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Abstract

Over the past few decades, the occurrence and intensity of geological hazards, such as
landslides, have substantially risen due to various factors, including global climate change,
seismic events, rapid urbanization and other anthropogenic activities. Landslide disasters
pose a significant risk in both urban and rural areas, resulting in fatalities, infrastructure
damages, and economic losses. Nevertheless, conventional ground-based monitoring tech-
niques are often costly, time-consuming, and require considerable resources. Moreover,
some landslide incidents occur in remote or hazardous locations, making ground-based
observation and field investigation challenging or even impossible.
Fortunately, the advancements in spaceborne remote sensing technology have led to

the availability of large-scale and high-quality imagery, which can be utilized for various
landslide-related applications, including identification, monitoring, analysis, and predic-
tion. This efficient and cost-effective technology allows for remote monitoring and as-
sessment of landslide risks and can significantly contribute to disaster management and
mitigation efforts. Consequently, spaceborne remote sensing techniques have become vi-
tal for geohazard management in many countries, benefiting society by providing reliable
downstream services. However, substantial effort is required to ensure that such benefits
are provided.
For establishing long-term data archives and reliable analyses, it is essential to maintain

consistent and continued use of multi-sensor spaceborne remote sensing techniques. This
will enable a more thorough understanding of the physical mechanisms responsible for slope
instabilities, leading to better decision-making and development of effective mitigation
strategies. Ultimately, this can reduce the impact of landslide hazards on the general
public. The present dissertation contributes to this effort from the following perspectives:

• To obtain a comprehensive understanding of spaceborne remote sensing techniques
for landslide monitoring, we integrated multi-sensor methods to monitor the en-
tire life cycle of landslide dynamics. We aimed to comprehend the landslide evolu-
tion under complex cascading events by utilizing various spaceborne remote sensing
techniques, e.g., the precursory deformation before catastrophic failure, co-failure
procedures, and post-failure evolution of slope instability.

• To address the discrepancies between spaceborne optical and radar imagery, we
present a methodology that models four-dimensional (4D) post-failure landslide kine-
matics using a decaying mathematical model. This approach enables us to represent
the stress relaxation for the landslide body dynamics after failure. By employing this
methodology, we can overcome the weaknesses of the individual sensor in spaceborne
optical and radar imaging.

• We assessed the effectiveness of a newly designed small dihedral corner reflector for
landslide monitoring. The reflector is compatible with both ascending and descend-
ing satellite orbits, while it is also suitable for applications with both high-resolution
and medium-resolution satellite imagery. Furthermore, although its echoes are not
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as strong as those of conventional reflectors, the cost of the newly designed reflectors
is reduced, with more manageable installation and maintenance. To overcome this
limitation, we propose a specific selection strategy based on a probability model to
identify the reflectors in satellite images.
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Zusammenfassung

In den letzten Jahrzehnten hat das Auftreten und die Intensität geologischer Gefahren
wie Erdrutsche aufgrund verschiedener Faktoren erheblich zugenommen. Dazu zählen
unter anderem der globale Klimawandel, seismische Ereignisse, die schnelle Urbanisierung
und andere menschliche Aktivitäten. Erdrutsche stellen sowohl in städtischen als auch in
ländlichen Gebieten ein erhebliches Risiko dar, da sie zu Todesfällen, Schäden an der In-
frastruktur und wirtschaftlichen Verlusten führen können. Herkömmliche bodengestützte
Überwachungsverfahren sind oft kostspielig, zeitaufwändig und erfordern beträchtliche
Ressourcen. Darüber hinaus treten einige Erdrutsche an abgelegenen oder gefährlichen
Orten auf, wo eine bodengestützte Überwachung und Untersuchung vor Ort schwierig
oder sogar unmöglich ist.
Glücklicherweise haben Fortschritte in der weltraumgestützten Fernerkundungstech-

nologie dazu geführt, dass großflächige und qualitativ hochwertige Bilder zur Verfügung
stehen, die für verschiedene Anwendungen im Zusammenhang mit Erdrutschen genutzt
werden können, wie z.B. Identifizierung, Überwachung, Analyse und Vorhersage. Diese ef-
fiziente und kostengünstige Technologie ermöglicht die Fernüberwachung und -bewertung
des Erdrutschrisikos und kann einen wichtigen Beitrag zum Katastrophenmanagement und
zur Schadensbegrenzung leisten. Weltraumgestützte Fernerkundungstechniken sind daher
in vielen Ländern unerlässlich geworden, um das Risiko von Erdrutschen zu managen und
durch Bereitstellung von zuverlässigen nachgelagerten Diensten der Gesellschaft zugute zu
kommen. Allerdings erfordert die Erbringung dieser Dienste erhebliche Anstrengungen,
um sicherzustellen, dass sie zuverlässig sind.
Für die Einrichtung von langfristigen Datenarchiven und zuverlässigen Analysen sind

konsequente und kontinuierliche Multisensor-Fernerkundungstechniken unerlässlich. Dies
wird zu einem besseren Verständnis der physikalischen Mechanismen führen, die zur Han-
ginstabilität beitragen und zu besseren Entscheidungen und effektiven Sanierungsrichtlin-
ien führen. Letztendlich könnte dies die Auswirkungen von Erdrutschen auf die
Öffentlichkeit verringern. Die vorliegende Dissertation trägt in folgender Weise zu diesen
Arbeiten bei:

• Um ein umfassendes Verständnis der weltraumgestützten Fernerkundungstechniken
zur Überwachung von Erdrutschen zu erlangen, haben wir Multisensormethoden in-
tegriert, um den gesamten Prozess der Erdrutschdynamik zu überwachen. Unser Ziel
war es, die Entwicklung von Erdrutschen bei komplexen Kaskadenereignissen durch
den Einsatz verschiedener weltraumgestützter Fernerkundungstechniken zu verste-
hen, zum Beispiel die Vorverformung vor dem katastrophalen Ausfall, die Vorgänge
bei einem Mitausfall und die Entwicklung der Hanginstabilität nach einem Ausfall.

