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Resumen

La interferometria satelital radar (InSAR) y la interferometria de dispersores persistentes (PSI) son
herramientas consolidadas para la deteccidn y el monitoreo de movimientos de la superficie de la Tierra.
Sentinel-1 (S1) es el primer satélite que proporciona acceso gratuito a los datos y garantiza una adquisicion
regular en todo el mundo, cada 6 dias, aumentando su potencial para aplicaciones de monitoreo a largo
plazo. Varios Ground Motion Services regionales y nacionales ya estan activos, proporcionando productos
basados en datos S1. Pronto, en 2022, el primer servicio europeo (European Ground Motion Service -
EGMS) estara disponible y facilitard libremente un mapa de movimientos de toda Europa, con
actualizaciones anuales. Esto implica un aumento de la disponibilidad de mapas de movimientos basados
en PSI y un fécil acceso para cualquier persona, con un interés creciente entre una amplia gama de
usuarios, incluyendo instituciones publicas o gubernamentales, academias, industrias y ciudadanos. El
analisis e interpretacion de esta cantidad de datos es dificil y consume mucho tiempo, mayormente para
usuarios no expertos en la técnica. El objetivo de este trabajo es desarrollar metodologias para simplificar
el uso operativo de los mapas de desplazamiento PSI, generando productos derivados con un mensaje
claro, facil de interpretar, y rapido de leer. Se propone un método para detectar rapidamente las Areas de
Deformacién Activas (ADAs) mas significativas, a partir de mapas de desplazamiento PSI de escala regional.
El mapa de las ADAs es un primer producto que permite un enfoque rdpido en las areas activas, util para
priorizar el analisis y las investigaciones adicionales. A partir de las ADAs, se propone una interpretacién
preliminar basada en datos auxiliares, que atribuye a cada area el fendmeno que estd detras del
movimiento, generando el Geohazard Activity Map (GAM). Después, se propone una metodologia para
incluir la informacion de las ADAs en las actividades de proteccién civil, generando los Vulnerable Element
Activity Maps (VEAM), a través de su aplicacion en las Islas Canarias. Ademas, el mapa de las ADAs se utiliza
en la regidn de Valle D'Aosta (norte de Italia) para generar mapas de vulnerabilidad y posibles pérdidas
econdmicas. Finalmente, se propone una metodologia para obtener mapas de dafios potenciales de los
edificios expuestos, basados en los gradientes espaciales de movimiento, y se aplica en un drea costera de
la provincia de Granada (Espafia). A partir de los métodos propuestos para extraer y clasificar las ADAs, y
de otros métodos de analisis existentes, se ha desarrollado un paquete de herramientas, los ADAtools, de
acceso abierto, faciles de usar y rapidas, que optimizan la explotacién operativa de los mapas de
desplazamiento de escala regional. Todas las metodologias se han desarrollado en el marco de varios
proyectos europeos (Safety, U-Geohaz, MOMIT y RISKCOAST), y estan dirigidos a apoyar las actividades de
gestion territorial y analisis de riesgos, con un enfoque especifico a los deslizamientos de tierra.



Abstract

Satellite Synthetic Aperture Radar Interferometry (InSAR) and Persistent Scatterer Interferometry (PSI) are
now consolidated tools for ground movement detection and monitoring. Sentinel-1 (S1) is the first satellite
providing free data access and ensuring a regular acquisition worldwide, every 6 days, increasing its
potential for long-term monitoring applications. Several regional and national ground motion services are
already active, providing products based on S1 data. Soon in 2022 the first European Ground Motion
Service (EGMS) will be available and freely provide a displacement map over the whole Europe, with
annual updates. This implies a strong expansion of availability of PSI-based displacement maps and an easy
access for anyone, with an increasing interest among a wider range of users, including public or
governmental institutions, academia, industry, and citizens. The analysis and interpretation of this amount
of data is difficult and time consuming, mostly for non-expert InSAR users. The objective of this work is
developing methodologies to simplify the operational use of PSI displacement maps, generating derived
products with a clear message, easy-to-interpret, and fast to read. We propose a method to be applied
over regional scale PSI displacement maps, to fast detect the most significant Active Deformation Areas
(ADAs). The ADA map is a first product that allows a fast focusing on the active areas, to prioritize further
analysis and investigation. Starting from the ADAs, the potential phenomena are attributed to each area
through a preliminary interpretation based on auxiliary data, to derive the Geohazard Activity Map. In this
work, a methodology to include the ADA information in the Civil Protection Activities is proposed, with the
main output called Vulnerable Elements Activity Maps (VEAM). An application of the VEAM is illustrated
in the Canary Islands. Furthermore, the ADA map is used in the Valle d'Aosta Region (Northern of Italy) to
generate vulnerability and potential loss maps. Finally, a methodology to derive potential damage maps
of the exposed buildings, based on the spatial gradients of movement, is proposed, and applied in a coastal
area of the Province of Granada (Spain). A pack of software tools has been developed based on the
proposed methods to extract ADA and then classify them to generate a Geohazard Activity Map. The set
of tools is called ADATools, it is open-access, easy to use and fast, improving the operational exploitation
of PSI regional-scale displacement maps. All the methodologies have been developed in the frame of
several European projects (Safety, U-Geohaz, MOMIT and RISKCOAST), and are aimed at supporting the
multi-scale territorial management and risk analysis activities, with a specific focus on landslides.

Prelude

This work stems from my investigation activities as research assistant at CTTC. My stay there started with
a 9-month scholarship from the University of Rome Sapienza, in March 2015. Then | have been working at
CTTC as research assistant until March 2022. When | arrived, the first satellite Sentinel-1 was recently
launched, and my new colleagues of the Geomatics Division were adapting their software chain to process
those novel data. | was totally new in the world of satellite interferometry and suddenly submerged in this
processing-adaptation process and ‘influenced’ by the enthusiasm for the latest satellite, Sentinel-1. My
new colleagues made me feel part of the group since the beginning and dedicated me time to ease my
introduction to this topic. | felt very lucky to meet them, and to arrive at CTTC exactly in that moment. We
started exploring together the potentialities of Sentinel-1 for landslide detection and monitoring, and this
was the real starting point of my PhD research. After one year, when | achieved the temporal position, in
March 2016, | decided to officially start my PhD. At the same time, my first paper was accepted for
publication, the second Sentinel-1 satellite was almost to be launched, and my first European Project
(Safety) was starting.



