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Abstract: Remote sensing (RS) techniques are essential for studying hazardous landslide events
because they capture information and monitor sites at scale. They enable analyzing causes and
impacts of ongoing events for disaster management. There has been a plethora of work in the
literature mostly discussing (1) applications to detect, monitor, and predict landslides using various
instruments and image analysis techniques, (2) methodological mechanics in using optical and
microwave sensing, and (3) quantification of surface geological and geotechnical changes using 2D
images. Recently, studies have shown that the degree of hazard is mostly influenced by speed, type,
and volume of surface deformation. Despite available techniques to process lidar and image/radar-
derived 3D geometry, prior works mostly focus on using 2D images, which generally lack details
on the 3D aspects of assessment. Thus, assessing the 3D geometry of terrain using elevation/depth
information is crucial to determine its cover, geometry, and 3D displacements. In this review, we
focus on 3D landslide analysis using RS data. We include (1) a discussion on sources, types, benefits,
and limitations of 3D data, (2) the recent processing methods, including conventional, fusion-based,
and artificial intelligence (Al)-based methods, and (3) the latest applications.

Keywords: 3D data; 3D geometric analysis; lidar; elevation maps; DEM; DSM; DTM

1. Introduction
1.1. Background about the History of Landslides and Remote Sensing

Landslides are caused by earth masses (such as rock, soil, and debris) falling downs-
lope due to the different actions of gravitational forces on segregated layers [1]. These
deadly geohazards frequently occur worldwide on local, regional, and global scales. They
are often triggered by natural forces such as rainfall, glacier melt, and seismic activity.
(Figure 1), or human activities such as deforestation, construction, and excavation [2,3].
Landslides can have substantial socioeconomic and environmental impacts when they
lead to fatalities, injuries, and damage to property and infrastructure. Preventing natural
disasters such as landslides is impossible; however, mitigating the risks and negative
impact through informed planning and evacuation is extremely effective at mitigating
landslide risks. This can be achieved by identifying danger zones and continuously moni-
toring and updating the progress of subtle surface movement before it turns into a life and
infrastructure-threatening landslide [2—4].

Remote sensing (RS) techniques have played a major role in studying landslides. By
gathering earth observations (EO) from a distance in real-time or near real-time, scientists
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and authorities may detect, monitor, and predict these deadly events without expensive and
time-consuming field surveys like boreholes or in-site measurements of dimensions and
slope [5]. This facilitates obtaining a detailed inventory of landslides on local, regional, and
global scales to indicate their state (i.e., active or inactive), location, distribution, movement
speed and type, etc. Studying landslides using RS technology requires knowledge of
the complex nature of landslides and the types of RS sensors, platforms, and data used
to study them. The complex nature of landslides refers to understanding the causes,
mechanisms, topological changes, and surface deformations. The leading causes can be
divided into natural events (e.g., rain and earthquakes), human activities (e.g., construction
and excavation), and morphological (e.g., waves) or geological (e.g., lithology and layers
materials) causes [1-3,6,7]. The mechanism and kinematics of landslides describe the speed
and style of movement of earth masses. According to [1], there are five types of movement:
flow, slide, fall, topple, and spread, which can have varying speeds and can be used to
determine the hazard level. The topological changes refer to the vertical displacement,
terrain profile changes, and the volume of eroded or deposited materials. Figure 1 shows
four examples of landslides by different causes (i.e., trigger factors, failure mechanism,
etc.). For instance, Turkey’s earthquake in February 2023 triggered thousands of landslides
due to co-seismic ground movement [8]. Figure 1a shows one of the biggest landslides
(near Islahiye, Gaziantep, Turkey) blocking the river channels due to a rockslide from the
snowmelt that fell on limestone after ground shaking. The landslide in Shovi, Georgia,
also occurred due to glacial/snowmelt; however, this was triggered by heavy rainfall that
led to a large mudflow down the valley (Figure 1b). On the other hand, the landslide
in the Three Gorges Reservoirs in China resulted from an increased water level from
heavy rainfall, leading to steep slopes along the valley (Figure 1c). Figure 1d shows a
rockslide and rockfall from a cliff in Red Beach, Greece, due to coastal erosion of weak
unconsolidated soils and volcanic materials. Effective investigation of the landslides’
variations requires knowledge of the depth or elevation, which should be computed from
the scene (Figure 1c,d). Understanding the 3D motion by the landslides can be beneficial
to recognize surface deformations over time, which may include changes in size, shape,
volume, content (e.g., land use land cover (LULC)), and properties of the surface (e.g.,
soil moisture).

7 February 2023

Figure 1. Cont.
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Figure 1. Examples of landslides where (a) a landslide triggered by an earthquake in Turkey [9];
(b) GeoEye images (Copyright 2023 Maxar) show a mudflow site in a mountainous area in Shovi,
Georgia; (c) Shipborne lidar and 3D model showing a landslide in Three Gorges reservoir China due
to heavy rainfall [10]; and (d) A DSM and 3D point clouds showing rock slide in Red Beach, Greece
that occurred due to lithology and coastal erosion [11].

Remote sensing technology can collect data from spaceborne, airborne, or terrestrial
platform sensors. The choice of RS data, sensor, and processing method is based on the
unique characteristics of a given landslide or landslide-prone region. For example, an
indicator of landslides in rainy areas is an increase in soil moisture content, which can
weaken soil strength due to water pressure and lead to slope failures [12]. RS, optical,
thermal, or microwave images can record soil moisture content and indicate saturated
areas with potential slope failure [12-14]. Optical images, such as multispectral images, can
compute the normalized difference vegetation index (NDVI) and normalized difference
water index (NDWI), indicating strongly vegetated and wet areas. Thermal imaging
devices installed on unmanned aerial vehicles (UAVs) can correlate the wetness levels by
inspecting the temperature of areas because warmer soils are often more saturated than
colder soils. Radar images obtained from satellites (such as the Advanced Microwave
Scanning Radiometer) offer direct measurements of soil moisture content by operating
on different frequency levels, where they can penetrate the soil (and vegetation cover)
at varying depths and measure the variations in soil water content. In general, there are
numerous ways to examine landslides through RS technology.

1.2. The Importance of 3D Data for Studying Landslides in Remote Sensing

Remote sensing data can be categorized based on their structure and encapsulated
physical information into two types, two-dimensional (2D) or three-dimensional (3D) data,
where both have advanced landslide studies [3,6,7] (Table 1). In RS, 2D data are derived
from optical images that capture panchromatic, multispectral, or hyperspectral images
from space and airborne sensors, including UAV devices (Figure 2). In landslide research,
2D data are often used to determine apparent spatial, spectral, and temporal changes on
the surface, such as vegetation removal, cracks, and inconsistency in the distribution of
materials (e.g., deposition) [3,15-18]. Processing 2D data has been established for decades
because of its low cost, simple 2D analysis, frequency of data collection, and large area
coverage [3,15-17]. However, as 2D data analysis relies only on color information, they can
be limited by spectral distortions from varying acquisition conditions (e.g., atmospheric
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or sun angle) [19,20]. This can lead to noisy and spectrally heterogeneous images that
result in difficulty separating landslide areas from the surrounding environment and in-
accurate comparison of multitemporal images. Most sensors collecting this type of 2D
data are restricted in their viewing angles, scale, and temporal and spatial resolutions,
which may prevent the analysis from capturing intricate or subtle cues related to landslides.
For example, medium-resolution (15-30 m) Landsat 8 images cannot be used to identify
small-scale changes or fine details like small cracks that help detect landslides [13,21,22].
Finally, 2D data cannot obtain information about the sub-surface deformations of a terrain,
which can indicate the severity of slope failures [17,20,23]. Conversely, 3D data has proven
more effective in studying landslides over the years [24-32]. This is because of their ability
to compute the 3D geometric information of terrains (i.e., elevation/depth) and use it as
the main parameter to detect and inform the severity and extent of landslides [18,33-37].
The 3D data can be generated directly from the light detection and ranging (lidar) and
radar sensors or processed using photogrammetric stereo methods [20]. These approaches
can provide full or partial representation of the 3D data. For example, point clouds are
considered full 3D data. In contrast, digital elevation models (DEMs), digital surface mod-
els (DSMs), and digital terrain models (DTMs) are considered a simplified representation
of the 3D data and are often referred to as 2.5D (Figure 2). 3D data are more consistent,
robust, and less susceptible to unwanted changes (e.g., radiometric artifacts) over time
than 2D data [20,23,38]. Moreover, studies have shown that the 3D geometric and topo-
graphic features are strongly associated with landslides [33,35,39,40]. These features can be
measured directly from point clouds and elevation maps such as 2.5D DEMs, including
elevation, slope, aspect, hill shade, curvature, etc. [33,35,39,40]. Therefore, they can be used
to compute more meaningful metrics such as volume of deposition or erosion, vertical
displacements, steep slopes, etc., improving the detection and assessment of landslide areas.
Sensors collecting 3D data can be installed on various platforms, including spaceborne,
airborne, or terrestrial. They can be calibrated or set up based on the characteristics of the
study area and the intended applications. For example, the accuracy of data generated by
microwave satellite sensors (i.e., RADAR) can be impacted by densely vegetated areas [41],
so using terrestrial lidar can be more suitable for accessing these areas and collecting 3D
data [26,31,42]. Unfortunately, 3D data can be very expensive and complex to collect. Their
area coverage can also be limited in terms of space and time. They may be unavailable in
some areas worldwide, such as in developing countries. Other studies have also noted that
collecting 3D data can be difficult in unreachable and inaccessible regions such as deep
valleys and high mountains [43-45].

Orthomosaic 3D Point Cloud

50m

Figure 2. An example from [11] of a landslide in Proussos in Evritani, Greece, showing a spectral UAV
image, a DSM from photogrammetry, and the reconstructed 3D model from point clouds embedded
with color.
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Table 1. A comparison between 2D and 3D data for landslide studies.

Type of Data 2D Data 3D Data
Refers to data produced by imaging sensors
installed on a more sensing platform, such as o .
airborne, UAV-borne, and spaceborne Befers to. daté containing 3D gef)metrlc .
Description platforms. The data of interest may have information like depth or elevations acquired

from RADAR, lidar, or photogrammetric

panchromatic, multispectral, or
stereo methods.

hyperspectral optical image data and 2D
microwave images.

Metrics to study landslides

° Change in spectral information (e.g., ° Vertical displacement
NDVI, NDWI, and MSI) . Volumetric differences
Brightness and intensity differences e  Changes in topographic features, e.g.,
Texture differences (e.g., entropy) slope, aspect, and hill-shade
Planimetric 2D shapes e  Full 3D geometric change

o  Consistent measurements of 3D data
over time

e  Determination of mechanism (i.e.,
movement type) and kinematics (i.e.,

Wide area coverage
Large availability of data over time with
a variety of costs

e  Simple 2D analysis approaches, e.g.,

Advantages . . . speed and volume) of landslides to
image differencing .
indicate danger level.
° Capture surface changes, e.g., LULC .
. ° Detect sub-surface deformations, e.g.,
changes, surface cracks, and deposited . .
. topography, terrain profile, and 3D
materials .
displacements.
e  Radiometric distortions due to
acquisition conditions, e.g., weather, e  Costly and time-consuming to collect
sun angle, and season. and process.
. Restricted angle of view, coverage, and e Complex processing algorithms.
spatial resolution e  Limited archive
Challenges .
° Cannot detect sub-surface deformations, e Small area coverage
e.g., vertical displacements. . Difficult to assess uncertainties in
e  Difficult to separate between landslide inaccessible areas such as high
areas and the surrounding mountains.

environment.

In general, the analysis of 2D data is suited to detecting landslides at a large granular
level, e.g., binary detection of significant landslides at coarse resolution. However, due
to the many challenges of using 2D image data (Table 1), researchers have combined 2D
and 3D data to understand landslide events better and potentially develop more effective
strategies to monitor them [24,46-50]. The 3D geometric analysis can provide detailed
estimates of the terrain’s surface and sub-surface characteristics. This includes elevation,
slope, change in volume, speed of fall, type of vertical movements, 3D displacements in the
vertical and horizontal directions, 3D deformations, and change in geometry in areas that
have exhibited or are prone to landslides [3,4,6,7].