• Um die Diskrepanzen zwischen optischen und radarbasierten Fernerkundungstech-
niken im Weltraum zu überwinden, stellen wir eine Methode vor, die die vierdimen-
sionale (4D) Kinematik von Erdrutschen nach dem Ausfall mithilfe eines abklingen-
den mathematischen Modells beschreibt. Dieser Ansatz ermöglicht es uns, die Span-
nungsrelaxation für die Dynamik des Erdrutschkörpers nach dem Bruch darzustellen.
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Durch den Einsatz dieser Methode können wir die Schwächen der einzelnen Sensoren
bei der optischen und radargestützten Bildgebung im Weltraum überwinden.

• Wir bewerteten die Wirksamkeit eines neu entwickelten kleinen dihedralen Eckreflek-
tors für die Überwachung von Erdrutschen. Der Reflektor ist mit auf- und absteigen-
den Satellitenumlaufbahnen kompatibel und eignet sich für Anwendungen mit hoch-
und mittelauflösenden Satellitenbildern. Außerdem sind seine Echos zwar nicht so
stark wie die herkömmlicher Reflektoren, aber die Kosten für die neu entwickel-
ten Reflektoren sind geringer und ihre Installation und Wartung ist einfacher. Um
diese Einschränkung zu überwinden, schlagen wir eine spezielle Auswahlstrategie
vor, die auf einem Wahrscheinlichkeitsmodell zur Identifizierung der Reflektoren in
Satellitenbildern basiert.
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1 Introduction

Landslides represent one of the most prevalent forms of geological disasters all over the
world. They often manifest as sudden failures that cause the rapid downslope movement
of soil, rocks, and fluids (Lacroix et al., 2020). Unstable slopes can pose a grave threat
when they lose their stability, resulting in widespread destruction and catastrophic conse-
quences such as fatalities, damage to critical infrastructure, disruption of agriculture, and
significant economic losses.

Therefore, it is essential to monitor the evolution of slope instabilities, which can some-
times be challenging since their mechanism is often complicated, e.g., some of them move
rapidly, while others can start with creeping motions, but experience sudden acceleration
triggered by heavy precipitation, floods, or seismic activity, culminating in catastrophic
failure or avalanche (Lacroix et al., 2020; Debella-Gilo and Kääb, 2011). Just taking
China as an example, thousands of landslide disasters occur every year, causing hundreds
of fatalities and billions of RMB in direct economic losses (NBSC, 2018). The recent ones,
such as the 2017 Mao Xian landslide, the 2018 Baige landslide, and the 2020 Aniangzhai
landslide, have caused significant damages and losses, receiving widespread attention from
worldwide scholars (Habumugisha et al., 2022; Zhao et al., 2021; Zhang et al., 2019a,b;
Intrieri et al., 2018; Fan et al., 2017). Moreover, increased urbanization and anthropogenic
activities have made landslides occur more frequently. Especially when landslides coincide
or are in close proximity to other catastrophic events, such as dam failure, the impact of
slope failure would be significantly magnified. An example is that in 1963, a massive mass
slid into the newly built Vajont reservoir in northern Italy, creating a huge wave that broke
through the dam and killed approximately 2,000 people (Genevois and Ghirotti, 2005).

We need to improve our understanding for monitoring of landslide hazards regard-
ing cascading events in order to establish effective early warning systems (EWSs) and
achieve an overall reduction and mitigation of their inherent risks. Moreover, analyzing
the potential impact of anthropogenic activities on the local geological environment and
susceptibility to natural hazards, as well as the cascading events and their triggers, are
particularly useful for controlling or predicting such events. Therefore, the methods of
landslide monitoring should meet at least the following requirements: adequate area cov-
erage and temporal sampling capability, adequate measurement accuracy concerning the
speed of various processes, and cost-effective (Xia et al., 2022b).

In this regard, ground-based methods with field measurements are essential for de-
tecting, studying and understanding complex processes of landslides, such as leveling,
extensometry, and continuous Global Navigation Satellite System (GNSS). However, for
landslide monitoring, such methods are time-consuming, expensive, and challenging to es-
tablish and implement in mountainous and remote areas. In contrast, spaceborne optical
and radar remote sensing techniques have the potential to significantly enhance landslide
monitoring by fulfilling the mentioned requirements. Over the past few decades, satellite
remote sensing has been exploited extensively and effectively in monitoring and assessing
ground instabilities, providing accurate displacement measurements over large regions, and
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can be comprehensively integrated into a multidisciplinary disaster risk reduction (DRR)
framework and the investigation of cascading events.

In optical remote sensing, pixel offset tracking (POT) techniques utilizing the nor-
malized cross-correlation (NCC) algorithms have been widely implemented due to their
simplicity and reliability in assessing slope instabilities. Optical satellite imagery has be-
come increasingly accessible in recent years and is easily understood and managed by
non-experts. However, several factors, such as measurement precision, alignment error
between relevant image pairs, and different interpolation factors, can significantly impact
the accuracy of the deformation maps derived through the NCC. It is also challenging to
acquire cloud-free images during catastrophic failures as sliding occurs more frequently
in mountainous regions and during the rainy seasons. Hence, optical remote sensing has
both strengths and weaknesses when monitoring landslides.

Alternatively, synthetic aperture radar (SAR) and interferometric SAR (InSAR) offer
new opportunities to systematically identify and monitor landslide disasters on a regional
or even continental scale, which can be implemented regardless of sunlight or weather con-
ditions. The growing accessibility of SAR data and the advanced Multi-temporal InSAR
(MT-InSAR) techniques have been exploited and developed to address the limitations of
traditional InSAR techniques. MT-InSAR approaches, e.g., persistent scatterer interfer-
ometry (PSI) and small baseline subset (SBAS) techniques, involve searching a stack of
SAR data to locate persistent scatterers (PSs) or distributed scatterers (DSs) and con-
necting their interferometric phase over time to track the displacement history of each
pixel (Hooper et al., 2007, 2004; Ferretti et al., 2001). In order to minimize errors and
extract accurate displacement time series, MT-InSAR methods also exploited temporal
and spatial filtering or external information as supplement (Hooper et al., 2012). Over
the past few decades, a significantly growing number of spaceborne SAR missions have
already been implemented with sensors of various wavelengths, orbits and repeat cycles,
and different temporal and spatial resolutions. However, SAR sensors still have some lim-
itations when monitoring slope instability, e.g., they are more sensitive to displacement in
line-of-sight (LOS) directions. Therefore, new methods are needed to efficiently deal with
the various processes of ground motion and extract essential information from multivariate
time series analysis.

