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Highlights

What are the main findings?

e A classification of geospatial landslide monitoring methods is proposed.

e  Monitoring methods are systematized by landslide velocity classes.

e  The relationship between observation accuracy, temporal resolution, and method
suitability is analyzed.

e A unified workflow for landslide monitoring is proposed.

What are the implications of the main findings?

o The suggested systematization supports the selection of observation methods and
monitoring schemes.

e A reliable study of landslide deformation requires integrated multi-sensor monitoring.

e  The proposed workflow provides a structured framework for monitoring design, data
integration, displacement analysis, and forecasting.

Abstract

Geospatial monitoring is crucial for landslide research and hazard mitigation. This pa-
per provides a comprehensive overview of contemporary landslide monitoring methods
and lays the groundwork for a unified monitoring framework. An in-depth bibliometric
analysis and critical review of state-of-the-art approaches developed over the past decade
are presented. The study proposes a new classification and systematization of geospatial
monitoring methods based on dimensionality (1D, 2D, and 3D) and referencing approach
(absolute or relative). The reviewed methods include geodetic techniques, photogramme-
try, laser scanning, global satellite navigation systems, UAVs, radar interferometry, and
various sensors. The operational characteristics, advantages, and limitations of the existing
methods are analyzed with respect to monitoring accuracy, spatial coverage, temporal
resolution, and applicability to different deformation conditions. A comparative analysis
and systematization of monitoring methods according to landslide velocity classes are pre-
sented. This framework links achievable observation accuracy and monitoring frequency
to landslide dynamics. Based on the analysis, a refined workflow for geospatial landslide
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monitoring is proposed. The workflow integrates monitoring design, observation network
configuration, data integration, statistical analysis, and forecasting stages. The analysis
indicates that effective landslide monitoring requires integrated multi-sensor systems. Fu-
ture developments are expected to focus on geospatial and non-geospatial data integration,
monitoring automation, and next-generation monitoring system design.

Keywords: landslide monitoring; InNSAR; GNSS; UAV photogrammetry; multi-sensor
monitoring; monitoring workflow; landslide velocity classification

1. Introduction

Landslide monitoring is among the most challenging tasks in landslide hazard as-
sessment and has attracted significant research attention from geologists, geodesists, and
civil engineers. Various scientific disciplines have developed monitoring equipment and
measurement strategies. Landslide detection techniques are not the focus of the presented
study. These techniques are based on detailed investigations of potentially unstable re-
gions [1-3]. Landslide detection aims to identify new landslides and their emergence, while
monitoring supports the analysis, forecasting, and early warning of ongoing landslide pro-
cesses. The primary aim of geospatial monitoring is to determine and track changes in the
geometric parameters that describe landslide movement. Therefore, geospatial monitoring
deals with quantities measured in linear (meters, millimeters) or angular (degrees, minutes,
or seconds) units. Geospatial monitoring has received considerable attention, especially
in recent decades, due to advancements in various geospatial technologies [4]. Remote
sensing technologies play a central role in modern geospatial monitoring thanks to their
ability to observe extremely large landslides, enable near-continuous observations, and pro-
vide fine time resolution. Geospatial landslide monitoring has evolved from conventional
geodetic observations toward satellite positioning, radar interferometry, laser scanning,
UAV photogrammetry, and integrated multi-sensor monitoring systems. This technological
evolution has expanded both the spatial and temporal capabilities of monitoring and has
created the need for systematic classification of monitoring methods, suitability assessment,
and integrated monitoring design frameworks.