1.3. Scope of the Review and Paper Organization

This review focuses on the 3D geometric analysis of landslides in RS, emphasizing the
full or partial use of 3D data. These 3D data could be collected from laser scanning sensors
(i.e., lidar) or generated using a pair of images and photogrammetric stereo methods. The
review is divided into three parts, as depicted in Figure 3. First, we present a thorough
description of the latest advancements in 3D data, where we discuss their sources, types,
benefits, and limitations (Section 2). Second, we discuss the most recent processing methods
and algorithms to detect, monitor, and predict landslides (Section 3). These include conven-
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tional 3D geometric analysis, fusion, and state-of-the-art learning methods, i.e., artificial
intelligence (Al). Third, we describe the latest landslide applications that benefit from 3D
data and their geometric analysis, which can be used for either qualitative or quantitative
3D geometric assessment of landslides (Section 4). The qualitative assessment is concerned
with landslide existence, state, and type [51], whereas the quantitative assessment applies
mathematical modeling to estimate the 3D displacement, change in volume, and speed of
falls [22,52,53]. Finally, Section 5 summarizes this review by discussing the opportunities,
challenges, and suggestions for future work in the 3D geometric assessment of landslides.

3D Data . 3D Data from 3D Data from LiDAR
photogrammetry

'

Conventional 3D Fusion-based Artificial intelligence
geometric analysis (AlI)-based

3D Geometric

analysis methods

|
!

o 3D modeling and Disaster prediction,
Applications — * Landslide inventory ling a assessment, and
; reconstruction
mapping management

Figure 3. The workflow of this review.

2. The 3D Data Used for Landslide Studies

The choice of 3D data is critical to landslide investigation in RS due to the variety
of landslide patterns, causes, areas, types, and impact periods. Therefore, determining
the suitable type of 3D data is necessary. Factors of concern can be data availability, cost,
coverage, occlusions (e.g., mountains), level of data uncertainty, etc. Typically, two forms
of 3D data are used for 3D geometric analysis: image-derived elevation maps (i.e., DEMs,
DSMs, and DTMs) and lidar-based 3D point clouds [3]. Point clouds record the X, Y, and Z
coordinates of objects and surfaces, which can be acquired from lidar or stereo matching.
Lidar can be installed on various platforms; the most common for landslide studies are
airborne and terrestrial platforms. Spaceborne lidar, on the other hand, is rarely used for
landslides or general topographical and geomorphological studies. This is because flying
at high altitudes limits the characterization of internal structures, thus not being able to
separate between ground and non-ground points (i.e., DTM) [54,55]. Photogrammetric
elevation data are generally preferred due to their relatively low cost and availability from
all platforms, including satellite, aerial, UAV, and terrestrial systems. Methods used to study
landslides can drastically vary based on the data collection platform. Table 2 summarizes
different photogrammetry and lidar data characteristics lidar for use in landslide studies.

2.1. 3D Data from Photogrammetry

Photogrammetry can generate both 3D point clouds and 2.5D elevation data. It relies
on stereo-matching methods, which require at least two overlapping images acquired
from optical sensors. The process of photogrammetry follows georeferencing and dense
matching steps to generate point clouds. Elevation maps can then be derived [38,56-58].
As mentioned earlier, photogrammetry is preferred because images are much cheaper to
capture and available on all platforms. However, as shown in Table 2, the generated point
clouds’ granularity and accuracy level significantly vary with the platform. Thus, in the
following subsections, we entail their respective characteristics.
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Table 2. Sources and characteristics of 3D data for 3D geometric analysis of landslides.

Source of 3D Data Photogrammetry Lidar
Platform Spaceborne Airborne Terrestrial Airborne Terrestrial
Type of 3D data Derived point clouds Point clouds
Derived DEM, DSM, DTM Derived DEM, DSM, DTM
Spatiél Several meters to Several meters to Sub meters (<1 m) Several meters to Sub meters (<1 m)
resolution tens of meters
Temporal Frequent (daily,
resolution weekly, monthly) By demand By demand
Area coverage Large Small Small
Cost Low-high Low-high High
Setup Fixed Flexible Flexible
Viewing angle Vertical Vertical to oblique Side view Vertical to oblique Side view
-Open areas -Hazardous areas -Obscured areas -Hazardous areas -Obscured areas
. without -Mountains (e.g., mines, sea -Mountains and side views
Areas best suited . . . .
for obstructions from | -High-relief areas notches, and caves) | -Urban areas (e.g., mines, sea
buildings or -Urban areas -Dense vegetated notches, and caves)
vegetation or forested areas
-Radiometric -Geometric -Geometric -Projection of point clouds to
correction correction correction image-derived elevation maps
P : -Geometric -Photogrammetry | -Photogrammetry | -Registration and alignment of point
reprocessing -
correction methods methods clouds
-Photogrammetry | -Mosaic/image -Mosaic -GCPs setup
methods stitching -GCPs setup
-Radiometric -Terrain -Radiometric -Terrain complexity and occlusions
distortions complexity and distortions -Sensor type and motion
-Spatial resolutions | occlusions -Terrain complexity
-Type of -Sensor type and occlusions
Factors influencing | photogrammetry | -Type of -Type of
the accuracy of 3D | algorithm photogrammetry photogrammetry
data algorithm algorithm
-Sensor type and
motion
Generation time Fast Fairly slow Slow Fairly slow Slow

2.1.1. Spaceborne Sensors

Spaceborne sensors capture images with large area coverage due to orbiting the Earth
at high altitudes, and they provide repeating observations, sometimes almost daily. For
landslide studies, obtaining high-resolution and reliable 3D data is necessary to extract the
terrain’s detailed and precise topographical and morphological variation over time. The
spaceborne sensors can provide images with resolution ranging at the sub-meter level (e.g.,
QuickBird, Worldview-3, and Pleiades) [16,33,59-74]. The cost of 3D data from these sensors
varies with the number of images required to generate accurate 3D models. Choosing
the images for use in generating 3D data may be a sophisticated process, and it may
leverage orbital factors that lead to certain intersection angles and sun radiometry to decide
the number of overlaps for accurate 3D modeling [75]. Moreover, the photogrammetry
algorithms used for dense matching (or stereo matching) may also be a concern [38,75].
For example, a study by [38] indicates that deep learning methods (such as MC-CNN,
GCNet, and PSMNet) are robust in handling variations in sun and viewing angles but may
be slower to process large-scale satellite images. On the other hand, non-learning-based
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methods such as Census semi-global matching are less demanding in terms of time and data
requirement, thus providing 3D data at a lower cost, but are more sensitive to variations
among stereo images, thus requiring more images.

2.1.2. Airborne Sensors

Sensors installed on UAVs and aircraft have a high potential to detect and characterize
landslides [55,76-79]. Early studies used their 3D data as ground truth reference data to
validate the results through visual inspection or to extract training and testing features
for machine and deep learning methods [7,38,56,57,80]. The lower flight altitudes and
very high spatial resolution (<0.5 m) of UAVs result in data that captures features such
as fissures and small deformations and provides better spectral separation between the
landslide area and its surrounding environment [78]. Images captured using airborne
platforms are flexible due to flexible air-platform maneuvers and flight designs. Thus,
the airborne acquisition system can provide data with access to difficult regions, such as
mountains with high reliefs, and can be acquired under cloud cover [78,81]. The airborne
platform also has full control over the viewing angle of cameras, providing vertical or
oblique views of the scene [78,79]. The level of flexibility of the airborne platform enables
landslide detection and identification of its types, for example, falls, slides, flows, etc.
Nevertheless, flying airborne sensors must be scheduled ahead of time and can be costly;
thus, their data are not always available for a given area of interest [55,76-79]. They may
also require expertise to operate the sensors and calibrate the sensors and data to ensure
accurate acquisition of the 3D data. Compared to satellite images, aerial images can provide
images with area coverage at a medium to large site level, which is often sufficient in
landslide studies [55,76-79]. Similar to satellite sensors, images from airborne sensors may
require preprocessing to minimize geometric and radiometric distortions before applying
photogrammetry to generate 3D data.

2.1.3. Terrestrial Sensors

At various costs, cameras can be installed on terrestrial platforms, including vehi-
cles, tripods, and handheld devices such as mobile phones [28,42,44,76,82—-84]. Terrestrial
platforms allow capturing images in real-time at close range, thus gaining a clear and
detailed view of a landslide area [28,44]. They are ideal for determining the mechanism of
landslides, i.e., movement direction and type, with high accuracy and precision. However,
they may require a longer time to collect data due to their small area coverage. Thus, it is
only suitable for investigation at sampled locations or persistent monitoring (i.e., stationary
cameras). The choice and setup of terrestrial sensors require strategic planning to reduce
errors and uncertainties in deformation detection [15,82]. For instance, the number and
location of cameras are determined based on the size of the region or object of interest,
expected displacement size, and occlusions on site to provide comprehensive coverage
with a clear line of sight [82]. Moreover, stationary sensors are likely to develop geometric
and radiometric distortions caused by inevitable sensor motion (e.g., due to wind) and
variations in illumination [15]. Consequently, these distortions can impact the detection of
the precise location and shape of the surface deformation and the geometric properties of
the object being monitored /tracked (e.g., fracture). Mitigating these distortions requires
post-configuration and processing of the images to radiometrically normalize and geo-
metrically align them according to the positioning systems, such as the global positioning
system (GPS) and ground control points (GCPs) installed on site.

2.2. 3D Data from Lidar

Over the last few decades, lidar systems, such as aerial laser scanning or terrestrial laser
scanning devices, have become powerful and reliable tools for collecting high-resolution
three-dimensional structural data [29,31,42,84-90]. Many studies use lidar data as a ground
truth reference for elevations because of their high accuracy [38,56,91]. Lidar data have
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been used to detect and analyze natural disasters like landslides [77,87,92]. In comparison
to the photogrammetry-based method, it features several advantages described as follows:

e  Direct measurement of the 3D data: Lidar is an active sensor emitting and receiving
laser pulses from objects and surfaces, thus directly computing 3D information by
evaluating the time of flight. For landslide studies, the point clouds can be used
directly or rasterized 2D elevation maps (e.g., DEMs, DSMs, or DTMs) [29,87]. In
contrast, the accuracy of photogrammetry point cloud may be scene-dependent and
vary spatially.

e High-resolution 3D data: Elevation maps derived from lidar can have high spatial
resolution [85,87,89,93], which is important for extracting small-scale 3D geometric
features to map landslides and provide detailed and accurate terrain representation
and detection of the fine surface and sub-surface deformations [24,27,29,85,94].

e  Vegetation penetration: Many landslides occur in densely vegetated or forested areas;
unfortunately, these cannot be inspected well using classic optical sensors. Lidar, on
the other hand, can penetrate these difficult regions to provide information about
vegetation conditions (e.g., type, height, structure, volume, and texture) and changes
in bare-ground elevations, which are critical factors of landslide [26,31,55,88].

e Improved accuracy and precision of 3D data: Lidar collects 3D data using laser
pulses, which are robust to varying acquisition conditions such as season, weather,
and low-light conditions like night-time [87]. Therefore, they can provide more
accurate 3D data, often used for validation as ground truth data for landslide-related
research [37,94-98] or for 3D modeling and reconstruction of terrains [24,27].

e Numerous types and costs of lidar sensors exist, lidar ranging from basic to profes-
sional sensors. Nevertheless, their performance may vary based on the landslide
application, region, and selected platform. Therefore, as in the previous section, we
compare lidar’s 3D data for landslide studies based on the most used platforms, i.e.,
airborne and terrestrial.

2.2.1. Airborne Sensors

Airborne lidar collects data using UAVs and aircraft, which are available by demand
and are mostly efficient for rapid assessment of post-landslide events [26,29-31,77,85,88,89,94].
It provides smaller area coverage than spaceborne sensors due to flying at lower altitudes,
and thus, it is suitable for mapping landslides on local and regional scales. The flight’s
parameters, such as route, altitude, and the sensor’s viewing angle, can be controlled based
on the characteristics of the examined terrain. Therefore, airborne lidar can map unreachable,
hazardous, remote areas such as valleys, volcanoes, and mountains. Nevertheless, mapping
using airborne sensors requires rigorous georeferencing and positioning of every point cloud
collected, which can be achieved by integrating lidar with GPS. One of the critical issues
impacting the overall accuracy of 3D data is the platform’s motion, which can be compensated
using an inertial measurement unit (IMU) to provide information about the movement and
orientation of the sensor. Integrating lidar with GPS and IMU can provide highly accurate 3D
data at the sub-meter level. Precise positioning allows accurate calculation of the landslide’s
geometric features such as slope, volume, and horizontal and vertical displacements. However,
airborne lidar requires a clear line of sight to avoid occlusions, missing data, and erroneous
measurements, which can be beneficial for accurate separation between bare-ground and
off-ground objects.