1.1 Research Objectives

This thesis comprehensively exploits spaceborne remote sensing geodetic measurements
to improve the understanding of landslide hazards. The research is conducted from three
main perspectives. The first perspective is monitoring, which involves precise measure-
ments of landslide deformation at a specific location, providing insights into the slope
kinematics and the evolution of the entire life cycle of landslide process. The second
perspective is the experiment, which involves examining ground auxiliaries for remote
sensing measurements, i.e., newly designed artificial corner reflectors (CRs) are evaluated
for their efficacy in remote sensing measurements. The third perspective is modeling,
which integrates multi-sensor spaceborne remote sensing imagery to characterize land-
slide’s four-dimensional (4D) deformation dynamics. For the three perspectives, the 2020
catastrophic failure of a deep-seated Aniangzhai landslide in Danba County, Southwest
China, is comprehensively exploited and analyzed.
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1.1 Research Objectives

The first perspective of this study involves monitoring and measuring the precursory
and co-failure displacements of the Aniangzhai landslide. The studies employ optical and
SAR remote sensing techniques to derive slope displacement from various remote sens-
ing datasets and further establish the relationship between landslides and the underlying
driving mechanisms.
The second perspective of this study involves the experimentation and examination of

the newly designed dihedral corner reflectors (DCRs) in SAR remote sensing. First of
all, a general selection strategy is proposed to identify the new DCRs in different SAR
images based on the various properties and power variations in pixels that arise from
their installation. Then, the performance and efficacy of these reflectors are evaluated and
compared using both high-resolution and medium-resolution satellite imagery to measure
slope instability.
The third perspective of this study involves integrating and modeling satellite optical

and SAR remote sensing techniques using the time series decomposition method and a
mathematical relaxation model. We propose a framework that allows for the assessment
of complete 4D spatiotemporal patterns of post-failure slope evolution. This framework
leverages the advantages of both optical and SAR sensors to overcome and mitigate their
unique limitations. Specifically, the feature extraction technique identifies relevant features
from optical and SAR images, while the relaxation model facilitates the spatiotemporal
modeling of slope instability.
This thesis discusses several challenges in landslide monitoring using spaceborne remote

sensing techniques and the solutions to tackle them. One major challenge is the various
types of landslides and observation restrictions from satellite remote sensing sensors. The
methodology for combining and integrating different sensors for monitoring complicated
processes is assessed in this thesis. Furthermore, the effectiveness and performances of aux-
iliary for spaceborne remote sensing are investigated to be suitable for densely vegetated
slopes. Other significant challenges are interpreting the InSAR time series, particularly
with different time series of triggering factors. The time series decomposition analysis can
contribute to a better understanding and systematic analyze landslide kinematics and the
related triggering factors during cascading events. In summary, this thesis addresses the
main research question as follows:

1. Question: What is the most important role of spaceborne remote sensing technology
in identifying, monitoring, predicting and managing landslide hazards? What are the
advantages of spaceborne remote sensing compared to other geodetic methodologies?

2. Question: What is the performance of spaceborne remote sensing techniques in mon-
itoring slope instability caused by different triggering factors and procedures? How
can these triggers be integrated into landslide analysis for the causality, mechanism
and anticipation during the complex cascading event?

3. Question: What is the difference between spaceborne optical and SAR remote sens-
ing sensors in monitoring local and regional scale slope instability? What are their
advantages and limitations? To what extent can they be integrated to address and
highlight the deformation at different scales?

4. Question: How and to what extent can landslide monitoring be improved using
auxiliaries like artificial corner reflectors? What is the better strategy for designing
the reflectors and selection in imagery?
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1.2 Outline and Structure of Thesis

Chapter 1 gives a short introduction to this thesis, including the research objectives,
research perspectives, and research questions; the outline and structure of this thesis are
also introduced.

Chapter 2 presents a brief overview of the landslide hazards, including landslide types,
distributions, implications and measurements, as well as slow-moving landslide. This
chapter also explicates landslide remote sensing and various landslide remote sensing tech-
niques, including the fundamental principles of optical remote sensing utilizing the NCC
method, SAR imaging geometry, and InSAR processing flow. It also provides insight into
the various phase components and errors associated with InSAR. This chapter further
outlines the advanced MT-InSAR and Corner Reflector InSAR (CR-InSAR) approaches
employed in this thesis.

Chapter 3 provides the methodological contribution of this thesis in landslide remote
sensing using satellite imagery, including the challenges and motivations in landslide mon-
itoring, mapping and prediction. Our proposed methodologies and frameworks involve
analytically-based modeling to improve the interpretation of time series of remote sensing
observations, the identification strategy of small-scale CR-like objectives using a proba-
bility model, and a framework to model 4D post-failure instability dynamics integrating
spaceborne optical and SAR imagery.

In Chapter 4, cm-scale precursory displacement of a localized catastrophic failure in
Aniangzhai, Southwest China, is estimated using different MT-InSAR analyses. This
study indicates that the landslide was active long before the catastrophic failure in June
2020. Furthermore, this study demonstrates the potential of spaceborne optical and SAR
remote sensing data for a comprehensive analysis of an ancient landslide that has been
destabilized and reactivated as a result of a series of complex cascading events. This
chapter has been published in Landslides (Xia et al., 2022b).

In Chapter 5, the performance of a newly designed small DCR for monitoring post-failure
creep has been investigated and evaluated. Both high-resolution TerraSAR-X (TSX) data
and medium-resolution Sentinel-1 (S1) SAR images are exploited and compared. At the
same time, we propose a strategy aiming to identify new DCRs in various SAR images
through a probability test by taking different properties and power variations present in
pixels resulting from their installation. This strategy can be adopted as a general selection
approach for detecting artificial CRs and similar CR-like objects. This chapter has been
published in IEEE Geoscience and Remote Sensing Letters (Xia et al., 2022a).

Chapter 6 introduces a proposed framework integrating satellite optical and SAR re-
mote sensing techniques. Feature extraction methods using independent component anal-
ysis (ICA) and a mathematical relaxation model can help to find common deformation
components and to assess the complete 4D spatiotemporal patterns of post-failure slope
evolution. With our proposed methodology, the constraints of individual remote sensing
sensors are mitigated and overcome in monitoring complicated landslide dynamics. This
chapter has been published in ISPRS Journal of Photogrammetry and Remote Sensing
(Xia et al., 2023).