1 Introduction

1.1 Background

A spatial and temporal characterization of ground movements and an updated hazard zoning or
susceptibility map are fundamental tools for risk reduction activities and for a sustainable urban planning
and development (Cascini et al., 2013; Mateos et al., 2020). From the research developed by Mateos et al.
(2020) we learn that in the recent three years 2015-2017, 3846 damaging landslides occurred across
Europe among them 143 caused 39 fatalities and 155 injured people. Moreover, it records a total of 150
fatalities and high economic losses (in the order of hundreds of millions up to 1-3 billion for each recorded
country) due to 18 Multi Occurrence Regional Landslide Events (MORLEs, Crozier, 2005) in a 10-year period
(2009-2019). The same work highlights the lack of legal measures to consider landslides risk in urban
planning practices, and the absence of adequate landslide mapping in many European Countries, even
were regulations requiring landslide maps are present. It is evident that a systematic and extensive
screening of the territory would allow a prompt detection of exposed areas and an update of inventory
maps and territorial plans, preventing new housing in landslide prone areas, or driving risk mitigation
actions. In this perspective, remote sensing and Earth Observation (EO) techniques give us the capabilities
of implementing a multi-scale and multi-frequency monitoring, from small-scale detection, with low
updating frequency, to larger scale characterization and high updating frequency. The increasing need of
awareness against natural hazards (“Hyogo Framework 2005- 2015”, “Sendai Framework 2015-2030”), has
resulted in an increased use of EO data as an integrated operational tool for risk managers and policy
makers, with the tendency of promoting open access data and software, data sharing and the integration
of different observing systems. Since the end of nineties, relevant resources have been invested for
national and transnational initiatives, programs and agreements to develop new EO constellations and
exploitation services for different environmental applications, including rapid mapping of natural
disasters. In October 1998 started the European Union's Earth Observation Programme GMES (Global
Monitoring for Environment and Security), then called Copernicus from 2012. Copernicus is aimed at
developing European information services, openly accessible to users, based on both satellite EO and non-
space data (“Copernicus - The European Union’s Earth Observation Program”). Between them, it is worth
mentioning the Copernicus Emergency Management Service (Copernicus EMS), which “provides all actors
involved in the management of natural disasters, man-made emergency situations, and humanitarian
crises with timely and accurate geo-spatial information derived from satellite remote sensing and
completed by available in situ or open data sources”.

Among the EO techniques, satellite Synthetic Aperture Radar (RAdio Detection And Ranging)
Interferometry (InSAR) has been consolidated as a reliable and valuable tool for ground movements
detection, measurement, and monitoring. SAR is an active system that overcomes the optical limitations
due to cloud coverage or sunlight absence and provides complementary information to other EO
techniques. Some examples of satellite interferometry applications are geological hazards detection and
characterization (Calo et al.,, 2014; Massonnet et al., 1995, 1993; Massonnet and Feigl, 1998; Reyes-
Carmona et al., 2021, 2020), risk assessment (Solari et al., 2020a, 2018), monitoring worksites (Botey i
Bassols et al., 2021), engineering and mining (Krishnakumar et al., 2021; Lépez-Vinielles et al., 2020; Solari
et al., 2020b). In 1989 InSAR was applied for the first time to measure the expansion of water-absorbing
clays, with the L-band Seasat sensor (Gabriel et al., 1989). Then, a continuous global SAR acquisition
started at the beginning of nineteens, when the European Space Agency (ESA) launched the medium
resolution (C-band) satellites ERS-1 (1991-2000) and ERS-2 (1995-2011), followed by ENVISAT (2001-2012),



with free-of-charge access to online datasets. In parallel, other commercial satellites were launched, like
RADARSAT 1/2 (CSA - Canadian Space Agency) and the high resolution (X-band) COSMO-SkyMed (ASI -
Italian Space Agency) and TerraSAR-X (DLR - German Aerospace Center). The increased availability of
satellite data and the funding of international projects, such as TerraFirma (2003-2014) (The Terrafirma
Atlas, 2009; Terrafirma - EGDI) and PanGeo (2011-2014), allowed the improvement and validation of
different processing techniques (Novellino, 2017), generally called Multi Temporal InSAR, Advanced-InSAR
(A-InSAR) or Persistent Scatterer Interferometry (PSI) (Crosetto et al., 2016). We are now able to derive
high density of Measurement Points (MP) or Persistent Scatterers (PS) to measures centimetric to
millimetric displacements of landslides, volcanos, subsidence, or even a single sector of a building.
Moreover, the availability of historical dataset allows back-analysis and assessments. However, the
monitoring exploitation of InSAR data faced a major operational limitation due to lack of a systematic
source of radar images (“EGMS White Paper,” 2017).

The new satellite generation is improving the monitoring capability, ensuring regular acquisitions with high
temporal frequency and a free-for-all data access. Sentinel-1 (S1) A and B were launched respectively in
2014 and 2016 to supply the data needs of Europe's Copernicus programme, representing the first mission
with those data requirements. S1 was designed to continue the data flow provided by the previous ESA
missions, with a drastically improved temporal sampling and spatial coverage, and to provide a reliable
operational service and consistent long term data archive (Salvi et al., 2012; Snoeij et al., 2008; Torres et
al.,, 2012). It represents a turning point of satellite interferometry as a reliable tool for cost-effective
systematic monitoring, at both regional and local scale. Starting from S1, more and more Ground Motion
Services (GMS) have been emerging, providing PSI displacement maps that are freely accessible for
anyone. Figure 1 shows the status of national GMS in June 2020. Some of them, like Germany (Kalia, 2017,
Kalia et al., 2017), Norway (Dehls et al., 2019) and Italy are fully operational, others are in pre- or near-
operational phase (Netherlands and Denmark), and in several countries are under development (Novellino
et al., 2017; Papoutsis et al., 2020). In Italy, several operational continuous monitoring services are active
at regional scale (Confuorto et al., 2021; Montalti et al., 2019; Raspini et al., 2018).

In the first semester of 2022, the first continental PSI displacement map of the new European Ground
Motion services (EGMS) (Costantini et al., 2021; Crosetto et al., 2021, 2020a, 2020b) will provide ground
displacement maps, actualized every year, freely accessible through a web Geographic Information System
(GIS) portal. The direct consequence of S1 and the launch of GMSs is an increasing accessibility to satellite
interferometry data and products, and thus an increasing interest among a wider range of users, including
public institutions, industry, academia and even citizens. The EGMs represent an improvement in the
exploitation of S1 data. However, the potential of both S1 and GMSs is still not fully and systematically
exploited. The analysis and interpretation of this huge amount of data can be difficult, time consuming
and not effective, especially for non-expert users. In this context, it is necessary to develop semi-automatic
tools and methodologies to generate operational and interpreted products. In the last years, the research
community and several European projects (e.g. Safety, U-geohaz, RISKCOAST, MOMIT, etc.) have been
focused on post-processing methods to ease the interpretation and use of InSAR and PSI products and to
make them more usable for non-expert users (Barra et al., 2018, 2017b; Boni et al., 2016; Bovenga et al.,
2021; Mirmazloumi et al., 2022; Monserrat et al., 2018; Notti et al., 2014; Raspini et al., 2018).
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Figure 1 Status of Ground Motion Services in Europe (EEA Report, 2020).

1.2 Objectives

The main objective of this thesis is facilitating the full and operational exploitation of S1 data, for
supporting geohazard management and risk analysis, with a specific focus on landslides. This objective can
be achieved facing both processing and post-processing aspects. Processing regards the techniques to get
the higher number of information (in terms of spatial coverage and temporal updating) with the minimum
time and computational efforts. Post-processing regards all the methodologies and tools directed at the
improved use of the processing results. This thesis focuses on the post-processing part.

The main aspects that limit the S1 data exploitation are the following:

- Satellite interferometry is not a straightforward technique. The accessibility of displacement maps
is making them available to a wide range of users, most of them with few knowledge about InSAR.
The InSAR derived displacement maps can be difficult to interpret, originating misunderstandings
if accessed by not-expert users.

- The regional-scale application implies a huge amount of data that is time-consuming to be
analysed and thus not suitable for an operational use.

- The regional-scale application implies a multi-target and muti-magnitude phenomena detection.

Overcoming those aspects is achieved by developing semi-automatic methodologies to fast derive reliable
key information, and simplify the data communication, generating maps that can be operationally used by
any user. The proposed methodologies are developed with the aim of being useful for the territorial and
risk management at different scales, starting from a wide area displacement map.

