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Abstract

Every year geohazards, including earthquakes, landslides, volcano eruptions and landslides,
claim thousands of lives and result in acute economic, material and environmental losses.
Identifying where adverse geological events are occurring or might occur in the future,
assessing their magnitude, monitoring their spatiotemporal evolution, and investigating the
key physical-mechanical aspects and main driving climatic and environmental factors are
the first steps toward the potential prevention and mitigation of geohazards. To gather the
needed geohazard knowledge, a multi-sensor and multi-parameter data collection is needed.
In the past few decades, Satellite Earth Observation (EO) missions have revolutionized
data collection on the Earth’s surface by providing cost-effective, large-scale, high-quality
and systematic imagery. Nowadays, Satellite Radar Interferometry is increasingly used
by different stakeholders to measure ground deformations. The continuous and systematic
acquisition of SAR missions opened the opportunity to apply SAR Interferometry for near-
real-time geohazard applications. However, many research gaps remain on how to interpret
the ground deformation observations and how to derive a comprehensive understanding of
the geological process and driving forces that lead to geohazards. These research questions
were addressed in this PhD based on three analytical pillars: ground deformation analysis;
numerical source modeling; and driving external factors analysis. Five different geohazard
events were successfully studied and important insights were derived for all the case studied.
The investigation of land subsidence in the municipality of Maceió (Brazil) correlated the
ground deformation to deep-seated salt mining cavities instabilities. The analysis of the
April 2019 landslide failure in Hoseynabad-e Kalpush village (north–central Iran) shows
how a previously relict landslide reactivated following water impoundment. The co-seismic
analysis of the Mw 6.6 29th of March 2017 offshore earthquake on the eastern coast of
the Kamchatka peninsula (Russia) demonstrates that the area north of the Pacific slab
subduction zone has higher seismic and tsunamigenic hazards than previously thought. The
study of the 2020 geothermal unrest close to the 2021 Fagradalsfjall eruption site (Iceland)
gives insight into the interaction between volcanic processes and geothermal systems for
proper geohazard assessment and prediction. The pre-failure analysis of the December 2018
flank collapse at Anak Krakatau volcano (Indonesia) shows that the instability was ongoing
for years and accelerations correlated with magma intrusion were detected. The outcomes
of this PhD research demonstrate the valuable contribution of InSAR observations to the
understanding of geological processes related to geohazard.
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Zusammenfassung

Jedes Jahr fordern Georisiken wie Erdbeben, Erdrutsche, Vulkanausbrüche und Erdrutsche
Tausende von Menschenleben und führen zu akuten wirtschaftlichen, materiellen und ökolo-
gischen Verlusten. Die Identifizierung von Orten, an denen geologische Ereignisse auftreten
oder in Zukunft auftreten könnten, die Bewertung ihres Ausmaßes, die Überwachung ihrer
räumlichen und zeitlichen Entwicklung und die Untersuchung der wichtigsten physikalisch-
mechanischen Aspekte und der wichtigsten treibenden Klima- und Umweltfaktoren sind
die ersten Schritte auf dem Weg zu einer möglichen Prävention und Eindämmung von
Georisiken. Um das benötigte Wissen über Georisiken zu sammeln, ist eine Multi-Sensor-
und Multi-Parameter-Datenerfassung erforderlich. In den letzten Jahrzehnten haben Satel-
litenmissionen zur Erdbeobachtung (EO) die Datenerfassung auf der Erdoberfläche revo-
lutioniert, indem sie kostengünstige, großflächige, hochwertige und systematische Bilder
liefern. Heutzutage wird die Satellitenradarinterferometrie zunehmend von verschiede-
nen Interessengruppen zur Messung von Bodenverformungen eingesetzt. Die kontinuier-
liche und systematische Erfassung von SAR-Missionen eröffnete die Möglichkeit, die SAR-
Interferometrie für echtzeitnahe Geohazard-Anwendungen einzusetzen. Allerdings gibt
es noch viele Forschungslücken bei der Interpretation der Bodenverformungsbeobachtun-
gen und der Ableitung eines umfassenden Verständnisses der geologischen Prozesse und
treibenden Kräfte, die zu Georisiken führen. Diese Forschungsfragen wurden in dieser
Doktorarbeit auf der Grundlage von drei analytischen Säulen behandelt: Analyse der
Bodenverformung, numerische Quellenmodellierung und Analyse der treibenden externen
Faktoren. Fünf verschiedene Georisikoereignisse wurden erfolgreich untersucht, und für
alle untersuchten Fälle wurden wichtige Erkenntnisse gewonnen. Die Untersuchung von
Bodensenkungen in der Gemeinde Maceió (Brasilien) brachte die Bodenverformung mit
tiefliegenden Salzabbauhohlräumen in Verbindung. Die Analyse des Erdrutsches vom April
2019 im Dorf Hoseynabad-e Kalpush (Nord-Zentral-Iran) zeigt, wie ein zuvor reliktischer
Erdrutsch nach einer Wasseraufstauung reaktiviert wurde. Die koseismische Analyse des
Offshore-Erdbebens der Stärke 6,6 vom 29. März 2017 an der Ostküste der Halbinsel
Kamtschatka (Russland) zeigt, dass das Gebiet nördlich der Subduktionszone der paz-
ifischen Platte eine höhere seismische und tsunamigene Gefährdung aufweist als bisher
angenommen. Die Untersuchung der geothermischen Unruhen im Jahr 2020 in der Nähe
der Eruptionsstelle des Fagradalsfjall (Island) im Jahr 2021 gibt Aufschluss über die Wech-
selwirkung zwischen vulkanischen Prozessen und geothermischen Systemen und ermöglicht
eine angemessene Bewertung und Vorhersage von Georisiken. Die Analyse des Flankene-
insturzes vom Dezember 2018 am Vulkan Anak Krakatau (Indonesien) zeigt, dass die In-
stabilität seit Jahren anhielt und Beschleunigungen, die mit Magmaintrusion korrelierten,
festgestellt wurden. Die Ergebnisse dieser Doktorarbeit zeigen den wertvollen Beitrag
von InSAR-Beobachtungen zum Verständnis geologischer Prozesse im Zusammenhang mit
Georisiken.
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To those who don’t stay "neutral" or silent in front of social and climate injustices, in
times when freedom of speech is free only if it conforms to the mainstream and dominant