In the end, Chapter 7 serves as the conclusion of this dissertation and provides insight
into potential future research directions about satellite-based landslide remote sensing
based on this thesis.
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1.2 Outline and Structure of Thesis

The presented thesis is a cumulative dissertation, wherein Chapters 4–6 comprise in-
dividual research studies previously published in peer-reviewed scientific journals in their
original form, with adjustments made for formatting and referencing. It should be noted
that Chapters 4–6 are based on research studies that were led by the author of this thesis.
The references for these studies are compiled at the end of the thesis.
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2 Theoretical Background

2.1 Introduction

This chapter outlines the basics of landslide hazards, landslide remote sensing, spaceborne
optical and SAR imagery.

• Section 2.2 introduces the landslide hazard, landslide glossary, various landslide
types, landslide distribution worldwide, landslide implication, the conventional mea-
surement to mitigate the landslide hazard, and slow-moving landslide.

• Section 2.3 explains the landslide remote sensing, application categories, and vari-
ous remote sensing techniques for landslide monitoring, especially the airborne and
spaceborne remote sensing techniques for landslide monitoring and mapping. Some
applications are introduced as well, such as detecting and mapping landslides for
early warning or deriving landslide inventories.

• Section 2.4 begins with an overview of the evolution of satellite-based optical remote
sensing techniques, followed by a detailed explanation of the POT method, which
utilizes NCC algorithms to detect and measure land surface deformation accurately.

• Section 2.5 introduces spaceborne SAR imaging, including different acquisition
modes, potential image distortions, and a summary of the various SAR satellite
missions historically and currently in operation. Then the workflow of conventional
differential InSAR (DInSAR) is explained to measure surface displacement. The po-
tential errors, sensitivity of InSAR measurements, and advanced MT-InSAR tech-
niques are also explained. Lastly, numerous applications of SAR remote sensing
techniques in landslide monitoring are introduced.

2.2 Glance at Landslide Hazards

2.2.1 Overview

As concentrations of greenhouse gases continue to rise, the effects of climate change,
specifically global warming, will intensify and increase the frequency and magnitude of
geological hazards, such as landslide hazards (Gariano and Guzzetti, 2016). Furthermore,
as the world’s population grows, non-renewable resources are depleted, the environment
experiences degradation, and human expansion encroaches on more habitats, people will
be increasingly exposed to geological hazards (Petley, 2012).

Among these geological hazards, landslides have a profound impact on various regions
and populations as they are one of the most common and most destructive hazards. The
term “landslide” is commonly used in geological hazard investigations to describe the
downward and outward movement of materials, such as rock, earth, artificial fill, or a
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Figure 2.1: Terminology of landslide glossary (Source: adapted by Cooper et al. (2007)).

combination of these (Guzzetti et al., 2012). Various factors can trigger landslides, in-
cluding heavy precipitation, earthquakes, snowmelt, volcanic eruptions, disturbances in
vegetation cover (e.g., wildfires and logging), terrain damage (e.g., reservoir storage and
road construction), ground shaking, and human activities such as deforestation and con-
struction. Figure 2.1 demonstrates the terminology often used for landslides.

2.2.2 Landslide Types

Landslides encompass a range of complexities and diverse types, spanning from creeping
movements that progress at a rate of millimeters per year, to catastrophic failures that
occur at speeds of several meters per second (Lacroix et al., 2020). Consequently, there
are different ways to classify landslide hazards. As revealed by analysis conducted by
Reichenbach et al. (2018) of approximately 400 landslide-related articles, landslides could
be grouped into three general classes, as demonstrated in Figure 2.2.

2.2.2.1 Type of Movement

Based on landslide movements, landslides could be categorized into the following basic
types (Highland et al., 2008), which are revealed in Figure 2.3 and Figure 2.4:

• Fall: The falling process is initiated by separating soil, rock, or both, from a steep
slope where minimal or no shear displacement occurs. Subsequently, the loose ma-
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Figure 2.2: The diagram features three rings, each representing different types of landslides, which
comes from statistical analysis of 383 landslide-related articles (Source: Reichenbach
et al. (2018)). The left ring depicts eight classes of landslide movements, while the
center ring displays four classes of landslide materials. The right ring shows two
classes of estimated landslide depth, as described in the studied literature database.
In all three rings, NC denotes non-classified.

terial descends primarily by either falling, bouncing, or rolling. A typical example
is rockfall.

• Topple: The process of a topple occurs when a mass rotates out of a slope around
an axis or point below the center of gravity of the displaced mass. The force driving
the topple is sometimes the weight of the material uphill from the displaced mass,
while other times, it is due to water or ice present in the cracks of the mass. Topples
can involve either rock debris or earth materials. They can also be complex and
composite.

• Slide: The process of a slide refers to the downward movement of soil or mass
on surfaces of rupture or relatively thin zones of intense shear strain. The initial
movement does not occur uniformly over the entire rupture surface. Instead, it
starts in a localized area of failure and then expands to displace a larger volume of
material. Typical examples are rotational landslide (the mass rotates parallel to the
slope contour axis) and translational landslide (the mass moves outward/downward
on a flat surface with minimal rotation or backward tilt).

• Spread: The cohesive soil or rock mass spread process can occur due to its exten-
sion and subsequent subsidence into the softer underlying material. The flow and
extrusion of the softer material may cause this. Liquefaction can also contribute
to the spread. Typical examples are block spreads, liquefaction spreads, or lateral
spreads.

• Flow: The flow process refers to a continuous movement throughout space. It is
characterized by short-lived shear surfaces, which are closely spaced and typically
not preserved over time. The component velocities within the displacing mass of a
flow are similar to those observed in a viscous liquid. The transition from sliding
to flowing is often gradual and depends on water content, mobility, and movement
evolution. Examples are debris flows, lahars (volcanic debris flows), and earth flows.
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Figure 2.3: Landslide types according to different movements (Source: adapted by Hungr et al.
(2014) and Cruden and Varnes (1996)).

Figure 2.4: Examples of landslide types revealed by photos according to different movements,
i.e., (a) fall, (b) topple, (c) slide, (d) spread, and (e) flow (Source: adapted by Regmi
et al. (2014), Hungr et al. (2014), and Michoud et al. (2012)).

