupervised learning approach by applying a
statistical dimensionality-reduction method which includes a Principal Component Analysis (PCA)
followed by K-means clustering to detect non-stationary deforming trends at a regional scale. The added
benefit of combining ascending/descending InSAR data and interpolating displacements in time at
different time steps is here explored prior to data dimensionality reduction and feature extraction through
PCA. The signal of the ground deformation clusters is then deconstructed into the underlying trend and
seasonality components to enhance the interpretability of the classified satellite INSAR features. Using
INSAR Time series data spanning 2014-2020 and covering the Valle d’Aosta region (North-western Italy),
the proposed approach detects several slope movements and anthropogenic deformations with both

linear and seasonal displacement behaviours.
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Figure 13. The post-processing tools proposed in this thesis cover Data Mining (DM) concepts and methodologies, while dealing
with data integration for the implementation of Machine Learning (ML) techniques and statistical approaches in order to extract

useful information from the analysed interferometric datasets.
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5. Moving Area Cluster (MAC) detection at national scale

This section of the Thesis work will illustrate an approach for the detection of Moving Area Cluster (MAC)
from A-DINnSAR deformation maps for the preliminary screening of the high-velocity displacement
phenomena concerning a territory of interest. In the presented case, a nation-wide interferometric
dataset is deployed, thus allowing for testing a post-processing approach with an unprecedent scale for
this kind of analysis. The enhanced temporal repetitiveness and coherence of the S1 constellation is here
deployed for a reliable mapping of ground deformation punctuating the Italian Peninsula. Thus, the
proposed methodology is based on the semi-automated analysis and interpretation of S1 interferometric
data of ground displacements above the whole Italian territory referred to a time span comprised
between 2015 and 2018.

In this chapter is presented the result of the research activity which was partially funded by the
“Presidenza del Consiglio dei Ministri-Dipartimento della Protezione Civile” (Presidency of the Council of
Ministers—Department of Civil Protection), through the IREA-CNR/DPC and CPC-UNIFI agreements. This
research was also partially funded by the IREA CNR/Italian Ministry of Economic Development DGS-
UNMIG (now ltalian Ministry of Ecologic Transition DGISSEG) 2018-2019 agreement.

The rising availability of satellite-based multi-temporal interferometric datasets covering large areas of
the Earth surface constitutes a huge asset in the context of operational workflows aimed at improving
land risk assessment and management. In order to cost-effectively handle huge amount of data, here it is
proposed a semi-automatic procedure to quickly identify, map and inventory ground and infrastructures
displacements by means of spatial clustering performed over very large-scale A-DINSAR datasets. The
detected deforming areas are then routinely evaluated against the Line of Sight (LOS) velocity vector
decomposition and the accessible ancillary layers. This process is devoted to the rapid and effective
identification of hotspots of displacements and for a preliminary classification of the triggering factors.

The presented geoprocessing tool is called MAClustering and it can be fed with A-DINSAR datasets
counting millions of MPs while allowing the user to set up and tune the parameter values, thus allowing
to retrieve outputs that match the user specific needs. Therefore, this DM approach is to be used for a
large-scale clustering operation on radar MPS allowing for an overview of the main displacement
phenomena concerning a large territory and for a detailed scale analysis of local deformations. The
retrieved unstable areal deformations are here referred to as Moving Area Cluster (MAC). The multiscale
approach is to use the interferometric data for mapping ground motions at regional scale, providing
reliable information on the spatial location, on the average intensity, on the areal extension and on the
possible origin of the detected phenomenon. The results obtained can be implemented in an operative
procedure that involves Regional Authorities and CPA in order to create a chain of command based on the
A-DInSAR data where priority actions are needed.

5.1. Input data

The presented methodology relies on a complete multi-scale approach starting from a country-wide
mosaicked mean deformation velocity map and ending up with a classified active motion areas (MAC)
database. Two different kinds of data have been exploited for the above-mentioned task:
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e Sl interferometric dataset;

e Aset of pre-existing inventories and ancillary data, constituting an ensemble of generally freely
accessible informative layers (in order to make the proposed approach transferable).

5.1.1. Nation-wide P-SBAS interferometric data

For the proof of concept of the proposed post-processing tool, an interferometric deformation map
covering the whole Italian territory represents the starting point of the MAC generation.

Such a A-DINSAR deformation map covers an area of more than 300,000 km? and it has been computed
within a project lead by the Italian Ministry of Economic Development aimed at investigating the
deformation phenomena affecting the Italian territory (Manzo et al., 2019). The realization of the mean
deformation velocity map relies on interferometric analysis at national scale obtained through the P-SBAS
algorithm (Casu et al., 2014), which simultaneously exploits a fast access to the S1 data archives, High-
Performance Computing resources and external geodetic data (de Luca et al., 2017; Manunta et al., 2019;
Zinno et al., 2015). In particular, the P-SBAS processing chain takes full advantage from the peculiarities
of the S1 IWS acquisitions mode, where every acquisition strip is composed of several swaths and bursts.
This data partitioning promotes the distribution of the S1 interferometric processing of the independent
bursts on a large number of different computing nodes or CPUs. Moreover, the S1 constellation, being
characterized by a very small orbital tube (with a nominal diameter of about 200 m), makes the derived
raw data particularly suitable to be processed through the P-SBAS approach resulting in a minimized
spatial decorrelation. Having in mind fast processing of huge volumes of S1 data, the Cloud Computing
environments are perfectly appropriate for fast processing of huge volumes of S1 data, leveraging on
storage capability, large variety of instances for the computation and resources scalability with respect to
the amount of data to be processed.

In this work, Sentinel-1A and 1B radar images acquired in C-band (wavelength 5.5 cm and incidence angle
ranging from 33° to 43°) are exploited in ascending and descending orbits covering the whole Italian
territory (Figure 14). The overall investigated area has been divided into 19 and 17 frames, from 5 and 6
ascending and descending orbit tracks, respectively, with an average size of almost 200 km x 250 km
(azimuth and range). An overlap between frames has been preserved, covering almost 20% of the frame
size for two subsequent ones in the azimuth direction, thus guaranteeing an additional consistency check
for the continuity preservation of the achieved results.
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Ascending — Number of S-1 Number of S-1

A slices acquisistions

Orbits T88_N1 530 175
T88_N3 354 177
T88_N4 347 170
T15_N2 460 164
T15_N3 474 175
T15_N1 445 164
T117_N2 485 159
T117_N1 506 166
T117_N3 519 180
T117_N4 529 179
T117_NS 439 181

{| T44_N2 493 163
T44 N1 529 177
T44_N4 531 178
T44_N3 530 178
T44 NS 406 160
T146_N3 538 183
T146_N1 539 183
T146_N2 540 182
TOTAL 9194 3294

Descending Frame Number of S-1 | Number of S-1
. slices acquisistions
Orbits 3T = —
T66 N2 459 180
T168_N1 464 175
T168_N2 438 151
T168_N3 351 175
T168_N5 321 146
T95_N1 472 171
T95_N2 474 172
T95_N3 466 166
T22_N1 398 164
T22_N2 510 171
T22_N3 511 163
T124_N1 502 178
T124_N2 464 178
T124_N3 412 172
T51_N1 494 170
T51_N2 488 170
TOTAL 7718 2868

Figure 14. Representation of the processed S1 frames within the S1 IWS P-SBAS processing chain. (a)-(b) represent the processed
frames over ascending and descending orbits, respectively. On the right side of the picture details about the processed slices and
the corresponding acquisitions for each frame are shown. Note that each colour in (a) and (b) identifies a different track.

The retrieved A-DInSAR products (Figure 15) have been obtained by using data acquired from March 2015
to December 2018 with a resulting pixel dimension of about 80 m x 80 m (Table 3). The A-DInSAR
processing has been carried out following the S1 P-SBAS approach (Manunta et al., 2019) which includes
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appropriate interferogram phase filtering (Pepe et al., 2015) and accurate phase unwrapping procedures
(Pepe & Lanari, 2006). Atmospheric phase screen and possible residual phase artifacts are filtered out by

also exploiting global navigation satellite system (GNSS) position time series, which in turn are properly
selected for the sufficient extension in time and for not being affected by local displacement effects, as
detailed in (Lanari et al., 2020). The final average A-DInSAR measurement accuracy is of about 5 mm on
the single retrieved displacement time series (Manunta et al., 2019). To produce high-precision A-DInSAR
measurements, only pixels holding a temporal coherence (Pepe & Lanari, 2006) value greater than 0.9
were retained for this work (Figure 15). Taking into account both ascending and descending A-DInSAR

nation-wide datasets, a total of 15,247,842 MPs have been made available for this research (Table 3).

Table 3. Features of the input ascending and descending A-DINSAR datasets, including the MPs (Measurement Points) count,

the smallest and largest values of velocities encountered, the standard deviation of the velocity distribution and the number of

MPs per km2.
Satellite Time Interval MP Count Vel. Min — Max Vel. Std.
(Orbit) (Number Of Images) (cm/yr) Deviation
Sentinel-1 23 Mar 2015 — 26 Dec 8,066,243 -10.1-6.8 0.3
(Ascending) 2018 (3,294)
Sentinel-1 26 Mar 2015 - 29 Dec 7,181,599 -11.0-10.9 0.3
(Descending) 2018 (2,868)
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Figure 15. Ascending and descending nation-wide P-SBAS deformation velocity maps obtained from the exploitation of the whole
S1 IWS archive spanning the March 2015 — December 2018 time interval.

5.1.2. Pre-existing inventories and ancillary data layers

The joint use of geohazard-related inventories and ancillary maps is crucial for the classification and
characterization of the A-DInSAR-based MAC database. In this work, both pre-existing freely accessible
informative layers and re-elaborated products were employed. They can be summarized in three
categories, pre-existing geohazard inventories, ancillary maps, DEM, here resumed:

o The selected pre-existing inventories are related to different geohazards, namely landslides,
earthquake-induced landslides, and subsidence. In the first case, the Italian Landslide Inventory
(IFFI project) at 1:10 000 scale (Trigila et al., 2007) has been chosen since it depicts the spatial
distribution of past and present mass movements within ltaly (represented as polygons or points).
It must be pointed out that the data are updated to 2017 for the Region of Umbria; to 2016 for
Emilia Romagna, Friuli Venezia Giulia, Liguria, Piedmont, Sicily, Valle d'Aosta and the Autonomous
Province of Bolzano; to 2015 for Tuscany; to 2014 for Basilicata and Lombardy. For the remaining
regions, the data are updated to 2007. Moreover, the Italian Catalogue of Earthquake-induced
ground failures in Italy (Fortunato et al., 2012) supplies a detailed picture of the ground effects
due to the seismic sequence occurred on 2016-2017 in the Central Apennines (Improta et al.,
2019a) and it is therefore used as a proxy to extrapolate spatially coincident earthquake-related
moving areas. Finally, a subsidence inventory map has been derived based on the analysis

38



conducted by (Solari et al., 2018) who spatially defined subsidence areas in Italy monitored by
means of interferometric techniques in the last 20 years;

Ancillary maps consist of thematic layers such as land use, physiographic and lithological maps. In
particular, the following layers have been deployed: CORINE Land Cover map at 1:100 000 scale
from the Copernicus Land Monitoring Service and updated for the 2018 reference year, where up
to 44 classes of land covers are distinguished; Carta della Natura map at 1:250 000 scale (sistema-
carta-della-natura) provided by ISPRA (/stituto superiore per la protezione e la ricerca ambientale)
where the ltalian peninsula is sub-divided into 37 different physiographic units associated to
geographically defined sections of the territory; 1:500,000 lithological map of Italy with 16
associated different classes (https://www.isprambiente.gov.it/images/progetti/progetto-1250-

ita.jpg);

The slope map (raster format) of Italy has been computed from the TINITALY/01 DEM, a digital
elevation model with 10 m-cell sizes covering the whole Italy territory (Tarquini & Nannipieri,
2016).
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Figure 16. Visual representation of the deployed inventories and ancillary data layers: (a) the Italian Landslide Inventory (IFFI
project) at 1:10 000 scale (Trigila et al., 2007); (b) subsidence inventory map derived from (Solari et al., 2018); (c) Carta della
Natura map at 1:250 000 scale from ISPRA; (d) TINITALY/01 DEM (Tarquini & Nannipieri, 2016); (e) Italian Catalogue of
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Earthquake-induced ground failures in Italy (Fortunato et al., 2012); (f) CORINE Land Cover map at 1:100 000 scale (updated till
2018) from the Copernicus Land Monitoring Service.

5.2. Methodology

The methodological approach consists of three post-processing phases performed over the P-SBAS
outcomes resulting from S1 IWS archives: (i) semi-automatic spatial clustering of active ground
deformation areas affecting the Italian territory, thus identifying the MACs; (ii) subsequent automatic
classification by means of superimposition on pre-existing inventories, thematic maps and by LOS velocity
vector decomposition for every MAC; (iii) local scale analysis and characterization of the detected ground
deformation processes through the investigation of the deformation pattern.
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Figure 17. Flow chart of the adopted methodology.

5.2.1. Spatial clustering of radar targets

Groups of spatial objects with similar features can be merged into clusters. Clustering constitutes an
unsupervised learning method used as a process to find meaningful structure and explanatory underlying
processes in the intrinsic grouping among the unlabelled data present. Spatial clustering analysis is
particularly useful when it is applied to filter nation-wide A-DINnSAR databases and retain MPs
representative of relatively large average displacement behaviour, in order to detect the most potentially
active hazardous motions.

MAClustering is a semi-automated GIS model consisting of a sequence of geoprocessing tools that allows
the filtering, the extraction and the spatial aggregations of MPs into clusters of moving areas with a
significant displacement rate. MAClustering can be shared or can be used in Python scripting and other
models. The model workflow consists of a chain of tasks connected where the output of every process is
fed into another process (Figure 18a). The presented GIS geoprocessing model is provided with an
interface dialog box from which the user can supply different values parameters to the model. In
particular, 10 different built-in GIS tools were exploited while, besides the need for specifying the input
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data file and the working folder, 3 parameters are requested to be set (Figure 18b). The characteristics of
the final output strongly depend on the model parameters settings which can be described as follows:

e Displacement rate threshold, whose function is to filter out stable MPs (i.e., ground pixels holding
absolute velocity values lower than the chosen threshold);

e Buffer size, which is the MP radius of “influence” that should be set in accordance with the spatial
resolution of the A-DINnSAR dataset (e.g., if the distance between two MPs is greater than double

the radius, they are not aggregated in the same cluster);

e  Minimum cluster size, which is referred to the statistically relevant minimum number of MPs to
perform spatial clustering.
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Figure 18. Overview of MAClustering: (a) diagram showing the dense network of interactions between the built-in tools
deployed within the geoprocessing model; (b) an interface dialog box coming with the model allows to interactively set up 3
parameters for the extraction of MACs.

The proposed model and underlying approach can be assimilated to the Density-based spatial clustering
of applications with noise (DBSCAN) algorithm (Ester et al., 1996). DBSCAN identifies a dense region by
grouping together data points that are closed to each other based on distance measurement. Compared
to this approach, MAClustering provide a tailored and more personalized approach for the grouping of
radar MPs data by leveraging on the user specific needs.
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Taking into account the scale of analysis, it has been implemented an iterative procedure aimed at fine-
tuning the displacement rate threshold based on the standard deviation (o) of velocity, following already
existing literature approaches (Barra et al., 2017; Tomas et al., 2019). A final stability threshold of + 1
cm/year, corresponding to slightly more than 30, was here set to distinguish active MPs from stable
ground reflectors. Keeping in mind the spatial resolution of the P-SBAS results (about 80 m x 80 m), every
ground pixel is here inscribed within a 100 m radius buffer, a minimum number of 3 contiguous MPs was
chosen to execute spatial clustering, implying that MACs with an extent lower than 3 times the dataset
spatial resolution are not detected (about 0.02 km?). Thirdly, the average displacement value and
coherence of the MPs included in each cluster were automatically derived (as part of the model
geoprocessing chain) in order to retrieve relevant statistical features for every deformation area.

The abovementioned parameters are not subjected to fixed rules; any sensitivity analysis regarding the
impact of the specific parameter selection is neglected, considering that they should be tailored to the
features of the given interferometric dataset and to the scope of the analysis.

It can be deduced that the expected output, generated in a shapefile format, consists of polygonal clusters
which in turn might represent an approximation of the detected deformational processes in terms of
planar extension. However, this kind of analysis constitutes nonetheless an accurate and quick method to
systematically identify and locate sectors of the Italian territory where ongoing deformations due to
geological processes are taking place.

5.2.2. LOS displacement vectors decomposition

P-SBAS provides deformation values measured along the radar line of sight, thus representing only a one-
dimension estimation of the real motion. Reprojecting the velocity deformation vectors along the vertical
(Up-Down direction) and horizontal (East-West) direction is a useful practice to enhance the deformation
estimates and the classification of the observed phenomena (de Luca et al., 2017, Manzo et al., 2006;
Notti et al., 2014), which can be done when ascending and descending datasets are available and when
the contributions of N-S horizontal motions are assumed negligible (due to the intrinsic limitation of the
satellite acquisition geometry). The computation of the vertical and horizontal components is performed
by solving two simple equations (8), as pointed out by (Notti et al., 2014):

v = ((Vp/elosp) —=(Va/elosy)) ~  ((Vp/hlosp) —(V,/hlos,))
V'™ (hlosp/elosp — hlosp/elosy)’ # ~ (elosp/hlosp — elosa/hlos,)

(8)

where V}, and Vy are the vertical and the horizontal velocity components, V4, and Vj are the ascending
and descending (LOS) velocity vectors; while hlos=cos(a) and elos=cos(1.571 - a)*cos(4.712 - 0),
where 0 and a are the azimuth and the incidence angle respectively.