institutional narrative.
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1 Introduction

1.1 Background/motivation

Geological processes refer to natural forces, such as tectonic subduction and rifting, sur-
face erosion, gravitational slope deformation, chemical weathering and sedimentation, that
shape the Earth’s crust. They can manifest at the surface as episodic or time-dependent
ground deformations of different magnitude, extent and patterns. Their interaction with
the built environment can affect the integrity of buildings and infrastructures and therefore
jeopardize human life and social and economic development. As a result of the potential
risk, adverse geological events, such as earthquakes, volcanic eruptions, land subsidence,
sinkholes, debris flows, rockfalls, and other landslides, are referred to as geological hazards
or geohazards (Komac and Zorn 2013; Hyndman and Hyndman 2016).

The growth in global population and consequent expansion of densely populated urban
areas increases the exposure to geohazards. Over the last 25 years, the world population
has increased by 2.1 billion, reaching eight billion at the end of 2022, 57% of which are
living in urban areas (UNCTAD 2022). The highest growth is registered in Asia and
Oceania (+1.2 billion) and Africa (+0.7 billion) where urbanization drastically increased
from 43.3% to 50%. It is estimated that in 2019, 46% of the worldwide population was
living under conditions of poverty (with an income of less than $6.90 per day) (World Bank,
2022). People living under conditions of food insecurity, lack of safety, gender, race and
mental and physical ability discrimination, social and economic inequalities and limited
access to health care are less likely to be able to stay safe during a geohazard event, not to
mention prepare for and recover from their effects (Ogie and Pradhan 2019; Contreras et
al. 2020). Consequently, they are more vulnerable to geohazards, which at the same time
aggravate further those social and security issues.

Every year geohazards cause thousands of human casualties and injuries, damage to
buildings and infrastructures, loss of productivity, disruption of supply chains, loss of
livelihoods, mental health issues, and disruption of education and health care. Studies
show that as of 2015, 2.7 billion people live in earthquake hazard areas, against 1.4 bil-
lion in 1975; 14 million people live near one of the 220 most dangerous volcanoes. The
most devastating event of 2023 happened on February 6., when 7.8 and 7.5 magnitude
earthquakes and successive aftershocks struck southern Turkey and northern Syria. As of
March, international media reported that the direct fatalities from the earthquakes were
over 50 thousand, and millions of people were displaced from their destroyed or under risk
of collapsing homes. Earthquakes and tsunamis are among the most devastating geohaz-
ards, with estimates of more than half of a million fatalities and 2 billion injuries in the
past two decades linked to them (UNDRR 2022). However, while large disaster events are
reported in international disaster management databases, tens of thousands of small-scale
disaster events occurring at a higher frequency than their large counterparts each year are
often not accounted for. An analysis of records in 104 countries found that between 2005
and 2017, small and medium, localized and frequent disasters caused 68% of all economic
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losses (UNDRR 2022). A recent study has shown that significantly larger proportions of
the globe are exposed to rainfall-triggered landslide hazards than considered before, affect-
ing especially linear infrastructure, such as roads and power transmission. Between 1995
and 2014, 3876 landslides caused a total of 163,658 deaths and 11,689 injuries in 128 coun-
tries (Haque et al. 2019). The increase in the frequency of extreme precipitation events
as a direct consequence of climate change will also increase the frequency of such meteoro-
logically induced landslides (Gariano et al. 2017). Anthropogenic activities, including the
overexploitation of natural resources, are influencing the occurrence, frequency and inten-
sity of geohazards and the consequent human, environmental and economic loss (Gill and
Malamud 2017). According to the latest research, by 2040, 19% of the world’s population
will be affected by land subsidence (Herrera-García et al. 2021). Cascade effects can also
follow main geohazard events, introducing secondary hazards whose impact might be even
more severe: landslides following earthquake events or flash floods; a tsunami following a
landslide failure inside a water body (Sharma et al. 2018; Patrick et al. 2020).