2.2.2.2 Material Classification

Based on landslide materials, landslides could be categorized into the following classes
(Causes, 2001):

• Rock: Rock refers to any type of consolidated geological material, such as solid
bedrock or large boulders.
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• Earth: Earth refers to any unconsolidated soil or regolith. This can include sand,
silt, clay, and gravel.

• Debris: Debris refers to a mixture of rock and earth materials and any other ma-
terials present in the landslide, such as vegetation, buildings, or other debris.

Regarding landslide classification, the distinction between rock, earth, and debris is im-
portant because it can help determine the cause of the landslide, the potential impact
on infrastructure and communities, and the appropriate mitigation strategies. For ex-
ample, rock falls may be more common in mountainous regions with steep slopes, while
earth slides may be more common in areas with softer, more easily erodible soils. Debris
flows, on the other hand, are typically associated with heavy rainfall or other forms of in-
tense precipitation, and can be particularly destructive due to the high volume of material
involved.

2.2.2.3 Landslide Depth

Based on landslide depth, landslides could be categorized into the following classes (Duman
et al., 2005):

• Shallow: A shallow landslide (depth<5m) is a sort of landslide that appears in the
upper layer of the soil or weathered rock. It is generally triggered by rainfall or
other external factors and is typically characterized by a small movement area. The
slope failure occurs at a depth less than or equal to the soil layer’s thickness or the
weathered rock’s depth.

• Deep-seated: A deep-seated landslide (depth>5m) involves a much larger volume
of soil or rock and extends to much greater depths. It typically occurs in areas with
complex geology, such as distinct rock layers or fault zones. Deep-seated landslides
are generally triggered by internal factors such as changes in groundwater levels or
the weathering and erosion of the underlying rock. These landslides can be slow-
moving, persistent, and may continue for years or even decades.

2.2.3 Landslide Distribution

The occurrence of landslides exhibits a distinct spatial variability (Figure 2.5), with re-
gions of heightened incidence observed in Asia, Turkey, Iran, the European Alps, Central
America, the Caribbean islands, South America, and East Africa (Froude and Petley,
2018). Notably, the highest number of landslides are concentrated in Asia, accounting
for 75% of the actual events. Remarkably, the Himalayan Arc, states across southeastern
China, India, and neighboring countries such as Laos, Bangladesh, Myanmar, and south-
wards on islands comprising Indonesia and the Philippines, report substantial landslides
(Froude and Petley, 2018).

2.2.4 Landslide Implications and Measurements

Landslides have severe implications for human life, property, and infrastructure. In areas
where landslides are prevalent, there are increased risks of injuries, fatalities, and property
loss. In 1963, a striking illustration of the devastating force of landslides was witnessed
as an enormous mass, comprising 270 million cubic meters, plunged into the newly built
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Figure 2.5: The count and distribution of fatal landslides that were not triggered by seismic
activity between 2004 and 2016, categorized by different countries (Source: adapted
by Froude and Petley (2018)).

Vajont Reservoir in northern Italy. This incident produced an immense wave that breached
the dam, causing the loss of approximately 2,000 lives (Genevois and Ghirotti, 2005). As
another example, the recent landslide that occurred in the province of Guizhou, China,
resulted in the death of 14 people and the relocation of over 1000 residents (Chen et al.,
2022). Numerous landslide disasters, amounting to thousands, transpire each year, leading
to hundreds of fatalities and direct economic losses in the billions of RMB within China
(NBSC, 2018). Similarly, in the United States, landslides cause billions of dollars in
damages yearly, with California reporting the highest number of landslides in the country
(Causes, 2001).

The impacts of landslides are not limited to human life and property. They also have
environmental implications, such as soil erosion, degradation of ecosystems, and alteration
of natural drainage systems (Montanarella, 2007). Landslides can lead to the loss of veg-
etation cover and soil nutrients, affecting the productivity of land and causing a decline
in agricultural yields (Zuazo and Pleguezuelo, 2009; Smyth and Royle, 2000). Moreover,
landslides can lead to the contamination of water resources, as debris and sediments can
clog rivers, streams, and other water bodies, disrupting aquatic ecosystems, and contam-
inating drinking water (Hancock, 2002).

To mitigate the impacts of landslides, it is essential to understand the underlying causes
and risk factors associated with landslides. Researchers have identified several factors that
contribute to the occurrence of landslides, such as the geological and physical characteris-
tics of slopes, land-use changes, and climatic conditions. Therefore, managing landslides
involves a combination of preventive and response measures. Preventive measures include
land-use planning, slope stabilization, and the implementation of EWSs to alert residents
of imminent landslides (Lacasse et al., 2009). Response measures include search and rescue
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operations, emergency shelter, and providing relief supplies and medical assistance (Twigg
and Mosel, 2017).

In addition, technological advancements have been instrumental in predicting and as-
sessing the risks of landslides. The technical means must meet specific requirements for
effective EWSs and monitoring of landslide disasters. These include adequate regional cov-
erage and temporal sampling capacity, precise measuring accuracy related to the speed of
the monitored processes, and cost-effectiveness (Xia et al., 2022b). However, implement-
ing ground-based methods, like continuous GNSS, for landslide monitoring in mountainous
and remote areas can sometimes be challenging (Akbarimehr et al., 2013). Instead, space-
borne remote sensing holds great promise for driving innovation in the detection, moni-
toring, and assessment of landslide hazards on a large scale. Integrating these techniques
into a multidisciplinary DRR framework can be immensely valuable.

2.2.5 Slow-moving Landslide

The term “slow-moving landslide” describes various landslides, at velocities ranging from
several mm/year to 100 m/year (from very slow to intermediate rates), including those
that flow, creep, topple, and slide (Lacroix et al., 2020; Hungr et al., 2014). Slow-moving
landslides occur worldwide, often in areas with weak mechanical properties, clay and rock
formations, and high seasonal precipitation. These landslides exhibit non-uniform spatial
and temporal movement and are often deep-seated with complex subsurface hydrological
systems (Krzeminska et al., 2013; Simoni et al., 2013; Coe et al., 2009).

The roles of slow-moving landslides are listed as follows:

• Slow-moving landslides play an essential role in controlling the evolution of mountain
landscapes, causing significant erosion (Simoni et al., 2013; Mackey and Roering,
2011).