2.2.2. Terrestrial Sensors

Compared to the previously discussed methods, terrestrial lidar can provide the most
accurate 3D data (at the sub-meter level) with a high level of precision because of data
collection at a closer range. The highly accurate data allows the identification of fine details
and small geomorphological changes on topographic slopes [42,44,83,84]. For example,
landslides in coastal regions can occur due to waves crafting underneath cliffs leading to sea
notches, which cannot be detected using airborne lidar because of the vertical viewing angle.
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Terrestrial lidar moving along the shore can capture these geomorphological features and
signs of a landslide [45]. However, the closer range limits the field of view and coverage to
small areas, leading to slower data acquisition time. They are often preferred as stationary
ground-based monitoring sensors on site. Moreover, terrestrial lidar can freely choose
their installment position and orientation to provide a clear line of sight with minimum
occlusions. The flexible set up provides more accurate information and quantification of
the horizontal and vertical displacements [45,87]. Similar to airborne lidar, terrestrial lidar
requires GPS and IMU to provide accurate georeferencing and motion information of the
platform and sensor, which can enhance 3D data positioning and accurate comparison to
detect changes over time. In some cases, GCPs must also be installed on-site for better
spatial linkage and georeferencing of 3D data concerning known reference points.

Using 3D data for landslide studies depends on the project’s characteristics and the
sensor type [93]. The project’s characteristics determine the extent of the area under the
study, the project’s cost and time, the terrain’s complexity, the type of application, etc.
On the other hand, the sensor type determines the spatial and temporal resolution that
controls the level of detail and data availability over time. The resolution plays a major
role in the accuracy of the 3D data, where the higher the resolution, the more accuracy
and information we can gain about a terrain. Critical obtained information may include
landslide parameters like slope, fine-level features and signs (e.g., cracks), and internal
characteristics such as topographical, geological, and hydrological conditions. Therefore,
high-resolution 3D data are better for mapping small-scale landslide areas, whereas low-
resolution 3D data are sufficient to capture changes on large scales [93,99]. Georeferencing
is also crucial because most landslide studies compare data over time; thus, 3D data must be
geometrically and spatially well-aligned. Combining lidar with data from optical sensors
has been shown to boost performance and provide better accuracy for mapping landslides
based on color, texture, changes in slope, etc. [43,54,100]. Other studies have noted that
combining data from both platforms, i.e., airborne and terrestrial, can provide a broader
perspective and better analysis of the landslide-prone area [45], thus providing a complete
terrain profile with information about the vertical and horizontal deformations.

3. 3D Geometric Analysis for Landslide Studies

Investigating landslides is complex due to their numerous natural variations (i.e.,
triggering factors, processes, and implications). As mentioned in Section 1, 3D geometric
analysis can effectively assess landslides through geometry, deformations, and kinemat-
ics [35]. The 3D geometric features are more robust and consistent over time than spectral
features [22,23,52,53]. Today, more research focuses on 3D geometric analysis to detect, mon-
itor, and predict landslides (e.g., 3D change detection to compute volume or slope changes).
In this section, we will describe the most common strategies to investigate landslides
using 3D geometric analysis, including the conventional methods [3,18,43,80], fusion-based
methods [24,46-49], and artificial intelligence (AI)-based methods [17,65,80,96,97,101-106].
Conventional methods are based on field surveys, manual calculation, visual interpretation
of 3D data, and statistical and mathematical calculations of 3D data [3,18,43,80]. Fusion-
based methods, on the other hand, integrate information from multiple sensors, platforms,
viewing angles, and data types to provide comprehensive and more accurate information
about the surface subject to landslide hazards [24,46-49]. Meanwhile, Al-based methods
are based on automatically analyzing geometric features extracted directly from 3D data.
Al-based methods, including machine learning (ML) and deep learning (DL), dominate
today’s research and are heavily investigated. They often apply 3D geometric analysis
through classification, object-based image analysis (OBIA) [47,51,107,108], and time series
analysis [79,82,106]. Their methods are mostly based on feature-level operations to extract
and analyze 3D geometric features over time.
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3.1. Conventional 3D Geometric Analysis Methods

Field surveys are the oldest means to investigate landslides [3,18,43,80,109]. They
include in situ measurements of elevations and slopes using traditional surveying tools
(e.g., total station) [87,109]. Moreover, surveyors inspect terrain conditions to find signs of
surface and sub-surface deformations and displacements for manual calculation [87,109].
Field surveys provide direct access to concealed areas such as densely vegetated forests,
which allows real-time monitoring and accurate inspection of small-scale features [109].
Nevertheless, fieldwork has many limitations, such as being expensive in terms of time
and cost, may be subject to human mistakes or errors from instrumental, and can provide
very limited data over time. On the other hand, remote sensing technology facilitated
visual inspection and analysis of 3D data for small and large-scale mapping of landslide
areas. The visual inspection identifies signs of terrain deformations (e.g., fracture, crack,
and displacement) using elevation maps, slopes, aspect, surface roughness, topographic
wetness index, etc. (Figure 4). However, visual inspection can be impacted by the low
spatial resolution of the 3D data (e.g.,, DEM and DSM) to show small details. Topographic
and geomorphological analysis is performed to calculate critical 3D geometric features
of landslides, such as slopes, hill shade, curvature, etc., which can be directly computed
from the elevation data. These geometric features can be used directly in the visual
inspection or further processed to provide more details on the terrain’s past and present
conditions. Their analysis can include arithmetic calculations, statical and probabilistic
analysis, or numerical modeling. Arithmetic calculations involve simple calculations such
as differencing of elevation or slope maps; thus, they can be used to calculate volume and
changes in elevation and slopes. Statistical and probabilistic methods are used for detection,
prediction, and correlating triggering factors. They include Bayesian, Dempster—Shafer
methods, fuzzy logic, bivariate, and multivariate analysis [110,111]. Numerical methods
are used to reduce the uncertainty in the data, model, and parameters for landslide studies,
where they use methods such as linear regression, least squares, optimization, etc.

Figure 4. Examples of 3D geometric features used to delineate the landslide area outlined by the
black dashed line [112].

3.2. Fusion-Based Methods

Data fusion is one of the most common approaches applied in RS and landslide studies,
where auxiliary information is used to improve interpretation and analysis. For 3D geomet-
ric assessment of landslides, data fusion has been applied to combine 3D data from multiple
sources, dates, angles, and different modalities (e.g., spectral images) [24,46—49,113,114].
Data fusion can support low-accuracy data due to complex terrains (e.g., hilly regions) and
low-cost sensors, thus providing a comprehensive and more accurate 3D representation
of landslide regions and their geometric information [24,46-49,113,114]. For example, the
sensor’s viewing and sun illumination angles have been proven to impact the quality
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and accuracy of the generated DSMs using photogrammetric methods [38,75]. Multi-
view images contributing to DSM generation can provide more details and information
on landslide-prone areas by viewing the scene from different perspectives [45], whereas
integrating point clouds from airborne and terrestrial lidar in complex regions such as
hilly regions can improve topographic mapping [45]. Multiview 3D data fusion provides
an opportunity to cover occluded and shadowed regions between objects and sensors,
improving 3D data collection and quality. On the other hand, multisource 3D data fusion
can enhance the accuracy and precision of 3D input data by addressing the limitations
of individual sensors [24]. For instance, combining a pair of DSMs derived from pho-
togrammetry and airborne lidar, with the latter providing a high-resolution elevation map,
can improve the details and identify small-fine features related to landslides. Neverthe-
less, combining multisource 3D data can be problematic due to the varying uncertainties
from different sensors, their calibration procedures, and preprocessing algorithms [45,113].
These uncertainties must be considered during the fusion process to reduce the effect of
these sensor differences [45,113,115]. Some researchers have emphasized the importance of
spectral image-guided data fusion with 3D geometric data to enhance landslide detection
and recognition. The 3D data provides information on the terrain’s geometry, such as the
steepness of slope and depth of fractures. In contrast, spectral images encapsulate infor-
mation about surface properties such as color, texture, LULC, vegetation indices, moisture
indices, etc. [48,107]. Integrating multimodality data, i.e., elevation and color information,
requires feature-level fusion, where features from different data types are extracted and
transformed to be equivalent and compatible to perform data fusion. The color information
is extremely useful in completing and enriching 3D terrain models and profiles. It can
describe important features of the surrounding landslide environment, including existing
vegetation, soil type, sediments, etc.

Although data fusion can enhance the accuracy and precision of topographic mapping
of landslides, it still faces some challenges and limitations that can impact its performance.
One significant challenge of data fusion is the timing in which data are acquired or gener-
ated. On many occasions, spatiotemporal inconsistencies are likely to occur due to natural
or human actions on the surface over time. Spatiotemporal inconsistency may impact
multitemporal data comparison and change analysis of 3D data to assess landslides over
time, providing inaccurate information. Additionally, fusion-based methods are sensitive
to geometric distortions in the data. Thus, they must apply rigorous georeferencing and
data registration before fusion to ensure data overlap precisely in space.

3.3. Artificial Intelligence (Al)-Based Methods

The growing demand for automated and accurate landslide mapping led to the de-
velopment of Al-based methods, including ML and DL methods. These methods are
considered data-driven approaches to learning data association and patterns through com-
plex models. They have been intensively used in landslide studies for their remarkable
performance [37,65,94,98,103,116]. They can process 3D data and extract relevant 3D geo-
metric features to provide information about the terrain characteristics (i.e., topography)
and surface conditions (e.g., precipitation patterns and land cover changes) [37,94,96].
Popular ML methods include support vector machine (SVM), random forest, decision
trees, clustering, etc. [37,94,96]. In contrast, DL methods use convolutional neural net-
works (CNN), generative adversarial networks (GANSs), recurrent neural networks (RNN),
long short-term memory (LSTM), attention, and transformers [65,95,104,116-118]. Studies
comparing the performance of ML and DL models for landslide detection have found
that ML approaches have limited capabilities in handling complex spatial, spectral, and
geometric features and can only achieve moderate accuracies [65,95]. On the contrary, DL
approaches are more sophisticated because of their network structures, which allow them
to extract more complex features and provide high accuracy and precision on the location
and existence of landslides [65,95]. DL methods have generally outperformed ML methods
in landslide investigation [65,80,105]. In general, the performance of Al approaches varies
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by their ability to extract complex features, process large-scale datasets, explore spatiotem-
poral patterns, and generalize across different datasets and landslide areas [80,95]. After
reviewing the works of 3D geometric analysis of landslides, Al approaches can efficiently
perform object-based image analysis (OBIA) and time series analysis to detect and compare
critical features of landslides, which will be discussed in the following:

OBIA methods group data into unique segments based on their spatial, spectral,
temporal, and geometric characteristics [47,51,108]. For 3D geometric analysis of
landslides, the classic pipeline of OBIA involves three-step segmentation [119,120], 3D
geometric feature extraction [47], and classification to predefined categories (e.g., type
of landslide) [108]. Postprocessing (e.g., filtering) can also be used to enhance segments.
OBIA allows efficient decision-making capabilities, such as change detection (e.g.,
slope or volume changes) [107] or identification of critical signs of landslides (e.g.,
steep slopes or deposited materials) and their properties (e.g., area and shape). OBIA
can improve landslide detection and evaluation. Nevertheless, a significant challenge
is to provide a precise and accurate separation of distinct classes to avoid over or
under-definition of the landslide areas. The performance of OBIA depends on data
quality, surface complexity, and the choice segmentation and classification algorithms
and their input parameters. 3D data will likely have noise and errors due to sensor
limitations, acquisition conditions, and pre-processing algorithms, which can directly
impact OBIA and produce misclassifications. The spatial resolution can impact the
quality by allowing more detailed analysis of fine features and, most importantly,
can reduce inter- and intra-class variability [32,107,119]. These distortions are usually
impossible to avoid and will likely influence the accuracy and precision of landslide
mapping [108,121]. Furthermore, the performances of OBIA can vary based on surface
or terrain complexity. For example, terrestrial lidar can be limited in urban areas due
to occlusions from high buildings, trees, and shadows, which may result in low-quality
3D data in these areas [19]. Finally, there are many algorithms for classification and
segmentation. Still, the choice of algorithm and input parameters may vary based on
data and may require trial and error to determine the best parameters. For example,
scale plays a major role in segmentation and may require several scales to determine
the best representation of the landslide area.