Moreover, when this work started S1 was recently launched, and its potentialities were already clear.
Nevertheless, there were many uncertainties related to the adaptation of the data processing software;



the data reliability, in terms of real availability and download facilities; and more in general to the satellite
performances.

Based on those aspects, the Specific Objectives (SOs) of my thesis have been:

1. Testing the recently launched S1, exploring its capabilities and potentialities, and evaluating the
usefulness of its short revisit time.

2. Assessing a preliminary methodology to exploit S1 in landslide and geohazards detection and
monitoring.

3. Developing specific methodologies and tools for the operational use of regional scale
displacement maps by non-expert users in geohazard management and risk analysis.

4. Simplifying the information communication to users, proposing effective maps with fast and easy
readability.

The SOs have been achieved through several activities resumed in Section 3 (Workflow and Methodology)
and explained in 5 published journal articles, plus one recently submitted to Remote Sensing of
Environment.

1.3 Thesis context

The activities of my thesis have been possible thanks to a pre-doctoral collaboration between the Remote
Sensing Department of CTTC and the Earth Sciences Department of Sapienza University of Rome (Italy).
The aims of the collaboration were in line with the SOs 1 and 2 of this thesis. My first year at CTTC (March
2015 — March 2016) was supported by a 9-months scholarship from Sapienza University of Rome,
representing the starting point of my PhD work. In this context the first article, included in this thesis as
Annex 1, was published and disseminated (Barra et al., 2017a, 2016). From March 2016 to March 2022, |
was part of the Remote Sensing Department of CTTC, where, among other activities, the investigations of
my PhD have been developed. Its results and methodologies have been obtained in the frame of several
European Projects related with the objectives of my PhD. Here | resume these projects.

1.3.1 Safety - Sentinel for Geohazards regional monitoring and forecasting

Safety (ref. ECHO/SUB/2015/718679/Prev02-SAFETY) was founded by the European Commission,
Directorate-General Humanitarian Aid and Civil Protection (ECHO). The main objective of Safety
(01/01/2016-31/12/2017) was developing and testing a procedure to provide Civil Protection Authorities
(CPA) with the capability of periodically evaluating and assessing the potential impact of geohazards
(volcanic activity, landslides, and subsidence) on urban areas and infrastructures, over regional areas,
using S1 SAR data. Safety was in line with the SOs 3 and 4 of my thesis. The methodologies described in
Barra et al. (2017b) and Solari et al. (2018), have been developed in the frame of this project and are part
of this thesis as Section 4 and Annex 2, respectively. The direct participation in this project allowed me to
take part of all the meetings, presenting the developed results, making a presentation in the Safety
workshop, and one lecture in the Safety training. Moreover, among the dissemination activities, the results
could be presented at several international conferences (Barra et al., 2018, 2017c; Monserrat et al., 2018,
2017).

Website: https://safety.cttc.cat/
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1.3.2 MOMIT — Multiscale Observation and Monitoring of railway Infrastructure Threats

MOMIT (Ref. H2020 — 777630) was founded by Shift2Rail Joint Undertaking under the European Union's
Horizon 2020 research and innovation programme. The objective of MOMIT (1/09/2017 — 30/10/2019)
was developing a new use of remote sensing technologies for railway infrastructures monitoring with the
aim of supporting the maintenance and prevention processes within the infrastructure management
lifecycle. MOMIT wanted to demonstrate the benefits brought by Earth Observation and Remote Sensing
to the monitoring of railways networks both in terms of the infrastructure and of the surrounding
environment, where activities and phenomena impacting the infrastructure could be present. |
participated in this project in the activities to implement the pack of software tools ADATools (Tomas et
al., 2019). Specifically, the methodology algorithm explained in Barra et al. (2017b, Section 4) has been
developed in the software ADAFinder (Navarro et al., 2018). Moreover, | also participate to the
implementation of the algorithm of the tool ADAClassifier. The ADATools are explained in Navarro et al.
(2020), which is part of this thesis as Section 5. The development of the ADATools is in line with the SOs 3
and 4 of my PhD. (Navarro et al., 2019a, 2019b).

Website: https://www.momit-project.eu/

1.3.3 U-Geohaz — Geohazard Impact assessment for urban areas

U-Geohaz (ref. UCPM-2017-PP-AG — 783169 U-Geohaz) was founded by the European Commission,
Directorate-General Humanitarian Aid and Civil Protection (ECHO). U-Geohaz (01/01/2018 —31/12/2019)
aimed to advance with respect to SAFETY, evolving from periodically updated maps to a near-real time
mapping and monitoring of geohazards activity, and filling the gaps detected in the Safety project. The
main objective of U-Geohaz was providing maps, based on S1 6-day ground deformations monitoring, to
continuously assess the potential impact of geohazard activity to urban areas and critical infrastructures,
and to be used as key inputs to support early warning and impact assessment. U-Geohaz was in line with
the SO 3, and 4 of my PhD. The methodology described in Solari et al. (2020a) has been developed in the
frame of this project and is part of this thesis as Section 6. The results were presented at several
international conferences (Barra et al., 2019; Bianchini et al., 2021; Monserrat et al., 2019). Again, the
direct participation in this project allowed me to take part of all the meetings, presenting the developed
results, making a presentation in the U-Geohaz workshop, and one lecture in the U-Geohaz training.

Website: https://u-geohaz.cttc.cat/

1.3.4 RISKCOAST- Development of tools to prevent and manage geological risks on the coast
linked to climate change

RISKCOAST (Ref. SOE3/P4/E0868) has been founded by the European Regional Development Fund (ERDF)
under the Interreg SUDOE Programme. The main objective of RISKCOAST (01/10-2019 - 30/09/2022) is
developing innovative tools and methodologies focused on the prevention and management of geological
risks on the coast in a more effective way. The products obtained are aimed to support the three phases
of emergency management: prevention, response, and rehabilitation. In the frame of RISKCOAST the
ADATools have been applied and the results presented in Navarro et al. (2020) (Section 5). Moreover, the
methodology shortly explained in Section 3.6, and submitted to Remote Sensing of Environment, is part
of the results of RISKCOAST, and in line with the SOs 3 and 4. My direct involvement in this project allowed
me to participate to all the meetings and to present the developed results (Barra et al., 2021c, 2020).

Website: https://riskcoast.eu/es
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1.4 Thesis Content

The thesis starts with a description of the main characteristics of Satellite Interferometry (Section 2),
including the processing steps, and a specific part describing the specifics of Sentinel-1. Then, the PhD
workflow is presented in Section 3, where after an introduction of the general methodology, the main
journal papers (included or annexed in this work) are presented and contextualized. Moreover, a work
recently submitted to Remote Sensing of Environment is resumed in the same section. The next 3 sections
correspond to the articles selected for this thesis, specifically, “A methodology to detect and update active
deformation areas based on Sentinel-1 SAR images” (Barra et al., 2017b) in Section 4, “ADAtools:
Automatic detection and classification of active deformation areas from PSI displacement maps” (Navarro
et al.,, 2020) in Section 5, and, “Satellite interferometric data for landslide intensity evaluation in
mountainous regions” (Solari et al., 2020a) in Section 6. In section 7 the conclusions of the presented work
and the future perspective concludes the thesis. Afterall, two journal papers are annexed, to complete the
documentation of the main work done for the PhD project: “First insights on the potential of Sentinel-1
for landslides detection” (Barra et al., 2016), in Annex 1, and “Fast detection of ground motions on
vulnerable elements using sentinel-1 InSAR data” (Solari et al., 2018), in Annex 2.