To prevent or mitigate the human and economic impact of disasters, a comprehensive
understanding of the geological processes that are behind the geohazard is essential. This
includes identifying where a geohazard is occurring or might occur in the future, assessing
its magnitude and monitoring its evolution, understanding the process mechanism involved,
identifying potential precursors that might lead to major events, and investigating the main
driving climatic and environmental factors. In this regard, it is necessary to apply a multi-
disciplinary approach based on multi-sensor and multi-parameter data. However, for in-
depth geological process understanding relying on data provided by in-situ measurements
is not always possible due to low or no data availability in many areas around the world.
Indeed, installing and maintaining in situ instruments can be costly; they have limited
spatial coverage; usually, it is not known when and where a geohazard might occur and,
therefore, impossible to plan accordingly where to install them; additionally the areas of
interest can be difficult to access.

The outstanding development of Satellite Earth Observation (EO) missions in the past
few decades has revolutionized data collection on the Earth’s surface (Gomes et al. 2020).
Spaceborne radar, hyperspectral, multispectral and optical imaging systems are nowa-
days providing a quasi-global coverage with consistent acquisition plans of multisensor
and multi-parameter geospatial data. Since the launch of the first EO satellites in the
70s, advances have been made in improving the spatial, temporal, spectral and radio-
metric resolutions (Tomás and Li 2017). The new generation satellites reach very high
resolution (lower than one m for Terrasar-X, Cosmo Skymed and Pleiades) to medium
resolution (10-15 m for Landsat-8 and Sentinel-2). Constellation missions of two satellites
(such as Sentinel-1) to more than hundreds of satellites (such as PlanetScope) provide data
acquisitions even daily. Recently launched hyperspectral satellite ENMAP provides 246
contiguous bands. All these missions increase the capability to capture the dynamic na-
ture of geological processes in time and over large areas. In particular, Synthetic Aperture
Radar Interferometry (SAR) has evolved into one of the main geodetic techniques for mon-
itoring surface deformations due to its high accuracy in measuring ground displacement,
wide-area coverage and cost-effectiveness (Bernardi et al. 2021).

The capability to detect and monitor ground deformations in time and space increased
rapidly with the advances of new SAR missions and performative Interferometric SAR
(InSAR) technologies, including new algorithms and powerful cloud computing sources
(Euillades et al. 2021). Past and currently operational SAR missions, such as ERS (ESA),
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Envisat (ESA), TerraSAR-X (DLR), Radarsat (CSA), JERS (JAXA), ALOS (JAXA),
and COSMO-SkyMed (ASI) have provided data over many parts of the world for decades,
although with inconsistent acquisition plans or limited repeat cycle. The launch of new
generation SAR missions such as the European Space Agency’s Sentinel-1 constellation and
the upcoming NASA and Indian Space Agency NISAR mission, which aim for continuous
and systematic acquisition of data with up to weekly revisited time, opened the opportunity
to apply InSAR as a near-real-time geohazard monitoring technology. Moreover, their
free-of-charge data availability policy makes InSAR applications economically affordable
compared to traditional observation methods.

Nowadays, InSAR is already a standard space geodetic technique applied to observe
time ground deformation from local to continental scale. The continuously expanding
SAR data archives increase InSAR’s capability to perform back analysis of disastrous
events. However, many research gaps remain on how to interpret the ground deformation
observations and how to derive a comprehensive understanding of the geological process
and driving forces that lead to geohazards.

1.2 Research question

The main scientific aim of the present PhD research is to investigate several geohazard
events based on ground deformation measurements using InSAR techniques. This includes
constraining the onset of the ground deformation in time and space, tracking its time
evolution and identifying transients in the rate that may indicate the forthcoming of more
significant catastrophic events. For completeness of the analysis and a deeper insight
into the process mechanism and its driving factors, InSAR observations are combined
with additional remote sensing and in-situ measurements publicly available over the area.
Inverse numerical models are applied to constrain the location and simplified geometry
of subsurface sources for a better understanding of the underground processes related
to the observed surface deformation pattern. Finding and understanding the correlation
between transient ground displacement signals and seasonal ground displacement signals
with environmental variables can contribute to the ability to identify external factors that
trigger or enhance a geological process. Comprehending what kind of information can
be derived from InSAR for each specific geohazard is an essential part of this work for
achieving a more complete understanding of geological processes. The present research
contributes to designing an individual workflow for each geohazard in order to answer as
best as possible the following research questions.

• How does the specific geological process occur on the surface? What is the magnitude
of ground deformation? Does it evolve in space and time, and if so, how? Are there
any transients in displacement detectable as evidence for potentially forthcoming,
more severe events?

• What is the type of underground process which is the source of the observed ground
deformation? Where is the main source located? What is its overall and approximate
geometry? How does it evolve in space and time?

• What are the main environmental, climatic and anthropogenic factors controlling
the evolution of the geological process? How do they correlate with the ground
deformation observation and the deeper processes?
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Five different geohazard events located in different geographical regions were analyzed:
land subsidence in the municipality of Maceió (Brazil); landslide failure in Hoseynabad-e
Kalpush village (north–central Iran); offshore earthquake in the eastern coast of Kamchatka
peninsula (Russia); geothermal unrest close to Fagradalsfjall eruption site (Iceland); and
tsunamigenic flank collapse at Anak Krakatau volcano (Indonesia). The analyzed events
involved different types of geological processes: tectonic plate dynamics, deep-seated cavity
instabilities, gravitational mass movements, and gas and magmatic intrusions. A brief de-
scription of the case studies, motivation and more specific research questions are presented
in the following subsections.