Recent advances in geospatial monitoring have renewed interest in geodetic methods
and technologies, the fundamental measurement principles of which have remained largely
unchanged over the past century. In the past twenty years, practical applications of global
satellite navigation systems (GNSS) [5,6], digital photogrammetry (CRP) [7], unmanned
aerial systems (UAVs) or drones [8,9], aerial laser scanning (ALS) [10,11], and terrestrial
laser scanning (TLS) [10,12] have advanced rapidly, as have terrestrial interferometric
radars (GB-InSAR) [5] and space-based interferometric radars (InSAR) [13]. Significant
progress has been made in geotechnical sensor development, including tilt meters, crack
meters, and 2D and 3D inclinometers [14,15]. Consistent with the concept of geospatial
monitoring, we consider geotechnical sensors that determine geometric parameters, such
as displacements and inclinations, referenced to local or global spatial coordinate systems.
A critical review and systematization of these methods is one of the primary goals of this
paper. Consequently, purely geotechnical or geophysical techniques that do not provide
deformation parameters, such as seismic tomography or resistivity investigations, are
outside the scope of the review. This review examines landslide monitoring technologies,
moving beyond simple summaries toward a unified conceptual framework for geospatial
monitoring design.
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A growing body of literature recognizes the importance of methods and technologies
for geospatial monitoring. The first comprehensive review of remote sensing technolo-
gies for landslide geospatial monitoring in this century was presented in [16]. Despite
its detailed analysis, the study is outdated and covers only remote sensing technologies.
The capabilities of ALS and TLS for landslide monitoring were examined in [17]. The
authors provided a detailed overview of the principles of laser scanning and highlighted
the advantages and disadvantages of this technology. However, this study does not con-
sider all possible monitoring technologies. A more comprehensive review is provided
by [18]. The authors considered TLS, digital photogrammetry, GB-InSAR, and space InSAR.
The shortcoming of this research is its focus on landslide identification. Moreover, less
attention has been paid to GNSS and standard geodetic methods, while the application
of geotechnical sensors has not been addressed at all. The work [19] presented one of the
earliest reviews and discussions of UAV applications for landslide monitoring. However,
it focuses primarily on drone usage without considering other geospatial technologies. A
thorough analysis and discussion of the monitoring technologies was presented in [20,21],
focusing on inclinometers, TLS, ALS, and space InSAR [22], which focused on landslide
early warning systems. The analysis provided in [23] is relatively close to our aim; it gener-
alizes experience from the long-term geospatial monitoring of a large landslide over the
years, reflecting the progress in geospatial technologies applied during various monitoring
stages. The analysis is comprehensive but focuses on one specific landslide and does not
explore different monitoring conditions. Considering monitoring tasks as Big Data prob-
lems, ref. [24] extensively analyzed various monitoring techniques, developing a taxonomy
that links monitoring technologies with areas of interest and landslide characteristics. The
paper’s classification of monitoring technologies invites discussion but lacks bibliometric
analysis and analysis of UAV capabilities for monitoring. It is also important to note the
analysis by Casagli [25] and his team, who are leading scientists in landslide monitoring.
In 2023, they published a comparative review of InNSAR, GB-InSAR, TLS, and ALS, also
considering remote sensing data and Doppler measurements. This study is robust, though
it does not encompass the full range of measurement technologies. In general, the analyzed
studies have focused on specific methods and technologies or on case-based comparisons.
Unlike previous reviews, the presented study integrates historical evolution, bibliometric
evidence, and technical performance analysis of the considered technologies. The paper
introduces a classification of monitoring methods based on displacement dimensionality
and referencing mode. The adopted landslide velocity classes impose constraints on mea-
surement accuracy and temporal sampling. Among recent research proposing monitoring
flowcharts, ref. [26] is noteworthy. The authors developed and implemented a methodolog-
ical approach for processing different data, e.g., GNSS, total station, TLS, and inclinometers,
but without specifications for monitoring design. Similar research is presented in [27],
where UAVs are combined with GNSS and terrestrial observations by a total station. The
paper does not address the preliminary requirements for observation design and analysis
methods. The study in [28] outlined the flowchart for robotic total stations and close-range
photogrammetry. The study in [29] demonstrates a well-developed flowchart that includes
geomorphological maps, remote sensing data, and infrared thermography. However, the
proposed flowchart is designed for data processing rather than for monitoring design.
Unfortunately, the current flowcharts are intended for a single observation method. The
analysis shows that landslide monitoring primarily relies on ground- and space-based
InSAR and UAV photogrammetry. Consequently, most publications focus on flowcharts
for these methods, refs. [30,31] for INSAR, and refs. [32-35] for UAV monitoring.