• While these slow-moving landslides rarely claim lives (Mansour et al., 2011), they
can cause significant damage to the lives of local communities by damaging human
infrastructure and agriculture, as shown in Figure 2.6. Therefore, local communities
must adapt to coexist with landslides or relocate to new areas.

• Sometimes slow-moving landslides can result in catastrophic failure, accelerating
rapidly, and transforming into fast-moving landslides, with rocks, soil, and liquids
moving at speeds approaching tens of meters per second, causing numerous casualties
and property losses.

Although it is difficult to monitor catastrophic landslides in real-time, non-catastrophic
slow-moving landslides, provide an excellent opportunity to study landslide processes,
which can move downhill for several months or even longer for decades (Palmer, 2017).
The continuous and long-term movement of slow-moving landslides provides a unique
opportunity to study the process and mechanism of landslides. However, constraining the
mechanisms that control slope failure remains challenging.

Lacroix et al. (2020) believes that utilizing remote sensing data for retrospective analysis
of numerous case studies can provide a more reasonable understanding of the physical
aspects of landslide damage processes. Moreover, creeping ground movement is often
identified as a precursor deformation signal before catastrophic landslides (Carlà et al.,
2019; Handwerger et al., 2019; Federico et al., 2012; Hendron Jr and Patton, 1985).
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Figure 2.6: (a) Example for one of the largest slow-moving landslides in China, i.e., the Huang-
tupo landslide, with annual displacement rates of around 10–20 mm/year. (b) Ex-
amples of the potential damages for the slow-moving Huangtupo landslides. Note
that north arrows approximately indicate the downhill direction. (Source: adapted
by Wang et al. (2018) and Tomás et al. (2014).)

2.3 Landslide Remote Sensing

2.3.1 Overview

Landslide remote sensing refers to detecting, monitoring and assessing landslides and
their associated environmental factors using remote sensing techniques (Mantovani et al.,
1996), such as spaceborne and airborne remote sensing. Through remote sensing, large-
scale, high-resolution surface information and various datasets, such as topography and
landforms, can be obtained, providing essential support for landslide research and response.
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Remote sensing techniques offer a robust approach for investigating landslides, with
applications typically classified into three categories (Scaioni et al., 2014). While the dis-
tinctions between them may be unclear at times, their boundaries can often be ambiguous:

• The first category involves techniques for identifying landslides, such as mapping
past or present slope failures.

• The second category involves techniques for landslide monitoring, encompassing
ground deformation measurements and analyzing changes over time, such as varia-
tions in land use or vegetation cover.

• The third category encompasses methods for analyzing and predicting landslide haz-
ards.

There are various techniques to identify landslides, including ground-based and remote
sensing techniques, e.g., leveling, GNSS, photogrammetry, three-dimensional (3D) laser
scanners, radar, and so on. Various sensors can be installed on spaceborne or airborne
platforms, such as satellites, drones, helicopters, or stationary installations before the
landslide. Moreover, landslide remote sensing have significantly advanced in recent years,
enabling the estimation of surface displacements.

On the other hand, monitoring landslide movement helps people better understand
evolution process of unstable slopes, the evolution of their morphological features over
time, and how external forces such as precipitation and groundwater level changes control
landslide movement (Hu et al., 2019), which play a crucial role in landslide hazards pre-
vention and control. Moreover, precisely measuring a landslide’s geometry and mechanical
characteristics relies on accurately determining the surface displacement field parameter
(Delacourt et al., 2007). Displacement time series of landslides can also provide vital
information for early landslide warning (Intrieri et al., 2018).

Scholars must select the appropriate combination of techniques and data to achieve
the study’s objectives and account for the landslide’s distinctive characteristics. These
techniques vary in resolution, accuracy, coverage surface, and revisit times. Unmanned
aerial vehicles (UAVs), cameras, and light detection and ranging (LIDAR) are examples
of adaptable platforms and sensors that provide highly accurate 3D data with a high
resolution, suitable for accurate scientific and operational applications (Delacourt et al.,
2007). However, they are unsuitable for large-scale monitoring and mapping in mountain-
ous areas. In mountainous areas, scientific investigations typically employ radar satellite
data processed via differential interferometry or advanced interferometry methods due
to application constraints (Wasowski and Bovenga, 2014). Alternatively, optical satellite
and aerial imagery can provide high-resolution data with detailed features for scientific
research, although it is susceptible to atmospheric conditions. In general, landslide remote
sensing methodologies have considerably improved the ability to quantify surface displace-
ment fields of landslides, which has enhanced our comprehension of their geometry and
mechanical properties.

2.3.2 Airborne Remote Sensing

Airborne imagery captured by cameras can be employed for scientific and hazard as-
sessment of landslides, although the quality of the image archive depends on the specific
landslide cases (Lissak et al., 2020). Furthermore, processing such images requires suitable
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atmospheric and lighting conditions. Data acquired under poor conditions can only be
used for qualitative analysis if a digital elevation model (DEM) is available. In contrast,
photogrammetry laser scanning is a highly versatile technique that allows for observing
landslide velocities over varying ranges (Kenner et al., 2014). However, due to the limited
viewing angle, mosaicking of data is necessary to cover a signi�cant surface area (Kenner
et al., 2014). In addition, global interpretation of mass movement data is di�cult due
to the high spatial resolution of the technique, which necessitates further development in
data processing (Delacourt et al., 2007).

Aerial imagery o�ers a highly advantageous data archive with a resolution of close to
one meter (Fritz et al., 2013; Delacourt et al., 2007). For instance, the French territory has
an aerial photograph archive from successive surveys dating back to 1937 under the re-
sponsibility of the French National Institute of Geographic and Forest Information (IGN)
(Delacourt et al., 2007). In such cases, even with images characterized by low radiometric
dynamics, georeferenced DEMs can be created with a resolution of one meter and relative
accuracy better than one meter. The corresponding orthophoto is also constructed with
a resolution of one meter, enabling the estimation of a 3D displacement �eld with accu-
racy at the meter level, even in the worst-case scenario. Besides, numerous prior studies
have utilized POT techniques to obtain the horizontal ground displacement of landslides
(Lucieer et al., 2014; Delacourt et al., 2004; K•a•ab, 2002). However, the main limitation of
this method is its low temporal resolution, with specialized missions being an expensive
solution to improve it.