10



2 Satellite Interferometry

Satellite SAR Interferometry allows us measuring the displacements occurred between two or more
images acquired over the same area in different times. The aim of this section is to explain the main
characteristics of InSAR acquisition, processing, and results. Firstly, the fundamental of the technique
(Section 2.1) and the main characteristics with the consequent limitations (Section 2.2) are explained.
Section 3.3 introduces basic concepts and terminology, and Section 3.4 explains the main steps of a Multi
Temporal InSAR processing.

2.1 InSAR fundamental

Synthetic Aperture Radar (SAR) is an active remote sensor, which sends microwave pulses and register the
signal backscattered by the illuminated area. This allows to measure day and night and in any
meteorological condition. Each pixel of a complex SAR image contains two values, which are the amplitude
and the phase. The first one is related to the power of the electromagnetic signal, backscattered by the
ground footprint of the pixel, and received by the sensor. The amplitude (i.e., intensity of the signal)
depends on the ground surface characteristics like the shape, orientation, roughness, and electrical
properties. Figure 2 schematically shows how the signal, sent by the spaceborne sensor, is backscattered
by the surface elements. We have a strong backscattering (represented by long arrows in Figure 2) in
correspondence of anthropic elements or rock outcrops, a medium intensity of the backscattered signal
in vegetated areas, where part of the signal is dispersed in other directions (red arrows), and very low or
null in water bodies, which actuate like a mirror, sending the signal in the opposite direction. Figure 3 is a
comparison between a satellite optical image and the SAR amplitude of the same area (coast of Granada
region, southern Spain), we see how the brighter pixels are located over urbanized areas.
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Figure 2 Schematic representation of the SAR signal backscattering power of different surface elements.
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Figure 3 Comparison between an optical image (A) and a SAR amplitude image (B) of the same area (Motril, Granada, Spain).

The phase that the SAR sensor registers in the image mainly depends on the sensor to target distance, the
atmosphere the signal has travelled across, and the characteristics of the backscattering elements within
each pixel ground footprint. Let un focus on the main component, the geometric one (¢geom_M), which is
related to the two-way distance (MP, Figure 4) travelled by the signal from the sensor position M to the
pixel footprint P, and vice-versa. Being A the radar wavelength, the geometric phase received by the sensor
is expressed by:

2:1T2-MP 4-t-MP
¢geom_M = 1 = 1 (1)

At a second pass to acquire over the same area, the satellite changes its position (S), within the same
orbital tube (Prats-lraola et al., 2015), resulting in a different SP distance and thus a different geometric
component (¢geom_5). If in the time between the two acquisitions the ground footprint suffers a
movement from P to P’ we have:

4-1-SP’
¢geom_$ = 1 (2)

To measure centimetric to millimetric displacements, the InSAR technique exploits the phase difference
M (i.e., interferometric phase) between two acquisitions, which
?{ 2 is given by:
SP'-MP
A¢geom_lnt = ¢geom_5 - ¢geomM =~z (3)
4-TC
We can separate the component related to the topography
D, (btopo) and the component related to the displacement

(aisp):

SP—-MP SP’-SP
P A¢geom_lnt = ¢topo + ¢disp =—7 t—= (4)

4 4T
\ \\ l In the equation 4, we see that the topographic component

P’ depends on the relative position of the satellites M and S;
specifically, the bigger is the difference SP-MP the stronger is
®topo- On the contrary, the displacement component is

Figure 4 Schematic representation of a SAR
acquisition system.
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independent of such positions, allowing measuring the displacements with a centimetric to millimetric
precision.

The interferometric phase registered by the sensor includes other components here resumed:

A¢Int = ¢topo + ¢disp + ¢atm_S - ¢atm_M + ¢noise +k-2-m (5)

Where ¢4t s and Pgem m are the atmospheric components of the two images S and M, due to the
propagation of microwaves through ionosphere and troposphere at the two acquisition times; ¢ pise IS
the noise related to changes in the ground footprint; and k - 2 - 7 is related to the phase ambiguity k, in
terms of the unknown numbers of 2m cycles (this aspect is explained later in Section 2.3). To extract the
displacement, we need to estimate the other components. The topographic component can be simulated
(q,')topo_sim) by using a Digital Elevation Model (DEM) of the area covered by the SAR images. This can be
subtracted from the interferometric phase, obtaining the so-called Differential SAR Interferometric
(DInSAR) phase:

A¢D_Int = ¢topo_res + ¢disp + ¢atm_S - ¢ath + ¢noise +k-2-m (6)

Where ¢1opo res is the residual topographic component, i.e., the difference between the DEM and the real
position of the backscattering element (of z-position of the MP), which is due to an inaccuracy in the
computation of ¢r4pe sim, OF to a not precise DEM. Note that, in the following, INSAR and DInSAR will be
used as synonyms, and that the DInSAR phase (Eq. 6) will be called interferogram. The perpendicular
baseline of an interferogram is related to the distance between the two positions S and M measured in
the direction perpendicular to the line-of-sight, whereas the time passed between the two acquisitions is
called temporal baseline. The estimation of the atmospheric and residual topographic components is
explained below in the processing steps. We need models (and assumptions) and appropriate estimation
procedures to get the parameters of interest. All the components are measured in the radar Line-Of-Sight
(LOS), which is the line that connects the sensor and the pixel footprint on the ground. This aspect is also
part of the limitations and will be explained in Section 4.3.

2.2 Acquisition geometry

A radar system transmits the signal towards the ground surface in an oblique direction (with a ook angle,
also called Off-Nadir angle), illuminating a surface area with an extension (swath) that depends on the
system and acquisition mode. Figure 5 shows the basic terminologies to refer to a radar acquisition system.
The direction parallel to the flight path is called azimuth, whereas the perpendicular one is called range.
We refer to azimuth and range as reference directions of a radar image. A same area is acquired by the
satellite in two geometries of acquisition: the ascending one, is acquired when the satellite goes northward
and has a side-look from west to east, and the descending one, when it goes southward and has a side-
look from east to west. A SAR sensor can only measure along the LOS direction, also called slant range,
consequently it can measure only a portion of the real movement (the LOS component), depending on the
direction of the movement with respect to the LOS one. The smaller the angle between the direction of
the movement and the LOS (from now, LOS-MOV angle), the greater the sensitivity of the technique to
measure it. The worst case is when the movement is perpendicular to the LOS, when the measured portion
of movement is null. Figure 6 shows an example of two sliding movements with the same magnitude and
slope angle, but different directions with respect to the satellite, which is represented in the ascending
geometry. If the movement is westwards (Figure 6A), the LOS-MOV angle is smaller than if the same
movement is eastward (Figure 6B), consequently the measured LOS component is higher in the first case.
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Note also that a movement towards the satellite is measured as positive (as in Figure 6A) and a movement
going away from the satellite is measured as negative (Figure 6B). In a descending geometry of acquisition,
the situation would be the opposite. Another case of low measurement sensitivity is when the movement
is along the north-south direction (approximately) being the LOS-MOV directions at a right angle.

A consequence of the range measurements is the geometric distortion in the radar image. Depending on
the relative geometry between the LOS and the local topography (local incidence angle), the ground range
spatial sampling changes. In Figure 7, where the blue triangles represent the topography and 0 are the
look angles, all the geometric effects are shown. When the slope looks towards the satellite, we can have
two situations called layover and foreshortening effects. The first one occurs if the signal is backscattered
firstly by the point B and secondly by the point A, thus the ordering of A and B on the radar image is the
reverse of their ordering on the ground. We have foreshortening when the ground units are compressed
in a few pixels of the radar image like in the case of the A2-B2 slope. Those effects happens because the
time delay between the radar echoes received from two different points determines their distance in the
SAR image. On the opposite hillside (e.g., the slope B-C of Figure 7) the ground spatial sampling increases,
but when the slope angle increases, we can have a shadow zone, where no data are acquired as in the case
of the slope B2-C2.