Table 1 summarizes the scope and focus of previous reviews on landslide geospatial
monitoring and highlights the features of the present review. Unlike earlier reviews, the
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present study integrates methodological classification, bibliometric analysis, velocity-based
suitability assessment, and monitoring workflow design into a unified framework.

Table 1. Comparison of previous review studies and the present review.

. . . Bibliometric Method Velocity
Review Considered Technologies Analysis Classification Suitability Workflow
Delacourt et al. (2007), [16] Remote sensing No No No No
Jaboyedoff et al. (2012), [17] ALS/TLS No No No Partial
Scaioni et al. (2014), [18] TLS/CRP/InSAR/GNSS No No No Partial
Nex et al. (2014), [19] UAV No Partial No Partial
Wasowski et al. (2014), [36] InSAR No No No No
Uhlemann et al. (2016), [37] GNSS/Sensors No Partial No No
Smethurst et al. (2017), [38] ALS/TLS/CRP/Sensors No No No Partial
Spilotro et al. (2017), [20] ALS/TLS/InSAR No No No Partial
Wasowski (2019), [21] ALS/UAV/InSAR No No No No
Pecoraro et al. (2019), [22] ALS/UAV/GNSS/InSAR/ Partial Partial No Partial
Sensors
- Geodetic/CRP/GNSS/ .
Gili et al. (2021), [23] INSAR /Sensors No No Partial No
Garmca—Pe;a; Tt al. (2021), UAV Partial No No No
Li et al. (2022), [40] InSAR Partial No No No
Thirugnanam et al. (2022), Geodetic/ALS/TLS/GNSS/ . .
[24] INSAR /Sensors No Partial Partial No
Guo et al. (2022), [41] TLS/GNSS/InSAR/Sensors No No No No
Zhou et al. (2024), [42] TLS/UAV/GNSS/InSAR/ No No No X
Sensors
Alam et al. (2024), [43] ALS/UAV/GNSS/InSAR/ No No No No
Sensors
Casagli (2023), [25] ALS/TLS/InSAR No Partial Partial No
. Geodetic/CRP/ALS/TLS/UAV/
This study GNSS,/InSAR /Sensors Yes Yes Yes Yes

Overall, these studies clearly indicate the importance of monitoring flowcharts, es-
pecially for design purposes. However, the review shows that previous studies have not
proposed a generalized monitoring flowchart for design and data analysis. The analyzed
studies highlight the need to develop a monitoring flowchart. The main contributions of
the paper are summarized as follows:

Systematic classification of geospatial landslide monitoring methods by displacement
dimensionality (1D, 2D, and 3D) and by reference approach (absolute and relative).

Comparative systematization of monitoring technologies by landslide velocity classes,
linking achievable measurement accuracy and observation frequency to the dynamic
behavior of landslides.

Development of a generalized workflow for geospatial landslide monitoring, inte-
grating stages for monitoring design, observation network configuration, data integration,
statistical analysis, and forecasting.

These contributions provide a structured framework for understanding the capabilities
of modern monitoring technologies and support the selection of appropriate monitoring
strategies to assess and mitigate landslide hazards.

The paper is organized into six main sections. Section 2 classifies modern observation
methods. The following section presents a comprehensive bibliometric analysis of land-
slide observation technologies. This research analyzes publications by country, monitoring
technology, and publication sources. The bibliometric discussion precedes the analysis of
monitoring technologies. Using the developed classification and bibliometric information,
we explored all monitoring technologies, assessed their progress, and considered their
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pros and cons. This part summarizes the overall comparison of technologies based on
achievable accuracy, observation frequency, data type, and working distance. The com-
pleted analysis supports a new generalized monitoring flowchart, primarily intended for
monitoring design, regardless of the monitoring technology. The remainder of this paper
addresses future challenges in monitoring technologies and offers brief conclusions. By
synthesizing technological capabilities with monitoring objectives, this review reframes
landslide geospatial monitoring as a systems engineering problem and outlines directions
for integrated, automated, and intelligent monitoring strategies.