2.3.3 Spaceborne Remote Sensing

Spaceborne optical remote sensing has emerged as a valuable tool for landslide monitor-
ing, o�ering a means of capturing detailed imagery and data regularly and over large
areas. Studies have investigated spaceborne optical remote sensing for landslide moni-
toring, demonstrating its e�ectiveness in detecting and mapping landslide occurrences,
characterizing the features of landslide events, and monitoring the evolution of landslides
over time (Casagli et al., 2017; Frodella et al., 2017). Such imagery can detect changes in
land surface features, such as slope, vegetation cover, and topography, that may indicate
the occurrence of landslides. In addition, scholars have used spaceborne optical remote
sensing to assess the susceptibility of di�erent regions to landslides based on factors such as
terrain characteristics, geology, and rainfall patterns (Shahabi and Hashim, 2015; Pradhan,
2010). This approach can provide valuable information for land-use planning and hazard
mitigation e�orts, such as identifying areas that require slope stabilization measures or
evacuation plans.

Over the past few decades, scholars have used spaceborne optical imagery to map land-
slides in remote and inaccessible areas, where traditional ground-based monitoring meth-
ods are challenging to implement (Ji et al., 2020; Amatya et al., 2019; Casagli et al., 2017;
Lissak et al., 2020; Casagli et al., 2017; Frodella et al., 2017; Scaioni et al., 2014). Due
to the simplicity and reliability, an increasing number of studies have adopted the POT
techniques to monitor landslide disasters, exploiting the spaceborne optical imagery. For
instance, horizontal deformation can be obtained using the NCC to evaluate the kinematic
properties of landslides (Provost et al., 2022; Dille et al., 2021; Xiong et al., 2020; Stumpf
et al., 2017; Debella-Gilo and K•a•ab, 2011; Delacourt et al., 2009; Leprince et al., 2008;
Delacourt et al., 2004; K•a•ab, 2002). Moreover, automated and semi-automated approaches
utilizing time series of multi-sensor spaceborne optical images have already been developed
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to create multi-temporal inventories by identifying landslide areas based on variation in
vegetation cover (Yang et al., 2019; Behling et al., 2016). Besides, the applicability of
the NCC method has been extensively examined by researchers such as Debella-Gilo and
K•a•ab (2011) and Delacourt et al. (2004). Their studies have assessed the method's sensi-
tivities to various factors, including inherent image noise, errors induced by rotation and
shear between image pairs, and inaccuracies in image orthorecti�cation. Despite these
challenges, optical imagery can still e�ectively monitor substantial movements.

On the other hand, SAR and InSAR techniques, a microwave remote sensing technique
that o�ers another opportunity to monitor subtle deformations at a large scale, have played
an increasingly important role in landslide identi�cation. InSAR can provide a unique
perspective for landslide research by its ability to acquire spatial and temporal surface
deformation with high accuracy and derive historical deformation using archived data (Liu
et al., 2020). In addition, the interpretation and modeling of landslide mechanisms can
provide insight into the landslide damage process and essential references for preventing
and controlling similar landslide cases (Hu et al., 2020; Handwerger et al., 2019).

Over the past few decades, InSAR techniques have been widely applied to support the
systematic identifying and monitoring of unstable slopes over extensive and regional-scale
regions, as well as the exploitation of early warning of landslide hazards (Festa et al., 2022;
Garg et al., 2022; Hu et al., 2022; Zhou et al., 2022b; Tom�as et al., 2019; Motagh et al.,
2017, 2013; Bianchini et al., 2013; Herrera et al., 2013; Colesanti and Wasowski, 2006).
The C-band S1 satellite has provided a substantial increase in the number of available
images since its launch in 2014, which has led to a growing interest among academics in
utilizing InSAR for monitoring slope instability dynamics (Festa et al., 2022; Dai et al.,
2020; Dini et al., 2020; Tom�as et al., 2019; Intrieri et al., 2018; Dai et al., 2016; Barra
et al., 2016; Feng et al., 2015). Meanwhile, the development of the high-resolution X-band
TSX mission and COSMO-Skymed (CSK) mission have made InSAR techniques even
more reliable and promising in low coherence areas (Xia et al., 2022a; Di Martire et al.,
2018; Singleton et al., 2014; Bovenga et al., 2014; Motagh et al., 2013). Moreover, L-band
SAR sensors contain better penetration capability and reveal improved performance in
monitoring the landslides over densely vegetated regions (Schl•ogel et al., 2015; Zhao et al.,
2012). Besides, advanced MT-InSAR methods o�er new opportunities to better evaluate
subtle changes in landslide creep rates with centimeter to millimeter level precision in
response to external triggering factors (Zhou et al., 2022a; Hu et al., 2020; Teshebaeva
et al., 2015; Tom�as et al., 2016, 2014; Motagh et al., 2013).

2.4 Spaceborne Optical Imagery

2.4.1 Overview

Satellite-based optical remote sensing has signi�cantly developed since the �rst Earth
observation satellite, Landsat-1, was launched in 1972 (Maul and Gordon, 1975). Initially,
remote sensing was limited to data collection in visible and near-infrared bands. However,
technological advancements in sensor design and calibration have led to the development
of sensors that can collect data in multiple spectral bands, including the electromagnetic
spectrum's thermal infrared and microwave.

The development of satellite optical remote sensing techniques has resulted in improved
spatial and spectral resolution and increased temporal coverage of the available data. The
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launch of high-resolution optical sensors such as QuickBird, WorldView, Planetscope and
Pleiades has enabled the capture of �ne-scale details on the Earth's surface. In addition,
the development of multi-spectral and hyper-spectral sensors has enabled the identi�cation
of materials and features based on spectral signatures.

With the development of big data and cloud computing, spaceborne optical remote
sensing data can now be processed and analyzed more e�ciently. This has led to a wide
range of applications, including determining land use and mapping land cover, crop moni-
toring, pollution detection, disaster management, and urban planning (Zhou et al., 2022c,
2021; Mahdianpari et al., 2018; Joshi et al., 2016; Inglada et al., 2015; Hall et al., 2002).
The evolution of spaceborne optical remote sensing techniques has generally renewed our
understanding of the Earth's surface and its processes.