Time series analysis is highly important for 3D geometric analysis of landslides as
it allows continuous and real-time monitoring of the event. DL methods perform
exceptionally when processing time series data and finding spatiotemporal patterns.
Methods such as LSTM and RNN show a remarkable ability to capture time dependen-
cies between data and, thus, are suitable for analyzing the change in the multitemporal
and time series 3D data [104,106,122,123]. For instance, the authors in [110] have
proposed a modified version of LSTMs called cascade-parallel LSTM-CREF to predict
landslides by modeling the relationship between environmental factors such as topog-
raphy, land cover, hydrology, and geology. Attention and transformer mechanisms
have recently shown superior performance in many RS environmental applications,
including landslide studies [50,104]. For example, the work in [50] uses an attention
mechanism in the network to detect landslides in forested areas, where they integrate
multimodal data such as optical images, DEMs, and hill-shade images. They com-
pared two aspects: (1) the inclusion of 3D geometric features like elevation data and
hill-shade images with color information versus only color information, and (2) the
performance of the attention network compared to other networks (e.g., HRNet, Seg-
Net, and ResUNet). They found that 3D geometric features can enhance the accuracy
and precision of landslide detection in forested areas for all networks. They have also
shown that their proposed attention network can achieve the best detection accuracy.
Unfortunately, only a few studies have explored the use of attention and transformers
in RS-based landslide investigations, and they are good candidates for future research.

Whereas Al methods offer great potential for landslide studies, two main challenges

arise from using these approaches, which can be summarized as follows:
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e Data quantity, quality, and distribution:

Al methods are data-hungry approaches; they require large amounts of training data
with high quality. Training data must be well-distributed to equally cover all sorts of varia-
tions and compositions of landslides, including the triggering factors (e.g., soil moisture
and rainfalls), signs (e.g., steep slopes, shallow or deep landslides, roughness, vegetation
covers), geometric properties (e.g., shape and size), etc. Compared to the total global land
surface area, landslide events are relatively rare, resulting in imbalanced data where land-
slide occurrences are significantly outnumbered by non-landslide instances [124,125]. This
data imbalance is a common issue when dealing with classification problems, especially
on DL models. The imbalanced data can limit the model’s ability to generalize and accu-
rately predict landslide occurrences. There are several ways to mitigate the effects of data
imbalance, the most common of which is [124]. Furthermore, landslide inventories and
ground truth information are necessary to train and validate ML and DL models. However,
obtaining high-quality data for training is very challenging due to uncertainties arising
from processing algorithms, surface cover (e.g., dense vegetation), acquisition conditions
like weather, or inaccessible regions like high mountains where GCPs cannot be set up.

e  Peature representation and model generalization:

Because landslides can be influenced by a single factor or even multiple factors leading
to different types of land deformation, selecting the most representative features (vari-
ables) for either ML or DL models can be very challenging. These features include terrain
attributes, land cover, rainfall patterns, and geological data. Selecting proper features,
determining which features contribute the most to landslide occurrence, and incorporating
them effectively into the model’s architecture are critical steps that usually require domain
knowledge [94,95]. Transfer learning (by transferring knowledge from past experiences to
new scenarios) is one of the most challenging tasks in model generalization using ML or
DL models on landslide studies [114]. However, models trained on data from a specific
area may not generalize well to other areas with different geological and environmental
conditions [97,98,126]. Thus, developing a model that can transfer landslide knowledge
across different geographical areas is a significant challenge. A few solutions exist to im-
prove the results, albeit with limited success, such as increasing the number of training data,
controlling patch size based on the detail level required, data augmentation, regularization,
transfer learning, etc. [60,97].

4. Landslides Applications Using 3D Data from Remote Sensing Techniques

Most RS and landslide reviews focus on three main applications: detection, moni-
toring, and prediction, which have been discussed under the context of 2D image anal-
ysis [2,3,18,127]. On the other hand, we have not yet discussed the role of 3D geometric
analysis in improving landslide applications. This section will discuss examples that bene-
fit from 3D geometric analysis for landslide studies. A summary of these applications is
shown in Table 3.

1. Landslide inventory mapping refers to systematic data collection and continuous
recording of information about landslides in specific regions. Research centers and
local authorities often perform this to create a complete profile on the area’s history of
or upcoming landslide disasters. 3D geometric analysis facilitates and enhances sev-
eral applications in this context, including detection and recognition [62,80,108,127],
monitoring and tracking [6,28,32,64,70,79,82,90,128-130], and classification of land-
slides [1,130]. Detection and recognition collect information about landslides’ status,
causing factors, and signs [62,80,108,127] (Table 3). In contrast, monitoring and track-
ing the evolution of landslides is essential for decision-making and control of the
disaster [6,28,32,64,70,79,82,90,128-130]. On the other hand, the classification is often
performed to determine the type of movement associated with these disasters and their
direction [1,130]. 3D geometric analysis has generally enhanced feature extraction of
more stable and meaningful 3D features strongly correlated to landslides. Besides, the
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recent development of platforms, sensors, and algorithms provides various means to
collect 3D data to monitor landslides in real-time or on-site and identify changes over
time. An additional benefit of 3D data is that varying acquisition conditions influence

them less than 2D data collected from optical sensors.

Table 3. Landslide applications in the remote sensing field.

Applications Examples Highlights
Detection and recognition:
Status: past or active e  Enhanced feature extraction of more stable
Influencing factors: rainfalls, earthquakes, features rglated to. la.n dslides, e.g., steep
soil moisture content, lithology, etc. slopes, height variations, and land cover
e  Signs: scarps, cracks, vegetation removal, Changes. L
Landslide ° 3D data is more robust to acquisition
volume changes, etc. o .
inventory o ] conditions compared to optical data.
mapping Monitoring and tracking the progress e  Current advances in platforms, sensors,
Classification: and algorithms provide various means to
° Type of movement: flow, fall, slide, etc. collect 3D data.
e  Depth: shallow or deep Real-time and on-site monitoring
e  Direction of movement: rotational, Time series analysis for change detection
translational, or both
3D Reconstruction of damaged areas
° 21.1;1.'astructure e  Accurate and precise representation of the
. ities .
terrain.
. e Roads ., .
3D modeling and Heri e  Understand the terrain’s topographical and
reconstruction ° . erl’Fagg areas morphological changes.
3D Visualization . . ¢
Estimating changes in the volume
e Surface changes Allow 3D time-series analysis
e  Sub-surface deformations
e  Terrain profile
Pre- and post-disaster evaluation and simulation ~ ® Early detection and warning of landslides
e  Disast luati e  Effective danger level determination
Disaster . Dlsatsher evatuation e  Evaluate losses and renovation plans.
prediction, . V(Slr;me estimation e  Direct calculation of the deposited or
assessment, and ; depleted material
management : %;a.llcula’ggn (;f speed of fall e  Ecosystem and biodiversity preservation
arure direction e  Rapid disaster response due to airborne

Environmental management and conservation

and terrestrial platforms

3D modeling and reconstruction are prime endeavors for landslide studies in
RS [24,27]. It can provide a fairly realistic 3D visualization of the terrain and its topo-
graphic characteristics [24,26,27,67]. The 3D model and visualization of landslides
enable the identification of surface changes (e.g., deposited or eroded materials),
sub-surface deformations (e.g., 3D displacements), and the terrain profile. 3D time
series analysis enables quantifying losses, visualizing 3D deformations, and creating
a detailed terrain profile. It is possible to evaluate the extent of a hazard and its
implications on urban and natural areas through accurate volume computation. Nev-
ertheless, documenting the details of urban areas using 3D data can be beneficial to
reconstruct cities, infrastructures, and heritage locations after a devastating disaster.
Disaster prediction, assessment, and management are the main reasons for landslide
investigation in the RS field [2,33,59,70,114,127,131]. The prediction of landslides is
the pre-disaster measurement, essential to prevent and minimize losses in lives and
the economy. It facilitates the preparation and, if possible, mitigation of the landslide
disaster in advance. On the other hand, the assessment is a step taken during and
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after the landslide disaster to monitor its progress, speed of fall (happening in the
short or long term), failure direction, and extent of the disaster. All these measures
can be achieved effectively through 3D geometric analysis to accurately measure
horizontal and vertical displacements, evaluate the rate/speed of deformation, and
identify pre-failure signs (e.g., cracks, scarp, and changes in slopes). Airborne and
terrestrial platforms have facilitated rapid responses to disasters because they can be
operated at any time and place, facilitating close and timely event monitoring.

Overall, 3D geometric analysis is crucial in landslide studies, providing comprehensive
and accurate information on topography, disaster severity, impacts, etc. Analyzing 3D data
in RS contributes to more efficient responses and evaluations of landslides to provide safer
and more resilient communities in regions susceptible to landslides.

5. Summary and Future Directions

Remote sensing technologies are effective tools for investigating disastrous landslide
events. The 3D data from lidar or photogrammetry methods have significantly improved
research on understanding and responding to landslide hazards. It helps applications
contribute to landslide inventory mapping, 3D modeling and reconstruction, disaster
prediction, assessment, and management. The 3D data are a valuable source of information
to understand the various causes and dynamics of terrain failures. The 3D geometric
analysis of landslides primarily relies on geometric features extracted from 3D data such
as elevations, slope, aspect, hill-shade, etc. These features are more robust and consistent
over time than conventional spectral features. The 3D geometric analysis allows effective
assessment of landslide signs and hazard levels. This can be achieved by evaluating
changes in surface cover, geometry, and kinematics. In contrast, the danger level is assessed
by estimating changes in volume, horizontal and vertical displacements, and speed and
direction of the terrain failure. Although 3D data can provide higher accuracy and precision
for landslide applications, their quality may be impacted by several factors, including the
type of sensor and platform, scene complexity, acquisition conditions, and temporal and
spatial resolutions. The 3D geometric analysis methods are designed to consider these
variations in 3D data concerning landslide regions.

Improving the efficiency of 3D geometric assessment of landslides requires being
familiar with (1) 3D data properties and generation methods, (2) landslide causes, mech-
anisms, and implications, and (3) the 3D geometric analysis methods and their intended
applications. In the following, we summarize some of the main benefits, challenges, and
opportunities for future works related to 3D geometric analysis of landslides:

e  Selecting the type of 3D data is a critical decision due to the diversity of sensors,
platforms, and landslides occurring in nature. The choice of sensor and platform are
often based on the budget, data availability in time, landslide area characteristics (e.g.,
scale, extent, surface content, obstructions, size, etc.), and application (i.e., detection,
monitoring, or prediction). For example, real-time and continuous monitoring of
landslides often requires stationary sensors on terrestrial platforms to record and
collect 3D data continuously. In contrast, it is recommended to use 3D data from
spaceborne sensors that can provide large area coverage for mapping large-scale
areas for landslides. However, this may compromise the spatial resolution of the
elevation maps, thus reducing the level of detail and precision of the geometric
features extracted from the data. Therefore, it is important to understand and consider
the limitations of each sensor and platform and the type of 3D data they generate in
complex landslide regions. This understanding enables encapsulating their unique
uncertainties to improve the accuracy and precision of the landslide application, for
example, multisource data fusion to enrich the detail level.

e  The selection of the 3D geometric analysis method is a key factor for an effective
landslide investigation. As mentioned in Section 3, there are three groups of methods:
conventional, fusion-based, and Al-based. Each method operates differently to explore
3D data and geometric information with unique benefits and limitations that control
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the precision and accuracy of landslide applications. Conventional methods (e.g.,
field surveys, visual inspection, and topographical calculations) provide rapid, direct,
and simple 3D geometric analysis of landslides. However, they may include model
uncertainties, human errors, and high processing costs and times. Fusion-based
methods are considered powerful approaches to combine multitemporal, multisource,
multiview, and multimodal data to enrich the 3D geometric analysis. They can leverage
limitations and advantages from individual sensors and provide a valuable and
complete terrain profile for landslide 3D geometric assessment. However, they can
be sensitive to geometric distortions and unique sensor uncertainties, which require
special considerations. Al-based methods can perform better in 3D geometric analysis
of landslides due to the automatic processing of large-scale areas and amounts of
data with high accuracy. However, they may be challenging in terms of the effective
exploitation of spatiotemporal patterns and generalization.