2. Classification of Contemporary Methods and Technologies Used for
Landslide Geospatial Monitoring

There are various ways to classify geospatial monitoring methods and technologies.
Some existing classifications are based on measurement accuracy. However, this approach
is controversial because many methods deliver high accuracy while also being time- and
cost-intensive. Conversely, 3D observations are prevalent among monitoring methods. For
spatial observations, accuracy can differ between horizontal and vertical measurements, as
in GNSS or space InSAR. Thus, we propose classifying monitoring methods by displace-
ment reference (absolute or relative), and by displacement dimensions (1D, 2D, and 3D).
Figure 1 illustrates this classification of modern monitoring methods.

Node type
Crack 2D / Extensometer Measurements @ Root
Tilt Sensors 2D Free Station Networks @ Main class
) ‘ . @ Absolute
Inclinometric Measurements 2D Combined methods @ Relative
@ Absolute / Relative
Method
Linear-angular Networks
. i RELATIVE
Spatial Free Station Networks ® ABSOLUTE
&)
} HORIZONTAL . . .
Close-range Photogrammetry Hydrostatic or Hydrodynamic Levelling
®
. . ABSOLUTE / RELATIVE .. .
Terrestrial Laser $ VERTICAR Spirit Levell
erresirial Laser Scanning METHODS OF LANDSLIDE GEOSPATIAL MONITORING Spirit Levelling
ABSOLUTE @
°. L
R ]
SPATIAL
UAV photogrammetry including LiDAR o AXIAL Trigonometric Levelling
®
RELATIVE
. Q
GNSS RELATIVE
ABSOLUTE
[
e

Crack Meters

Space and Ground-based InSAR

Tilt Sensors
Crack 3D / Extensometer Measurements

. . Method of Alignments
Inclinometric Measurements 3D

Method of Distances/Rays

Figure 1. Classification of monitoring methods.

https:/ /doi.org/10.3390/rs18132127


https://doi.org/10.3390/rs18132127

Remote Sens. 2026, 18, 2127 6 of 35

The methods and technologies illustrated in Figure 1 can be classified as follows.
Based on the type and cause of landslide displacement, as well as its direction and speed,
these methods are grouped into four categories:

— Axial horizontal (1D) methods determine point displacements along a specified line
or axis.

— Vertical (1D) methods determine point displacements along a vertical coordinate.

— Horizontal (2D) methods determine point displacements along two coordinates in a
horizontal plane.

— Spatial (3D) methods determine point displacements in space to find the total point
displacement along three coordinates.

Absolute methods generally enable the determination of landslide displacements
relative to the reference coordinate system. Consequently, we can observe the landslide
movement as a cohesive unit. Relative methods identify the mutual displacements between
points on the landslide. However, the effective recovery of relative deformation patterns
also depends on observation density, network geometry, the spatial distribution of targets,
and monitoring-system design. Therefore, displacements can also be categorized as ab-
solute or relative. Absolute methods enable the detection of both absolute and relative
displacements, whereas relative methods require an external reference coordinate system.
Axial methods are used for observations when the direction of the displacement is known.
These methods include:

— The method of distances consists of distance measurements along a line connecting
the benchmarks installed outside the landslide.

— The alignment method is similar to the distance method, but the measurements are
carried out in a direction perpendicular to the line joining the benchmarks.

— The method of rays is based on small-angle (directional) measurements between the
displaced points and the reference benchmarks.

Vertical displacements are primarily measured using differential and trigonomet-
ric leveling. In exceptional cases, hydrostatic or hydrodynamic leveling may be used.
These methods are rarely used for landslide monitoring. The most common method is
trigonometric leveling, which is always accompanied by spatial monitoring.

The only horizontal method option is the use of linear-angular networks. This method
relies on total stations, including robotic total stations. Linear-angular networks involve
measuring directions, angles, and distances.

Close-range photogrammetry, UAV photogrammetry, aerial and terrestrial laser scan-
ning, spatial linear-angular networks, GNSS, and space- and ground-based radar inter-
ferometry determine the spatial displacements of landslides. These methods will be the
primary focus of further analysis.