Ground
range
direction

Figure 5 Representation of a SAR system directions. Modified from (“ENVI SARscape Tutorial”).
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Figure 6 Example of an ascending LOS measurement (red and blue arrows) of two slope movements (black arrows), along the
East-West direction, with the same magnitude and slope angle. In A the movement is westwards, going away from the satellite,
in B the movement is eastwards, going towards the satellite. The LOS-MOV angles are showed.
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Figure 7 Schematic representation of the SAR geometric distortions. B1-A1 represents the layover effect, whereas A1-B2
represents the foreshortening effect. Modified from Sharma et al. (2018).

The explained geometric limitations must be especially considered in areas characterised by steep slopes
and measuring movements with a strong horizontal component (e.g., landslide movements). To overcome
these geometric limitations, a parallel processing of both ascending and descending data can be beneficial.
The use of two geometries is also used to derive the horizontal and vertical (H-V) components of the
movement, as represented in Figure 8 and explained in Notti et al. (2014). The H-V decomposition
improves the cinematic interpretation of a phenomenon, as example, it could be crucial to understand if
a landslide is mainly translational or rotational. The counterpart is that the H-V decomposition depends
on the presence of both ascending and descending information for each surface unit, implying both a
reduction of the spatial resolution and a loss of information where an area is not covered by both
trajectories. Another approach, when a single geometry is available, is to project the LOS measurements
on the maximum slope direction. This approach is used for landslide applications and helps the final users
to have an easier visualization and interpretation of the results. Nevertheless, it is based on the strong
assumption that the main movement is parallel to the slope, which is valid only for sliding phenomena.
Moreover, the result is strictly dependent on the used DEM resolution and on the geocoding precision.
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Figure 8 Schematic representation of an H-V decomposition from ascending (asc) and descending (desc) LOS measurements.
Modified from Notti et al. (2014).

2.3 Basic concepts and terminology
Before explaining the main steps of a MTINnSAR processing, we recall here some basic concepts and
terminology to ease the text understanding.

Coherence

The coherence is a statistical parameter that evaluates the degree of similarity between two images. It
represents the level of noise of the interferogram and varies between zero (low coherence, high noise)
and one (high coherence, low noise). The coherence is an antonym of temporal decorrelation: it is low
when the noise is high or when temporal decorrelation occurs. We expect high coherence in urban or
rocky areas, and low coherence in vegetated areas or when the surface displacement is too high and
spatially abrupt. In the processing, for each interferogram, its correspondent coherence image is
generated. Figure 9 shows an example of coherence image (A) of an interferogram (B). The zooms show
two examples of areas characterized by high (1) and low (2) coherence, the first one corresponds to an
urban area. It is visible the difference in terms of the spatial correlation between the phase values of the
pixels, high in 1 and lower in 2. The presence of water, as the sea in this case, causes a very low coherence,
represented by a totally random distribution of the interferometric phase values.
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Figure 9 Example of coherence image (A) of the interferogram (B) over the coastal area of Motril, in the Province of Granada
(Spain). A) The light greys represent high coherence, the darker greys low coherence. In the rectangle 1 and 2, a detail of two areas
of low and higher coherence is shown. An optical and an amplitude image over the same area are showed in Figure 3.

Measurement Points

The output of a MTINSAR processing is the estimation of the mean annual velocity and of the displacement
time series (TS) over a set of spatially distributed Measurement Points (MPs), also called Persistent
Scatterer (PS). Not all the pixels of the image stack can be used to estimate the displacement. In fact, we
can measure the displacement only over the pixels where the ¢, cOmponent is low. This happens when
the backscattering characteristics of the pixel footprint do not change much in time. The ¢,,,is. depends
on the surface characteristics, for example we can have high density of MPs over anthropic elements and
rock outcrops, a lower number of MPs in agricultural areas and absence of MPs in forested areas. As we
have seen before, another cause of temporal decorrelation is a “fast” movement, generating a ¢g;sp
higher than m between neighbouring pixels. This implies the impossibility of measuring strong
displacements occurred between two acquisitions. An important element that can affect both ¢,,,;5. and
®aisp is the temporal baseline. In fact, we generally expect less changes in the phase when the time passed
between the two acquisitions is shorter. Moreover, if the selection of MPs is performed on the base of the
temporal coherence, we can lose MPs if their movement in time is strongly nonlinear.

Temporal Coherence

The temporal coherence (y;) is a quality index of each MP; it describes how well the interferometric phase
observations fit the model (which includes the linear displacement and the topo_res components). It
varies between 0 and 1. If a linear model is used, y; = 1 implies that the deformation is perfectly linear
over time, and the ¢p;se is zero in all N interferograms. Whereas, low coherence values can be due to
“bad MP”, i.e. noisy phases, or to a strongly non-linear displacement.

Displacement model

To estimate the displacement, and solve the ambiguity in the phase unwrapping step, many processing
approaches use a displacement model. The used model influences the final selection of MPs, the ones that
have a behaviour that is far from the model are not selected. The most used is a linear model, which imply
a strong limitation in detecting non-linear movement phenomena. Some approaches are model-free,
implying a wider selection of MPs, independent of the temporal behaviour.
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Phase ambiguity

We have explained before that InSAR exploits the phase difference between two SAR images acquired in
two different times (t1 and t2), to extract the displacement. Since the phase has cyclic values ranging from
-t to m radians, the same registered phase value can result from an infinite number of distances.
Consequently, the same interferometric phase can result from infinite number of displacements. Let us
look at Figure 10, which graphically illustrates the phase ambiguity (k, Eq. 6). For each acquisition, the SAR
system stores the position on the wave in which the echo of an object (pixel footprint) is received by the
sensor. Specifically, the position is stored by registering the amplitude (A) and the phase (¢). When we
calculate the phase difference between two images (interferogram), we are measuring the position
changes along the received echo wave that is directly related to the displacement of the measured object.
Looking at Figure 10, if two signals are received at the times t1 and t2, the sensor registers the amplitude
and phase Al and @1 (a) in the first image, and A2 and ¢2 in the second one (b or c). Figure 10 shows that
whether the point in t2 is received in position (b) of the wave, which is within one wavelength (A) with
respect to t1, or in position (c), shifted by a wavelength (b+1), the phase recorded in t2 would be the same,
and consequently also the phase difference. Thus, the same phase difference (Ap) can represent the
position (b) and all the positions (b) + k A (where k is an integer number ranging from 0 to infinity), as well
as the phase difference could be A * k 2 . This aspect is generally described as "phase ambiguity". The
distance of Figure 10 represents the roundtrip distance travelled by the signal, thus in terms of
displacements the 2 m ambiguity correspond to a A/2 displacement. The phase ambiguity (k) estimation is
performed in the phase unwrapping (see below). Errors in the k estimation are called aliasings, which are
represented by phase jumps that are k multiples of 2 m.

(a)
A,
D1 \
K )

Y (b) wTR(e)

Distance

Figure 10 Schematic representation of phase ambiguity.