In order to retrieve V}, and Vy, we consider each pixel on the ground for which we have both ascending
and descending LOS velocity values (Figure 19a). The vertical and horizontal components of the velocity
can be thought as coordinates depicting the magnitude and the direction of the movement for each MP.
Therefore, by representing the horizontal velocity on the x-axis and the vertical velocity on the y-axis it is
possible to retrieve the “real” velocity vector, which can be plotted on the Up-Down and East-West plane.
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III

In order to help through an accurate visualization of the direction of the “actual” observed motion, it is
here introduced a colormap (Figure 19b) which is based on the ratio between the vertical and horizontal
components of deformation. In this way, from (i) Up-East to (ii) East-Down, from (iii) Down-West to (iv)
West-Up, 12 patterns of movement are highlighted.

For this research, the ratio between the vertical and horizontal motion components is retrieved and
associated to every MAC for classification purposes. On the other hand, detailed analyses at local scale
are carried out by investigating the deformation pattern in depth and by fully exploiting the availability of
spatially coincident LOS measures from both geometries.

Figure 19. (a) Resolving the E-W (horizontal) and the Up-Down (vertical) components of the LOS velocity within a MP; (b) polar
plot of the “real” velocity vector projected on the Up-Down and East-West plane, where the different colours are associated to
different directions, thus enabling a better comprehension of the pattern of movement.

5.2.3. MAC classification procedure

The desirable outcome of the proposed post-processing chain is the identification of the cause which leads
to the ground deformations outlined by the spatial clustering results. The deforming area can be thought
as an effect of natural processes or man-made activities (Matano, 2019). The model developed for the
classification task consists of a chain of 8 different built-in GIS tools which focus on the quantification of
the spatial relationship between features and on conditional statements dealing with threshold values. In
order to make the model run, it is necessary to supply a mandatory polygon shapefile in input (i.e., the
MAC dataset), the ancillary maps when available and the slope map of the area of interest. Moreover, the
model requires to specify the working folder and to set 4 parameters, namely a series of threshold values
which can be summarized as follow: (i) percentage of spatial overlap; (ii) the mean vertical and horizontal
components ratio values; (iii) the mean vertical component value; (iv) the mean slope value. The decision
tree and the specific parameter setting adopted in our case study is depicted in Figure 20. Based on the
working scale and the A-DInSAR data resolution, a spatial overlap between S1 data and ancillary dataset
of at least 50% is here considered valid for a correct classification. According to the spatial correlation
existing between the active motion areas dataset and the pre-existing inventories or ancillary maps, each
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MAC could be initially discriminated into 8 categories (Figure 20): earthquake-induced deformations,
volcanic-related processes, landslides, land subsidence, mining activities, dump site activities,
construction site activities (where the latter three can be summarized as man-made activities) and
unclassified. The last class is retained for the elements falling outside the classification criterion (i.e.,
concomitant unavailability of the ancillary information and lack of interferometric data from the two
geometries of acquisition). Any further distinctions or interpretation regarding the underlying natural or
anthropic process (i.e., settlements, sinkholes, natural or anthropogenic subsidence, etc.) which led to
ground deformations are not considered because of the lack of comprehensive ancillary information and
because out of the scope of this work.

For the deforming areas that lack of spatial correlation with the available ancillary data, the information
retrieved from the 2D decomposition of LOS displacements is exploited. In order to interpret the
underlying process which has led the ground to deform, it’s here introduced the variable Ky (9)
expressing the prevailing direction of the areal movement that has been derived for every MAC, that is
the mean ratio between the absolute vertical (Up-Down) and the absolute horizontal (East-West)
component values:

_Iwl
A

(9)

where the different ratio values of spatially coincident MPs are averaged and related to every MAC.

The outcome of this computation, in combination with the computed average slope value, strengthens
the association of MAC to 3 other possible categories (Figure 20): potential landslide, potential
subsidence, potential uplift. In particular, assuming that mass wasting processes are generally developed
on slopes higher than 5° (lwahashi et al., 2003; Lee et al., 2004) and land subsidence likely occurs on plains
or valleys floor (slopes less than 5°), moving areas showing a prevailing mean horizontal direction
(1Y 1/1Vy| < 1) are here considered potential landslides, while moving area showing a prevailing mean
negative vertical movement (V,< 0 and |V, |/|Vy| > 1) are considered potential subsidence. Upward
vertical displacements can take place in different environments as a result of several factors (Boni et al.,
2018; Coda et al., 2019), thus MAC with a prevailing mean positive vertical movement (V;; > 0 and
[Vy1/IVy| > 1) are here associated to potential uplifts. The adopted classification method operated
through |V}, |/|Vy| ratio thresholds (Figure 20), arises from literature examples and is supported by
observations made on the portion of the MAC dataset which have been safely classified according to the
spatial correlation with the ancillary data (where available).
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Figure 20. Procedural scheme for the classification of Moving Areas Clusters (MAC).

5.3. Outcomes of the post-processing procedure

The results obtained by means of spatial clustering analysis and through the cross-correlation between
the generated MAC and different collected maps covering the whole Italian territory are here described
in three different sub-sections: (i) general characteristics of the computed country-wide active motion
areas database; (ii) outcome of the performed classification; (iii) presentation of seven case studies,
representative of the adopted classification, wherein the validation of the approach is also shown.

5.3.1. The MAC database of Italy

Following the criteria explained in section 5.2.1, a MAC database covering the whole Italian territory has
been retrieved for both the ascending and descending input A-DInSAR datasets. The attributes related to
the computed active motion areas are summarized in Table 4. The table fields include the average LOS
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velocities for both geometries, the number of MPs falling within every deformation area, the E-W and the
vertical component of the LOS velocities, and the classification of the cause from which every MAC
originated from.

Table 4. The Moving Areas Clusters (MAC) database is provided with non-quantitative details and with statistical features
related to the areal extent of the deforming area, the LOS, vertical and horizontal velocities, and the temporal coherence (Pepe
& Lanari, 2006).

Field Description Units
ID Identification number of the active motion area -
Satellite-orbit Geometry of acquisition of the MPs from which the active motion area has -
been generated
Areal extent Computed polygonal surface area km?2
Mean coherence | Computed mean temporal coherence value of the MPs falling within the active -
motion area
Count MP asc Number of ascending MPs falling within the active motion area -
Count MP desc Number of descending MPs falling within the active motion area -
Mean VLOS asc Computed mean ascending LOS velocity cm/yr
Mean VLOS desc Computed mean descending LOS velocity cm/yr
Mean VH Computed mean E-W component of velocity cm/yr
velocity
Mean Vv Computed mean Up-Down component of velocity cm/yr
velocity
Mean Vv/ Vu Computed mean ratio between Up-Down and E-W component -
Classification Classification of the underlying ground deforming process -

The overall detected MACs are 14,638 which are differently distributed among the belonging A-DInSAR
geometry: 8,278 clusters for the ascending geometry and 6,360 clusters for the descending one (Figure
21a and Figure 21b, respectively). The first set of MAC covers around 1,647 km2 while the second covers
around 1,223 km2 which correspond respectively to ca. 3% and 2% of the ascending and descending
deformation maps (where the areal extent of each MP is 80 m x 80 m). The difference between the two
subsets is mainly due by the relatively smaller MP total count and MP density of the input descending A-
DINSAR dataset. The mean LOS velocity distribution of the ascending and descending MAC has been
computed and it is displayed in Figure 21c and Figure 21d: 85.2% and 87.4% of both datasets, respectively,
show mean velocity values < -1.0 cm/year, thus demonstrating a large predominance of deformation
areas with a mean negative LOS velocity (movement away from the satellite sensor). Only 14.1% of the
ascending and 12.2% of the descending areas indicate mean LOS velocities > +1.0 cm/year (movement
towards the satellite sensor). Very few areas with values between -1.0 cm/year and + 1.0 cm/year results
from the spatial clustering operation considering that possibly MPs with opposite signs coexist in the same
clustered area (due to an abrupt change of movement direction recorded within a very small distance).

48



MAC database Sk T4 LA MAC database
Ascending orbit LN o e Descending orbit

Mean VLOS distribution - Ascending MAC Mean VLOS distribution - Descending MAC

3000 2500 v
2500 +
2000 |
2000 +
1500
£ €
3 1500 3
o °
w v
1000 +
1000
500
500 |

cm/yr cm/yr

Figure 21. (a) The ascending and (b) the descending Moving Areas Clusters (MAC) database for the reference period March
2015- December 2018 resulting from the spatial clustering analysis performed over the whole Italian territory and (c, d) the
mean VLOS value distribution computed for the ascending and the descending MAC, respectively.

The ascending and the descending MAC databases are here compared in terms of areal extent with the
lithological map of Italy (1:500 000 scale) and the Il level CLC (Corine Land Cover) map. By comparing the
MAC coverage (MAC area within class/total class area) with respect to the total MP coverage (MPs area
within class/total class area), it is possible to obtain a weighted measure (i.e., the percentage of MAC area
within class/MPs area within class) of the extent to which every lithological and land cover class has been
affected by surface deformations during the monitored period (Figure 22). Considering MAC belonging to
both geometries, it is found that they are mainly located on effusive igneous rocks (7.7% for the ascending
and 7.8% for the descending) and pelitic flysch (8.4% and 6.3%), followed by clay and marls (6.8% and
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6.4%). Very few deforming areas are found to be spatially coincident with glacial deposits (from 0.1% to
0.2%) and with intrusive igneous rocks.

Concerning the distribution of MAC between land use classes, it is reported a clear disparity between the
agricultural areas and the artificial surfaces, with the latter generally not much interested by
deformational phenomena. Except for the mine, dump and construction sites (7.8% for the ascending
MAC and 7.7% for the descending one), the majority of ground-moving zones is positioned on inland
waters, open space with little or no vegetation and maritime wetlands. Compared to the coverage of the
MPs, very few MACs are found on artificial, non-agricultural vegetated areas (0.3% for the ascending and
0.2% for the descending dataset) and on urban fabric (0.7% for both datasets). The significant presence
of MAC within inland waters is due to the proximity of deformation areas to water bodies, where the
clustered MPs mainly refer to dynamic environments such as riverbanks, shores and cliffs.

Q MAC database vs Lithological map b MAC database vs CLC Il level map
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Pelagic limestones, marls, dolomite and travertine Open spaces with little or no vegetation

Marly-arenaceous flysch Mine, dump and costruction sites
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Figure 22. Comparing the coverage of the ascending and the descending Moving Areas Clusters (MACs) with respect to the
coverage of the Measurement Points (MPs, constituting the ascending and descending velocity deformation maps) for each
categorical class of (a) the 1:500 000 lithological map of Italy and of (b) the second level of the Corine Land Cover map.

5.3.2. MAC classification

The active motion areas have been classified according to the spatial association existing with the
geohazard-related inventories and ancillary maps as outlined in Figure 20. In terms of covered area, the
overall partitioning of the ascending and descending active motion areas between the various categories
is comparable (Figure 23) with some discrepancies induced by the different satellite view. The descending
dataset has recorded a relative majority of volcanic-related processes (24.8%) with respect to the
ascending dataset (19.5%). An opposite trend arises for the earthquake-induced deformations, which
constitute 11.9% of the descending clusters and 17.1% of the ascending ones. Other minor mismatches
regard the percentage of subsidence-related events (6.7% of the ascending areas and 7.5% of the
descending areas), the fraction of deforming areas positioned on previously mapped landslides (12.0%
and 13.8% respectively) and the percentage of not classified phenomena (4.8% of the total area covered
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by the ascending dataset vs. 2.7% of the descending one). The remnant categories show differences in the
range of ca. one percentage point.
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Figure 23. Classification of the (a) ascending and (b) descending moving area clusters (MAC) of Italy retrieved for the reference
period March 2015-December 2018. Pie charts showing the (c) ascending and (d) descending MAC distribution within the
different categories, in terms of covered area respect to the total area of each MAC database.

If active motion areas categorized as landslide and potential landslide are considered together, it appears
that slope instabilities processes could be considered as the most representative phenomenon in the
ascending and descending datasets (30.8% and 31.4% respectively). On the contrary, both the potential
uplifts and the man-made activities (i.e., dump site activities, construction sites activities and mining
activities) constitutes together the minority of the two datasets (Figure 23).

Moreover, an average value of slope and elevation has been computed on the deforming areas belonging

to the various categories (Table 5). Nearly identical values (around 19° of slope and elevation comprised
between 813 and 833 m.a.s.l.) are shared between the two datasets for the earthquake-induced
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deformations, due to the geographical coincidence of the underlying motion areas which correspond to
the seismic sequence occurred in 2016—2017 in the Central Apennines. The active volcanic-related
processes are likewise reported in the same locations in both ascending and descending MAC (Figure 23):
they describe the Mount Etna (an active stratovolcano on the East coast of Sicily) and the Phlegraean
Fields (a vast area of volcanic origin located North-West of the city of Naples which has been historically
affected by bradyseism) ongoing deformations. In this case the exact geographical position of the MAC is
changing, as well as the average slope and the average elevation, according to each orbit.

The distribution of the MAC classified as landslide and subsidence totally reflect the physiographic pattern
of the Italian peninsula, with the first category to be found throughout the Apennine chain and the Alpine
chain while the second to be placed on the main Italian plains, such as the Po Plain (northern Italy) or the
Tavoliere delle Puglie (south-eastern lItaly). Accordingly, an average slope value of 14.3° - 15.0°
(respectively in the ascending and descending dataset) for the deforming areas marked as landslides while
an average slope of 0.4° is attributable to the subsidence-related clusters. A similar trend is confirmed
when looking at the average slope and elevation values of MAC classified as potential landslide and
potential subsidence (Table 5). However, the difference appears to be less pronounced, with a mean slope
of 1.6° — 1.5° for potential subsidence phenomena and a mean slope of 12.5° — 13.0° for potential
landslides (respectively in the ascending and descending dataset).

Among the remaining categories (i.e., potential uplift and the man-made activities), the mining activities
account for the highest percentage of covered area together with the highest average slope and elevation
value.

Table 5. Statistics depicting the number and the area covered (both in absolute figures and as a percentage of the total), the
average slope and the average elevation computed per every category into which MAC are classified.

Ascending orbit Descending orbit
Categories Count Area Avg. Avg. Elev. Count Area Avg. Avg. Elev.
(%) (%) Slope m.a.s.| (%) (%) Slope m.a.s.|
km? deg (°) km? deg (°)
Earthquake-induced def_ 1004 282.3 19.3 813.1 629 145.8 18.9 833.4
(12.1%) (17.1%) (9.9%) (11.9%)
Volcanic-related process 150 320.0 8.1 779.7 148 302.5 10.6 876.5
(1.8%) (19.5%) (2.3%) (24.8%)
Landslide 1349 197.5 14.3 417.9 1184 169.2 15.0 420.8
(16.3%) (12.0%) (18.6%) (13.8%)
Subsidence 279 109.7 0.4 34.9 307 91.9 0.4 325
(3.4%) (6.7%) (4.8%) (7.5%)
Mining act. 116 14.9 10.7 2313 115 14.9 11.2 273.0
(1.4%) (0.9%) (1.8%) (1.2%)
Dump site act. 40 6.8 4.2 117.9 36 6.7 4.5 133.6
(0.5%) (0.4%) (0.6%) (0.5%)
Construction site act. 5 16 2.9 183.0 1 0.1 6.1 178.7
(0.1%) (0.1%) (0%) (0.0%)
Potential landslide 2349 310.0 12.5 327.6 1765 215.1 13.0 335.4
(28.4%) (18.8%) (27.8%) (17.6%)
Potential subsidence 2227 323.5 16 143.0 1856 242.0 15 146.0
(26.9%) (19.6%) (29.2%) (19.8%)
Potential uplift 22 17 1.4 144.4 15 13 1.0 133.1
(0.3%) (0.1%) (0.2%) (0.1%)
Unclassified 737 79.0 3.1 172.9 307 33.6 4.1 210.5
(8.9%) (4.8%) (4.8%) (2.7%)
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5.3.3. Local scale analysis — Case studies

In this section, 7 specific cases, classified according to the different triggering mechanism, are illustrated,
showing the large applicability in different scenarios of the MAC algorithm on interferometric results.

5.3.3.1. Landslide — the case of Maratea (Basilicata Region)

Figure 24 illustrates the case study of a moving area located at Maratea, in the Potenza province (Basilicata
Region, Italy). The Maratea Valley is known for being historically affected by large complex deformational
phenomenon which are thought to be firstly controlled by the geological setting and, secondly, by the
active role played by tectonics in that area (Berardino et al., 2003; Rizzo, 2002). As a result of several
studies, it is reported that the village of Maratea rises on a composite DSGSD (deep-seated gravitational
slope deformation) which can be described as a spreading evolving lower-down into a large and deep
flow, due to the superimposition of permeable and rigid masses (carbonate units, breccia and detritus)
upon plastic ones (clayey flysch). The movements monitored on the surface and in depth, referred to the
period 1992-1996 and reported by (Rizzo & Limongi, 1997), are both of the order of 2-4 cm/year.