1.2.1 Land subsidence in the municipality of Maceió (Brazil)

Sinkhole formations and infrastructure fractures have intensified in some densely populated
neighbourhoods of Maceió following a period of heavy precipitation in February 2018. In
this same area of the city, underground salt mining has been performed since the 1970s.
This anthropogenic activity was considered one of the potential causes, and investigated
as such. Despite the mining activity spread under densely populated areas, systematic
monitoring of the stability of the area was never implemented; therefore, long-term in-
situ measurements related to ground motion, the salt cavities’ conditions and groundwater
levels were not available. In the aftermath, the Geological Survey of Brazil conducted a
one-year multi-disciplinary survey using newly installed instruments, ad hoc data collection
and 2 years of InSAR observations, investigating four potential hypotheses for the ongoing
instability: geotechnical characteristics of the soils, groundwater exploitation, regionally
active tectonic structure and salt mining activities. The investigation concluded that salt
mining was most likely the main cause of the subsidence. After these outcomes, all extrac-
tion activities were stopped and the authorities started to evacuate the area, with more
than 40,000 people displaced and 14,000 houses placed under demolition orders. However,
in spite of the investigation, many other aspects of the ongoing geological instability were
not questioned and remain unknown. The aim of this work is to address these research gaps
over the Maceió land subsidence. This includes detecting when and where the subsidence
process started; how it evolved in time and space; constraining the source location and
verifying the causes; investigating the spatio-temporal evolution of the sub-ground pro-
cess; and correlating the ground deformation with further potential environmental driving
factors.

1.2.2 Landslide failure in Hoseynabad-e Kalpush village (north–central
Iran)

Between mid-March and the beginning of April 2019, 28 out of the 31 provinces of Iran
were affected by intense rainfall, leading to widespread flash flooding and thousands of
landslides, especially in the northern regions of the country. At this time, a catastrophic
landslide occurred in Hoseynabad-e Kalpush village in Semnan Province on a slope down-
stream from a recently built dam reservoir. The failure damaged more than 300 houses
in Hoseynabad-e Kalpush village, of which 163 had to be evacuated due to the severity
of the destruction. In the aftermath of the catastrophic failure, several aspects of the
Hoseynabad-e Kalpush landslide mechanism remained unknown. The area surrounding
the dam reservoir had not been monitored by in-situ instruments when the infrastructure
was placed and put into operation. This research aims to investigate whether the landslide
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was active before the dam construction; when and under which conditions it was reacti-
vated; how the destabilization evolved over time and space in the prefailure period; what
the magnitude and the extent of the landslide failure was and how it evolved; which were
the main external driving factors for the landslide to occur; whether the landslide was still
active in the aftermath of the failure.

1.2.3 Offshore earthquake in the eastern coast of Kamchatka peninsula
(Russia)

On the 29th of March 2017, a Mw 6.6 earthquake occurred off the northeastern Kam-
chatka coast. Although this region is proximate to a very complex tectonic setting, it
was considered of low-level earthquake and tsunami hazard. This is also the reason why
only a few seismic stations were deployed in the northern part of the peninsula where the
Yuzhno-Ozernovskoe earthquake occurred. Several hypocenter seismic and focal mecha-
nism solutions were given by national and global seismological centres. Although the focal
mechanisms were quite similar for all the given solutions, the suggested epicentre locations
varied in the range of 40 km, making it difficult to identify the actual active fault and its
connection to the regional geodynamic setting. The aim of this research is to gather better
insight into the ongoing geodynamic processes of this region. In this regard, the main goal
is to constrain in a more robust way the earthquake epicentre and identify the active fault
location, geometry and rupture parameters. This information then allows us to connect
the identified active fault to the regional tectonic processes.

1.2.4 Cyclical geothermal unrest at Fagradalsfjall volcano(Iceland)

In March 2021, the Fagradalsfjall volcanic system on Iceland’s Reykjanes Peninsula started
to erupt after an 870-year quiet period and sustained eruption for 6 months. The effusive
eruption did not produce any damage to infrastructure or other disruptions for the local
population. During the year leading up to the eruption, three uplift episodes followed by
a lower magnitude subsidence occurred at the Svartsengi geothermal field 8 km west of
the eruption site. Earthquake swarms were produced simultaneously with the inflation
episodes, while seismicity decreased during the deflation episodes. Since the cyclic event
occurred next to the re-injection site of the Svartsengi geothermal power plant, initially it
was unclear whether the source of deformation was anthropogenically induced or connected
to the regional volcanic processes. The aim of this research is to identify in time and space
the cyclic inflation and deflation episodes and investigate their sub-ground sources. This
study is an investigation of the potential interactions of tectonic spreading, magmatic
reservoirs and supercritical magmatic fluids with hydrothermal reservoirs.