e  Automated detection, monitoring, and prediction of landslides can be achieved ef-
fectively using Al-based methods. ML and DL methods offer the following advantages:
First, their models can capture spatiotemporal patterns from 3D data, thus relating
data in space and time. Second, they are trained on real instances and events of
landslide data and, thus, can provide high accuracy when detecting and predicting
landslides due to learning from previous knowledge. Third, 3D geometric features
can be automatically extracted from 3D data such as slope, hill shade, curvature,
roughness, etc. These features can be used for landslide applications such as classifica-
tion based on type, size, hazard level, etc., and quantify important 3D parameters of
landslides, including 3D displacements and changes in volume. Al-based methods,
specifically DL methods, are becoming increasingly available and constantly improv-
ing performance. However, some challenges still exist, limiting the performance of
Al-based methods for landslide studies. For example, there is a lack of training and
ground truth data to capture all variations and extents of landslides as they exist in
nature. This also causes the issue of an unbalanced distribution of the training data
and biased models toward the learned instances and features. Moreover, this limits
the generalization and transfer learning across different landslide sites. Finally, state-
of-the-art methods such as attention and transformers deserve more recognition in the
field of 3D geometric assessment for landslide studies. Attention and transformers
have shown superior performance and ability to capture long-term time dependencies
using complex features.

e 3D geometric analysis considerations can enhance the landslide application. For
example, preprocessing of 3D data such as geometric registration and filtering. The
registration is intended for the geometric alignment of 3D data in space and time,
crucial for accurate data comparison over time. On the other hand, data filtering
can reduce noise and errors in 3D data before applying the 3D geometric analysis
method, reducing inherited errors and enhancing data quality. Another factor that
can be considered is the spatial resolution for optical images used in photogrammetry
or image-derived elevation maps. Spatial resolution is highly correlated with the
accuracy and precision of geospatial data, where high resolution can better represent
the terrain, its features, and the level of detail extracted from 3D data. As a result, the
high resolution can enhance the overall 3D geometric analysis of landslides.

In summary, landslides occur primarily due to changes in the internal structure of
terrain layers. Analyzing the geometry of 3D data can significantly improve landslide
applications. The 3D data introduces many 3D geometric features (e.g., elevations, slopes,
aspects, etc.) that can be analyzed and integrated to boost the performance of landslide
detection, monitoring, and prediction. Nonetheless, investigating landslides entails a com-
prehensive understanding of the cause-and-effect relationships in nature. The ongoing
development in RS technologies provides countless means to acquire 3D data; however,
choosing the appropriate data source can be challenging, as it involves determining the
level of detail and uncertainties introduced in each type of 3D data. Similarly, 3D geometric
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analysis methods are vast and are developing rapidly; some methods, such as those incor-
porating attention and transformer mechanisms, appear promising and deserve further
notice in landslide detection, monitoring, and prediction. Knowing the opportunities and
challenges in these areas can provide insights for the RS community to improve landslide
applications and risk assessment and management, thus providing better decision-making
capabilities to mitigate the disaster.

Author Contributions: Conceptualization, R.Q. and H.A.; methodology, H.A., ].-K.L. and R.Q.;
writing—original draft preparation, H.A. and J.-K.L.; writing—review and editing, H.A., ].-K.L. and
R.Q. All authors have read and agreed to the published version of the manuscript.

Funding: R.Q. is partially funded by Office of Naval Research (grant numbers N000142012141 &
N000142312670).

Data Availability Statement: No data for this review.

Conflicts of Interest: The authors declare no conflict of interest. Any use of trade, firm, or product
names is for descriptive purposes only and does not imply endorsement by the U.S. Government.

References

1.  Hungr, O.; Leroueil, S.; Picarelli, L. The Varnes Classification of Landslide Types, an Update. Landslides 2014, 11, 167-194.
[CrossRef]

2. Aleotti, P.; Chowdhury, R. Landslide Hazard Assessment: Summary Review and New Perspectives. Bull. Eng. Geol. Environ.
1999, 58, 21-44. [CrossRef]

3. Zhao, C.; Lu, Z. Remote Sensing of Landslides—A Review. Remote Sens. 2018, 10, 279. [CrossRef]

4.  Pirasteh, S.; Li, J. Landslides Investigations from Geoinformatics Perspective: Quality, Challenges, and Recommendations. Geomat.
Nat. Hazards Risk 2017, 8, 448-465. [CrossRef]

5. Uhlemann, S.; Smith, A.; Chambers, J.; Dixon, N.; Dijkstra, T.; Haslam, E.; Meldrum, P.; Merritt, A.; Gunn, D.; Mackay, J.
Assessment of Ground-Based Monitoring Techniques Applied to Landslide Investigations. Geomorphology 2016, 253, 438-451.
[CrossRef]

6. Ray, R.L.; Lazzari, M.; Olutimehin, T.; Ray, R.L.; Lazzari, M.; Olutimehin, T. Remote Sensing Approaches and Related Techniques
to Map and Study Landslides. In Landslides-Investigation and Monitoring; IntechOpen: London, UK, 2020; ISBN 978-1-78985-824-2.

7. Scaioni, M.; Longoni, L.; Melillo, V.; Papini, M. Remote Sensing for Landslide Investigations: An Overview of Recent Achieve-
ments and Perspectives. Remote Sens. 2014, 6, 9600-9652. [CrossRef]

8.  Gorum, T,; Tanyas, H.; Karabacak, F.; Yilmaz, A.; Girgin, S.; Allstadt, K.E.; Stizen, M.L.; Burgi, P. Preliminary Documentation
of Coseismic Ground Failure Triggered by the February 6, 2023 Tiirkiye Earthquake Sequence. Eng. Geol. 2023, 327, 107315.
[CrossRef]

9. Duan, Y, Bo,]; Peng, D.; Li, Q.; Wan, W.; Qi, W. Analysis of Peak Ground Acceleration and Seismogenic Fault Characteristics of
the Mw?7.8 Earthquake in Turkey. Appl. Sci. 2023, 13, 10896. [CrossRef]

10. Jin, D Li, J.; Gong, J.; Li, Y.; Zhao, Z.; Li, Y.; Li, D.; Yu, K.; Wang, S. Shipborne Mobile Photogrammetry for 3D Mapping and
Landslide Detection of the Water-Level Fluctuation Zone in the Three Gorges Reservoir Area, China. Remote Sens. 2021, 13, 1007.
[CrossRef]

11.  Farmakis, I.; Karantanellis, E.; Hutchinson, D.J.; Vlachopoulos, N.; Marinos, V. Superpixel and Supervoxel Segmentation
Assessment of Landslides Using UAV-Derived Models. Remote Sens. 2022, 14, 5668. [CrossRef]

12.  Ray, R.L.; Jacobs, ].M. Relationships among Remotely Sensed Soil Moisture, Precipitation and Landslide Events. Nat. Hazards
2007, 43, 211-222. [CrossRef]

13. Casamitjana, M.; Torres-Madrofiero, M.C.; Bernal-Riobo, J.; Varga, D. Soil Moisture Analysis by Means of Multispectral Images
According to Land Use and Spatial Resolution on Andosols in the Colombian Andes. Appl. Sci. 2020, 10, 5540. [CrossRef]

14. Zhuo, L,; Dai, Q.; Han, D.; Chen, N.; Zhao, B.; Berti, M. Evaluation of Remotely Sensed Soil Moisture for Landslide Hazard
Assessment. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2019, 12, 162-173. [CrossRef]

15. Travelletti, J.; Delacourt, C.; Allemand, P.; Malet, J.-P.; Schmittbuhl, J.; Toussaint, R.; Bastard, M. Correlation of Multi-Temporal
Ground-Based Optical Images for Landslide Monitoring: Application, Potential and Limitations. ISPRS ]. Photogramm. Remote
Sens. 2012, 70, 39-55. [CrossRef]

16. Yi, Y,; Zhang, W. A New Deep-Learning-Based Approach for Earthquake-Triggered Landslide Detection From Single-Temporal
RapidEye Satellite Imagery. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 6166—-6176. [CrossRef]

17.  Liu, Y.; Wu, L. Geological Disaster Recognition on Optical Remote Sensing Images Using Deep Learning. Procedia Comput. Sci.
2016, 91, 566-575. [CrossRef]

18. Jongmans, D.; Garambois, S. Geophysical Investigation of Landslides: A Review. Bull. Société Géologique Fr. 2007, 178, 101-112.

[CrossRef]


https://doi.org/10.1007/s10346-013-0436-y
https://doi.org/10.1007/s100640050066
https://doi.org/10.3390/rs10020279
https://doi.org/10.1080/19475705.2016.1238850
https://doi.org/10.1016/j.geomorph.2015.10.027
https://doi.org/10.3390/rs6109600
https://doi.org/10.1016/j.enggeo.2023.107315
https://doi.org/10.3390/app131910896
https://doi.org/10.3390/rs13051007
https://doi.org/10.3390/rs14225668
https://doi.org/10.1007/s11069-006-9095-9
https://doi.org/10.3390/app10165540
https://doi.org/10.1109/JSTARS.2018.2883361
https://doi.org/10.1016/j.isprsjprs.2012.03.007
https://doi.org/10.1109/JSTARS.2020.3028855
https://doi.org/10.1016/j.procs.2016.07.144
https://doi.org/10.2113/gssgfbull.178.2.101

Remote Sens. 2024, 16, 455 19 of 23

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Albanwan, H.; Qin, R. A Novel Spectrum Enhancement Technique for Multi-Temporal, Multi-Spectral Data Using Spatial-
Temporal Filtering. ISPRS ]. Photogramm. Remote Sens. 2018, 142, 51-63. [CrossRef]

Qin, R.; Tian, J.; Reinartz, P. 3D Change Detection-Approaches and Applications. ISPRS |. Photogramm. Remote Sens. 2016, 122,
41-56. [CrossRef]

Lacroix, P; Araujo, G.; Hollingsworth, J.; Taipe, E. Self-Entrainment Motion of a Slow-Moving Landslide Inferred from Landsat-8
Time Series. |. Geophys. Res. Earth Surf. 2019, 124, 1201-1216. [CrossRef]

Chen, R.-F; Chang, K.-].; Angelier, J.; Chan, Y.-C.; Deffontaines, B.; Lee, C.-T.; Lin, M.-L. Topographical Changes Revealed by
High-Resolution Airborne LiDAR Data: The 1999 Tsaoling Landslide Induced by the Chi—Chi Earthquake. Eng. Geol. 2006, 88,
160-172. [CrossRef]

Albanwan, H.; Qin, R.; Lu, X,; Li, M.; Liu, D.; Guldmann, J.-M. 3D Iterative Spatiotemporal Filtering for Classification of
Multitemporal Satellite Data Sets. Photogramm. Eng. Remote Sens. 2020, 86, 23-31. [CrossRef]

Ji, H.; Luo, X. 3D Scene Reconstruction of Landslide Topography Based on Data Fusion Between Laser Point Cloud and UAV
Image. Environ. Earth Sci. 2019, 78, 534. [CrossRef]

Devoto, S.; Macovaz, V.; Mantovani, M.; Soldati, M.; Furlani, S. Advantages of Using UAV Digital Photogrammetry in the Study
of Slow-Moving Coastal Landslides. Remote Sens. 2020, 12, 3566. [CrossRef]

Razak, K.A.; Straatsma, M.W.; van Westen, C.J.; Malet, J.-P.; de Jong, S.M. Airborne Laser Scanning of Forested Landslides
Characterization: Terrain Model Quality and Visualization. Geomorphology 2011, 126, 186-200. [CrossRef]

Gupta, S.K.; Shukla, D.P. Application of Drone for Landslide Mapping, Dimension Estimation and Its 3D Reconstruction. J. Indian
Soc. Remote Sens. 2018, 46, 903-914. [CrossRef]

Roncella, R.; Forlani, G.; Fornari, M.; Diotri, F. Landslide Monitoring by Fixed-Base Terrestrial Stereo-Photogrammetry. ISPRS
Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2014, II-5, 297-304. [CrossRef]