The slope deformation affecting the study area has remained active for the reference period March 2015-
December 2018 as it is recorded by both the ascending and descending MAC database; an overall mean
LOS velocity of 1.5 cm/year and -1.6 cm/year respectively for both geometry of acquisition is reported,
where the positive value indicates movement towards the satellite while the negative sign implies
movement away from the satellite. Within the boundaries of the detected moving areas, a peak velocity
of -2.6 cm/year on the eastern sector is reached (Figure 24a; Figure 24b). The areal extent of the detected
deformation ranges between 2.4 km? (descending MAC) and 2.6 km? (ascending MAC) and it covers almost
all the residential settlements located on the northern side of the Mt. San Biagio.

Focusing on the deformation pattern, the entire ground displacement follows a general westward
horizontal direction (|Vy,|/|Vy| < 1). However, while the steepest and easternmost sector of the MAC
(represented with light-green MPs) has moved slightly downward, the flat sector located on the valley
floor has undergone a relative upward deformation (Figure 24c). By observing the ground deformation as
seen by satellites from two points of view (ascending and descending geometry of acquisition), the
kinematic behaviour of the DSGSD can be inferred: a progressive downslope shift from negative to positive
vertical displacements can be linked to a semi-circular or compound failure plane (Frattini et al., 2018).
The real velocity vectors (Figure 24d) have recorded a maximum rate of deformation of 3.8 cm/year, thus
falling inside the range of the GPS measures observed by Rizzo, 2002) in the inhabited area of the valley.
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Figure 24. Maratea municipality (Basilicata Region) results. a,b) 3D view of the ascending (a) and descending (b) deformation
velocity maps; (c) vertical and horizontal component of the deformation velocity obtained by combining LOS ascending and
descending MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors computed for each MP within
the two MAC of Maratea showing the magnitude and the direction of the movement on the Up-Down and East-West plane.

5.3.3.2. Volcanic related process — the case of the Phlegraean Fields (Campania Region)

In Figure 25, the case of one of the most studied volcanic areas in the world, the Phlegraean Fields caldera,
is presented. This area is located along the western coast of the Campania Region (southern Italy) in a
largely urbanized territory, including the western sector of the city of Naples. The present physical aspect
of the Phlegraean Fields can be considered as the result of two recent major eruptions, i.e., the Campanian
Ignimbrite (~39 ka) and the Neapolitan Yellow Tuff (~15 ka), which produced two nested calderas
covering together a 16 km wide area (Acocella, 2008; Bevilacqua et al., 2020; Fedele et al., 2011). At least
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since 2nd Century BC the Phlegrean Fields have undergone a bradyseism phenomenon consisting of
several uplift and subsidence episodes. Since 2005, after a 20 years-long phase of subsidence, the caldera
has been experiencing a phase of uplift movement, registering a slow acceleration in the last years
(Bevilacqua et al., 2020; Chiodini et al., 2017; D’Auria et al., 2015; Patra et al., 2019) and a total maximum
vertical displacement in the Pozzuoli area of ca. 83 cm (recorded up to June 2021) (Osservatorio
Vesuviano, 2021).

The recent uplift movement is confirmed by the A-DInSAR dataset and the consequent MAC database,
where both ascending and descending deformation clusters fall East and West of the Pozzuoli Bay
covering an area of 33.5 km2 and of 33.2 km2, respectively for a total area of 58.2 km2 (without
considering the overlapping parts of the two clusters). For the reference period March 2015-December
2018, the recorded peak velocities of 6.2 cm/year (ascending geometry) and of 6.5 cm/year (descending
geometry) are referred to MPs falling exactly inside the Pozzuoli district (Figure 25a; Figure 25b).
Considering the LOS velocity projected on the Up-Down and East-West plane, it emerges that the spot
with the highest deformation rate (i.e., the Pozzuoli district) shows MPs holding vertical component of
displacement considerably greater than the horizontal (|Vy,|/|Vy | > 1); that zone seems to acts as a ridge
zone dividing the western sector and the eastern sector into areas uplifting with a westward and eastward
component respectively (Figure 25c). The polar plot represented in Figure 25d displays that the maximum
displacements have acted vertically close to the centre of Phlegraean Fields caldera (located in the town
of Pozzuoli) with the magnitude of the “real” velocity reaching a peak velocity of 8.6 cm/year during the
monitored period (Osservatorio Vesuviano, 2018). On the other hand, on the outermost parts of the
clustered areas, the entity of the displacements decreases in intensity with the horizontal component of
motion increasing in parallel. The highlighted results confirm that the ground deformations are located
over a semi-circular annular Region and follow a radial pattern both in terms of intensity and orientation
(Bevilacqua et al., 2020; Manconi et al., 2010).
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Figure 25. Phlegrean Fields (Campania Region) results. (a, b) 3D view of the ascending (a) and descending (b) deformation velocity
maps; c) vertical and horizontal component of the deformation velocity obtained by combining LOS ascending and descending
MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors for each MP within the two MACs, showing
the magnitude and the direction of the motion on the Up-Down and East-West plane.

5.3.3.3. Earthquake-induced deformations — the case of the 2016 Amatrice-Visso-Norcia
seismic sequence (central Italy)

In Figure 26 the mapped coseismic surface deformations related to the Amatrice-Visso-Norcia seismic
sequence that struck central Apennines between August and October 2016, as a result of the S1 P-SBAS
processing are shown. The sequence initiated on 24 August 2016 with the Moment magnitude (Mw) 6.0
Amatrice earthquake claiming at least 290 lives and causing widespread damages. On 26 October 2016,
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another Mw 5.9 earthquake hit the village of Visso, which is ca. 25 km to the North of Amatrice. The largest
seismic event, the Mw 6.5 Norcia earthquake, occurred on 30 October and nucleated in an area comprised
between the two previous events. The following months an intense aftershock activity involved the
activated zone, which runs NNW-SSE parallel to the axis of the central-northern Apennines (Improta et
al., 2019b).

The detected moving areas (which occupy a total area of ca. 70 km x 70 km) correspond to coseismic
ground motions and failures related to the Amatrice-Visso-Norcia seismic sequence. Surface deformations
due to different phenomena (e.g., slope failures, anthropic activities...) that possibly affected the same
area during the monitored period March 2015 - December 2018 could not be inferred solely on the basis
of the mean deformation velocity.

The ascending and descending MAC database predominantly recorded displacements in the areas
surrounding the activated zone, which is roughly located along the three mainshock epicentres (Figure
26a and Figure 26b, respectively). The absence of interferometric data in the vicinity of the hypocentre
area has to be ascribed to the loss of coherence because of temporal changes in the scattering conditions
on the ground (Kobayashi et al., 2013). The observed displacements are characterized by two NNW-SSE
striking deformation lobes with positive and negative velocities depending on their position respect to the
epicentres and to the geometry of acquisition of satellites (Figure 26a ;Figure 26b) with values reaching a
peak of 5.8 cm/year on the left of the activated zone, where it is also recorded a higher density of MAC.
This trend clearly confirms the widely accepted hypothesis of a normal fault mechanism for the Mw 5.9—
6.5 mainshock events, where the coseismic collapse of the hanging wall accounted for the main visible
displacement.

Through the analysis of the displacement on the Up-Down and East-West plane, the area hit by the 2016
seismic sequence reveals a complex pattern of deformation (Figure 26c). Despite the large number of MPs
throughout the site of interest holding very different values of ratio between the vertical and the
horizontal velocity components, it is here highlighted the E-W component of deformation concerning the
two deformation lobes, with the eastern one (corresponding to the foot wall area) shifted eastward and
the western one (corresponding to the hanging wall area) shifted westward in agreement with previous
studies (Cheloni et al., 2017; Huang et al., 2017). Moreover, a clear subsidence pattern is partially visible
in correspondence to the Amatrice village (marked with red and orange colours in Figure 26c). The polar
plot represented in Figure 26d displays the “real” vectors with computed velocities considerably higher
than the LOS ones: a maximum horizontal displacement of 8.4 cm/year has affected the central part of
the left lobe (~7 km NW from Norcia village).
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Figure 26. 2016 Amatrice-Visso-Norcia seismic sequence results. (a, b) Ascending (a) and descending (b) deformation velocity
maps of the area hit by the seismic sequence; (c) vertical and horizontal component of the deformation velocity obtained by
combining LOS ascending and descending MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors
showing the main direction and magnitude of the observed movement. The yellow stars show the epicentres of the three
mainshocks as reported by Istituto Nazionale di Geofisica e Vulcanologia (INGV).

5.3.3.4. Subsidence — the case of Montemurlo (Tuscany Region)

The municipality of Montemurlo, in the Prato province (Tuscany Region), along with the Firenze-Prato-
Pistoia basin, is an area historically known for being affected by subsidence phenomena. In particular, the
southwestern portion of the municipality hosts a large industrial area, whose presence could be
connected to the recent seasonal variation of the water table due to groundwater withdrawal (del Soldato
al., 2019).
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The MAC database shows two cluster of MPs in the ascending geometry with a total areal extent of 0.4
km? while the two equivalent detected descending deforming area are slightly larger (0.5 km?). For the
reference period March 2015-December 2018 the area has registered a peak velocity of -3.9 cm/year and
of -4.2 cm/year in the cluster centres of the ascending and descending geometry, respectively (Figure 27a;
Figure 27b).

In Figure 27c¢, the computed components of displacement are visible, highlighting an expected pattern of
deformation: the entire area suffered land subsidence resulting in a high value of mean absolute ratio
between the vertical and horizontal components (|Vy,|/|Vy| > 1), with the western sectors moving
relatively towards East and the eastern sectors to the opposite direction (i.e., towards West). This trend
implies that the sinking of the central zone of the deforming areas (where land subsidence effects are
more evident) may drive the surrounding movements. Hence, the interferometric results suggest the
existence of a cone-shape depression radiating away from the centre of the clustered areas due to
groundwater overexploitation. The polar plot represented in Figure 27d shows a maximum “real” velocity
(i.e., computed on the Up-Down and East-West plane) of ca. 4.8 cm/year. Del Soldato et al. (2019) report
average interferometric measures of ground velocities reaching approximately =10 cm/year in July 2017
and June 2018 which nevertheless relate to rates of ground subsidence of particular intensity occurred in
specific time spans.
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Figure 27. Montemurlo municipality (Tuscany Region) results. (a, b) 3D view of the ascending (a) and descending (b) velocity
deformation maps; (c) vertical and horizontal component of the deformation velocity obtained by combining LOS ascending and
descending MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors showing the main direction and
magnitude of the observed movement.

5.3.3.5. Dump site activities — the case of Masseria del Re (Campania Region)

Masseria del Re, a locality that belongs to the municipality of Giugliano in Campania, gave its name to the
storage site located in the province of Naples (southern Italy). As a result of the recent crisis related to the
disposal of waste in the Campania Region, the site has been designated since January 2006 as a storage
space for tons of fuel pellets produced from waste of different origins. The accumulation of material
continued until August 2007 up to the complete saturation of the site, where more than 5 million of fuel
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pellets have been amassed on a surface area of about 460,000 m2. The regional authorities announced
the start of work concerning the removal of waste from the site in May 2016.

The S1 derived MAC database referred to the monitored period March 2015-December 2018 shows
ground deformation both in ascending and descending geometry covering the whole storage site (Figure
28a; Figure 28b). All the clustered MPs inside the two moving areas are characterized by negative LOS
values, thus testifying the overall lowering of the zone where the fuel pellets are set. The estimated areal
mean velocity ranges between -2.1 cm/year (as seen from the ascending orbit) and -2.5 cm/year (as seen
from the descending orbit), while locally it is reached a maximum velocity of -5.4 cm/year.

While looking at the deformation pattern on the Up-Down and East-West plane (Figure 28c), it emerges
the clear predominancy of surface deformations acting vertically throughout the storage site (| Vi |/|Vy|
> 1). The polar plot represented in Figure 28d shows a maximum “real” velocity of ca. 6.9 cm/year, thus
highlighting once again the importance of combining data from different geometries of acquisition for a
better estimation of the entity of the displacement. Two main causes can be reasonably connected to the
observed lowering deformation over the area of interest: (i) the fuel pellets load imposition with the
subsequent ground lowering and (ii) the leachate production, collection and extraction which are regularly
performed on site by the facility operators. As a result, it can be concluded that the observed motion is
mainly related to the waste material load, rather than the local ground surface.
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Figure 28. Masseria del Re storage site (Campania Region) results. (a, b) 3D view of the ascending (a) and descending (b)
deformation velocity maps; (c) vertical and horizontal component of the deformation velocity obtained by combining LOS
ascending and descending MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors showing the main
direction and magnitude of the observed movement.

5.3.3.6. Mining activities — the case of Santa Barbara (Tuscany Region)

The former Santa Barbara brown coal mining area is settled in the municipality of Cavriglia, in the Arezzo
province (Tuscany Region). The mining activities started in 1860 and ended in 1994 due to exhaustion of
the lignite basin. The topography of the site has drastically evolved with the site exploitation, with the
formation of hills and ground excavations, where the latter have become today visible lakes (Bozzuto &
Geroldi, 2021). In particular, the slope close to the Allori Lake, due to his orientation eastwards and its
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artificial bare terrain, turns out to be greatly monitored from S1 satellite systems. The former mining site
is currently object of an Environmental Rehabilitation Plan (Bozzuto & Geroldi, 2021).

Two ascending clusters (Figure 29a) are located on the above-mentioned slope, where the largest (0.5
km?) is just in front of the Allori lake and the Bomba area (which is the seat of many warehouses) while
the smallest (~0.1 km?) is ca. 700 m north of the first cluster; one descending MAC (Figure 29b), with an
area extent of 0.6 km?, occupies roughly the same position of the largest ascending cluster. A peak of LOS
velocity of about -9.8 cm/year was recorded in the ascending geometry, during the monitored period
March 2015 - December 2018, as well as an average displacement rate of -4.1 cm/year and -2.7 cm/year
in the two ascending deforming areas. For what concerns the descending geometry, an average LOS
velocity of 2.1 cm/year has been measured for the same area. On the contrary, the Bomba area appears
to have slightly moved toward the satellite sensor (uplift movement) without generating any MAC, due to
an estimated average ascending LOS velocity of 0.6 cm/year and an average descending LOS velocity of
0.3 cm/year in that zone (Figure 29a; Figure 29b). All the reported observations are consistent with the
latest interferometric measurements available on the area of interest (geoportale.lamma.rete.toscana.it).

In Figure 29c¢ the combination of ascending and descending LOS velocities has allowed a 2D reconstruction
of the velocity vectors in the Up-Down and East-West plane: the overlapping clustered areas show an
evident East-Down direction of movement, thus behaving similarly to a landslide process. This evidence
is supported by the presence of several slope instabilities spread throughout the site of interest (Figure
14). The polar plot represented in Figure 29d shows a maximum “real” velocity of 9.2 cm/year within the
perimeter of the outlined clusters, which is comparable to the peak LOS velocity recorded in the ascending
A-DInSAR dataset. The “real” velocity vectors related to the Bomba area exhibit upward movement which
has reached 1.5 cm/year at most during the reference period. In the context of abandoned coal mine sites
which have undergone flooding, the uplift movement could be ascribed to the long-term complex
interaction between the mine goaf, the rock mass and the fluctuation of the groundwater level (Zhao &
Konietzky, 2020). The development of different lakes in the former mining area over the past century
(e.g., the Allori Lake) could have played a significant role in triggering the observed surface deformations.
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Figure 29. Santa Barbara (Tuscany Region) results. (a, b) 3D view of the ascending (a) and descending (b) deformation velocity
maps; (c) vertical and horizontal component of the deformation velocity obtained by combining LOS ascending and descending
MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors showing the main direction and magnitude
of the observed movement.
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5.3.3.7. Construction site activities — the case of the freight village Amerigo Vespucci
(Tuscany Region)

The freight village Amerigo Vespucci is located in the municipality of Collesalvetti and represents the main
container station for the Livorno province (Tuscany Region), due to its strategic vicinity to the developed
infrastructural area where it sits. Today, the freight terminal covers a surface area of ca. 3,000,000 m?,
while the creation of the hub dates to late ‘80 when the area was designed as a building site to be used
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for commercial and logistical-industrial use. Since the construction of the first warehouses, the area has
been experiencing ground lowering due to the consolidation processes as a consequence of the buildings
load imposition (Ciampalini et al., 2019), which resulted in structural damages to the sheds and
consequent economic losses.

Two overlapping ascending and descending MAC with comparable extension concern the area
corresponding to the freight village Amerigo Vespucci during the monitored period March 2015-
December 2018 (Figure 30a; Figure 30b). It is reported an area mean velocity of -1.8 cm/year for both
geometries, while locally observed ground displacements have reached a maximum of -3.7 cm/year. The
freight station site appears to have been generally subducted, however few MPs within the clustered
areas show to be within the range of stability (velocity ranging between -0.3 — 0.3 cm/year), thus
highlighting that the area has possibly undergone a process of differential settlement, as also testified by
Ciampalini et al. (2019).