1.2.5 Flank collapse at Anak Krakatau volcano (Indonesia)

After 6 months of moderate eruptions, a massive flank collapse occurred at Anak Krakatau
volcano on 22 December 2018. A total of 2 km³ of material from the volcanic island
collapsed into the ocean, triggering tsunami waves that reached a height of 85 m at a
neighbouring island 4 km away. The tsunami hit the populated coasts of Northwest Java
and Southern Sumatra causing several hundreds of human fatalities. An early tsunami
warning system was installed and active in the area during the flank collapse. However,
since it was designed for earthquake-induced tsunamis, no warning was produced. This
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event highlights the need for alternative means for early tsunami warning methods in case
of catastrophic failures in ocean islands. The aim of this research is to investigate potential
flank instability precursors prior to flank failures that can be used for such purposes. This
research also aims to provide an understanding of how magmatic intrusions interact with
destabilizing flanks.

1.3 Structure of the manuscript

This PhD work is organized as a cumulative research contribution, based on individual
research studies published in international peer-reviewed scientific journals.

Chapter 2 describes briefly the main analytical pillars used in this PhD research, which
includes ground deformation analysis, numerical source modeling and driving external
factors analysis.

Chapter 3 introduces the fundamental physical-mechanical aspects of the geological
process analyzed in this PhD research, which includes land subsidence, landslide, earth-
quake and volcanic-related activities. The main focus is on the induced ground defor-
mations, sources and driving forces. The second part of each subsection includes the
state-of-the-art InSAR technology applied to the specific geological process.

The results of the five case studies are published in well-recognized scientific journals as
three first-author and two co-author contributions. They are included as separate chapters
in this manuscript.

Chapter 4 includes the first-author publication “A decade-long silent ground subsidence
hazard culminating in a metropolitan disaster in Maceió, Brazil”.

Chapter 5 includes the first-author publication “Reactivation of an old landslide in
north–central Iran following reservoir impoundment: results from multisensor satellite
time-series analysis”.

Chapter 6 includes the first-author publication “The 29 March 2017 Yuzhno-
Ozernovskiy Kamchatka Earthquake: Fault Activity in An Extension of the East Kam-
chatka Fault Zone as Constrained by InSAR Observations”.

Chapter 7 includes the co-author publication “Cyclical geothermal unrest as a precursor
to Iceland’s 2021 Fagradalsfjall eruption”.

Chapter 8 includes the co-author publication “Interactions of magmatic intrusions with
the multiyear flank instability at Anak Krakatau volcano, Indonesia: Insights from InSAR
and analogue modelling”.
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2 Methodological Background

Adverse geological processes related to geohazard manifest at the surface as episodic or
time-dependent ground deformations of different intensity, extent, pattern and tempo-
ral evolution. Measuring and analyzing their temporal and spatial evolution is essential
for geohazard mapping and assessment. This is achieved by exploiting EO data and in
particular SAR and InSAR techniques. Numerical models are used to constrain the geo-
physical source parameters and connect what is observed on the surface to the underground
geophysical mechanisms. Climatic and anthropogenic factors, including precipitation, sur-
face water levels, land cover change and topographic reshaping, can foster or even trigger
adverse geological conditions. Therefore, the understanding of how they control the geo-
logical processes is crucial for geohazard assessment and mitigation. The research is based
on three main analytical pillars: ground deformation analysis; numerical source modelling;
and driving external factors analysis (see Fig. 2.1).

Figure 2.1: Scheme of the methodology pillars

2.1 Ground Deformation Analysis

2.1.1 InSAR

SAR Interferometry (InSAR) is a microwave remote sensing technique that exploits the
difference in phase shift (interferogram) between two consecutive and geometrically com-
patible Single Look Complex SAR acquisitions (primary and secondary) to reveal surface
topography or surface motion (Hanssen 2001). By deducting the topographic contribution,
the component related to the ground deformation is recovered. This extension is called
Differential InSAR (DInSAR). However, the DInSAR still contains ramps related to atmo-
spheric delay, DEM-related artifacts, orbit errors and noise. InSAR is capable of measuring
the ground motion only when the displacement gradient between two neighbouring pixels
is smaller than π (equivalent to half the sensor wavelength), otherwise, an interferometric
ambiguity is introduced. This is a measure of the sensor’s sensitivity to the ground motion
and it depends on the sensor wavelength: 1.5 cm for the X-band, 2.7 cm for the C-band
and 11.5 cm for the L-band.

The phase difference in a single pixel is expressed as follows:
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∆� int = � displ + � topo + � atm + � orb + � noise + 2k� (2.1)

where: φdispl is the displacement phase component; φtopo is the topographic phase com-
ponent; φatm is the atmospheric phase component; φorb is the phase component due to the
orbital errors; φnoise is the noise; k is an integer value called phase ambiguity.

Phase unwrapping is used to reconstruct the absolute change of phase from the 2π
interferometric cycles, i.e. absolute displacement. This is done concerning a stable reference
point or a point of known deformation rate, for instance from GNSS measurements.

A single-pair InSAR is characterized by a signal-to-noise ratio that allows the detection
of ground deformations with centimetre-level accuracy. This is because standard InSAR
is limited by temporal and geometrical decorrelation, as well as phase distortions induced
by atmospheric artifacts and topographic residuals. More advanced multi-temporal InSAR
connects a stack of SAR images of the same geographical region collected over some time
and enables estimating the time series of surface deformation. These techniques enable the
mitigation of atmospheric and DEM-related artifacts, improving the quality of the ground
displacement measurements and reaching up to mm-level accuracy.