Pollak, D.; Hecej, N.; Grizelj, A. Landslide Inventory and Characteristics, Based on LiDAR Scanning and Optimised Field
Investigations in the Kutina Area, Croatia. Geol. Croat. 2022, 75, 83-99. [CrossRef]

Mezaal, M.R,; Pradhan, B.; Sameen, M.I.; Mohd Shafri, H.Z.; Yusoff, Z.M. Optimized Neural Architecture for Automatic Landslide
Detection from High-Resolution Airborne Laser Scanning Data. Appl. Sci. 2017, 7, 730. [CrossRef]

Van Den Eeckhaut, M.; Kerle, N.; Poesen, J.; Hervas, J. Object-Oriented Identification of Forested Landslides with Derivatives of
Single Pulse LiDAR Data. Geomorphology 2012, 173-174, 30-42. [CrossRef]

Mayr, A.; Rutzinger, M.; Bremer, M.; Oude Elberink, S.; Stumpf, F.; Geitner, C. Object-Based Classification of Terrestrial Laser
Scanning Point Clouds for Landslide Monitoring. Photogramm. Rec. 2017, 32, 377-397. [CrossRef]

Fan,].; Zhang, X,; Su, F; Ge, Y,; Yang, Z.; Chao, Z.; Zeng, Z. Geometrical Feature Analysis and Disaster Assessment of the Xinmo
Landslide Based on Remote Sensing Data. J. Mt. Sci. 2017, 14, 1677-1688. [CrossRef]

Whiteley, J.S.; Chambers, J.E.; Uhlemann, S.; Wilkinson, P.B.; Kendall, ]. M. Geophysical Monitoring of Moisture-Induced
Landslides: A Review. Rev. Geophys. 2019, 57, 106-145. [CrossRef]

Rana, K,; Ozturk, U.; Malik, N. Landslide Geometry Reveals Its Trigger. Geophys. Res. Lett. 2021, 48, e2020GL090848. [CrossRef]
Santini, M.; Grimaldji, S.; Nardji, F; Petroselli, A.; Rulli, M.C. Pre-Processing Algorithms and Landslide Modelling on Remotely
Sensed DEMs. Geomorphology 2009, 113, 110-125. [CrossRef]

Mora, O.E.; Lenzano, M.G.; Toth, C.K.; Grejner-Brzezinska, D.A.; Fayne, ].V. Landslide Change Detection Based on Multi-Temporal
Airborne LiDAR-Derived DEMs. Geosciences 2018, 8, 23. [CrossRef]

Albanwan, H.; Qin, R. A Comparative Study on Deep-Learning Methods for Dense Image Matching of Multi-Angle and
Multi-Date Remote Sensing Stereo-Images. Photogramm. Rec. 2022, 37, 385-409. [CrossRef]

Alkhasawneh, M.S.; Ngah, U.K,; Tay, L.T.; Isa, N.A.M. Determination of Importance for Comprehensive Topographic Factors on
Landslide Hazard Mapping Using Artificial Neural Network. Environ. Earth Sci. 2014, 72, 787-799. [CrossRef]

Alkhasawneh, M.S.; Ngah, U.K.; Tay, L.T.; Mat Isa, N.A.; Al-batah, M.S. Determination of Important Topographic Factors for
Landslide Mapping Analysis Using MLP Network. Sci. World |. 2013, 2013, e415023. [CrossRef]

Xu, Y;; Lu, Z.; Birgmann, R.; Hensley, S.; Fielding, E.; Kim, J. P-Band SAR for Ground Deformation Surveying: Advantages and
Challenges. Remote Sens. Environ. 2023, 287, 113474. [CrossRef]

Jones, L.D. Monitoring Landslides in Hazardous Terrain Using Terrestrial LIDAR: An Example from Montserrat. Q. . Eng. Geol.
Hydrogeol. 2006, 39, 371-373. [CrossRef]

Delacourt, C.; Allemand, P.; Berthier, E.; Raucoules, D.; Casson, B.; Grandjean, P.; Pambrun, C.; Varel, E. Remote-Sensing
Techniques for Analysing Landslide Kinematics: A Review. Bull. Société Géologique Fr. 2007, 178, 89-100. [CrossRef]
Sturzenegger, M.; Stead, D. Close-Range Terrestrial Digital Photogrammetry and Terrestrial Laser Scanning for Discontinuity
Characterization on Rock Cuts. Eng. Geol. 2009, 106, 163-182. [CrossRef]

Young, A.P;; Olsen, M.].; Driscoll, N.; Flick, R.E.; Gutierrez, R.; Guza, R.T.; Johnstone, E.; Kuester, F. Comparison of Airborne
and Terrestrial LIDAR Estimates of Seacliff Erosion in Southern California. Photogramm. Eng. Remote Sens. 2010, 76, 421-427.
[CrossRef]

Mezaal, M.R.; Pradhan, B.; Shafri, H.Z.M.; Yusoff, Z.M. Automatic Landslide Detection Using Dempster-Shafer Theory from
LIDAR-Derived Data and Orthophotos. Geomat. Nat. Hazards Risk 2017, 8, 1935-1954. [CrossRef]

Mezaal, M.R,; Pradhan, B.; Rizeei, H.M. Improving Landslide Detection from Airborne Laser Scanning Data Using Optimized
Dempster-Shafer. Remote Sens. 2018, 10, 1029. [CrossRef]


https://doi.org/10.1016/j.isprsjprs.2018.05.020
https://doi.org/10.1016/j.isprsjprs.2016.09.013
https://doi.org/10.1029/2018JF004920
https://doi.org/10.1016/j.enggeo.2006.09.008
https://doi.org/10.14358/PERS.86.1.23
https://doi.org/10.1007/s12665-019-8516-5
https://doi.org/10.3390/rs12213566
https://doi.org/10.1016/j.geomorph.2010.11.003
https://doi.org/10.1007/s12524-017-0727-1
https://doi.org/10.5194/isprsannals-II-5-297-2014
https://doi.org/10.4154/gc.2022.02
https://doi.org/10.3390/app7070730
https://doi.org/10.1016/j.geomorph.2012.05.024
https://doi.org/10.1111/phor.12215
https://doi.org/10.1007/s11629-017-4633-3
https://doi.org/10.1029/2018RG000603
https://doi.org/10.1029/2020GL090848
https://doi.org/10.1016/j.geomorph.2009.03.023
https://doi.org/10.3390/geosciences8010023
https://doi.org/10.1111/phor.12430
https://doi.org/10.1007/s12665-013-3003-x
https://doi.org/10.1155/2013/415023
https://doi.org/10.1016/j.rse.2023.113474
https://doi.org/10.1144/1470-9236/06-009
https://doi.org/10.2113/gssgfbull.178.2.89
https://doi.org/10.1016/j.enggeo.2009.03.004
https://doi.org/10.14358/PERS.76.4.421
https://doi.org/10.1080/19475705.2017.1401013
https://doi.org/10.3390/rs10071029

Remote Sens. 2024, 16, 455 20 of 23

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Pradhan, B.; Jebur, M.; Shafri, H.; Tehrany, M. Data Fusion Technique Using Wavelet Transform and Taguchi Methods for
Automatic Landslide Detection From Airborne Laser Scanning Data and QuickBird Satellite Imagery. IEEE Trans. Geosci. Remote
Sens. 2016, 54, 1610-1622. [CrossRef]

Sameen, M.I; Pradhan, B. Landslide Detection Using Residual Networks and the Fusion of Spectral and Topographic Information.
IEEE Access 2019, 7, 114363-114373. [CrossRef]

Li, D,; Tang, X.; Tu, Z.; Fang, C.; Ju, Y. Automatic Detection of Forested Landslides: A Case Study in Jiuzhaigou County, China.
Remote Sens. 2023, 15, 3850. [CrossRef]

Martha, T.R.; Kerle, N.; Jetten, V.; Van Westen, C.J.; Kumar, K.V. Characterising Spectral, Spatial and Morphometric Properties of
Landslides for Semi-Automatic Detection Using Object-Oriented Methods. Geomorphology 2010, 116, 24-36. [CrossRef]

Chen, Z.; Han, Y.; Zuo, Z.; Zhang, X. Modeling Accumulated Volume of Landslides Using Remote Sensing and DTM Data. Remote
Sens. 2014, 6, 1514-1537. [CrossRef]

Lin, C.-H.; Lin, M.-L. Evolution of the Large Landslide Induced by Typhoon Morakot: A Case Study in the Butangbunasi River,
Southern Taiwan Using the Discrete Element Method. Eng. Geol. 2015, 197, 172-187. [CrossRef]

Yong, F; Li, Z.; Hui, G.; Bincai, C.; Li, G.; Haiyan, H.; Yong, F; Li, Z.; Hui, G.; Bincai, C.; et al. Spaceborne LiDAR Surveying and
Mapping. In GIS and Spatial Analysis; IntechOpen: London, UK, 2022; ISBN 978-1-80356-597-2.

Goodbody, T.R.H.; Coops, N.C.; White, J.C. Digital Aerial Photogrammetry for Updating Area-Based Forest Inventories: A
Review of Opportunities, Challenges, and Future Directions. Curr. For. Rep. 2019, 5, 55-75. [CrossRef]

Bosch, M.; Kurtz, Z.; Hagstrom, S.; Brown, M. A Multiple View Stereo Benchmark for Satellite Imagery. In Proceedings of the
2016 IEEE Applied Imagery Pattern Recognition Workshop (AIPR), Washington, DC, USA, 18-20 October 2016; pp. 1-9.

Bosch, M.; Foster, K.; Christie, G.; Wang, S.; Hager, G.D.; Brown, M. Semantic Stereo for Incidental Satellite Images. In Proceedings
of the 2019 IEEE Winter Conference on Applications of Computer Vision (WACV), Waikoloa, HI, USA, 7-11 January 2019;
pp. 1524-1532.

Rottensteiner, F.; Sohn, G.; Jung, J.; Gerke, M.; Baillard, C.; Benitez, S.; Breitkopf, U. The ISPRS Benchmark on Urban Object
Classification and 3D Building Reconstruction. ISPRS Ann. Photogramm. Remote Sens. Spat. Inf. Sci. 2012, I-3, 293-298. [CrossRef]
Bacha, A.S.; Shafique, M.; van der Werff, H.; van der Meijde, M.; Hussain, M.L.; Wahid, S. Spatio-Temporal Landslide Inventory
and Susceptibility Assessment Using Sentinel-2 in the Himalayan Mountainous Region of Pakistan. Environ. Monit. Assess. 2022,
194, 845. [CrossRef]

Ghorbanzadeh, O.; Crivellari, A.; Ghamisi, P.; Shahabi, H.; Blaschke, T. A Comprehensive Transferability Evaluation of U-Net
and RESU-Net for Landslide Detection from Sentinel-2 Data (Case Study Areas from Taiwan, China, and Japan). Sci. Rep. 2021,
11, 14629. [CrossRef] [PubMed]

Casagli, N.; Cigna, F; Bianchini, S.; Holbling, D.; Fiireder, P.; Righini, G.; Del Conte, S.; Friedl, B.; Schneiderbauer, S.; Iasio, C.; et al.
Landslide Mapping and Monitoring by Using Radar and Optical Remote Sensing: Examples from the EC-FP7 Project SAFER.
Remote Sens. Appl. Soc. Environ. 2016, 4, 92-108. [CrossRef]

Saba, S.B.; van der Meijde, M.; van der Werff, H. Spatiotemporal Landslide Detection for the 2005 Kashmir Earthquake Region.
Geomorphology 2010, 124, 17-25. [CrossRef]

Sajadi, P; Sang, Y.-F; Gholamnia, M.; Bonafoni, S.; Brocca, L.; Pradhan, B.; Singh, A. Performance Evaluation of Long NDVI
Timeseries from AVHRR, MODIS and Landsat Sensors over Landslide-Prone Locations in Qinghai-Tibetan Plateau. Remote Sens.
2021, 13, 3172. [CrossRef]

Behling, R.; Roessner, S.; Kaufmann, H.; Kleinschmit, B. Automated Spatiotemporal Landslide Mapping over Large Areas Using
RapidEye Time Series Data. Remote Sens. 2014, 6, 8026-8055. [CrossRef]