In Figure 30c the components of the LOS velocities on the Up-Down and East-West plane are shown, as a
result of the combination of the ascending and descending interferometric data. The ground has displaced
in downward direction (V;; <0 and |V, |/|Vy| > 1) with a mean “real” velocity equal to 2.1 cm/year
considering the entire area, while it is recorded a local peak of 7.2 cm/year (Figure 30d) in the north-
eastern sector of the freight village. The observed deformation pattern confirms the ongoing process of
settlement caused by the consolidation of a highly compressible clay layer in response to building loads,
while the observed measures are in good agreement with the rate of velocity derived for the same period
from past studies conducted over this area (Ciampalini et al., 2019).
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Figure 30. Freight village Amerigo Vespucci (Tuscany Region) results. (a, b) 3D view of the ascending (a) and descending (b)
deformation velocity maps; (c) vertical and horizontal component of the deformation velocity obtained by combining LOS
ascending and descending MACs; (d) polar plot depicting a representative sample of the “real” velocity vectors showing the main
direction and magnitude of the observed movement.
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6. Machine Learning-based assessment of ground displacement source

In this section of this Thesis work it will be illustrated a Machine Learning (ML) based method for the
automated recognition and classification of the cause of ground displacements detected through the
analysis of A-DInSAR deformation maps. The methodology is aimed at exploiting large-scale C-band S1
data to assess the triggering factor of potential active displacements, based on the quantification of the
statistical association between radar-based features and a set of explanatory variables retrieved from the
most common morphometric and geohazard inventories.

The test site covers Tuscany and all the Northern Italian regions (Valle d’Aosta, Piemonte, Lombardia,
Liguria, Emilia Romagna, Veneto, Trentino-Alto Adige and Friuli-Venezia Giulia).

The interferometric data selected for the presented methodology are made available thanks to the
partnership with the Presidency of the Council of Ministers—Department of Civil Protection, through the
IREA-CNR/DPC and CPC-UNIFI agreements. This work was also partially funded by the IREA CNR/Italian
Ministry of Economic Development DGS-UNMIG agreement and H2020 EPOS-SP (GA 871121).

The proposed original approach regards the implementation of the Random Forest (RF, Breiman, 2001),
a well-known and widely implemented ML technique, to automatically detect and classify ground
deformations sources across Northern ltaly using the spatial characteristics of A-DINSAR data. The
significance of such a work relies on the necessity of periodically updating and assessing the geohazard
activities detectable from continuously updated space-borne radar data. In this approach, deformation
maps resulting from the processing performed via P-SBAS (de Luca et al., 2017; Zinno et al., 2015) were
used to retrieve MPs with outlying mean velocity values and spatially associate them to a set of predictors,
while the time series of displacements were not considered in this case. Morphometric features of the
landscape, land cover, and geohazard inventories were taken into consideration as predictors in order to
create a model for the purpose of classifying the origin of ground deformations in urban, non-urban, and
forested environments. RF approach creates an ensemble of decision trees, established from randomly
generated portions of the training data, whose votes are considered together to finalize a data-driven
forest model. The presented innovative idea is to adapt and apply RF at local scale to A-DInSAR MPs. A
major breakthrough regards the introduction of new explanatory variables which can be obtained by the
post-processing of P-SBAS data: an index expressing the motion trend in the East-West and vertical planes.
Besides these, the method relies on other easily accessible input parameters extracted from a Digital
Elevation Model (DEM) and from open access catalogs (e.g., landslide inventories). The procedure can
also be tested in other geographical areas where DEM, land cover map, and geohazard inventories are
available. Therefore, it is demonstrated the feasibility of a simple ML-based classification scheme for
assessing the source of active motions, which is a primary task in the management of large A-DInSAR
datasets in the framework of supporting stakeholders in land management and civil protection purposes.

6.1. Materials and methods

The flowchart of the presented methodology is synthesized in Figure 31. Input data and rationale of the
procedure are explained in more detail in the following sections.
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Figure 31. Workflow of the ML-based methodology for the classification of ground deformations detected from the post-
processing analysis of A-DInSAR data.

6.1.1. A-DInSAR dataset post-processing elaboration

S1 ascending and descending datasets covering Northern Italy regions (with Tuscany region included),
acquired from 23 March 2015 to 26 December 2018 were employed and processed by means of P-SBAS
data, with a resulting pixel resolution of about 80 m x 80 m. Time series of displacement, despite being
available for each MPs, are not employed for this work proof of concept since the presented approach is
based on the mean velocity for each pixel. To exclude incoherent points, only pixels holding a temporal
coherence value greater than 0.9 were retained for this analysis. 2,749,737 velocity MPs were counted
in the ascending orbit, while 2,594,041 MPs compose the descending velocity map. The overall MPs
density ranges from 19.2 to 18.1 points per km? for the ascending and descending pass, respectively.
The higher density and significantly cluster are in urban areas compared to forested and agricultural
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areas. The mean velocity value (uV) of both datasets is around zero (Figure 32), while the standard
deviation (o) of the velocity distribution stands at 0.2 cm/year which usually corresponds to the
displacement interval related to stable ground conditions (Catani et al., 2012; Raspini et al., 2018).

Given that the velocity values in the two datasets share approximately bell-shaped distributions (Figure

32), the standard deviation of the sample was used as a cut-off threshold for identifying MPs with

relatively high deformation rates. In particular, any value out of the range defined by uV+3o (i.e., + 0.6

cm/year) can be considered as an outlier (Santos, 2020) and therefore is retained. This criterion allowed
to restrict the analysis to a total of ~145,000 unstable ground measurements (Figure 32; 76,464 MPs and

68,193 MPs from the ascending and descending passes, respectively), finally selected as targets of our

work.
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Figure 32. (a) Ascending and (b) descending velocity maps and related frequency distribution of the (c) ascending and (d)
descending mean velocity (V). The cut-off threshold, namely 3 times the standard deviation (30), is represented with the
dashed line.
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Furthermore, being a key-step for the analysis, the information from the two different LOS geometries
were combined to resolve the E-W (Vu) and vertical (Vy) velocity components (Notti et al., 2014) by
exploiting the S1 P-SBAS data architecture. Since the P-SBAS mean deformation velocity maps are divided
following an 80 m x 80 m geographical regular grid (De Luca et al.,, 2017), the displacement vector
decomposition was computed for those pixels accounting for coincident LOS ascending and descending
measurements. This can be done by solving the equations (8) reported in Notti et al. (2014).

Despite not being available for every MPs, the reprojection of the displacement rate on the E-W and
vertical plane will constitute an important explanatory information in the proposed model-building
framework. As a result of the post-processing phase, our univocal final dataset counts 20,212 MPs.

6.1.2. Model parameters

6.1.2.1. Terrain parameters

In this work a 10 m cell-size grid DEM, derived from TINITALY/01 project (Tarquini & Nannipieri, 2016)
released by INGV was used. Some of the main DEM-derived indices largely employed in landslide
susceptibility (Catani et al., 2013) are here used to infer a correlation between the spatial occurrence of
MPs with outlying velocities and the motion trigger. In particular, it is here extracted the exact value to
every MPs location for the following maps:

e Elevation, which may be indicative of different altitudes tied to various environmental settings
(Ayalew et al., 2004) and different types of surface deformations.

e Aspect identifies the downslope direction. The raster pixels are expressed in terms of compass
direction that the surface faces at that location with respect to the cardinal direction.

e Slope describes the slope for each raster cell in degrees based on the elevation at each point.

e Curvature, which expressed the relative change in slope and is computed as the second derivative
of the surface topography.

e Profile curvature, indicative of the rate at which the slope gradient changes towards the direction
of maximum slope.

e Planar curvature, respect to the latter, is calculated orthogonally to the direction of the maximum
slope.

e Topographic Wetness Index (TWI) (10), which can be though as a steady state wetness index,
where A is the upslope contributing area of each raster pixel and B is the slope angle.

n (ta‘: B )
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The characteristics of the soil coverage may be considered as an important driving property to
discriminate different causes of ground deformation. The diverse geomechanical and hydraulic properties
reflected by the different units were considered. Their spatial distribution is well depicted in the 1:500,000
lithological map of ltaly (www.isprambiente.gov.it/progetto-1250-ita). We grouped all the geological
formations into eleven classes: (i) granular soils; (ii) debris and alluvial deposits; (iii) clays and compact
marls; (iv) massive calcareous rocks; (v) igneous intrusive rocks; (vi) igneous effusive rocks; (vii) schistous
rocks; (viii) metamorphic rocks; (ix) evaporite rocks; (x) complex units with mainly pelitic layers; and (xi)
complex units with mainly calcareous and arenaceous layers.

6.1.2.2. Distance parameters

Proximity distances to important land motion predisposing factors can be of great help to calculate and
to determine the kind of surface displacement. For our analysis we used the areal features contained in
the 1:10,000 scale Italian Landslide Inventory (Inventario dei Fenomeni Franosi in Italia, IFFI project; Trigila
et al., 2007), since it depicts the spatial distribution of past mass movements for the Italian territory. The
spatial diffusion of open-pit extraction sites and flooded mining pits were extracted from the Il level
classification of 2018 CORINE Land Cover map (CLC) at 1:100,000 scale provided by the Copernicus Land
Monitoring Service. Here is computed the distance between every MPs and the closest line segment to
the polygon features in an equidistance projected coordinate system, where a distance of zero is
considered when a MP lies within a polygon.

6.1.2.3. Kvw parameter

In order to find out the deformation pattern which may be linked to a particular geological or
anthropogenic phenomenon causing ground displacements as seen by SAR satellites, here is deployed
novel index based on the interferometric measures reprojected on the E-W and vertical plane. Here is
deployed the variable Kyu (9) that is the ratio between Vi and Vy, namely the vertical (Up-Down) and the
absolute horizontal (East-West) component values (for more references see section 5.2.3)

The use of Kyiy is meant to introduce a strong attribute regarding the prevailing direction of the movement
evidenced by the MP for which the index is calculated. A prevailing negative value of Ky would suggest a
downward motion, while a prevailing positive value of Kyvy would indicate an upward motion. By definition,
a value comprised between -1 and +1 would suggest a predominant horizontal movement (i.e., toward
West or East).

Table 6. Explanatory parameters used for the definition of the model.

Parameters Type Data format Scale/resolution Source

Elevation Cont. Grid 10m TINITALY/01
Aspect Cont. Grid 10m derived from TINITALY/01
Slope Cont. Grid 10m derived from TINITALY/01
Curvature Cont. Grid 10m derived from TINITALY/01
Profile curvature Cont. Grid 10m derived from TINITALY/01
Planar curvature Cont. Grid 10m derived from TINITALY/01
TWI Cont. Grid 10m derived from TINITALY/01
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Lithology Categ. Shapefile (polygon) 1:500,000 ISPRA

Landslide distance Cont. Shapefile (polygon) 1:10,000 IFFI
Mining sites distance ‘ Cont. Shapefile (polygon) 1:100,000 CLC2018
Kvh ‘ Cont. Grid 80m derived from A-DInSAR dataset

Cont. = Continuous  Categ. = Categorical

6.1.3. Random Forest

Random forest (RF) is an ensemble ML method which have become very popular in the past decade due
to its excellent performance in handling non-parametric multidimensional classification and regression
problems and in showing low chances of overfitting (Breiman, 2001). RF is used to predict an outcome by
involving the bootstrapped aggregation of several regression trees. Amodel is created based on a random
selection of the training data from the input dataset, while the data not included are referred to as “out-
of-bag” (OOB). The generation of a random subset of features ensures low correlation among decision
trees, whose classification outcomes are aggregated to identify the most popular result. Therefore, the
majority vote will yield the predicted class and the OOB sample is then used for cross-validation, finalizing
the class prediction. Here, the common characteristics retrievable from the velocity maps plus other
ancillary maps (i.e., numerical, categorical, and distance-based variables) were investigated as well as
combined for explaining different causes of deformation tied to ground moving MPs. In other words, the
proposed procedure is concerned with predicting a categorical variable to point-like objects.

The method itself proves to be largely applicable in many scenarios. Several advantages are associated to
RF: i) massive datasets and data heterogeneity can be dealt (Genuer et al., 2017), also allowing for the
mixed use of categorical and numerical variables; ii) complex data fabric can be managed, and itis capable
of accounting for nonlinear high-dimensional features which may interact with each other (Scornet et al.,
2015); iii) it performs well in model interpretation and is fast to train. A further key benefit is the ability
of RF to statistically evaluate variable importance to the model. Importance is calculated using Gini
coefficients, that is how much the model’s accuracy decreases when a given variable is excluded. This
capability allows for studying the relative contribution of the different explanatory variables on the overall
result.

A way to estimate the ensemble error is by computing the “out-of-bag error” (OOBE), which measures
the prediction errors of RF through the comparison of the OOB predicted responses against the true
responses. The overall performance of the model can be evaluated through diagnostic metrics aimed at
assessing how well features tied to a particular category are correctly predicted or miscategorized, by
using TP, TN, FP, FN which are true and false positive and negatives, respectively. In this work, following
the proper setting of the forest parameters, a balanced dataset for model training was tested and the
classification performances are measured by means of Accuracy (11)Error! Reference source not found.,
True Positive Rate (TPR) (12) and F1-Score (13), which is the harmonic mean of TPR and Precision
(14)Error! Reference source not found.. These parameters are mathematically detailed below:

(TP + TN)
(TP + FP + TN + FN)

Accuracy =

(11)
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TP

TPR = ——
TP + FN
(12)
Precision — TP
recision = (TP + FP)
(13)
Fl—s _ 2-TPR - Precision
core = TPR + Precision
(14)

6.1.4. Rationale of modelling procedure

To automatically classify the phenomena responsible for triggering the outlying MPs, we need to build the
RF model by feeding it with ground truth examples of different classes of expertly interpreted MPs (Farina
et al., 2006). In this approach, the focus is on slope deformation caused by landslides, subsidence (due to
both natural or anthropogenic sources, such as groundwater pumping, natural compaction, or loading)
and mining-associated activities (which might be linked to complex deformation patterns) as they are the
most common cause of surface displacements in the test area. They are also considered the outlying MPs
arising from other unspecified triggering factors or inherent noisy signals which are still included in the
filtered A-DInSAR dataset after the velocity thresholding. Real sites across Northern Italy which have been
analysed remotely within the framework of monitoring services (Confuorto et al., 2021) or through field
investigations were exploited to build up the training dataset, while uncorrelated signals were included in
the model by randomly picking up sparse MPs to reproduce noise and any other undefined ground
deformation. As expected, the manual classification of MPs resulted in an imbalanced dataset. Since ML
methods for supervised classification tend to provide different performances for the samples in the most
populated classes compared with the samples belonging to the least numerous classes (Johnson &
Khoshgoftaar, 2019), we adopted a simple data-levelling method to obtain a balanced training dataset.
We performed random under-sampling for all the classes based on the number of elements of the least
populated class, thus retaining a total of 2,184 features equally divided into four groups (Figure 33): (i)
landslide (L); (ii) subsidence (S); (iii) mining-related displacement (M); (iv) noise or other phenomena (ND).
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Figure 33. Map depicting the location of expertly interpreted outlying MPs constituting the balanced training dataset. MPs related
to landslide (L), subsidence (S), mining-related displacements (M) and noise or other (ND) are shown by means of bubbles whose
dimension is proportional to the number of aggregated features within the same discrete phenomenon.

The validation dataset accounts for 15% of the training dataset (i.e., the OOB sample), while the test
dataset is constituted by all the remaining MPs which could not be safely interpreted, namely 18,028 MPs.

The RF model settings are tuned regarding the generation of the most accurate model. Different number
of trees were here tested trying to minimize OOBE and building a robust model, where every decision tree
is created using a random subset of the training data available. Decreasing the number of trees, the
computation time of the model is reduced, though not constituting a major concern in our case given the
dimensions of our training dataset. To make the ensemble of decision tree an effective predictor, a
maximum number of randomly sampled variables for each tree is required, which is here considered
empirically by looking at the square root of the total number of explanatory variables. On the other hand,
the maximum tree depth (i.e., the maximum number of splits that will be made down a tree) is a data-
driven parameter which is here automatically calculated based on the number of trees created and the
number of variables included.

6.2. Results of the ML-based methodology
6.2.1. Model tests

Once fixed the RF model settings, they were executed 50 runs on randomized portions of the training

dataset, starting from a number of 250 trees and then moving on to 500 and 1000 trees. Considering the
full parameters set, the mean and standard deviation of model accuracy obtained through the several
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runs were estimated and then the OOBE evaluated as the percentage of incorrect classifications for every
predicting class by looking at the most accurate model (Table 7).

Table 7. Mean and standard deviation (Std dev) of accuracy computed for 250, 300 and 1000 trees. Out-of-bag errors (OOBE)
displayed for every predicting class and related to the most accurate model.