DInSAR is sensitive to deformations along the LOS direction. Therefore, the sensitivity
to the real ground deformation field depends on the SAR acquisition geometry and the 3D
displacement vector. SAR missions follow a sun-synchronous, near-polar orbit so that the
orbital angle is approximately along the north-south direction. The sensors are normally
right-looking, and therefore the sensor will face the same ground target with a different
geometry during its ascending and descending orbit passes. The angle at which the sensor
is pointed towards the Earth is called off-nadir or look angle and varies between 20 and 50°
for the different image moods (Spotlight, Stripmap, TOPSAR). It also varies from the near
to the far range within the same image. For instance, Sentinel-1 off-nadir images range
between 29° (for near-range) and 46° (for far-range). The incidence angle is defined as the
angle between the radar beam center and the normal to the local geodetic ground surface.
Usually, the Earth’s curvature is neglected, and under this condition, the incidence angle
corresponds to the look angle of the sensor. DInSAR has full sensitivity to motion parallel
to the incidence angle. However, in general, it is more sensitive to vertical displacement
than horizontal. On the horizontal plane, it is more sensitive to east-west oriented motion
and the sensitivity decreases in the north-south direction, thus becoming negligible for
orientation parallel to the orbit pass (see Fig. 2.2).

Coherence is a key parameter that measures the amount of correlation between two SAR
images and indicates the level of phase noise. It is estimated as the complex correlation
between two SLC SAR images and combines both phase and amplitude components. The
coherence varies between 0 and 1 (0 refers to no correlation and 1 to perfect correlation).
Since InSAR relies on comparing the phase of each pixel in two or more images, the
phases should be coherent enough in their radar reflection to be comparable (Hanssen
2001). The loss of coherence, i.e. decorrelation, depends on several factors. Geometric
decorrelation occurs when the ground target in the two images is viewed from a slightly
different angle, resulting in different scattering contributions within the same pixel area.
Geometric decorrelation is more pronounced for volumetrically scattered objects such as
canopy and extremely rough surfaces, and the degree of decorrelation increases as the
baseline increases. Temporal decorrelation is caused by changes in the surface backscatter
characteristics over time and depends on the underlying surface type. The longer the time
between two SAR acquisitions, the larger the probability that the surface has changed
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Figure 2.2: InSAR deformation sensitivity from ascending and descending orbital path: (a) with
respect to the azimuth direction; (b) concerning the LOS direction; positive movement
in red and negative movement in blue, vertical component (in green uplift movement
and in violet downward movement) and east-west component (in orange from west
to east movement) (from Vassileva et al. 2017)

and is even completely decorrelated. A typical example is cropland and forest canopy,
whose vegetation status can change drastically throughout two acquisitions, even in a short
period. The loss of coherence is proportional to the density of vegetation and inversely
proportional to the SAR wavelength: shorter wavelengths are more a�ected by coherence
losses than longer wavelengths. Severe ground deformations also lead to a loss of coherence
due to the phase ambiguity and potential complete or partial change of land cover (i.e. a
landslide collapse over a vegetated area will destroy the canopy, resulting in a change in
surface type).

Errors in DInSAR measurements can be of di�erent types, character and origin. It can
be distinguished between phase errors, methodology errors and data gaps and they can
be originated in the radar system, in the processor or the processing steps (Bürgmann
et al. 2000). Some errors are random and depend on the scattering mechanism and the
sensor parameters, while others are systematic and spatially correlated, such as atmospheric
artifacts. The �nal DInSAR/MTI error quanti�cation is very di�cult, almost impossible to
perform because the di�erent error contributions propagate both in time and space through
all the processing steps and their e�ect also changes in time and space. To reduce random
phase noise and enhance the signal-to-noise ratio, spatial or frequency domain adaptive
�ltering algorithms can be applied (Goldstein and Werner 1998), together with image
multi-looking, the latter reducing the pixel resolution. Phase delay due to the di�erences
in atmospheric conditions (water vapor, pressure, and temperature in the troposphere)
between two SAR acquisitions is one of the main concerns in InSAR processing. To reduce
the atmospheric artifacts, numerical modeling using external data sources, i.e. GNSS and
weather sensors can be used, although these methods might also remove large-scale and
minor ground deformations. Orbit uncertainty e�ects produce additional ramps over the
entire scene which can be removed by polynomial �tting (Du et al. 2021). Several methods
have been developed to estimate ionospheric e�ects which a�ect mainly low-frequency SAR
acquisitions, and consequently remove them from the InSAR contribution (Zhang et al.
2022a). Other errors related to radar distortions in topographic regions, temporal and
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geometric decorrelations, and phase ambiguity, can be mitigated by masking the areas
highly a�ected.

The strategies to reduce the above-mentioned errors, are based on the speci�c geological
process, the ground deformation magnitude and extent and consequent area of interest
characteristics, including land cover and topography. The ground displacement accuracy
can be assessed using external GNSS and geodetic levelling measurements, although those
are rarely available and provide point measurements (Casu et al. 2006).

In this research, the Small Baseline Subset (SBAS) technique proposed by Bernandino in
2002 was used. It is particularly suitable for distributed/natural scatterers (low vegetation,
cropland, soil) and for producing long-time series analyses of several years. SBAS is based
on a multi-master SAR image combination. To mitigate the e�ect of spatial and temporal
decorrelations and to increase the number of point measurements in space and time, InSAR
pairs characterized by short temporal separation and small perpendicular baseline are built
(Berardino et al. 2002; Lanari et al. 2007).