18



2.4 Multi Temporal InSAR processing

A single interferogram includes all the components of equation 6 and is most of the times showed with
the wrapped phase values (i.e., between -it and m). The information of single interferograms is used when
the displacement component is stronger than the others, usually for punctual events, using single pairs of
images acquired before and after the movements (Hanssen, 2001). The single-interferogram exploitation
is generally called DInSAR. Some examples of application are co-seismic movements (Béjar-Pizarro et al.,
2018; Vassilakis et al., 2022), subsidence related to mining activities (Przylucka et al., 2015), landslide
acceleration or activations (Barra et al., 2016; Roberti et al., 2018), or glacier movements (Sanchez-Gamez
and Navarro, 2017). To measure slower movements and to better estimate the phase components, it is
necessary to use redundant observations. This is done by using a stack of images and generating a network
of interferograms that are the observations. All the techniques based on a stack of images can be called
Multi Temporal InNSAR (MTInSAR). Figure 11 shows an example of a glacier delimited with a dashed line in
an optical image (A), in two interferograms covering different times (B and C), and in a MTInSAR result (D).
In B the spatial distribution of the movement is smoothed enough to generate a continues interferometric
phase variation between -t and 1, for a total of about 12 phase cycles (or colour fringes) corresponding to
a relative displacement, between the first and the last fringes, of about 33 cm. The same glacial generates
a loss of coherence in Figure 11C, due to an acceleration causing a spatially abrupt displacement between
neighbouring pixels higher than A/4. This strongly variable behaviour implies the absence of MPs in a
MTInSAR result (Figure 11D). In this example, the single-interferogram information of B allows a complete
spatial characterization of the movement occurred in the time covered by the image pair.

Figure 11 Example of glacial movement located in Valle d’Aosta region (Italy). The glacial shape is highlighted by the dashed line
in an optical satellite image (A), in two interferograms covering two different times (B and C), the first one with good coherence
and the second one with no coherence, and in a MTInSAR result (D), where no MPs are available over the glacier.

19



2.4.1 Processing steps

In the last decades, several MTInSAR processing approach have been developed, which are also called
Advanced InSAR (A-InSAR) or Persistent Scatterer Interferometry (PSl). Several aspects can be different
between the proposed methods, like the pixel selection, the interferogram network generation, the linear-
model or free-model displacement estimation, and so on. Some MTINSAR examples can be found in
Ferretti et al. (2011, 2001, 2000); Berardino et al. (2002); Mora et al. (2003); Crosetto et al. (2015);
Costantini et al. (2008); Hooper (2008); Hooper et al. (2004); Perissin and Wang (2012); and Devanthéry
et al. (2014). Here the main processing steps for the interferogram generation and displacements
estimation are explained with specific reference to the software chain developed by the Geomatic Division
of CTTC (PSIG), which is the one used in this work. However, it is worth to note that some of the steps are
common to all the MTInSAR processing approaches. The PSIG chain is explained in detail in Devanthéry et
al. (2019, 2014). It is worth to underline that the PSIG software is adaptable depending on the specific case
of study. The software is composed of several modules that can be used in different workflows, not
necessarily the order explained here, adopting the one that is more appropriate for each application. Here
we propose a general workflow, as showed in Figure 12.

SAR images Phase unwrapping 20+10
and Time Series

Atmospheric component
\J? estimation and removal

( Interferograms & h Q?
s coherences
L generation ) Velocity from TS
Selection of MP
candidates [ Geocoding ]

v |

Estimation of annual
velocity and topo_res Deformation Deformation
| velocity time series

Figure 12 General workflow of the MTInSAR processing used at CTTC.

[ Images co-registration ]

0. Input data. The MTInSAR procedure requires three types of input data: (i) a stack of complex SAR
images covering the same area; (ii) the precise orbits corresponding to each SAR image; and (iii) a
DEM of the covered area.

1. Image co-registration. All the SAR images needs to be co-registered, i.e. a pixel with image
coordinates (i,j) of any image must correspond to the same footprint on the ground. This does not
occur due to the slightly different acquisition geometries of the images. This step involves the
choice of one image, to be used as geometric reference for the co-registration of all the other
images. Co-registration requires the resampling of all images onto the grid of the reference one,
to ensure pixel-to-pixel alignment along the entire image stack. All steps of the procedure are done
in the geometry of the reference image.
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Interferograms and coherences generation. The interferogram network is generated using several
image-pairs combinations (Figure 13), in a way that each image is used to generate more than one
interferogram (redundant network). The way the network is built depends on the processing
approach and the case study. Usually, the network is based on limits imposed to the temporal or
perpendicular baselines of the interferograms (Lanari et al., 2007), to reduce temporal
decorrelation and topographic errors. Sometimes the coherence is used to eliminate the noisiest
interferograms and the relative problematic images from the processing (Solari et al., 2020). For
each pair of images, the phase difference is computed (¢p¢ — ¢, in Eq. 4), and the topographic
component is removed using an external DEM (Eq. 6), obtaining the differential interferometric
phase. The coherence image is also computed for each interferogram (Figure 9). Then, using an
external DEM and the orbits associated to the given image pair, the topographic term is simulated
and subtracted from the interferometric phase.

Selection of Measurement Points (MPs) candidates. In this step are selected the so-called MP
candidates. It is a first selection of the pixels that are potentially good (of low noise), however their
actual quality is then evaluated during the processing. Properly identifying good MPs candidates
is important for the following steps, especially the phase unwrapping and the estimation of the
atmospheric component. This selection can be based on several approaches, here we use the
Dispersion of Amplitude (DA) of the image stack (Ferretti et al., 2000; 2001). A pixel is considered
a MP candidate if its DA is low, meaning that the backscattered energy is strong and stable in time.
Estimation of annual velocity and topo_res. The displacement velocity and the topographic residuals
(topo_res) are estimated for each MP candidate, using the wrapped interferograms. The methodology
is explained in Biescas et al. (2007). The topo_res is estimated and then removed from the wrapped
interferograms. The topo_res is then used for a precise 3D location (geocoding), representing the
elevation of the MP footprint with respect to the DEM information. For example, if a MP corresponds
to the roof of a building, and the DEM is at ground level, then the topo_res represents the building
height. The annual velocity represents the mean trend of the displacement in the period covered
by the used images. To do that, the displacement is approximated by a linear model. Sometimes
the linear displacement component is also removed from the wrapped interferograms, to be
added again later to the displacement time series. This is done to ease the phase unwrapping and
the atmosphere estimation. Together with the modelled velocity and topo_res, the temporal
coherence y; is estimated and used to select low-noise MPs. Sometimes only the topo_res is
estimated in this module, while the velocity is derived later by a linear regression on the generated
Time Series.