Number of trees 250 500 1000
Mean accuracy (50 runs) 9.2e-1 9.3e-1 9.3e-1
Std dev accuracy (50 runs) 1.5e-2 1.6e-2 1.6e-2
Best model accuracy 9.5e-1 9.6e-1 9.6e-1
Best model OOBE Best model OOBE Best model OOBE
Landslide (L) 5.2% 4.7% 4.3%
Subsidence (S) 5.9% 5.1% 4.5%
Mining-related disp. (M) 2.0% 2.0% 1.9%
Noise or other (ND) 21.3% 20.5% 20.0%

Results shows that the accuracy values obtained with different number of trees are very similar to each
other, with mean values ranging from 9.2e-1 to 9.3e-1 and stable standard deviation values spanning from
1.5e-2 to 1.6e-2. Comparing the OOBE from the best models, a slight decrease of misclassification in the
OO0B sample was noted, probably correlated with the rise of the number of trees. The latter parameter
does not seem to significantly affect the computation time, which is comparable in all cases. It can be
asserted that the performances obtained by applying the classification to the training dataset do not
considerably enhance across several runs and by varying the number of trees, thus evidencing the
practical implementation of a RF method in this kind of approach.

6.2.2. Variable importance and model validation

The best model achieved by setting 1000 trees has taken as a representative to explore its outcomes and
characteristics through diagnostic metrics. We evaluated the importance of model variables by looking at
the Gini coefficients calculated for every deployed explanatory training variable.

The distance parameter related to CLC mining sites is the main driving variable holding a median value of
importance equal to 6.3, followed by Kyy with a value of 6.0 (Figure 34). These parameters show similarly
higher values if compared to the remnants: In fact, together they account for a total 27% of overall
importance in the model, thus remarking their breakthrough role for catching the statistical evidence for
discriminating high-velocity MPs in different classes. It can be inferred that the first parameter can be
safely correlated with the classification of true mining-related displacement, while Kyy may be relevant to
distinguish prevailing vertical surface movements (subsidence) from phenomena responsible for mainly
horizontal motions (landslide). Slope, aspect, elevation, and distance to IFFI landslides constitute a set of
fairly relevant parameters with median importance values comprised between 4.7 and 4.3. Apart from
TWI, the last set of parameters composed by profile curvature, total curvature, plan curvature and
lithology accounts for a minor responsibility in the splitting process of a decision tree (Figure 34), with the
local differences in soil/rock composition described by the lithological map being marginally useful to
classify surface displacements (2.6 median importance).
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Figure 34. Boxplot related to the importance of every explanatory variable computed as the sum of the Gini coefficients from all
the trees. The values are also reported as the percentage of the total sum of Gini coefficients.

The validation dataset mean confusion matrix indicated as the percentage of predicted samples with
respect to the ground truth labelled samples, and a list of performance metrics achieved for every class
are reported in Table 3. In general, classification indices are very good considering all classes (arithmetic
mean of indices values), with an overall accuracy of 9.7e-1, a TPR of 9.4e-1 and a value of F1-score equal
to 9.3e-1. Class M (mining-related displacement) has the highest indices among all the other classes, while
classes L (landslide) and S (subsidence) show comparable high performances with both recording
relatively smaller F1-score values (9.5e-1 and 9.2e-1, respectively). On the other hand, MPs are more likely
to be incorrectly labelled as ND (Noise or other) as witnessed by the relatively lower performance rates
achieved (Table 8). In particular, the percentage of actual positives ND which are correctly identified (i.e.,
the TPR) is equal to 8.1e-1. This can occur considering that class ND gathers together high-velocity MPs
with multiple deformation sources, including noisy and sparse signals which could not be related to a
discrete and clearly discernible phenomena. Given that, the lack of peculiar features makes their
classification more difficult to the RF according to the parameters considered. This is confirmed also by
the results reported in the confusion matrix (Table 8). Class ND is more often confused with class S and
secondly with class L. Among the other classes, S is never confused with L and vice versa, thus
demonstrating that the deployed parameters provide strong statistical attributes to discern subsidence
from landslides. Mining-related displacements are confused in 2.4% of the cases with ND and only in 1.2%
of the cases with both L and S.

Table 8. Validation dataset mean confusion matrix and performance metrics reported for every class.

Validation dataset: classification

Class L S M ND
Landslide (L) 95.7% 0.0% 1.2% 3.1%
Subsidence (S) 0.0% 95.5% 1.2% 3.3%
Mining-related disp. (M) 0.7% 0.0% 98.1% 1.2%
Noise or other (ND) 5.4% 12.2% 2.4% 80.0%
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Diagnostic metrics Per class Overall

Accuracy 9.7e-1 9.6e-1 1.0 9.4e-1 9.7e-1
TPR (True Positive Rate) 9.5e-1 9.8e-1 1.0 8.1le-1 9.4e-1
Fl-score 9.5e-1 9.2e-1 9.9e-1 8.7e-1 9.3e-1

6.2.3. Outcomes of prediction

After the training and validation phases, we used the best RF model to predict the source of displacements
recorded through the A-DInSAR deformation map of Northern Italy. The classification concerned a total
number of 18,028 high deformation MPs obtained from the training of 2,184 features expertly classified
according to well-known cases of landslide, subsidence, and mining deformation phenomena. The
geographical distribution of both outcomes and training data are depicted in Figure 35.
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Figure 35. Northern Italy classification results of A-DINSAR MPs with high velocities according to 4 classes of deformation source:
landslide, subsidence, mining-related displacement and noise or other phenomena.
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The proposed method detected that L and S outlying MPs are settled in different morphometric and physic
environments, reflecting the different geological processes. 2,712 MPs, which were labelled as L, are in
correspondence of mountainous areas (mainly across the Northern Apennines), while 8,255 S points
group themselves in the main plains (e.g., the Po Plain) and the main valley floors (e.g., alpine valleys) of
the study area. We estimate a mean slope value of 16.1° for L features (with a standard deviation equal
to £9.4°), while for S-classified MPs we retrieve a mean slope of 0.5° and +1.3° standard deviation thus
confirming that slope constitutes an important parameter in our model. Another strong discriminant
between L and S relates to elevation: we find mean values of 55.8466.6 m a.s.l. for S points and
528.4+320.6 m a.s.l. for L points.

On the other hand, 773 MPs are labelled as mining-related displacements (M) while 8,472 are classified
as noise or other phenomena (ND). Most of the M features (i.e., 81% of the totality) appears to cluster
within the boundaries of the CLC mining sites, while the remnants are situated in direct proximity (ranging
from 0 to 576 meters) since the main driving parameter of our model is the distance from the mining
locations. The other morphometric parameters such as slope, elevation, aspect, and TWI do not show
meaningful statistical distributions for M predicted features since mining sites are not spatially restricted
to a particular physiographic environment. Concerning MPs labelled as ND, they hold, by definition, largely
dispersed values among all the parameters.

The classification outcomes at local scale for several sites across the study area are shown in Figure 36.
The method detects that the majority of outlying MPs in the metropolitan area of Bologna (Emilia
Romagna Region) refer to a well-known subsidence phenomenon (Figure 36a) with a long-term evolution
due to local anthropogenic activities (i.e., overexploitation of the aquifers) and natural causes, such as
tectonics (Stramondo et al., 2007). In the same area, several MPs linked to mining-related deformations
are classified in correspondence of 3 open-pit extraction sites of inert material which run stretches along
the Reno River. In general, we find good agreement between the subjective assessment and the predicted
classification, even if in few MPs in the buffer zone around mining areas appears misclassified and were
marked as ND. This can be ascribed to a misleading combination of explanatory variable values that RF
fail to interpret. On the other hand, in Figure 36b case near Oriano hamlet (Emilia Romagna Region), is
depicted, where outlying signals within a small area are correctly correlated to landslide and to mining
areas which were previously catalogued as such. Also, our method proves to be able to detect L classified
MPs which do not fall inside the IFFI landslide inventory. As evidence of this, in Figure 36¢c we show the
case of the Sauze d’Ouilx hamlet (Piedmont Region) which is recognized to be affected by a large deep-
seated gravitational slope deformation (DGSD; Fioraso et al., 2020). In this context, the proposed
classification method could provide an aid in updating geohazard inventories.

Another interesting capability shown by our model concerns the indirect classification of source of
deformations which were not considered in the training dataset. The evidence is provided by the case of
Larderello geothermal field, which is settled in southern Tuscany Region (Figure 36d). Almost every MPs
is being correctly detected as ND (i.e., noise or other source of deformations) since the origin of the
deformation is not related to any L, S or M phenomena. Therefore, here the combined statistical instances
of the explanatory parameters have proven to be effective in not confusing ND with S, despite the area
suffering from severe vertical movements which have persisted in the last decades (Botteghi et al., 2012).
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Figure 36. Classification results displayed for different sites across the study area. (a) Subsidence phenomena and extraction sites
in Bologna city and surroundings (Emilia Romagna Region); (b) landslide phenomena and mining-related displacements in the
Oriano hamlet (Emilia Romagna Region) in correspondence of IFFI and CLC inventories; (c) correctly interpreted landslide
phenomena in Sauze d’Oulx (Piedmont Region) which has not been previously reported in the IFFI inventory; (d) surface
deformations related to the geothermal activity in Larderello (Tuscany Region) where most of the outlying MPs have been
correctly classified as noise or other sources of displacement.

6.2.4. Impact of Ky variable within the RF model

It was also analysed the impact of the newly introduced KVH variable in the modelling procedure. Being
Kvh @ proxy for estimating the deformation pattern on the vertical and East-West directions, it was expect
that it would constitute a solid explanatory index in the RF classification procedure. To this end, it was
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performed the two-tailed Mann Whitney U test (Fay & Proschan, 2010) for checking a significant
difference between the K, distributions of the predicted MPs (Figure 37). We tested the four classes non-
normal distributions pairwise for a level of significance (a) equal to 0.05, conducting 6 tests for every
combination. The U statistic with normal approximation is then used to compute the probability p-value
and evaluated against the selected level of significance: if p is less than a, the null hypothesis of no
correlation (HO: classl = class2) is rejected and we accept that the difference between class1 and class2
populations is big enough to be statistically significant. Tests outcome confirms that each class distribution
(Figure 37) substantially differs from the others since we obtain a p-value equal to 0.5e-2 when testing M
predictions against ND predictions, while we obtain a p-value of zero for all the other test combinations.
In the end, it is demonstrated that in the proposed methodology the use of K, is fundamental for
discerning between different sources of deformations detected through A-DInSAR data.
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Figure 37. Histogram and plot box of the Kyy distributions related to predicted (a) landslide MPs, (b) subsidence MPs, (c) mining-
related MPs and (d) noise or other MPs.

6.2.5. Spatial pattern analysis of the predicted features

The spatial distribution and aggregation of the high velocity MPs partly reflect the parent dataset
distribution. Moreover, our data should be inherently grouped in space being this a constraint of A-DInSAR
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technique (MPs usually aggregate around reflecting elements that satellites can easily see; Lu et al., 2012).
For this reason, we evaluated the Average Nearest Neighbour (ANN) for every predicted class, and we
compared them to the overall distribution. In our case, ANN is based on the averaging of all the distances
found between each MP of the same class and its nearest neighbour. The ANN ratio is the observed
average distance divided by the expected average distance of a hypothetical random distribution with an
equal number of points covering the same total area. If the observed average distance is less than the
expected for a random distribution, the MPs class being analysed is considered clustered, or conversely,
it is considered dispersed. As can be seen in Table 9, all the classes exhibit ANN ratios largely greater than
1, denoting a trend toward dispersion with likelihood that the dispersed pattern could be result of random
chance (z-scores largely greater than the critical value) less than 1%. This could be ascribed to the MPs
density which has been greatly lowered during the post-processing operation (see section 6.1.1) while
preserving the underlying surface area. On the other hand, if we compare the ratio between predicted
classes ANN and the overall ANN related to whole outlying MPs we can retrieve interesting remarks: M, L
and S classes appear to be more clustered in space than the overall distribution, with ANN ratios being
around half of the overall ANN (Table 9). Instead, MPs belonging to ND class appear to be slightly more
dispersed (value of ANN equal to the overall ANN multiplied by 1.1). As a result, we can deduce that the
proposed method confirms to be helpful in detecting spatially aggregated features associated to discrete
deforming phenomena, and besides, it proves reliable in identifying noisy deformation signals.

Table 9. Computed Average Nearest Neighbor ratio (ANN) for every predicted class and for the overall spatial distribution of
outlying MPs, where also every Class ANN is evaluated against the overall ANN.

Observed mean dist. Expected mean dist. ANN Class ANN/Overall
(m) (m) ratio ANN
Overall 512.1 1.3 394.0 -
L 752.2 3.6 209.0 0.5
S 491.5 2.1 234.0 0.6
M 981.0 6.9 142.2 0.4
ND 937.8 2.1 446.6 1.1
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7. Automated clustering of Time Series of Surface Deformation

In this section of this Thesis work it will be presented the third and last approach aimed at developing an
automated pipeline for the extraction of the most meaningful and recurrent trends of deformation
described by the temporal evolution of displacement values of every MPs constituting an A-DInSAR
dataset. The final goal of the proposed approach is the effective management and automated post-
processing of large EO data to make ground motion data readily understandable and interpretable by a
broad range of nonexpert stakeholders and end-users.

Any supervised manual classification of large A-DInSAR datasets can no longer be performed, being a time-
consuming activity and the results affected by subjectivity. For systematic large-scale mapping, the large
volume of Time Series Interferometric Synthetic Aperture Radar (TS-InSAR) information enclosed within
millions of Measurement Points (MPs) calls for efficient DM approaches to disclose the underlying
displacement patterns. Therefore, here is explored the applicability of an automated unsupervised
machine learning approach by applying a statistical dimensionality-reduction method which includes a
Principal Component Analysis (PCA; Jolliffe & Cadima, 2016) followed by K-means clustering (Wu et al.,
2008) in order to detect non-stationary deforming trends at a regional scale.

The test site is the Valle d’Aosta region (VdA) which is among the regions with the highest mortality rate
from landslides in Italy (polaris.irpi.cnr.it) and where other identified sources of ground motion include
subsidence and mining-related displacements (Confuorto et al., 2021; Solari et al., 2019). The deployed
A-DInSAR dataset is processed by means of SqueeSAR™ algorithm (Ferretti et al., 2011) and for the proof
of concept of the proposed methodology only TS-InSAR data are deployed.

The novelties brought by this work, are the following:

e The proposed DM approach is applied to the decomposed vertical and eastward components
displacement TS-InSAR rather than to the LOS values.

e The robustness of the clustering method is evaluated against different TS-InSAR interpolation
techniques.

e Every retrieved cluster is further decomposed into trend and seasonality components for a
complete mapping of the temporal displacement behaviour.

To the best of our knowledge, this method has not been tested on PSI TS-InSAR before.
The proposed work addresses the following literature gaps:

e most of studies aiming to map and characterise ground motion mainly rely on the average
displacement rate obtained from fitting a linear regression model to the entire TS-InSAR data
(Festaetal., 2022; Lu et al., 2012; Novellino et al., 2019; Tomas et al., 2019), rather than deploying
the whole temporal dimension.
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e Mapping TS-InSAR temporal displacement signals to a priori pattern models (Berti et al. 2013;
Chang & Hanssen, 2016) would inhibit the scalability in the classification of unknown temporal
patterns in large INSAR datasets.

7.1.Site characterization and interferometric data used
7.1.1. Study area

VdA is a region located in the north-western part of the Italian Alpine arc and is bordered by Switzerland
to the north and by France to the west (Figure 38). The 3,262 km? area encompasses a mostly
mountainous landscape where almost 50% of its territory has an elevation higher than 2,000 m.a.s.l.

As a result of the Alpine orogenesis and the Quaternary glacial modelling, VdA constitutes a complex
structural-geomorphological context (Dal Piaz et al., 2001) where a main central valley east-west oriented
is framed by several sub-valleys north-south oriented, constituting an ideal scenario for the application of
the InSAR technique (i.e., ground deformation detection along N-S direction it is poorly constrained by
the satellite geometry). The post-glacial action (Holocene to present) has been influencing the reliefs
setting and the ongoing slope dynamics (Carraro & Giardino, 2004). Indeed, VdA is extensively
characterized by gravitational mass movements such as shallow landslides, rockfalls, rock glaciers and
deep-seated gravitational slope deformation (DSGSD) which sometimes involve entire mountain flanks
(Trigila et al., 2010). The study of such phenomena represents a primary necessity for a mountain territory,
and it is functional to more effective risk management for such a region.

Considering the historical causes of motion in VdA, the validation of our procedure included:

e landslide inventory from the Italian Landslide Inventory project (IFFI; Trigila et al., 2007), where
2,188 landslides and 141 DSGSDs have been mapped until 2016 throughout the VdA territory
(Figure 38), covering more than 590 km? (ca. 18% of the entire region).

e Glaciers database on more than 900 rock glaciers marked as active or relict landforms
(catastoghiacciai.it/GeoGhiacciai). Besides the well know geohazards, other sources of land
motion have been linked to human-induced surface displacements, namely subsidence due to
groundwater overexploitation and mining-related activities (Confuorto et al., 2021).

e Finally, a database on the localization of possibly moving areas subject to past and recent
quarrying and dump activities (Figure 38) available online at geoportale.regione.vda.it.
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Figure 38. Geomorphologic setting of the VdA, with landslide types, slope processes and man-induced moving areas outlined
according to the IFFI catalog and to the regional databases available at /geoportale.regione.vda.it/.