The displacement obtained from the interferogram formed by images i and j can be
written as:

dij = di + di +1 + di +2 + ::: + dj � 1 (2.2)

The incremental displacement can be substituted by the velocity v:

dij = � t i vi + � t i +1 vi +1 + � t i +2 vi +2 ::: + � t j � 1vj � 1 (2.3)

with t denoting the acquisition date and � t i = t i +1 � t i the time interval.
The resulting system of equations can be written as:

Av = d (2.4)

where:
A ij = [0 ::: 0|{z}

i-1

� t i � t j � 1 0::: 0|{z}
n

] (2.5)

v = [ v1 v2:::vn ]T (2.6)

with n indicating the total number of acquisitions and 0 indicating the pairs not covered
by interferograms, the system can be extended to all the available displacement subsets by
chronologically ordering the acquisitions.

The usage of multiple subsets helps to increase the temporal sampling rate, however,
as a consequence, the system is rank-de�cient and has in�nite solutions. An approximate
solution for this problem can be found, e.g., by applying the Singular value decomposi-
tion (SVD) with a minimum-norm criterion (Berardino et al., 2002; Lanari et al., 2004).
In particular, the algorithm used exploits a two-step inversion. The �rst inversion, after
assuming a displacement model such as a polynomial model, estimates the best-�t param-
eters and retrieves the modelled displacement rate and residual topography concerning the
reference DEM. Before the second inversion, the previously estimated topographic resid-
uals are removed. The second inversion is then performed, obtaining the displacement
solution corresponding to each acquisition date. To remove the atmospheric phase arti-
facts characterized by a high spatial and low temporal correlation, a spatial low pass and
a temporal high pass �lter are applied to the displacement time series. However, before
applying the �lter, the displacement model component is removed to preserve it during the
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�ltering. The outcome is the average modelled displacement and displacement time series
corrected from atmospheric e�ects and DEM-related errors.

The SBAS approach can provide ground displacement information with precisions of
1-2 mm/year for temporal and spatial coherent areas, and therefore comparable with GPS
measurements. However, the measured precision decreases with decreasing temporal and
spatial coherence, i.e. over cropland or naturally vegetated areas or snow. The precision
depends also on the number of valid interferograms: a higher number leads to a higher
precision.

2.1.2 Digital Image Correlation

Digital Image Correlation (DIC), also known as pixel o�set tracking, is an image processing
technique that measures surface displacement by determining the pixel o�set between two
acquisitions collected over the same area at di�erent times (see Fig. 2.3). The set of two
or more images is �rst geometrically aligned with sub-pixel accuracy using automatically
selected control points (Guizar-Sicairos et al. 2008). Subsequently, the internal misalign-
ment between pairs of images, i.e. primary and secondary images, is estimated by using
a moving window and �nding the reference subset within the search image (Pan and Li
2011).

Figure 2.3: Scheme of DIC basic principle

This is done by calculating the maximum correlation between the reference subset and
all possible values within the search image. The most common correlation techniques are
the normalized cross-correlation (NCC) which operates in the spatial domain, and the fast
Fourier transformation (FFT) which operates in the frequency domain. In this research,
the FFT approach was adopted as developed by (Bickel et al. 2018). The cross-correlation
CC is expressed as:

CC(i; j ) = IFFT (
F0(u; V )G�

0(u; v)
jF0(u; V )G�

0(u; v)j
) (2.7)

where IFFT is the inverse of the discrete Fourier transform, F(u,v) is the FFT of the
matching window from the primary image, and G*(u,v) is the complex conjugate of the
FFT of the matching window from the secondary image. Once the misalignment is de-
termined, the relative displacement in the given time is calculated. DIC is sensitive to
displacements along the two spatial directions orthogonal to the LOS direction, while it
has no sensitivity to the LOS direction. Therefore, compared to InSAR, it has the ad-
vantage of providing information on the horizontal deformations in both east-west and
north-south directions.
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2.2 Numerical Source Modeling

The relationship between surface deformation vectord and source parametersG is ex-
pressed by the equation:

d = G(m) + e (2.8)

where: G is the Green's function which describes the crust medium and e is the error
function. The geophysical parameters can be retrieved by solving the inverse problem:

m = ( GT G) � 1GT d (2.9)

The optimal model parameters are retrieved using an optimization method that min-
imizes the di�erence between the deformation observations and those predicted by the
model.

Subsurface geological sources, including faults, cavities, cracks, magma chambers and
dykes can be modelled as a con�ned part of the crust with a certain shape such as point
pressure, rectangular dislocation and penny-shaped crack. In many cases, there is no
information about the geological stratigraphy and geotechnical parameters of the area.
Therefore, the local crust is usually approximated as homogeneous, isotropic and elastic
half-spaces. Ground displacement observation with a radially symmetrical pattern can
be described using the point-pressure Mogi source model (Mogi 1958). The source model
parameters are the horizontal location, the depth and the volume change of the deformation
source (see Fig. 2.4).