2.4.2 Pixel O�set Tracking (POT)

POT technique utilizing the NCC algorithm has gained widespread use in the �eld of
optical remote sensing for monitoring horizontal displacement due to its simplicity and
reliability (Paul et al., 2015; Debella-Gilo and K•a•ab, 2011; Delacourt et al., 2004). In
addition, correlation methods are popular for determining o�sets because they can achieve
sub-pixel accuracy, particularly when the displacement �eld can be locally estimated by
a smoothly varying translation spanning multiple pixels (Hu et al., 2014; Yoo and Han,
2009; Michel et al., 1999). The NCC algorithm is customized to calculate both the line
and column o�sets, considering any disparities in brightness and contrast between two
images through its normalization component (Yoo and Han, 2009).

Figure 2.7: Schematic of pixel o�set tracking techniques using the normalized cross-correlation
algorithms showing the investigated pixel for the reference and search images (Source:
adapted by Debella-Gilo and K•a•ab (2011)). The corresponding coordinate system is
pixel coordinate.
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For NCC processing, the spaceborne optical images are acquired before and after the
event, i.e., the reference and search images, as revealed in Figure 2.7. In order to �nd
the reference templatef(x,y) within the search image, the maximum NCC coe�cient � is
searched between the reference template and all possible values within the search window
as follows:

� (x; y) =
� x;y (f (x; y) � f )( t(x � u; y � v) � t)

q
� x;y (f (x; y) � f )2� x;y (t(x � u; y � v) � t)2

(2.1)

where variablesu and v indicate the o�sets in the x and y directions, respectively. The
intensity values of a subset area from the reference image are denoted byf(x,y) with the
corresponding area of the same size in the search image represented byt(x-u, y-v) . The
mean values of intensity for the reference template and search window are represented by
f and t, respectively.

The horizontal displacement between the center pixel in the reference image and the
highest correlated matching point in the search image is determined by the Euclidean
distance and given by the magnituded(x,y). Therefore, we can express the standard
deviation � of POT as the error in estimating pixel o�set, measured in pixel units. This
can be demonstrated through the following equation (Hu et al., 2014):

� =
1

p
2

r
3

2N

p
1 � � 2

��
(2.2)

where N is the number of samples in the estimation window,� is the maximum NCC
coe�cient.

The selection of parameters for NCC window size and sampling frequency requires
careful consideration concerning the scale of deformation features and pixel size of optical
images:

ˆ The search template must be su�cient to maximize the signal-to-noise ratio (SNR)
while minimizing the spatial velocity gradient, while the search window should be
large enough to include the farthest moving distance while minimizing processing
time (Singleton et al., 2014).

ˆ Increasing the number of samples in the reference template and achieving a high
cross-correlation value close to one can improve the accuracy of NCC, with precision
in the o�set �elds approaching one-tenth of a pixel size (Hu et al., 2013; Hanssen,
2005).

ˆ Limitations in the accuracy of NCC have been investigated, with sensitivity to noise
in images and displacement greater than the mean registration error being signi�cant
factors (De Blasio, 2011; Delacourt et al., 2004).

ˆ It is essential to maintain surface properties of the reference template unchanged,
except for positional shifts, to ensure accurate cross-correlation and minimize po-
tential limitations that could result in spurious o�set measurements and reduced
precision (Singleton et al., 2014).

Finally, it is worth noting that the POT method can only determine the horizontal
deformation, speci�cally the displacements in the east-west (E-W) and north-south (N-S)
directions, while exploiting spaceborne optical imagery is unable to produce information
regarding vertical displacements.
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2.5 Spaceborne Radar Imagery

2.5.1 Synthetic Aperture Radar (SAR) Basic

2.5.1.1 SAR Geometry

SAR is an imaging system that utilizes electromagnetic waves in the microwave range.
SAR sensor functions by emitting microwave signals from its antenna towards the Earth's
surface at an o�-nadir angle called the slant range. These signals interact with the surface,
and a proportion of them are re
ected towards the satellite, where the onboard sensor
records them. As the satellite progresses along its 
ight path, it continues illuminating
and capturing new areas of the Earth's surface, ultimately creating a comprehensive SAR
image (Figure 2.8). As illustrated in the schematic, the SAR system utilizes a side-looking
con�guration to prevent any ambiguity from echoes that may return from the opposite
side of the satellite's 
ight path. The timing of the echoes that return from the surface is
directly related to the range distance between the sensor and the target.

Figure 2.8: Schematic of spaceborne SAR imagery.

The SAR sensor can measure two critical parameters, i.e., the amplitude and phase
di�erence of the received echoes. The amplitude value indicates the degree of interaction
between the signal and the illuminated surface. A higher amplitude value denotes a more
substantial re
ection, while a lower value suggests a weaker re
ection. The amplitude of
the target in SAR images is determined by the image resolution, target size and wavelength
of the SAR sensor. On the other hand, the phase di�erence can be used to determine the
distance between the sensor and the ground pixel, enabling accurate estimations of the
surface's topography or displacement (B•urgmann et al., 2000). Generally, when using nat-
ural terrain as a target, such as grass or forest trees, these targets tend to be smaller than
the resolution cell. As a result, the echoes received from one pixel can be a combination
of several individual echoes, and the phase values can vary randomly. Additionally, the
amplitude may 
uctuate signi�cantly, resulting in speckle error (Singleton et al., 2014),
which can be addressed through multi-looking processing.
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2.5.1.2 SAR Acquisition Mode

Satellite SAR sensors employ di�erent acquisition modes, as illustrated in Figure 2.9, i.e.,
the StripMap mode, the Spotlight mode, and the Interferometric Wide Swath (IW) or
Terrain Observation with Progressive Scan (TOPS):

Figure 2.9: Di�erent modes of spaceborne SAR missions for image acquisition.

ˆ StripMap mode, utilized by various SAR satellites, including European Remote Sens-
ing Satellite (ERS), Environmental Satellite (Envisat), Advanced Land Observing
Satellite (ALOS), and TSX, is the standard mode. In this mode, the sensor's point-
ing direction is �xed, and it records lines of the image as it moves along its orbit
(Lanari et al., 2001).

ˆ Spotlight mode, is designed to obtain high-resolution SAR imaging at the expense
of spatial coverage. This mode steers the antenna in the azimuth direction, which
prolongs the illumination time for each image element, resulting in higher spatial
resolution. However, the scene size is smaller than that of the StripMap mode
(Eineder et al., 2009).

ˆ IW or TOPS mode was developed. This mode is the default acquisition mode for
Sentinel-1 over land. An IW image is formed from three sub-swaths containing
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