7.1.2. Interferometric dataset covering VdA

The launch of the C-band S1 constellation has allowed to acquire huge volumes of freely accessible radar
images with an unprecedented temporal sampling over Europe. In this study, 256 and 261 S1 scenes
covering VdA were exploited from ascending and descending acquisition geometries Figure 39a,
respectively. The stacks of images, acquired with the Interferometric Wide (IW) swath mode by both S1A
and S1B and spanning the time interval from 19 October 2014 to 12 May 2020, were processed by means
of the SqueeSAR™ algorithm (Ferretti et al., 2011) which allows a high density of interferometric data,
especially in environments such as the alpine area (Notti et al., 2012). Images have been captured along
satellite track n.88 in ascending orbit, with an incidence angle of 38.59°, and along-track n.66 in
descending orbit, with an incidence angle of 43.12° (Figure 39b). The SqueeSAR processing chain was able
to provide more than 730,000 ascending and descending displacement TS-InSAR subdivided between
point-wise coherent scatterers (PS) and partially coherent distributed scatterers (DS), allowing a rather
high MP density (ca. 56 MP/km?).
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b $1 parameters and PSI results

SAR satellite S1A&B S1A&B
Satellite geometry Ascending Descending
Track 88 66
Sensor mode w Iw
LOS angle 38.59° 43.12°
Azimuth angle 8.87° 10.49°
No. of scenes 256 261
No. of MPs 365,384 367,263
Time spans 04-11-2014 to 10-10-2014 to
12-05-2020 11-05-2020

Figure 39. (a) S1 datasets location and (b) PSI SqueeSAR™ results.

7.2. Rationale of the proposed methodology

In this section, it is briefly described the pipeline of the proposed TS-InSAR DM approach (Figure 40) which
is entirely performed automatically through a code assembled in Python 3.8.10
(https://github.com/maybedave/InSAR-Time-Series-Clustering). The code consists of three main steps: 1)
Spatial and temporal post-processing of the PSI dataset to retrieve newly interpolated vertical and
eastward displacement TS-InSAR; 2) PCA-based dimensionality reduction and features retrieval; 3)
unsupervised K-Means learning for TS-InSAR automated clustering and decomposition of the cluster
centroids.
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Figure 40. Workflow of the proposed approach.

7.2.1. TS-InSAR post-processing

Multi-geometry InSAR data fusion aims to reproject and estimate the LOS observed displacement signal
along the vertical and eastward directions based on the combination of measurements acquired from two
or more different SAR satellite orbit acquisitions. Independent InSAR datasets can be merged on the (i)
spatial and (ii) temporal level if LOS measurements are referred to the same location and period.

The accomplishment of the (i) spatial interpolation is performed by merging sparse MPs from overlapping
geometries into spatially coherent domains. We propose a squared gridding of point-like data consisting
of an adaptive scaling process able to enclose at least one MP from ascending and descending geometries.
The process starts by assessing the extent of the InSAR datasets to produce each individual grid cell as a
geometric polygon. The optimal size of the grid cell is automatically assessed as follows: considering an
intervaln = [10 .. 1000] the totality of cells C,, produced at the n grid size is evaluated against Cad,, =
Ca, U (Cd, , where Ca, and Cd,, are the number of cells with at least one MP from the ascending and
descending geometry, respectively. The optimal size of the grid cell corresponds to the smallest grid size
(so to capture motion at higher resolution using more cells — C,;) but large enough to contain at least one
ascending and descending MP. This size is evaluated by plotting the results of C,,/Cad,, against the n
range of size values and by identifying the point of maximum curvature (Figure 41) through the Kneed
algorithm (Satopaa et al., 2011). Empty grid cells resulting from the absence of simultaneous data from
both geometries are automatically deleted.
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Figure 41. Procedure for the identification of the optimal size of the grid for the spatial interpolation of MPs from the two LOS
satellite geometries of acquisition.

Also, (ii) interpolation in time is required to retrieve vertical and eastward TS-InSAR since the image
acquisition dates are usually different in each viewing geometry. In this framework, the proposed
methodology performs the fusion of geometry-wise LOS velocities on a cell-by-cell basis on the
interpolated grid, thus resulting in unique ascending and descending TS-InSAR for each grid squared
polygon. After aggregating and averaging the displacement values per time step, the approach pipeline
follows with the selection of the ascending and descending overlapping time window (0Tw) as the new
temporal frame for TS-InSAR resampling. Then, the new frequency conversion nf (15) is automatically
computed as:

nf = oTw/(Sqsc + Saesc)
(15)

where oTw unit is days, while S5 and S5 are the total numbers of ascending and descending geometry
scenes. The interpolation of LOS velocities (V,5¢; Viesc) to a new frequency enables the computation of
vertical (V,) and eastward (V) (16) TS-InSAR on each time step by solving the following set of equations:

( Vasc ) _ ( —sin Bgsc COS Agse cos Bgsc ) (VE)
Vdesc —SinOgesc COSAgesc  €OS B gesc 5%

(16)

where 0 and a are the satellite incidence and azimuth angle, respectively.

The vertical and horizontal components of motion are here retrieved assuming the N component of
motion negligible. The TS-InSAR temporal interpolation is performed by testing linear, quadratic and cubic
methods in order to find out the most accurate model able to fill data gaps in the new frequency. By trying
to minimize the difference between observed data and interpolated value, the aim is to preserve as much
as possible of the original non-stationary TS-InSAR data. To achieve that, we randomly select 100 time
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series from the dataset, eliminate every 2nd displacement measurement, interpolate the missing values,
and evaluate the Root Mean Square Error (RMSE) (17) between the observed and forecasted values:

n
1
RMSE = |~ (i = 02
i=1

(17)

where f is the forecasted value and o is the observed value and n is the total sample size. RMSE can be
defined as the standard deviation of the residuals, therefore lower values are associated to a better
average model prediction. The lower mean RMSE value retrieved for 100 time series interpolated via
linear, quadratic, and cubic methods is here considered as a proxy for choosing an individual fitting model.

7.2.2. Principal Component Analysis (PCA) applied to TS-InSAR

Given the large quantity of temporal displacement data embedded within TS-InSAR datasets, here we use
PCA, a statistical technique which consists of data dimensionality reduction by balancing between
information loss and optimal number of dimensions to retain (Lischeid, 2009; Prentice, 1982), in the
framework of interpretability enhancement of the dataset (Jolliffe & Cadima, 2016a). The main principle
behind the data dimensionality reduction is to preserve as much statistical variability as possible. This
relates to finding new variables (linear functions of those in the original dataset), namely, the principal
components (PCs), which explain a maximal amount of variance and that are totally uncorrelated. PCs
reduce to solving an eigenvector/eigenvalue problem, where the eigenvector and the associated
eigenvalue constitute the variance accounted by each of the components. Retrieving the PCs aims, in our
case, at characterizing temporally and spatially changing deformation patterns from any TS-InSAR dataset
without a priori constraints (Chaussard & Farr, 2019). Therefore, prior assuming that the sources are
uncorrelated, the decomposition of a mixed deformation signal through the PCA results in a unique
solution (Ebmeier, 2016).

The here performed PCA is applied to multiple univariate time series (i.e., the TS-InSAR dataset) and can
be broken down into (i) data standardization, (ii) data dimensionality reduction into PCs, (iii) automated
assessment of the optimal number of PCs to retain. The aim of (i) is to standardize all the TS-InSAR to a
comparable scale by removing the mean and scaling to unit variance, so that each feature is equally
considered and that PCA will not result in biased estimations. The second step (ii) involves linear
dimensionality reduction using Singular Value Decomposition (Halko et al., 2011) of the data to project it
to a lower dimensional space, namely orthogonal components that explain a maximum amount of the
variance. To achieve (iii), we adopt the Scree-plot criterion, where the eigenvalues are plotted against the
number of components, and the optimal number of PCs is retrieved by looking for the “elbow” in the
curve (see section 7.2.1) thus selecting all the meaningful components just before the curve flattens. This
is done to automatically select the optimal number of PCs able to explain much of the variability of the
TS-InSAR dataset.

7.2.3. TS-InSAR clustering and decomposition
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The K-means algorithm is an inductive and unsupervised clustering method that is here adopted in the
form of the standard Euclidean version to cluster unlabelled sparse TS-InSAR data into groups with similar
characteristics. Given two time series, Q = ¢4 ...q, and C = c¢; ... ¢y, their Euclidean distance D (18) is
defined as:

D(Q.,0) =

(18)

K-means aims to separate n samples x in k clusters (c) of equal variances, each described by the mean y;
(i.e., the centroid) of the TS samples in the cluster. The final clustering algorithm objective is to perform
the minimisation of centroids inertia (19):

n
> min(llx = wll?)

i=0,u.iEC

(19)

Therefore, inertia can be defined as a metric expressing how internally coherent clusters are, where the
lower the values the better the model convergence.

K-means is a scalable approach towards very large samples and needs only a parameter to be initialized,
namely the number of clusters, which is in our case automatically defined by the optimal number of PCs.
Running PCA before k-means clustering has multiple advantages: it is the continuous solution of the
cluster membership indicators in K-means clustering (Ding & He, 2004), it can alleviate the problem of
inflation of Euclidean spaces and speed up the computations.

Every MP is grouped into a cluster of similar patterns. These patterns are retrieved by considering the
barycentre (i.e., centroid) of the average shape of the grouped time series. To enhance the readability of
the TS-InSAR clusters, the cluster centroid is further analysed to decompose the signal into trend and
seasonality, where the first can be defined as the general direction of the overall data, while the
seasonality is the repeating short-term cycle component in the series. Finally:

o The least squares Linear Regression technique is applied to fit a linear model by minimizing the
residual sum of squares between the observed targets in the time series and the targets predicted
by the linear approximation in order to retrieve the trend.

e The basic Fast Fourier Transform (FFT) is here applied within our code to compute the power
spectrum (Priestley, 1981) in order to retrieve the seasonality. By looking at the frequencies
corresponding to the peaks of spectral power with the highest magnitude, it is possible to assess
the periodicity of a time-related series.
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7.3. Outcomes of the TS-InSAR analysis procedure

7.3.1. Parameters calibration

The results of the code looping through the extension of the ascending and descending TS-InSAR datasets
covering the VdA generated different fishnet configurations based on a range of selected grid sizes. The
best trade-off grid size is automatically found at a value of 48 m, corresponding to a totality of 2,480,665
cells subdividing a rectangular area of ca. 80 x 40 km enclosing the study area; on the other hand, Cad,
namely the number of cells retaining both ascending and descending TS-InSAR, results in 93,385 cells,
which constitutes the final number of features subject to the proposed DM procedure.

Due to the inherent temporal mismatch between the ascending and descending TS-InSAR datasets (256
and 261 scenes respectively), the proposed method resamples the LOS measurements from the two
different geometries into a new shared temporal frequency (nf), thus enabling the LOS reprojection into
the vertical and eastward components. The nf, computed as shown in section 7.2.1, is equal to 4 days
considering the deployed test datasets, bringing the number of synthetic scenes to 504. Interpolation
methods were tested by evaluating the prediction performance obtained with 100 random time series
interpolated with linear, quadratic and cubic methods. In our case (Figure 42) the linear interpolation
method is preferred since it carries a mean RMSE value of 3.32, which is lower compared to the mean
RMSE obtained by both quadratic and cubic interpolations (3.76 and 3.83 respectively). This result is
indicative of the deployed data used within this work and it may differ based on different TS-InSAR
datasets used as inputs.
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Figure 42. Adopted procedure for the assessment of the interpolation method which best approximates the observed values, in
the framework of TS-InSAR frequency up-sampling. The original time series (i.e., from the SqueeSAR dataset) is reprojected into
synthetic time series via linear, quadratic and cubic interpolation methods. We evaluate the mean RMSE of every method by
interpolating 100 random time series from the ascending and descending datasets.
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The optimal number of PCs to retain is automatically selected through the Scree plot criterion, by plotting
the eigenvalues on the y-axis and the number of factors on the x-axis. It always displays a downward
curve, since the first component usually explains much of the variability, while the next components
gradually explain lower amount fractions of the overall variability. Finding the “elbow” in that curve
relates to the number of factors retaining much of the TS-InSAR dataset information since they will
constitute the cluster membership indicators in the K-means clustering. In our case, after performing the
PCA analysis over the vertical and eastward TS-InSAR datasets, the Kneedle algorithm selected a number
of 4 components to retain.

7.3.2. Automated Data Mining of TS-InSAR data
7.3.2.1. PCA-based K-means clustering

The standardized PCA scores for the reprocessed vertical and eastward TS-InSAR dataset (Figure 43) depict
the underlying data structure. The two successive sets of the selected 4 orthogonal components
explaining the maximum amount of the two datasets variance exhibit similar characteristics. The
eigenvectors of the first PC (PC1) show that the direction of maximum variance (i.e., the eigenvector) is
stretched parallel to the x-axis direction (representing the satellites acquisitions) showing a mostly stable
and steady behaviour with displacement values slightly fluctuating around zero. PC1 demonstrates that
most of the TS-InSAR signals covering the VdA (explained amount of variance stands at 76.55% and 74.14%
for the eastward and vertical dataset, respectively) are related to stable targets, which corresponds to an
expected scenario when looking at a regional PSI dataset. PC2, PC3 and PC4 show a strong periodic
fluctuation of the displacement signals and, in particular, the observed ground motion phenomena tend
to follow a clear yearly seasonal cycle. Regarding the eastward dataset, PC2 accounts for 8.22% of the
total variance and displays a seasonal deformation with a positive trend (i.e., the relative movement
towards east). Concerning the vertical dataset, PC2 accounts for 7.91% of the total variance while
displaying an overall negative trend, which translates into a downward displacement. PC3 and PC4 are
indicative of displacement signals with similar amplitudes and similar trends oscillating around zero, but
also, they show to be out of phase over time in both analysed TS-InSAR datasets.
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PCA eigenvectors — eastward TS-InSAR dataset PCA eigenvectors — vertical TS-InSAR dataset
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Figure 43. Plots of the eigenvectors and corresponding eigenvalues scores resulting from the standardized PCA conducted for
the reprocessed a) eastward and b) vertical TS-InSAR dataset.

Accounting for the variance, the K-means clustering resulted in the classification of the analysed TS-InSAR
dataset into 4 different types of clusters. The spatial distribution of the classified features, along with the
representation of the centroid series (within the 10" and 90" percentiles) of each (i) eastward and (i)
vertical TS-InSAR cluster and the relative percentage distribution are shown in Figure 44.

Concerning (i) clusters, around 54% of the classified features belong to Clusterle (Figure 44b), which
shows an overall uncorrelated behaviour, with random fluctuations of displacements around zero
indicating stable conditions and no prevailing movements towards east or west. On the other hand,
Cluster3e represents around 43% of features, denoting again a noisy series of displacement which
however show a general slightly positive trend, indicative of a relative eastward movement. Cluster2e and
Clusterde (only 1.8% and 1.6% of the overall features, respectively) can be assimilated if looking at the
linear pattern and at the high rate of displacement (Figure 44b), even though they show opposite motion
directions: while Cluster2e exhibit a decisive westward motion (negative trend), Clusterde exhibit an
eastward motion (positive trend). The geographical distribution of both Clusterle and Cluster3e appears
uncorrelated, while Cluster 2e and Cluster 4e tends to be spatially aggregated on slopes with specific
aspect, hence denoting a common process influencing the temporal behaviour of displacement of the
ground, such as an active landslide.

By looking at (ii) clustering results, 50.5% and 39.8% of features are classified as Clusterlv and Cluster3yv,
respectively (Figure 44f). These two show several similarities with the previously exposed Clusterle and
Cluster3e, both in terms of series shape (Figure 44e) and geographical distribution (Figure 44d): they show
mostly uncorrelated and noisy behaviour, with almost null displacement rates (within +5mm), while they
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tend to be spatially scattered throughout the test area. On the other hand, Cluster2v and Cluster 3v are
both less frequent within the classified features (0.8% and 8.9%, respectively), they exhibit a decisive
negative trend (with Cluster2v holding higher rates of displacement) and tend to be mostly present on
slopes. What is noticeable about the latter, is the repeating seasonal cycle markedly affecting the series.
Trend and seasonality component analysis of the retrieved cluster series are addressed more specifically
in the next section (7.3.2.2).
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K-means clustering horizontal TS-InSAR dataset
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Figure 44. Map of the geographical distribution of the a) eastward and d) vertical features classified according to the K-mean
clustering analysis, where the relative (b, e) clusters series are depicted by plotting the 10th, 90th percentile (grey series) and the
centroid (red series). The cluster percentage distributions related to the eastward and vertical TS-InSAR datasets are shown as (c,
f) pie charts.