Figure 2.4: Mogi source scheme and simulated velocities in (a) vertical and (b) horizontal compo-
nents and (c) ascending and (d) descending LOS directions (adapted from Fuhrmann
and Garthwaite 2019)

More complex pattern ground deformations invert using the Okada model (Okada 1985)
which relates the surface displacement to a 2-D rectangular dislocation source model (see
Fig. 2.5). The dislocation plane geometry and orientation can be described by several
parameters. The extension is de�ned by the width and length of the rectangular plane.
The location expressed as east, north and depth coordinates can refer to its centre or one
of the rectangle corners. The strike angle is the azimuth concerning the North of the plane
projection onto the Earth's surface. The dip angle is the steepest descent perpendicular to
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the strike and describes the inclination of the plane from the horizontal. It varies between
0° (horizontal) and 90° (vertical). The slip vector given by the slip magnitude and rake
angle, describes the magnitude and the direction of the dislocation motion along the plane.

Figure 2.5: Rectangle source model scheme and simulated interferograms using the Okada for-
ward mode for a normal fault (upper row), strike-slip fault (middle row) and thrust
fault (lower row) (adapted Picchiani et al. 2012 and Atzori et al. 2014)

2.3 Driving external factors analysis

Additional multi-sensor satellite remote sensing data can be used to derive geographical
information and quantify parameters relative to climatic and anthropogenic factors that
might be involved in triggering or enhancing the geological process dynamics. Single or
time-series optical images can be used to derive land cover and land cover change maps.
This information can contribute to assessing the condition of deforestation (Torres et al.
2021) and urbanization growth (Mendiratta and Gedam 2018) in speci�c areas of interest.
Optical and SAR acquisitions can be used to estimate water bodies' surface extension,
which combined with DEM and bathymetry models, enables the extraction of the water
level changes in time (Simon et al. 2015; Pipitone et al. 2018). Water level trends of
water bodies can be also obtained using altimetry remote sensing acquisitions (El-Shirbeny
and Abutaleb 2018). Topographic changes can be estimated by comparing di�erent time
DEM, globally available, such as the Shuttle Radar Topography Mission (SRTM) with
data acquired in 2000 (Rabus et al. 2003) and the TanDEM-X DEM with data acquired
between 2010 and 2015 (Rizzoli et al. 2017), or DEM ad-hoc generated using tri-stereo
optical images (Aati and Avouac 2020) and bi-static InSAR (Hu et al. 2021). Soil moisture
and vegetation indices can be retrieved from optical, thermal and microwave sensors (Binte
Mosta�z et al. 2021; Li et al. 2021). Precipitation and snowfall are measured from space
using infrared and microwave sensors (Hou et al. 2014). Other precipitation datasets, such
as The Climate Hazards group Infrared Precipitation with Stations (CHIRPS) dataset,
are globally available and built by incorporating data from several satellite products and
combining them with available rainfall stations (Funk et al. 2015).

To investigate the potential in�uence of external factors or events on the geological pro-
cess kinematics, it is important to select representative ground displacement time series
and to identify main deformation patterns. Several strategies can be adopted based on the
case study. One strategy for time-series extraction is to select a single point or a small
window (Fobert et al. 2021; Jones et al. 2022). Other approaches propose �rst identifying
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in supervised or unsupervised ways clusters of displacements and plotting their average
displacement values over time (Emil et al. 2021; Festa et al. 2023). Main time-series
patterns can be identi�ed using statistical methods (Bovenga et al. 2021; Mirmazloumi
et al. 2022) or principal component analysis (Cohen-Waeber et al. 2018). Once changes
in trends have been identi�ed, they can be correlated to potential external factor in�u-
ences. Potential seasonal variations in the time series can be more easily detected in the
time-frequency domain by applying Continuous Wavelet Transform (CWT) (Torrence and
Compo 1998; Tomás et al. 2016).
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3 Application to Geohazards

3.1 Land Subsidence

Land subsidence is the process that involves the loss of land elevation mainly as a result
of solid or �uid underground mobilization. It can range from gradual and broad regional
lowering usually a�ecting soft sediments to more local and sudden collapses forming sink-
holes. Many large metropolitan cities are nowadays a�ected by land subsidence with
negative socio-economic e�ects due to devastating consequences to the stability of build-
ings and infrastructures, interruption to important facilities and even human fatalities
(Herrera-García et al. 2021; Bagheri-Gavkosh et al. 2021) (see Fig. 3.1). Land subsidence
might also interact with other processes, triggering cascade e�ects. For instance, in deltaic
and coastal areas the danger of inundation increases with the presence of land subsidence
(Shirzaei et al. 2021).

Figure 3.1: Fieldwork photos depicting building and infrastructure damages due to land subsi-
dence: a and b from Maceio' (Brazil) taken in December 2022; c, d and e from
Hambach area (Germany) taken by M. Vassileva in June 2023

The driving causes can be a variety of natural and anthropogenic processes, often su-
perposed and acting at di�erent depths, time ranges, and extent scales (Tosi et al. 2009).
Overexploitation of groundwater resources that leads to aquifer depletion and irreversible
aquifer-system compaction is one of the most commonly encountered human-induced causes
worldwide (Tzampoglou et al. 2023). Further, human-induced causes are related to un-
derground mining and oil and gas extraction (Simeoni et al. 2017; Guzy and Malinowska
2020) and compaction of unconsolidated sediments and alluvium soil due to building load
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