Simple network

Ilrna N-2| Ilrna N—1| [ Ima N ‘

Redundant network

| Irria 1 | | Irva 2 ‘ ‘ Ima3 [ Ima 4 ‘ Irna N—2| Ima N—‘I| [lms N ‘

Figure 13 Example of how the images are paired to generate a simple or a redundant network. From Monserrat, 2012.
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Phase unwrapping. This operation involves the estimation of the phase ambiguity k (Eq. 6) in both
space and time. This is the most critical step of the entire procedure. Several approached have
been proposed to perform it, e.g. see Ghiglia and Pritt (1998), Costantini (1998), and Chen and
Zebker, (2001). Firstly, a spatial 2D phase unwrapping is performed for each interferogram (Figure
14). Secondly, for each MP the 1D temporal phase unwrapping is performed using all the
unwrapped interferograms to generate the displacement time series. For single interferograms, the
condition to correctly unwrap the phases is that the difference between unwrapped phases over
neighbouring MPs is less than 7. If the sum of the components of Eq. 6 abruptly changes in space,
generating a local difference of phase higher than r, the ambiguity cannot be solved, and spatial
aliasing errors are generated. A 2D phase unwrapping can be compromised by a bad selection of
MPs (introducing high ¢,,,is¢), @ wrong removal of topo_res, a strong atmosphere spatial change,
or a rapid movement. A continuous spatial coverage of MPs facilitates the phase unwrapping.
Therefore, the actual capability to solve the ambiguity depends on the spatial pattern of the
specific displacement phenomenon at hand (the smoother this pattern, the better is the phase
unwrapping) and the available MP density over this phenomenon (the higher the density, the
better is the phase unwrapping). For what concerns the 1D phase unwrapping, the condition is
that the sum of the interferometric components for each interferogram is smaller than
. Assuming that all the terms of Eq. 6 but ¢p.f, are zero, the differential displacement of a MP
occurred between the two image acquisition dates needs to be less than A/4. If this condition is
not satisfied a temporal aliasing error can occur. As explained in Devanthéry et al. (2019, 2014),
the redundant observation for each image allows to iteratively check and eventually correct the
2D phase unwrapping errors. The consequence of a not-resolved aliasing can be a jump in the TS
(see Figure 15) or an underestimation of the displacement. The final output of the 1D phase
unwrapping is the temporal evolution of the phase, one value per each acquisition date, starting
from the first one that is set to be zero. All the phases are referred to a selected stable MP, which
is set to be zero at all the image acquisition dates. It is worth underlining that the time series
estimation procedure does not make any displacement model assumption.

I 50 km |

Figure 14 Example of a 2D phase unwrapping of an interferogram. On the left the wrapped and on the right the
unwrapped interferogram. The circle shows the position of the reference-stable point set to zero
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Figure 15 Example of aliasing due to an unsolved phase ambiguity in the 1D phase unwrapping.

Atmospheric component estimation. In this module, the atmospheric phase component ¢ ¢y, is
estimated and subsequently removed from the phases. The ¢, estimation is usually based on
assumptions on the spatiotemporal characteristics of the data: ¢4, is spatially correlated, but
temporally uncorrelated, while the ¢y, is typically correlated over time. The two components
®pefo and ¢4rm are separated using low-pass and high-pass filters. However, if the assumptions
are not fully satisfied, the estimation can be biased: some part of ¢ 4;,, can be wrongly estimated
as a spatially correlated ¢ p.f,, Or conversely, a part of spatially correlated ¢ ¢, can be estimated
as P a¢m and then removed. The atmospheric component is estimated on the output of the 1D+2D
phase unwrapping. Then it can be removed from the interferograms, to perform again the steps
3, 4 and 5, or directly from the Time Series.

Geocoding. The MPs coming from the previous module are in the radar geometry of the reference
image by two coordinates: azimuth and range. The geocoding or geolocation procedure allows us
to estimate the geographical or cartographic coordinates of the MPs. This operation makes use of
the azimuth and range coordinates of the given MP, the orbits of the reference image, the
topo_res of the MP, and the DEM. This is a key step to enable the interpretation and exploitation
of the InSAR products.

2.5 Sentinel-1
The aim of this section is to resume the main characteristics of Sentinel-1 to understand its potentialities
in geohazard detection and monitoring applications.

Wide area coverage

S1 supports the generation of products for 4 different acquisition mods, between them, the
Interferometric Wide Swath (IW) is capable to provide acquisitions over wide areas (250x250 km2) through
the imaging technique Terrain Observation with Progressive Scanning SAR (TOPSAR) (de Zan and Guarnieri,
2006). This characteristic is crucial for regional-to-national scale applications (Novellino et al., 2017). The
TOPSAR technique has required an initial extra processing effort with respect to the previous missions,
mainly in the co-registration step. The main consequence of the TOPSAR acquisition is the subdivision of
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an image in several parts (3 sub-swaths, each one divided in 9 bursts, see Figure 16). Table 1 resumes the
characteristics of the IW acquisition method, which is the most used in the geohazards applications.

Medium spatial resolution (C-band)

In the framework of Copernicus Programme, to give continuity to the ERS-I/2 and ENVISAT satellites, and
to complement the national high-resolution sensors (TerraSAR-X by DLR/Astrium GmbH, Cosmo-SkyMed
by ASI), S1 gives priority to the wide-area acquisition for medium resolution applications (~¥4 m in range by
~14 m in azimuth) (Snoeij et al., 2008; Torres et al., 2012). This characteristic improves its applicability at
regional scale due to the reduced susceptibility to noise factors. Moreover, due to the longer wavelength,
it allows monitoring faster movement with respect to the higher resolution data (Crosetto et al., 2010).

Reliable acquisitions

The S1 IW acquisition mode, with VV+VH polarization, is programmed to work in a conflict-free operational
mode over lands allowing the exploitation of every data-take and the creation of a consistent long-term
data archive for applications requiring long time series (Snoeij et al., 2008; Torres et al., 2012). Thus,
contrary to what happened with the predecessors ERS-1/2 and ENVISAT, S1 is programmed to never fail
acquisitions due to conflicting requests from users. This makes S1 data to be reliable for long-term
monitoring.

High temporal sampling

The S1 constellation acquires data with a revisit frequency of 6 days or 12 days, depending on the zone
(Table 1, Figure 17), improved with respect to its C-band predecessors. This characteristic has several kye
consequences in the DinSAR applications and exploitations. The high temporal sampling improves the
potential for a near-real-time monitoring. The short revisit time reduces the temporal decorrelation.
Moreover, it allows measuring faster movements through the exploitation of the single interferogram
information (Barra et al., 2016). Considering the revisiting time of Sentinel (6 days), the limit of A/4
corresponds to a maximum measurable differential deformation rate of 85.2 cm/yr or 1.38 cm in 6 days.
The high temporal sampling reduces the noise and increases the quality of the results in terms of
displacement time series, spatial coverage, and density of the measurements.

Figure 16 Example of a S1 image (amplitude) acquired in a descending geometry. The image is divided in three sub-swaths (IW)
in range, and 9 bursts for each IW, in azimuth. From “ESA - User Guides”.
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Free and easy download

Finally, it is important to underline that S1 data are completely free, without costs or use limitations. Easily

downloadable from the portal Copernicus Open Access Hub (https://scihub.copernicus.eu/).

Table 1 Main characteristics of the S1 data acquired with the Interferometric Wide Swath acquisition mode.

Satellite Sentinel-1
Acquisition mode Interferometric Wide Swath (IW)
Revisit frequency (days) 6-12 (Fig. 1)
Image swath width (km) 250
N. of sub-swaths 3
Wavelength (A) (cm) 5.55
Polarization options Dual HH+HV, VV+VH
Single HH, VV
Full resolution (azimuth/range) (m) 20/5
Orbital Earth fixed "tube" radius (m) 50
Incidence angle of the area of interest 29.1° - 46.0°

Revisit & Coverage Frequency
validity start: 02/2018
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Figure 17 Sentinel-1 observation Scenario. From “ESA - Sentinel Online”.
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3  Workflow and Methodology

The proposed methodology has a multi-scale approach. Starting from a regional scale displacement map,
we detect the most significant Active Deformation Areas (ADAs), to derive additional information useful
for risk analysis and territorial management at both regional and local scales. The method can be divided
in three blocks (Figure 18), all of them aimed at improving the exploitation of the wide area and 6-day
temporal sampling of S1. The first one involves the processing to derive the displacement map, which is
the main input of the methodology. This block must be faced for each processed test-site, with the aim of
finding the best approach to improve the measurement capability. This block is not treated in detail in this
thesis. We just refer to it to highlight the different inputs for the post-processing of blocks 2 and 3. The
second block is the semi-automatic extraction of the ADAs. This block proposes a methodology to detect
and regularly update the ADA map. Starting from the ADAs, the third block consists of semi-automatic
methods to generate interpreted products, which are derived from the integration of the ADAs with
auxiliary data. This section aims to describe the workflow through the proposed journal papers, the main
methodologies and results are shortly described and some aspects which are not fully described in the
original papers are included.