7.3.2.2. Cluster series decomposition

The barycentre of the cluster’s series is the subject of decomposition analysis, which constitutes the
terminal step of the pipeline automatically operated through the deployed code. Each centroid is fitted
to a linear model to better evaluate the underlying trend that causes increasing or decreasing patterns in
the cluster series, while the potential seasonal component is obtained by transforming the centroid series
into the frequency domain. The outcomes of the twofold analysis are presented as follows: the visual plots
of the eastward and vertical centroid decomposition are depicted in Figure 45 and Figure 46 respectively,
while the components are addressed quantitatively in Table 10. The spectral peaks obtained through the
FFT are shown by plotting the x-axis covering the frequencies from zero to the Nyquist frequency (half the
sampling rate), while the y-axis indicates the spectral power. Peaks corresponding to frequencies holding
the largest power (amplitude) are shown in the tabular form, while with P, we indicate the peak with the
lowest frequency (f;) and with P; the peak carrying a greater frequency (f;). The existence of an annual
periodicity (i.e., seasonality) is eventually witnessed by the main peak approximating a frequency of
f~365 days™, while a peak associated to lower frequencies typically corresponds to the fundamental
frequency (no predominant seasonality).

Among the eastward TS-InSAR clusters, the centroid marked as le (Figure 45) is the one depicting an
overall stable trend (with the linear segment with the best fit holding a slope of approximately zero). 3e
and 4e carry a similarly positive trend, however, 4e has a higher slope (i.e., higher deformation rate).
Instead, 2e carries a negative linear trend but with a slope magnitude comprised between the latter. On
the other hand, the periodicity analysis highlighted that only 1e and 3e have a small trace of seasonality
within their signals, since they both resulted in having P1 corresponding to a frequency of 336 days?,
however Po recording lower frequencies.
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Horizontal TS-InSAR cluster centroid decomposition
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Figure 45. Eastward TS-InSAR cluster centroid decomposition into a trend (Linear Regression) and seasonality (power spectrum)
components.

Regarding the vertical TS-InSAR clusters, centroids 1v and 3v depict trend with very low deformation rates
(Figure 46), with the first being slightly negative and the second being slightly positive (see slope values in
Table 10), while 2v holds a decisive negative linear trend, with slope value of two orders greater than 1v
and 3v. Centroid 4v has still a negative trend but less pronounced than 2v. The periodicity analysis of the
vertical clusters' centroids allowed to retrieve interesting results: 1v and 3v centroids have their main
spectral peaks set to an annual cycle (Po corresponding to a frequency of 336 days?). 2v shows no
seasonality at all (both Py and P; relate to lower frequencies), instead, centroid 4v holds a trace of
seasonality having the peak P; set to an annual frequency (Table 10).
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Vertical TS-InSAR cluster centroid decomposition

— . _|1v - stable downward)| 3v —stable upward
£ 24
E -25
g
. o
8 50
0.0 2015 2016 2017 2018 2019 2020 2015 2016 2017 2018 2019 2020
= Trend Trend
£ g
E -2.51 \
2
8 50 01
2015 2016 2017 2018 2019 2020 2015 2016 2017 2018 2019 2020
§ 200 4 Seasonality |00 4 Seasonality
51004 « s0{ o,
5 54 TR .s':'"" = S AT Lerd o
. - - - ol R Skt o
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Frequency (1/day) Frequency (1/day)
- o |2v - subsiding primary| 0] | 4v — subsiding secondary|
£
E -25
= -10 -
a
Q 50 A
o 2015 2016 2017 2018 2019 2020 . 2015 2016 2017 2018 2019 2020
= Trend Trend
E 25
.Tv} -10
8 _s50
2015 2016 2017 2018 2019 2020 2015 2016 2017 2018 2019 2020
g 20007 Seasonality [400 1 . Seasonality
=]
= 10004 = 2004 -,
g \ .
ol e 0o Attt s -
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.00 0.02 0.04 0.06 0.08 0.10 0.12
Frequency (1/day) Frequency (1/day)

Figure 46. Vertical TS-InSAR cluster centroid decomposition into trend (Linear Regression) and seasonality (power spectrum)
components.

Table 10. Clusters centroids components obtained from the Ordinary least squares Linear Regression and Discrete Fourier
Transform analysis. RMSE indicates the Root Mean Square Error estimated for the linear model. P and P; denote the two main
spectral peaks encountered, with Po being the peak with the highest spectral power.

Linear Regression Discrete Fourier Transform
Cluster Spectral . Period
. Slope Intercept RMSE P Amplitude  Frequency
centroids peaks (days)
1 0.08.2 L7 0.67 P, 88.92 0.24e-2 403
e -0.08e- -1. .
P, 81.18 0.30e-2 336
2 0.80e-1 159 0.61 P, 1637.68 0.99e-3 1008
e -0.80e- -1. .
P, 1126.94 0.15e-2 672
3 0.646-2 0.97 0.64 P, 173.15 0.99e-3 1008
e .64e- . )
P, 91.13 0.30e-2 336
4e 0.69e-1 -0.8e-1 0.84 P, 1458.41 0.99e-3 1008
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P, 940.21 0.15e-2 672

P, 242.59 0.30e-2 336
1v -0.39e-2 -1.94 1.03

P, 126.21 0.24e-2 403

P, 2143.65 0.99e-3 1008
2v -0.11 -2.81 1.61

P, 1443.22 0.15e-2 672

P, 132.62 0.30e-2 336
3v 0.13e-2 0.49 0.76

P, 69.78 0.20e-2 504

P, 465.70 0.99e-3 1008
4v -0.02 -3.08 1.18

P, 391.62 0.30e-2 336

7.3.2.3. Comparison between clustering results and regional inventories

The spatial distribution of the retrieved clusters is explored with respect to the pre-existing regional
inventories listed in Section 7.1.1. By looking at the degree of spatial aggregation of classified target
feature trends within mapped unstable areas, it is possible to both evaluate the meaningfulness of the
proposed DM method and to summarize the average temporal displacement behaviour of possibly active
sources of ground motion. In this regard, Figure 47 depicts the spatial partition of the clustered features
according to the available inventories. According to what highlighted in section 7.3.2.1 and 7.3.2.2,
Cluster2e and Cluster4e are indicative of temporally linear movements with high rates of displacement:
despite being the least frequent throughout the study area, a very high percentage of 2e and 4e features
tends to aggregate within mapped landslides (38.2% and 24.6% of Cluster2e and Clusterde features,
respectively) and within mapped DSGSDs (55% and 70.2% of Cluster2e and Clusterde features,
respectively). Comparable numbers are obtained for the same inventories if taking into consideration
Cluster2v and Clusterdv: they show to have the highest rates of displacement between the retrieved
vertical TS-InSAR clusters. In general, it can be stated that DSGSDs do not show to displace by following a
predominant component; indeed, both vertical and horizontal motions can be equally recognized within
DSGSDs.

The mining/quarrying extraction sites alongside the rock glacier inventory have a generally low grade of
spatial intersection with the classified features. This can be linked to their relatively low areal extension,
if compared to landslides and DSGSDs, which are higher in number (2,329 landslides and DSGSDs vs 86
extraction sites and 941 rock glaciers) and underpin a greater areal extension throughout VdA (591 km?
vs 71 km?2). For the same reason, the density of features is generally low for landslides and DSGSDs and
higher for mining and quarrying sites. What can be worth mentioning is the relative higher intersection of
Cluster2v (compared to the other clusters) with the rock glacier inventory: this can be regarded as
evidence of the active state of movement of some of the phenomena mapped throughout VdA.
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Figure 47. Sankey diagram for the spatial comparison between the classified features of the horizontal and vertical TS-InSAR
datasets and the pre-existing regional inventories relatable to possibly active source of ground motion.

The presented method shows its full potential of detecting and characterizing different patterns of motion
when looking at local unstable areas, such as the DSGSD depicted in Figure 48. In particular, the clustered
TS-InSAR features demonstrate to be aggregated in space suggesting the existence of phenomena
influencing contiguous targets (Figure 48). Moreover, the spatial pattern is coherent with respect to the
downhill slope direction, the displacement direction, and the main morphological units. Indeed, Cluster2e
features, which denote a mostly linear displacement towards West, stand out on a slope facing West,
while, since Cluster3e and Cluster4e reside on a mostly opposite-oriented slope, they both hold a trend
of movement towards the east (Figure 48a). By looking at vertical clustered TS-InSAR features (Figure
48b), it is possible to extend the degree of interpretability of the deformation framework. The spatial
distribution of the classified features, when analysed according to the displacement reprojected on the
vertical direction, is rather different and this enables us to make specific considerations on how differently
the various sectors of the DSGSD (e.g., the head scarp, the main body) have been deforming. For instance,
Cluster2v features are in the scarp areas and highlight the cores of the DSGSD moving downslope with the
highest rates of displacement and a mostly linear trend (as shown in Figure 46). The detected most active
zones fade into the surrounding Cluster4v features punctuating the main body of DSGSD (Figure 48b),
which are indicative of a motion with a less severe downward displacement trend and with a trace of
seasonality. In particular, it should be mentioned that several studies conducted over VdA and the Alpine
chain (Bajni et al., 2021; Frayssines & Hantz, 2006; Paranunzio et al., 2019) report that the frequency of
not-ordinary climatic conditions, which follow a seasonal trend, is majorly related to slope failures events.
What is worth noting is that spatially coincident features retrieved from the analysed eastward and
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vertical TS-InSAR datasets depict dissimilar deformation patterns in terms of both temporal trends and
periodicity (Figure 48c; Figure 48d): the proposed method allows to temporally extract the undergoing
displacement into the eastward and vertical components of motion, enabling a deep understanding of

how differently the motion increase and/or fluctuation has distributed over time along the two orthogonal
directions.
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Figure 48. Sample result of the applied procedure regarding a DSGSD phenomenon. Different temporal displacement behaviors
are noticeable as witnessed by the features classified according to different types of (a)eastward and (b)vertical TS-InSAR clusters.
The relative (c; d) cluster plots of some spatially coincident features denote that the ongoing displacement can be unevenly
subdivided between the eastward and vertical components of motion, hence enabling an accurate interpretation of the
phenomenon.

The strength of the method is further evidenced by the example shown in Figure 49, depicting unstable
conditions within a landfill site, in the municipality of Aosta. The deformation map containing both
ascending and descending TS-InSAR S1 MPs (Figure 49a) sets the starting point of our analysis, while the
clustered features retrieved for the vertical component of motion (Figure 49b) represent one part of a
twofold outcome of the DM approach.

A well-known limitation of conventional InSAR techniques is the low sensitivity to North-South (N-S)
deformations. Since modern spaceborne radar systems move along near-polar orbits, there is no diversity
in the viewing geometries to accurately estimate N-S displacements. Therefore, N-S displacement time
series are here neglected. Aside from the intrinsic limitations of InSAR, some other constraints may arise
from the proposed approach. For instance, the MPs aggregation into grid cells might cause a significant
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drop in terms of spatial resolution (Figure 49b) hindering the correct detection of very small-scale surface
movements. Also, the method does not take into account any weight related to the quantity of MPs from
the two geometries and contained within the cell. Moreover, it should be considered that the absence of
regular ascending and descending acquisitions constitutes a major obstacle for the applicability of the
proposed method.

Anyway, the procedure ensures an unprecedent improved and quick readability of big amounts of radar
data in the following terms: 1) motion is directly interpreted into purely vertical and eastward
displacements, allowing an analysis of the earth surface independent of the radar look geometry; 2) the
large quantity of targets is squeezed into few data-driven clusters based on the similar temporal
displacement behaviour, hence enabling to rapidly pinpoint common deformation processes; 3) the
detected process is further broken down into the main temporal trend of deformation and into the
eventual seasonality component.
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Figure 49. (a) mean LOS velocity of ascending and descending MPs on a landfill site located in the Aosta municipality. (b) Clustering
results of the reprocessed vertical TS-InSAR dataset where the clustered features point out an ongoing subsiding process with a
mostly linear trend and high rate of displacement (c) and with a more pronounced seasonal pattern while having a lower
displacement rate (d).
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8. Discussions

Within this Thesis work, unsupervised DM techniques and supervised machine learning techniques are
tested and critically analysed within the framework of Big SAR Data management for the efficient
extraction and characterization of the Earth’s surface deformations due to natural hazards or
anthropogenic activities.

The data produced from Earth Observation satellites has recently become very abundant. As a direct
expression of that, the Upstream and Midstream of Earth Observation data have registered a great
technological development, translating into both very powerful satellites infrastructures carrying accurate
sensors (Tatem et al., 2008) and consolidated data processing techniques (Crosetto et al., 2016) exploiting
web cloud services to reduce data storage and analysis burden (Zinno et al., 2015). Nowadays one of the
main interests of this market is the Downstream of the Earth observation Big Data (Probst et al., 2017).
This means finding optimal ways the convert this data into value-added products to allow a greater
exploitation of the available information and to make them more understandable and easier for a practical
use. The manual analysis is no longer an option, however the main challenges for studying and analyse
this data are their size, the complex nature, and the availability of datasets used for training data. Because
of this, there has been a prominent trend in techniques used to automate these processes and host the
data processing in online cloud servers. These processes include Data Mining and Machine Learning, and
they are concerned with clustering procedures and other statical-based techniques.

Starting from the 90’s, several studies all around the world have demonstrated the usefulness of single
and multi-interferogram approaches for detecting ground motions at different scales. Thus, the
monitoring and mapping capabilities of the interferometric techniques, and especially one above all the
Persistent Scatterer Interferometry, are widely used thanks to the unmatched capability of covering large
areas coupled with a good temporal repeatability and a great cost-benefits ratio.

Nowadays, updated interferometric products at regional, national and continental scale (Crosetto et al.,
2020b) are already available and deployed to obtain information on ground deformation phenomena. The
continuous stream of Big SAR Data and thus consequently processed interferometric datasets accounts
for billions of point-wise targets that are characterized by a time series of information that includes the
“deformation history” of every measurement point. Machine intelligence is therefore a helpful tool in
such cases, since data-driven algorithms and statistical models allows to analyse datasets and then draw
inferences from identified patterns to detect the most useful information for studying and preventing
geohazard-related ground deformations in the framework of civil protection activities.

It is also important to remark that the satellite interferometry intrinsic limits must be taken into account.
In fact, even if data acquisition is made possible in inaccessible areas which could not be investigated with
the same measurement points density without time and money consuming in situ surveys, on the other
side, not all types of land covers are suited for radar remote sensing. For this reason, SAR satellites can
acquire reliable data only where electromagnetic-stable targets can be found. This is not the case of highly
vegetated areas. The spatial density of points is also dependent on the acquisition band of the sensor; in
fact, in an urban environment the X-band satellite can achieve a density of points hundreds to thousand
times higher than C-band data because of their higher spatial and temporal resolution (Crosetto et al.,
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2010). On the other hand, the longer L-band sensors will perform better in rural and forested
environments than C- and X-band satellites because of their higher penetration capacity (Aoki et al., 2021).
Another big drawback is the impossibility of detecting fast movements. The velocity limits for SAR
satellites can be calculated based on the wavelength and on the satellite revisiting time. When multi-
interferogram approaches are used the displacement rate threshold varies not only for the band length
but also for the revisiting time. For Sentinell C-band constellation it is estimated to be around 85 cm/year
(considering a 6-day revisiting time, when Sentinel1B was still operating along with Sentinel1A; mission-
status-report-415-11-24-october-2022). Considering that, longer wavelength (L-band) can record greater
displacements between two acquisitions of the sensor. On the other hand, ERS 1/2 satellite have a
detection threshold of 15 cm/year, showing the importance of the revisiting time to limit the
decorrelation of the signal between two consecutives interferograms

In this Thesis work the potentialities of the PSI technique for detecting, classifying and analysing
hydrological phenomena have been fully exploited, always considering the intrinsic drawbacks of the
satellite interferometry. Through the presentation of three post-processing approaches and value-adding
tools, the conducted spatial and temporal analysis of very large A-DInSAR datasets has allowed to take a
step forward on making radar data more usable and accessible to non-expert users. The proposed
approaches, notwithstanding realized for large scale analysis, still preserve a high level of detail with
respect to the local scale characterization.

The first proposed approach (see chapter 5) lies within the framework of rapid detection and
characterization of the most active ground motion phenomena affecting the Earth’s surface. The activity
of filtering and mapping hotspots of ground displacements from nation-wide A-DInSAR datasets proves
to be a particularly useful technique in order to retain meaningful information suited for risk mitigation
strategies of the territory.

The improvements that have been made in the field of the analysis and exploitation of the interferometric
data move in parallel with the rising quality and quantity of SAR images (especially considering the
temporally coherent acquisition plan of Sentinel 1), along with the continuous development of more
precise and efficient A-DInSAR algorithms. The P-SBAS approach can meet the present need of boosting
the efficiency in computing precise deformation maps out of extremely large Sentinel 1 SAR archives with
a worldwide coverage and unprecedent temporal sampling. The present research demonstrates that,
starting from continuous SAR-derived information, it is nowadays possible to obtain a periodical long-
term mapping plan of the sectors of territories affected by relevant surface deformations, thus
guaranteeing a support in the assessment of the location, the extent, the probable underlying cause, the
magnitude and direction of movement of the detected phenomena.