Ghorbanzadeh, O.; Blaschke, T.; Gholamnia, K.; Meena, S.; Tiede, D.; Aryal, J. Evaluation of Different Machine Learning Methods
and Deep-Learning Convolutional Neural Networks for Landslide Detection. Remote Sens. 2019, 11, 196. [CrossRef]

Meena, S.R.; Soares, L.P.; Grohmann, C.H.; van Westen, C.; Bhuyan, K.; Singh, R.P.; Floris, M.; Catani, F. Landslide Detection in
the Himalayas Using Machine Learning Algorithms and U-Net. Landslides 2022, 19, 1209-1229. [CrossRef]

Fiorucci, F.; Ardizzone, F.; Mondini, A.C.; Viero, A.; Guzzetti, F. Visual Interpretation of Stereoscopic NDVI Satellite Images to
Map Rainfall-Induced Landslides. Landslides 2019, 16, 165-174. [CrossRef]

Konig, T.; Kux, HJ.H.; Mendes, R.M. Shalstab Mathematical Model and WorldView-2 Satellite Images to Identification of
Landslide-Susceptible Areas. Nat. Hazards 2019, 97, 1127-1149. [CrossRef]

Palombo, A.; Pascucci, S.; Loperte, A.; Lettino, A.; Castaldi, F.; Muolo, M.R,; Santini, F. Soil Moisture Retrieval by Integrating
TASI-600 Airborne Thermal Data, WorldView 2 Satellite Data and Field Measurements: Petacciato Case Study. Sensors 2019,
19, 1515. [CrossRef] [PubMed]

Chen, T.-H.K,; Prishchepov, A.V,; Fensholt, R.; Sabel, C.E. Detecting and Monitoring Long-Term Landslides in Urbanized Areas
with Nighttime Light Data and Multi-Seasonal Landsat Imagery Across Taiwan from 1998 to 2017. Remote Sens. Environ. 2019,
225,317-327. [CrossRef]

Xia, W,; Chen, J.; Liu, J.; Ma, C.; Liu, W. Landslide Extraction from High-Resolution Remote Sensing Imagery Using Fully
Convolutional Spectral-Topographic Fusion Network. Remote Sens. 2021, 13, 5116. [CrossRef]

Eyo, E.; Hashim, M.; Reba, M.N.M.; Bayrak, T.; Shahabi, H. Kinematic Analysis of Small and Slow-Moving Landslides Using
Pleiades-1 Satellite Data. IEEE Access 2023, 11, 47979-47993. [CrossRef]


https://doi.org/10.1109/TGRS.2015.2484325
https://doi.org/10.1109/ACCESS.2019.2935761
https://doi.org/10.3390/rs15153850
https://doi.org/10.1016/j.geomorph.2009.10.004
https://doi.org/10.3390/rs6021514
https://doi.org/10.1016/j.enggeo.2015.08.022
https://doi.org/10.1007/s40725-019-00087-2
https://doi.org/10.5194/isprsannals-I-3-293-2012
https://doi.org/10.1007/s10661-022-10514-w
https://doi.org/10.1038/s41598-021-94190-9
https://www.ncbi.nlm.nih.gov/pubmed/34272463
https://doi.org/10.1016/j.rsase.2016.07.001
https://doi.org/10.1016/j.geomorph.2010.07.026
https://doi.org/10.3390/rs13163172
https://doi.org/10.3390/rs6098026
https://doi.org/10.3390/rs11020196
https://doi.org/10.1007/s10346-022-01861-3
https://doi.org/10.1007/s10346-018-1069-y
https://doi.org/10.1007/s11069-019-03691-4
https://doi.org/10.3390/s19071515
https://www.ncbi.nlm.nih.gov/pubmed/30925789
https://doi.org/10.1016/j.rse.2019.03.013
https://doi.org/10.3390/rs13245116
https://doi.org/10.1109/ACCESS.2023.3276359

Remote Sens. 2024, 16, 455 21 of 23

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Zizioli, D.; Meisina, C.; Bordoni, M.; Zucca, F. Rainfall-Triggered Shallow Landslides Mapping through Pleiades Images. In
Proceedings of the Landslide Science for a Safer Geoenvironment; Sassa, K., Canuti, P, Yin, Y., Eds.; Springer International Publishing:
Cham, Switzerland, 2014; pp. 325-329.

Stumpf, A.; Kerle, N. Object-Oriented Mapping of Landslides Using Random Forests. Remote Sens. Environ. 2011, 115, 2564-2577.
[CrossRef]

Qin, R. A Critical Analysis of Satellite Stereo Pairs for Digital Surface Model Generation and a Matching Quality Prediction
Model. ISPRS ]. Photogramm. Remote Sens. 2019, 154, 139-150. [CrossRef]

Niethammer, U.; Rothmund, S.; Schwaderer, U.; Zeman, J.; Joswig, M. Open Source Image-Processing Tools for Low-Cost
Uav-Based Landslide Investigations. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2012, XXXVIII-1-C22, 161-166. [CrossRef]
Jiang, N.; Li, H.-B.; Li, C.-J.; Xiao, H.-X.; Zhou, J.-W. A Fusion Method Using Terrestrial Laser Scanning and Unmanned Aerial
Vehicle Photogrammetry for Landslide Deformation Monitoring Under Complex Terrain Conditions. IEEE Trans. Geosci. Remote
Sens. 2022, 60, 4707214. [CrossRef]

Fiorucci, F.; Giordan, D.; Santangelo, M.; Dutto, F; Rossi, M.; Guzzetti, F. Criteria for the Optimal Selection of Remote Sensing
Optical Images to Map Event Landslides. Nat. Hazards Earth Syst. Sci. 2018, 18, 405-417. [CrossRef]

Turner, D.; Lucieer, A.; De Jong, S. Time Series Analysis of Landslide Dynamics Using an Unmanned Aerial Vehicle (UAV). Remote
Sens. 2015, 7, 1736-1757. [CrossRef]

Mohan, A.; Singh, A K.; Kumar, B.; Dwivedi, R. Review on Remote Sensing Methods for Landslide Detection Using Machine and
Deep Learning. Trans. Emerg. Telecommun. Technol. 2021, 32, €3998. [CrossRef]

Henry, J.-B.; Malet, ].-P.; Maquaire, O.; Grussenmeyer, P. The Use of Small-Format and Low-Altitude Aerial Photos for the
Realization of High-Resolution DEMs in Mountainous Areas: Application to the Super-Sauze Earthflow (Alpes-de-Haute-
Provence, France). Earth Surf. Process. Landf. 2002, 27, 1339-1350. [CrossRef]

Gance, J.; Malet, J.-P.; Dewez, T.; Travelletti, J. Target Detection and Tracking of Moving Objects for Characterizing Landslide
Displacements from Time-Lapse Terrestrial Optical Images. Eng. Geol. 2014, 172, 26-40. [CrossRef]

Major, J.J.; Dzurisin, D.; Schilling, S.P.; Poland, M.P. Monitoring Lava-Dome Growth during the 2004—2008 Mount St. Helens,
Washington, Eruption Using Oblique Terrestrial Photography. Earth Planet. Sci. Lett. 2009, 286, 243-254. [CrossRef]

Ozdogan, M.V. Landslide Detection and Characterization Using Terrestrial 3D Laser Scanning (LiDAR). Acta Geodyn. Geomater.
2019, 16, 379-392. [CrossRef]

Mora, O.E,; Liu, J.; Gabriela Lenzano, M.; Toth, C.K.; Grejner-Brzezinska, D.A. Small Landslide Susceptibility and Hazard
Assessment Based on Airborne Lidar Data. Photogramm. Eng. Remote Sens. 2015, 81, 239-247. [CrossRef]

Pellicani, R.; Argentiero, I.; Manzari, P.; Spilotro, G.; Marzo, C.; Ermini, R.; Apollonio, C. UAV and Airborne LiDAR Data for
Interpreting Kinematic Evolution of Landslide Movements: The Case Study of the Montescaglioso Landslide (Southern Italy).
Geosciences 2019, 9, 248. [CrossRef]

Jaboyedoff, M.; Oppikofer, T.; Abellan, A.; Derron, M.-H.; Loye, A.; Metzger, R.; Pedrazzini, A. Use of LIDAR in Landslide
Investigations: A Review. Nat. Hazards 2012, 61, 5-28. [CrossRef]

Chen, R.-F,; Lin, C.-W.; Chen, Y.-H.; He, T.-C.; Fei, L.-Y. Detecting and Characterizing Active Thrust Fault and Deep-Seated
Landslides in Dense Forest Areas of Southern Taiwan Using Airborne LIDAR DEM. Remote Sens. 2015, 7, 15443-15466. [CrossRef]
Haneberg, W.C.; Cole, W.E; Kasali, G. High-Resolution LIDAR-Based Landslide Hazard Mapping and Modeling, UCSF Parnassus
Campus, San Francisco, USA. Bull. Eng. Geol. Environ. 2009, 68, 263-276. [CrossRef]

Baldo, M.; Bicocchi, C.; Chiocchini, U.; Giordan, D.; Lollino, G. LIDAR Monitoring of Mass Wasting Processes: The Radicofani
Landslide, Province of Siena, Central Italy. Geomorphology 2009, 105, 193-201. [CrossRef]

Le Saux, B.; Yokoya, N.; Hansch, R.; Brown, M.; Hager, G.D.; Kim, H. 2019 Data Fusion Contest [Technical Committees]. IEEE
Geoscience and Remote Sensing Magazine. March 2019, p. 7. Available online: https:/ /ieee-dataport.org/open-access/data-
fusion-contest-2019-dfc2019 (accessed on 4 November 2023).

Elhashash, M.; Albanwan, H.; Qin, R. A Review of Mobile Mapping Systems: From Sensors to Applications. Sensors 2022, 22, 4262.
[CrossRef]

Kakavas, M.P,; Nikolakopoulos, K.G. Digital Elevation Models of Rockfalls and Landslides: A Review and Meta-Analysis.
Geosciences 2021, 11, 256. [CrossRef]

Wang, H.; Zhang, L.; Yin, K.; Luo, H.; Li, J. Landslide Identification Using Machine Learning. Geosci. Front. 2021, 12, 351-364.
[CrossRef]

Azarafza, M.; Azarafza, M.; Akgiin, H.; Atkinson, PM.; Derakhshani, R. Deep Learning-Based Landslide Susceptibility Mapping.
Sci. Rep. 2021, 11, 24112. [CrossRef]

Tehrani, ES.; Calvello, M.; Liu, Z.; Zhang, L.; Lacasse, S. Machine Learning and Landslide Studies: Recent Advances and
Applications. Nat. Hazards 2022, 114, 1197-1245. [CrossRef]

Soares, L.P; Dias, H.C.; Garcia, G.P.B.; Grohmann, C.H. Landslide Segmentation with Deep Learning: Evaluating Model
Generalization in Rainfall-Induced Landslides in Brazil. Remote Sens. 2022, 14, 2237. [CrossRef]

Ganered, A.J.; Lindsay, E.; Fredin, O.; Myrvoll, T.-A.; Nordal, S.; Red, ].K. Globally vs. Locally Trained Machine Learning Models
for Landslide Detection: A Case Study of a Glacial Landscape. Remote Sens. 2023, 15, 895. [CrossRef]

McColl, S.T.; Cook, S.J. A Universal Size Classification System for Landslides. Landslides 2023, 21, 111-120. [CrossRef]


https://doi.org/10.1016/j.rse.2011.05.013
https://doi.org/10.1016/j.isprsjprs.2019.06.005
https://doi.org/10.5194/isprsarchives-XXXVIII-1-C22-161-2011
https://doi.org/10.1109/TGRS.2022.3181258
https://doi.org/10.5194/nhess-18-405-2018
https://doi.org/10.3390/rs70201736
https://doi.org/10.1002/ett.3998
https://doi.org/10.1002/esp.411
https://doi.org/10.1016/j.enggeo.2014.01.003
https://doi.org/10.1016/j.epsl.2009.06.034
https://doi.org/10.13168/AGG.2019.0032
https://doi.org/10.14358/PERS.81.3.239-247
https://doi.org/10.3390/geosciences9060248
https://doi.org/10.1007/s11069-010-9634-2
https://doi.org/10.3390/rs71115443
https://doi.org/10.1007/s10064-009-0204-3
https://doi.org/10.1016/j.geomorph.2008.09.015
https://ieee-dataport.org/open-access/data-fusion-contest-2019-dfc2019
https://ieee-dataport.org/open-access/data-fusion-contest-2019-dfc2019
https://doi.org/10.3390/s22114262
https://doi.org/10.3390/geosciences11060256
https://doi.org/10.1016/j.gsf.2020.02.012
https://doi.org/10.1038/s41598-021-03585-1
https://doi.org/10.1007/s11069-022-05423-7
https://doi.org/10.3390/rs14092237
https://doi.org/10.3390/rs15040895
https://doi.org/10.1007/s10346-023-02131-6

Remote Sens. 2024, 16, 455 22 of 23

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.
122.