3.1 Firstinsights on the potential of Sentinel-1 for landslides detection

In the context of the recently launched S1 satellite, the aim of Barra et al. (2016) (Annex 1) was to
investigate the potentialities of S1 for landslide detection and activity characterization and to propose a
methodology of analysis. The short revisit time (6-12 days), plus the C-band wavelength, and the regular
acquisitions strategy, were premonitory characteristics of increased performances in terms of coherence
and monitoring capabilities, compared to other SAR sensors such as ERS, ENVISAT or ALOS. Indeed,
compared to previous satellites, S1 characteristics represent an improvement in terms of coherence and
thus increasing capabilities for detection of landslides with displacement rates up to 1 m/yr., classified as
slow by Cruden and Varnes (1996). At the same time there were many uncertainties related with the new
data, like the real availability or the processing adaptation to the new TOPSAR mode of acquisition. The
main objectives of this work were both to investigate the potentialities of S1 for landslide detection and
activity characterization and to determine a methodology of analysis (SO 1 and 2). The methodology
proposed in Barra et al. (2016, in Annex 1, and 2017a) is based on two main steps. The first one is a spatial
and temporal analysis exploiting both single-interferogram (DInSAR) and MTInSAR information to extract
the ADAs, which are moving areas without any interpretation on the causing phenomena. The second step
consists in a GIS multilayer analysis based on supplementary data to both validate the ADAs and derive
improved interpreted maps. The extraction of the ADAs is performed on two parallel data sources (block
2 of the workflow in Figure 18). The first one is derived from single interferograms, allowing the detection
of faster movements or temporal accelerations (in terms of few centimetres per week) that can be
detected in 6 or 12 days interferograms. The second one is derived by a MTInSAR result, allowing to detect
slower movements (in terms of few millimetres or centimetres per year) and to analyse the temporal
evolution in time of the movement (time series of displacement). The information of faster movements
can be lost in a Multi Temporal processing due to loss of coherence over time, causing absence of MPs
(see sections 2.3, 2.4 and Figure 11).
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Figure 18 Flowchart of the thesis.
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The MTInSAR measurement is not spatially continuous, the density of MP depends on the stability in time
of the back scattering characteristics that can be influenced by different aspects like the land cover or the
velocity of the target among others (section 2). By contrast, the single-interferogram analysis brings a
spatially continuous information, which however is sporadic in time (Figure 11). Both types of detection
are complementary and allow a complete spatial and temporal characterization of the movements for a
constantly updated inventory. This parallel analysis is explained in Barra et al. (2016, Annex 1), where both
analyses are performed manually over an area of the region of Molise (ltaly), strongly affected by
landslides. The single interferogram analysis starts with a first detection of potential movements
performed through a visual recognition of local patterns in the wrapped interferograms that are
potentially associated with movements. Then the pairwise logic analysis (Massonnet and Feigl, 1998)
allows to check each pattern and exclude the one that are due to atmospheric effects or topographic
errors. The detected potential landslide areas are then compared and analysed in the MTInSAR
displacement map. Finally, they are interpreted and validated in a GIS environment, using auxiliary data
like optical images, topography, geology, and existing landslide inventory maps.

Figure 19 shows an example of parallel analysis of a single-interferogram (a) and the MTINSAR
displacement map (b). The black rectangles are examples of detected ADAs in both analyses, while the
white ones are represented in Figure 20. The interferogram corresponds to a period of high rainfall
(between 24/01/2015 and 02/02/2015) that caused an acceleration of existing landslides. Figure 20 shows
a detail of an ADA detected in the interferogram (A) and in the displacement map (B). It is visible how the
colour pattern of the interferogram allows to have a spatial information that is clearer and more
continuous than the MT displacement map. The TS information of the MT map (C) is an added information
for a temporal characterization of the movement, the red circle in (C) shows the acceleration detected in
the interferogram in (A). Figure 20-D displays the final delineation of the detected movement and its
overlapping with inventoried landladies (from the IFFI Italian landslide inventory). The multi-layer analysis
allowed to confirm the detected potential landslides and to update the spatial delimitation analysing
optical images and the topography. Moreover, looking at the spatial distribution of the detected
movements on the geological map (Figure 21), we see that the ADAs are all localized on shales shists and
sedimentary unit or on clayey lithologies, which are strongly prone to slide and affected by the rainfall
water content. The results achieved using only 14 images, covering a period of 7 months, were very
promising. In a total of 62 landslide polygons, 13 were new detections, 31 allowed to update the IFFI
inventory, while 18 confirmed the activity of already inventoried landslides.

The methodology proposed in Barra et al., 2016 was the precursor of the research advancements and the
final methodology presented in this thesis. The main blocks of the thesis flowchart (Figure 18) remain the
same, but most of them are now implemented with semi-automatic procedures and software tools. The
automatization is a key aspect for an extensive application over wide areas.
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Figure 19 The black rectangles show few examples of ADAs detected from a single interferogram (A) and from the MTInSAR
displacement map (B). Note that figure (a) is in radar geometry, while in figure (b) the displacement map is projected in geographic
coordinates and showed on a satellite optical image. Modified from Barra et al. 2017a.

Figure 20 Potential pattern of ADA detected in a 12-day interferogram, delineated by a white line (a). The same pattern (red line)
is showed with the MTInSAR displacement map (b) and in a GIS (d) together with the existing landslide inventory. The TS of the
movement is showed in c. Modified from Barra et al. 2017a.
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3.2 A methodology to detect and update active deformation areas based on Sentinel-1
SAR images

An algorithm for the ADAs extraction from a MTInSAR displacement map is proposed in Barra et al. (2017b,
section 4). Here, we propose a methodology to simplify the displacement map through a MP filtering, and
then extract the ADAs in a semiautomatic way. The methodology is developed over the Islands of Gran
Canaria, La Gomera and Tenerife (Canary Islands, Spain), in the framework of the Safety project. The
displacement map simplification removes the spatial outlier and the isolated points, to derive a filtered
Displacement Activity Map (DAM). This is a first product that reduces the spatial-temporal noise and
improves the readability and reliability of the map, simplifying the use and interpretation by not expert
users in line with the SO 3. An example of filtering is showed in Figure 22 over the Teide and Pico Viejo
areas of Tenerife.

The second output of the methodology is the ADA map, which is the main input for the block 3 of the
flowchart (Figure 18). The proposed procedure extracts the most significant active areas as a set of
polygons, where each polygon contains the main information of the area (e.g. minimum, mean and
maximum velocity, mean accumulated displacement, localization). Among this information, we underline
the Quality Index (Ql), based on statistical analysis, representing the temporal noise and spatial
consistency of the TSs within each ADA. The Ql is a key information to automatic assess the reliability of
each extracted area, and thus reduces the analysis time for INSAR non-expert users. The ADAs are classified
in four classes of reliability based on the Ql, as explained in Figure 23. The ADA map simplifies the
readability