The performance of the GIS-models adopted for this research demonstrates the applicability of our
procedure to very large interferometric datasets, even with not high-performance machine. The
equipment used for the implementation of the methodology was an Intel Core i7-4790QM at 3.60 GHz, 4
cores, 8 threads, 8 MB cache, 16 GB RAM, 250 GB SSD disk and Windows 10, 64 bits. The performance
testing showed that less than 21 min were needed to perform spatial clustering (Phase | of the post-
processing chain) over the ascending geometry A-DINSAR dataset covering whole Italy (8,066,243 MPs),
while it needed less than 7 min to perform the classification of the Moving Area Clusters (MAC) ascending
database (Phase Il of the post-processing chain), which accounts for 8,278 polygonal clusters. Moreover,
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it should be pointed out that the manual preparation of the input data (e.g., pre-existing inventories,
ancillary information) has required additional time.

Spatial clustering analysis, aside from suffering the same inherent limitations of interferometric
techniques, strongly depends on the input parameters that are subjectively set in the semi-automatic GIS
model: the estimation of both magnitude and areal extent of the observed ground deformation
phenomena are tight to the setting of the displacement rate threshold, the buffer size and the minimum
cluster size. Another important drawback is the classification of the underlying process which has
triggered the diffuse ground deformation, thus resulting in the generation of MAC. The ancillary
information and the pre-existing inventories are sometimes unavailable, incomplete, or not updated,
hindering a correct pre-screening of the deforming areas. Hence, the combination of other available
source of information, such as slope maps and the mean value of vertical and horizontal components of
deformation, when this information is available, may become necessary (see Section 5.2.3). In particular,
the lack of adequate ancillary information and the insufficient interferometric data resulted in 1,044
unclassified MAC, which corresponds to 7.1% of the total clustered areas considering both the ascending
and descending database. On the other hand, a total of 8,234 out of 14,638 MAC (considering both
geometries of acquisition) have been classified as potential landslides, potential subsidence or potential
uplift, solely on the basis of the ratio between mean vertical and horizontal components of displacement
and local slope value. In terms of number of units, either potential landslide and potential subsidence
classes are two of the main representative categories within the classified MAC database (i.e., 28.1% and
27.9% respectively, considering the totality of MAC), thus suggesting that many sectors of the Italian
territory are suffering from ground deformation phenomena which have not still been recorded by the
present inventories. The significance of the semi-automated classification method inherent with the two
potential phenomena is tied to some considerations carried out on MAC classified as landslide and
subsidence according to the pre-existing geohazard inventories, which therefore can be considered as
“ground truth”.

Considering the LOS components mean ratio values (|Vv|/|Vx|), the 100% of the subsidence-MAC (534
units) are associated to values greater than 1, while the landslide-MAC (2083 units) accounts for 1879
units with values less than 1 and 204 units with values greater than 1. Having also considered a 5° slope
angle threshold to distinguish between landslide and subsidence events (Iwahashi et al., 2003; Lee et al.,
2004), it is reported that, again, the totality of subsidence-MAC stands below that limit (average slope
value less than 5°), while 2058 out of 2083 landslide-MAC stand above that limit (average slope value
greater than 5°).

It is evident that the vertical component of the movement is predominant in subsidence-related moving
areas, while the landslide-related ones does not show a sharp tendence in this sense. The scattered values
associated to slope deformations could be ascribed to a great variability in terms of kinematic behaviours
(since all type of slope movements are here considered) and to the relative spatial distribution of the MPs
within each landslide, where the deformation pattern may be partially hidden to satellite sensors (Frattini
etal., 2018). Despite the limitation that could arise in the pre-screening of potential landslides, it emerges
the relative high confidence in correctly interpreting MAC as potential subsidence phenomena.
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The presented work is to be considered one of the first example of semi-automated mapping and pre-
assessment of the Earth surface deformations at national scale. Other approaches with a similar task have
been previously applied only for local scale (Barra et al., 2017), basin scale (Bianchini et al., 2012) or
regional scale (Montalti et al., 2019; Solari et al., 2019) analysis. The presented site-specific pattern
deformation analysis (i.e., the third phase of the post-processing chain) constitutes an innovative scheme
for data interpretation and visualization. Indeed, the colormap and the polar plot, proposed throughout
the various case studies (see section 5.3.3), enable a more precise and comprehensive view of the
magnitude and direction of the observed motion occurred on the Up-Down and East-West plane.

Leveraging on thematic information already available, such as landslide databases (Trigila et al., 2007),
outputs of this mapping systems may be fully integrated along with the upcoming deliveries of
continental-scale ground motion data (EGMS), as they represent the key step for the optimal management
of billions of MPs, for the benefit of expert and non-expert users, for public and private scenarios.
Moreover, the creation of updated databases regarding the ongoing ground deforming areas could serve
for: (i) reference for Civil Protection purposes and policy makers devoted to territorial planning; (ii)
prioritization of the available funds in the framework of development of new structural plans; (iii) updating
of geohazard inventories; (iv) creation of more advanced products such as landslide intensity maps (Catani
et al., 2005; Lu et al., 2014), given the lack of information on the expected velocities for a large number of
landslides (Cigna et al., 2013); (v) validation data for landslide and subsidence susceptibility maps.

The second proposed procedure (see chapter 6) can be regarded as a further evolution in the
methodological approach respect to the one proposed in chapter 5. In both approaches A-DInSAR
deformation map are analysed through data fusion with ancillary informative layers and open-source
inventories, however, while the first procedure relies on an unsupervised learning strategy, the second
procedure is based on a supervised learning manner.

In this work it is address once again the need to find a transferable approach to safely analyse and exploit
large volumes of interferometric data in the framework of screening surface displacements related to
both natural and anthropogenic sources. The presented methodology aims at the automated detection
of pixel scale ground deformations, departing from A-DInSAR deformation maps covering very wide areas
and composed of millions of MPs. In the presented case, the feasibility of a Machine Learning model for
the prediction of the cause of deformation tied to radar targets with outlying velocity values is evaluated
by using an interferometric dataset covering Northern Italy as a proof of concept. Based on the time spent
on building the training dataset used within this work, we estimate that the expert interpretation of high
velocity MPs covering Northern Italy might take up to several weeks.

This data-driven approach relies on the transferable use of Random Forest (RF) applied to sparse MPs
derived from P-SBAS A-DInSAR and on input parameters which can be easily extracted from land cover
maps, geohazard inventories and DEMs. The results show great prediction performances for a four-class
overall classification with a F1-score equal to 9.3e-1, a True Positive Rate (TPR) equal to 9.4e-1 and an
Accuracy value of 9.7e-1. Visually inspected and interpreted MPs are used as geostatistical instances for
modelling and exploring the spatial distribution of different ground deformation processes.

Some limitations are linked with the usage of the presented methodology. Besides the largely
acknowledged drawbacks of interferometry techniques (e.g., impossibility to capture fast movements,
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difficulties in retrieving coherent data from vegetated areas), the quality of the input A-DInSAR dataset
and of the ancillary information is crucial for the correct extrapolation of statistically relevant value
intervals with regards to the deployed parameters used for the RF model. In the case study, the
coexistence of different kind of deforming phenomena within the same area occasionally leads to a
mismatch in the screening process of the source of displacement. In particular, mining areas might show
typical complex displacement patterns which can replicate subsiding or slope movements, especially if
restricting our analysis to satellite radar data only. This translates into the very high importance value of
the distance parameter related to Corine Land Cover (CLC) mining sites, which demonstrates to be a real
defining factor in the proposed model. Moreover, since ND (i.e., noise or other phenomena) is a broad
ensemble containing different sources of unstable radar signals, the method understandably registers
weaker predicting performances for that class. In this respect, it should be pointed out that the present
approach is liable to misclassify MPs if the built model is not trained with a proper number of features or
an adequate selection of explanatory variables. Moreover, the method requires the decomposition of the
LOS velocities into the vertical and horizontal components, which can be accomplished only where both
ascending and descending measurements are available. This implies a decreasing of the scene coverage,
thus resulting in the decrease of the number of classifiable targets. Nevertheless, the method proves to
be robust in overall correctly classifying the retrieved classes, demonstrating that by only using satellite
data, it is possible to achieve a quick, automated, and reliable screening of the source of deformation of
unstable radar targets.

In the third proposed procedure (chapter 7) it is introduced an unsupervised data mining for the automatic
recognition of complex surface motion trends in order to optimally interpret large-scale displacement
INSAR Time Series (TS-InSAR) datasets, providing entirely data-driven results to be employed in the
management and mitigation of the geohazards impact on both vulnerable population and infrastructures.
The deployed assembled code provides processing performances resilient to the ever-increasing volumes
of SAR data and an automatically balanced cost-benefit strategy to produce accurate outputs for
stakeholders in need of handy tools for territorial planning operations and civil protection purposes.

One of the main novelties of the proposed unsupervised data mining approach is the integration of an
automated pipeline for the extraction of TS-InSAR components of motion into the vertical and eastward
directions, departing from overlapping targets belonging to both ascending and descending LOS
geometry. It is also introduced a simple method to automatically tailor the grid size for the spatial join of
the targets into the squared grid cell features. The eastward and vertical TS-InSAR datasets decomposition
is then followed by a well-established procedure of data-dimensionality reduction and clustering (PCA and
K-Means), where the obtained clusters are ascribable to a defined range of temporal displacement
patterns. To enhance the interpretability of the data-driven results, the designed original code
automatically addresses the main underlying temporal trend and periodicity of each cluster centroid by
applying the Ordinary least squares Linear Regression and Discrete Fourier Transform analysis. As a result
of this novel pipeline, it is possible to greatly improve the InSAR interpretation of movements such as
mass wasting processes, subsidence, or man-made activities. The procedure can be therefore regarded
as a key contribution to the optimal management of big InSAR data, for the benefit of expert and non-
expert users, for public and private scenarios.
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Also, some limitations may arise from the proposed method, hence influencing the usability of the
obtained results. For instance, the MPs aggregation into grid cells might cause a significant drop in terms
of spatial resolution (see section 7.2.1) hindering the correct detection of very small-scale surface
movements. Also, the method does not take into account any weight related to the quantity of MPs from
the two geometries and contained within the cell. Moreover, it should be considered that the absence of
regular ascending and descending acquisitions constitutes a major obstacle for the applicability of the
proposed method. Anyway, whether only a single geometry of acquisition is available, the approach can
be thought as still valid to reduce a TS-InSAR dataset into its PCs, to evaluate the temporal clusters and
the related temporal components.

The series averaging within each grid cell and the rationale of temporal interpolation can possibly make
an impact in correctly reproducing the motion trend along the vertical and eastward components. Since
many sources of errors due to radar acquisitions are responsible for the generally high noise component
in the TS-INSAR signals, a low resampling rate (down sampling) might result in a general positive effect of
smoothing out errors from the series data. On the other hand, an excessive loss of data might cause an
oversimplification that can be detrimental to the accuracy of the analysis. In this regard, the TS-InSAR
dataset quality also plays a role: discontinuity and unbalance in radar data acquisitions might bring to a
misleading reconstruction of the TS-InSAR components of motion, regardless of the adopted interpolation
method (see section 7.3.1). This, rather than affecting the clustering performances, might have
pronounced effects on the trend and seasonality components estimation. In view of the above-
mentioned, Sentinel 1 archives coupled with a balanced resampling rate have shown to be appropriate
for time-dependent series data mining, given the temporal consistency in data collection.

The restriction of the trend and seasonality analysis to the cluster centroid only, despite partially
defeaturing the cluster series characterization, requires a much lower computational effort while still
constituting a valuable operation for the readability of the data-driven TS-InSAR clusters. Although the
here presented method is thought to extract, enrich, and summarize meaningful information from large
scale InSAR data in an optimized way, more detailed results can be obtained by either using a reduced
INSAR dataset as input (for small-scale analysis) or by deliberately increasing the number of Principal
Components (i.e.,, number of clusters) to retain. Moreover, the presented method can be further
developed by integrating Independent Component Analysis (ICA) to retrieve the additive subcomponents
of PCA-based results (i.e., to characterize the temporal behaviours of vertical and horizontal TS-InSAR
clusters).

The three proposed approaches illustrate different but complementary ways of post-processing that could
be merged in one single workflow to detect areas of active motions, automatically classify the origin of
their deformation through cross-correlation of the satellite data with ancillary maps and, finally determine
the principal components describing the historical trends of motion. Therefore, all the described
procedures constitute ready-to-use tools for risk assessment and management activities conducted by
entitled governmental departments and specialized bodies.
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9. Conclusions

In the framework of the increasing availability of space borne radar data with unprecedent coverage (e.g.,
the European Ground Motion Service, https://egms.land.copernicus.eu/) the downstream of InSAR-
derived products can be considered a developing market sector which is an essential asset for multi-
hazard events monitoring and mapping linked to ground surface and single asset displacements and for
risk management and reduction. Consequently, this thesis work serves as an example of the primary
importance of implementing automated solutions aimed at performing integrated analysis of large
amounts of interferometric data.

In this PhD Thesis the potentialities and drawbacks of the interferometric technique have been presented
and then exploited to define three different value-adding procedures, applied in different environment
and at different scales, for the enhanced interpretation of interferometric products. This Thesis work
represents the main outcome of a three years-long activity at the Department of Earth Sciences of the
University of Florence and its goal is to test and evaluate the potential applicability of spatial and temporal
post-processing analysis routines of space-borne SAR data, processed by means of different PSI
approaches, as operational tools for the characterization of the Earth’s surface motion tied to natural or
anthropogenic processes.

Three study cases regarding interferometric datasets retrieved from Sentinel 1 multi-temporal radar
images acquired over Italy with varying extensions (from regional to a nation-wide extent) were deployed
as proof of concepts for three semi-automated and automated InSAR post-processing approaches.

In the first instance, the analysis of nation-wide P-SBAS results through unsupervised clustering has
enhanced the detection of newly activated surface deformation events with a millimetric accuracy, thus
demonstrating that such activities may constitute an asset for future geohazards risk management
practices. In particular, a semi-automated GIS model consisting of a sequence of geoprocessing tools was
designed and tested for double geometry A-DINSAR deformation maps spanning 2015-2018 and covering
whole Italy. A total number of 14,638 Moving Area Clusters (MAC) constituted by at least 3 neighbouring
Measurement Points (MPs) with a displacement threshold of + 1 cm/year has been retrieved from both
the ascending and descending DInSAR datasets which were then pre-screened in 11 categories:
earthquake-induced deformations, volcanic-related processes, landslides, potential landslides,
subsidence, potential subsidence, potential uplift, dump site activities, mining activities, construction site
activities and unclassified.

The second methodology regarded the use of a Machine Learning technique, called Random Forest (RF),
has been applied to large-scale deformation maps covering the northern part of Italy. After a training
phase realized through a dataset based on expert and manual classification, the model was able to identify
landslide, subsidence, mining-related ground motion and noisy signals or other sources of deformation.
The proposed approach relies on the use of explanatory variables extracted from the A-DInSAR dataset to
be analysed and from freely accessible informative layers such as Digital Elevation Model (DEM), land
cover maps, and geohazard inventories. In general, the model performance achieved promising results
with an overall accuracy of 0.97, a true positive rate of 0.94 and an F1-Score of 0.93.
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The third approach concerned the automated retrieval of clusters from InSAR Time Series (TS-InSAR) of
displacement, therefore primarily focusing on the temporal dimension of interferometric results. The
focus was placed on SqueeSAR™ results covering Valle d’Aosta region (North-western Italy). The core of
the designed algorithm relies on a statistical data dimensionality reduction technique prior to a K-Means-
based method for the automated spatial clustering of TS-InSAR data based on similar temporal
displacement behaviour of the analysed radar targets. The latter are fed to the algorithm prior a
reprojection of the LOS displacement series along the vertical and eastward directions, where the applied
data fusion rationale is robust about the spatial and temporal dimensions. Ultimately, the retrieved cluster
series were further broken down into their trend and seasonality components to enhance the readability
of the classified features. 4 Principal components were retained for both Vertical and Horizontal Time
Series corresponding to 4 different clusters for each of the two analysed direction of movements, which
were able to highlight the coexistence of linear and seasonal deformation patterns tied to both slope mass
wasting processes and quarrying activities present in the Valle d’Aosta region.

The proposed value-adding tools case demonstrated that starting from A-DInSAR datasets composed of
billions of MPs is possible to largely improve the readability of remotely sensed data and to make the most
out of them by using automatic post-processing procedures. Thus, it is demonstrated their suitability for
mapping and analysing multi-hazards in the framework of territorial planning operations and civil
protection purposes.

Many potential improvements can be developed in the next future to enhance the presented approaches.
To advance the detection, the classification and the analysis of newly activated surface deformations new
data sources can be involved in the data fusion process. In particular, by enriching the amount and the
diversity of data and by deploying complex Deep Learning algorithms more accurate results can be
produced even. In this sense, ground deformation forecasting approaches will be tested in the near future
by focusing on the prediction of precursors to rapid collapses or anomalous behaviors via TS-InSAR
analysis. Indeed, new, original, and transferable frameworks for routine environmental monitoring should
be developed to increase the potentiality of interferometric products and to fill the gap between the
scientific community and the end user, for rapid disaster information and response. Being natural and
anthropogenic multi-hazards a serious threat to human life, properties and environment, the evaluation
of their impact and the development of adequate mitigation strategies requires a comprehensive analysis.
This can be accomplished through decision-making tools which enables to fully identify the source of
multi-hazard and multi-scale events and the expected related effects with the aim of designing effective
resilience strategies.
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