123.

124.

125.
126.

Jaboyedoff, M.; Demers, D.; Locat, J.; Locat, A.; Locat, P.; Oppikofer, T.; Robitaille, D.; Turmel, D. Use of Terrestrial Laser Scanning
for the Characterization of Retrogressive Landslides in Sensitive Clay and Rotational Landslides in River Banks. Can. Geotech. ].
2009, 46, 1379-1390. [CrossRef]

Smunyahirun, N.; Karnjana, J.; Laitrakun, S.; Nishio, T.; Deepaisarn, S. Multi-Sensor Data Fusion for Detection of Sensor Drifts in
a Landslide Monitoring System. In Proceedings of the 2022 Joint International Conference on Digital Arts, Media and Technology
with ECTI Northern Section Conference on Electrical, Electronics, Computer and Telecommunications Engineering (ECTI DAMT
& NCON), Chiang Rai, Thailand, 26-28 January 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1-6.

Chen, M,; Cai, Z.; Zeng, Y.; Yu, Y. Multi-Sensor Data Fusion Technology for the Early Landslide Warning System. J. Ambient Intell.
Humaniz. Comput. 2023, 14, 11165-11172. [CrossRef]

Nava, L.; Carraro, E.; Reyes-Carmona, C.; Puliero, S.; Bhuyan, K.; Rosi, A.; Monserrat, O.; Floris, M.; Meena, S.R.; Galve,
J.P; et al. Landslide Displacement Forecasting Using Deep Learning and Monitoring Data across Selected Sites. Landslides 2023,
20,2111-2129. [CrossRef]

Fang, C.; Fan, X.; Zhong, H.; Lombardo, L.; Tanyas, H.; Wang, X. A Novel Historical Landslide Detection Approach Based on
LiDAR and Lightweight Attention U-Net. Remote Sens. 2022, 14, 4357. [CrossRef]

Ma, Z.; Mei, G.; Piccialli, F. Machine Learning for Landslides Prevention: A Survey. Neural Comput. Appl. 2021, 33, 10881-10907.
[CrossRef]

Yang, B.; Yin, K,; Lacasse, S.; Liu, Z. Time Series Analysis and Long Short-Term Memory Neural Network to Predict Landslide
Displacement. Landslides 2019, 16, 677-694. [CrossRef]

Karantanellis, E.; Marinos, V.; Vassilakis, E.; Christaras, B. Object-Based Analysis Using Unmanned Aerial Vehicles (UAVs) for
Site-Specific Landslide Assessment. Remote Sens. 2020, 12, 1711. [CrossRef]

Keyport, RN.; Oommen, T.; Martha, T.R.; Sajinkumar, K.S.; Gierke, J.S. A Comparative Analysis of Pixel- and Object-Based
Detection of Landslides from Very High-Resolution Images. Int. ]. Appl. Earth Obs. Geoinf. 2018, 64, 1-11. [CrossRef]
Brardinoni, F.; Slaymaker, O.; Hassan, M.A. Landslide Inventory in a Rugged Forested Watershed: A Comparison Between
Air-Photo and Field Survey Data. Geomorphology 2003, 54, 179-196. [CrossRef]

Zhu, L.; Huang, L,; Fan, L.; Huang, J.; Huang, F.; Chen, J.; Zhang, Z.; Wang, Y. Landslide Susceptibility Prediction Modeling
Based on Remote Sensing and a Novel Deep Learning Algorithm of a Cascade-Parallel Recurrent Neural Network. Sensors 2020,
20, 1576. [CrossRef]

Corominas, J.; Van Westen, C.; Frattini, P.; Cascini, L.; Malet, ].-P; Fotopoulou, S.; Catani, F.; Van Den Eeckhaut, M.; Mavrouli, O.;
Agliardi, F; et al. Recommendations for the Quantitative Analysis of Landslide Risk. Bull. Eng. Geol. Environ. 2014, 73, 209-263.
[CrossRef]

Zarate, B.A.; El Hamdouni, R.; Fernandez del Castillo, T. Characterization and Analysis of Landslide Evolution in Intramountain
Areas in Loja (Ecuador) Using RPAS Photogrammetric Products. Remote Sens. 2023, 15, 3860. [CrossRef]

Hibert, C.; Grandjean, G.; Bitri, A.; Travelletti, J.; Malet, J.-P. Characterizing Landslides Through Geophysical Data Fusion:
Example of the La Valette Landslide (France). Eng. Geol. 2012, 128, 23-29. [CrossRef]

Liu, Y,; Xu, C,; Huang, B.; Ren, X,; Liu, C.; Hu, B.; Chen, Z. Landslide Displacement Prediction Based on Multi-Source Data Fusion
and Sensitivity States. Eng. Geol. 2020, 271, 105608. [CrossRef]

Gan, W.; Albanwan, H.; Qin, R. Radiometric Normalization of Multitemporal Landsat and Sentinel-2 Images Using a Reference
MODIS Product Through Spatiotemporal Filtering. IEEE . Sel. Top. Appl. Earth Obs. Remote Sens. 2021, 14, 4000-4013. [CrossRef]
Garcia, G.P.B.; Soares, L.P,; Espadoto, M.; Grohmann, C.H. Relict Landslide Detection Using Deep-Learning Architectures for
Image Segmentation in Rainforest Areas: A New Framework. Int. ]. Remote Sens. 2023, 44, 2168-2195. [CrossRef]

Qi, W.; Wei, M,; Yang, W.,; Xu, C.; Ma, C. Automatic Mapping of Landslides by the ResU-Net. Remote Sens. 2020, 12, 2487.
[CrossRef]

Fang, B.; Chen, G.; Pan, L.; Kou, R.; Wang, L. GAN-Based Siamese Framework for Landslide Inventory Mapping Using
Bi-Temporal Optical Remote Sensing Images. IEEE Geosci. Remote Sens. Lett. 2021, 18, 391-395. [CrossRef]

Blaschke, T.; Feizizadeh, B.; Holbling, D. Object-Based Image Analysis and Digital Terrain Analysis for Locating Landslides in the
Urmia Lake Basin, Iran. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2014, 7, 4806—4817. [CrossRef]

Whitworth, M.C.Z; Giles, D.P.; Murphy, W. Airborne Remote Sensing for Landslide Hazard Assessment: A Case Study on the
Jurassic Escarpment Slopes of Worcestershire, UK. Q. J. Eng. Geol. Hydrogeol. 2005, 38, 285-300. [CrossRef]

Blaschke, T. Object Based Image Analysis for Remote Sensing. ISPRS . Photogramm. Remote Sens. 2010, 65, 2-16. [CrossRef]
Wang, L.; Xiao, T,; Liu, S.; Zhang, W.; Yang, B.; Chen, L. Quantification of Model Uncertainty and Variability for Landslide
Displacement Prediction Based on Monte Carlo Simulation. Gondwana Res. 2023, 123, 27-40. [CrossRef]

Niu, X.; Ma, J.; Wang, Y.; Zhang, J.; Chen, H.; Tang, H. A Novel Decomposition-Ensemble Learning Model Based on Ensemble
Empirical Mode Decomposition and Recurrent Neural Network for Landslide Displacement Prediction. Appl. Sci. 2021, 11, 4684.
[CrossRef]

Aguilera, Q.; Lombardo, L.; Tanyas, H.; Lipani, A. On the Prediction of Landslide Occurrences and Sizes via Hierarchical Neural
Networks. Stoch. Environ. Res. Risk Assess. 2022, 36, 2031-2048. [CrossRef]

Johnson, J.M.; Khoshgoftaar, T.M. Survey on Deep Learning with Class Imbalance. J. Big Data 2019, 6, 27. [CrossRef]

Prakash, N.; Manconi, A.; Loew, S. A New Strategy to Map Landslides with a Generalized Convolutional Neural Network. Sci.
Rep. 2021, 11, 9722. [CrossRef]


https://doi.org/10.1139/T09-073
https://doi.org/10.1007/s12652-022-04396-6
https://doi.org/10.1007/s10346-023-02104-9
https://doi.org/10.3390/rs14174357
https://doi.org/10.1007/s00521-020-05529-8
https://doi.org/10.1007/s10346-018-01127-x
https://doi.org/10.3390/rs12111711
https://doi.org/10.1016/j.jag.2017.08.015
https://doi.org/10.1016/S0169-555X(02)00355-0
https://doi.org/10.3390/s20061576
https://doi.org/10.1007/s10064-013-0538-8
https://doi.org/10.3390/rs15153860
https://doi.org/10.1016/j.enggeo.2011.05.001
https://doi.org/10.1016/j.enggeo.2020.105608
https://doi.org/10.1109/JSTARS.2021.3069855
https://doi.org/10.1080/01431161.2023.2197130
https://doi.org/10.3390/rs12152487
https://doi.org/10.1109/LGRS.2020.2979693
https://doi.org/10.1109/JSTARS.2014.2350036
https://doi.org/10.1144/1470-9236/04-057
https://doi.org/10.1016/j.isprsjprs.2009.06.004
https://doi.org/10.1016/j.gr.2023.03.006
https://doi.org/10.3390/app11104684
https://doi.org/10.1007/s00477-022-02215-0
https://doi.org/10.1186/s40537-019-0192-5
https://doi.org/10.1038/s41598-021-89015-8

Remote Sens. 2024, 16, 455 23 of 23

127.

128.

129.

130.

131.

Casagli, N.; Intrieri, E.; Tofani, V.; Gigli, G.; Raspini, F. Landslide Detection, Monitoring and Prediction with Remote-Sensing
Techniques. Nat. Rev. Earth Environ. 2023, 4, 51-64. [CrossRef]

Dordevi¢, D.R.; Duri¢, U.; Bakra¢, S.T.; Drobnjak, S.M.; Radojc¢i¢, S. Using Historical Aerial Photography in Landslide Monitoring:
Umbka Case Study, Serbia. Land 2022, 11, 2282. [CrossRef]

Yang, W.; Wang, M.; Shi, P. Using MODIS NDVI Time Series to Identify Geographic Patterns of Landslides in Vegetated Regions.
IEEE Geosci. Remote Sens. Lett. 2013, 10, 707-710. [CrossRef]

Cruden, D.; Varnes, D.J. Landslide Types and Processes; Transportation Research Board, U.S. National Academy of Sciences, Special
Report; Highway Research Board: Washington, DC, USA, 1996; Volume 247, pp. 36-75.

Huang, F; Tao, S.; Li, D.; Lian, Z.; Catani, F,; Huang, J.; Li, K.; Zhang, C. Landslide Susceptibility Prediction Considering
Neighborhood Characteristics of Landslide Spatial Datasets and Hydrological Slope Units Using Remote Sensing and GIS
Technologies. Remote Sens. 2022, 14, 4436. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s43017-022-00373-x
https://doi.org/10.3390/land11122282
https://doi.org/10.1109/LGRS.2012.2219576
https://doi.org/10.3390/rs14184436

	Introduction 
	Background about the History of Landslides and Remote Sensing 
	The Importance of 3D Data for Studying Landslides in Remote Sensing 
	Scope of the Review and Paper Organization 

	The 3D Data Used for Landslide Studies 
	3D Data from Photogrammetry 
	Spaceborne Sensors 
	Airborne Sensors 
	Terrestrial Sensors 

	3D Data from Lidar 
	Airborne Sensors 
	Terrestrial Sensors 


	3D Geometric Analysis for Landslide Studies 
	Conventional 3D Geometric Analysis Methods 
	Fusion-Based Methods 
	Artificial Intelligence (AI)-Based Methods 

	Landslides Applications Using 3D Data from Remote Sensing Techniques 
	Summary and Future Directions 
	References