Relative methods detect angular and linear displacements. They offer superior accu-
racy and enable precise deformation measurements on the landslide surface and within the
landslide body. Inclinometers, tiltmeters, and inverted plumblines can measure inclination
in one, two, or three directions. Extensometers and crack meters can accurately measure
linear deformations. The following analysis also focuses on relative methods, because they
provide essential complementary information for absolute methods.

The proposed taxonomy in Figure 1 is a generalized conceptual framework based on a
synthesis of published monitoring practices. The selected displacement dimensionality and
referencing scheme are chosen because they directly influence deformation interpretation,
monitoring network design, displacement characterization, and integration with multi-
sensor monitoring systems. The framework offers practical interpretability across a variety
of monitoring strategies, and additional benchmarking and reproducibility assessment
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through recorded case studies could be a valuable avenue for future research. Other
classification criteria, such as monitoring cost, level of automation, deployment complexity,
or operational effort, are also important. However, these criteria are strongly dependent on
project conditions, infrastructure, environmental constraints, and monitoring objectives. By
contrast, the most fundamental features are displacement dimensionality and referencing
mode, which provide a more generalized basis for methodological systematization.

In the next part, we conducted a detailed bibliometric analysis using the classification
to clarify the role of each monitoring method.

3. Bibliometric Analysis

The bibliometric analysis aims to demonstrate progress in publication activity on
landslide geospatial monitoring over the last ten years. Bibliometric indicators are not
direct measures of technological superiority, monitoring performance, or the universal
applicability of specific methods, but they are complementary analytical tools for as-
sessing the evolution and diffusion of monitoring technologies. The analysis identifies
research trends, methodological emphasis, and the evolution of scientific interest in modern
landslide-monitoring technologies. The analysis period was selected to exclude methods
and technologies that have become obsolete. Additionally, the past decade has seen tech-
nologies reach full maturity since their first application to landslide monitoring, such as
ground- and space-based InSAR or UAV. The analysis presented significant challenges
because identifying publications on landslide geospatial monitoring is difficult. Generally,
landslide monitoring is a blend of various methods, including geospatial, geophysical, me-
teorological, geomorphological, and even social studies. Therefore, we searched the Scopus
and Dimensions databases using keyword criteria each time, varying the geospatial moni-
toring method. To compile an accurate list of observation methods, we categorized them
into seven groups: geodetic methods, unmanned aerial vehicles (UAV /UAS), close-range
photogrammetry, laser scanning, global satellite navigation systems (GNSS), radar interfer-
ometry (InNSAR), and sensors. We used the following search query scheme for successful
retrieval: ‘landslide” AND ‘monitoring” AND ‘observation method” along with additional
keywords that specify each method. For instance, the search request for ‘sensors’ included
the following additional keywords: inclinometer, tilt meter, crack meter, extensometer, and
inverted plumb line. The resulting lists were aggregated, and all duplicates were removed.
In this manner, we generated seven distinct lists. However, each list required additional
processing because the titles and abstracts might contain keywords, while the paper content
could be unrelated to the geospatial monitoring issue. After the initial stage, the second
stage required careful review of the abstracts. The review results enabled the creation of
lists of papers pertaining to landslide geospatial monitoring tasks. All separate lists were
merged into a general list, excluding duplicates. Figure 2 illustrates the search strategy.

The search included journal articles, conference papers, and book chapters. The
final Scopus search yielded the following figures: 3122 publications; 109 contributing
countries; 56 countries with at least 10 publications; and 29 contributing countries with at
least 20 publications. The Dimensions database has fewer indexed publications, totaling
2113, with a similar distribution. Consequently, the analysis below is based on the Scopus
database. The study had three objectives. First, it analyzes keyword distribution to
identify the most relevant monitoring methods. Second, it examines the distribution of
publications by country and explores a possible relationship between the geography of
landslide activity and publication counts. Third, it identifies the leading scientists and the
professional journals where they publish their research results. A brief summary of the
search parameters is provided in Table 2.
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Publication DB
Keywords (Methods) —
- geodetic methods Landslide AND monitoring
- UAV/UAS v
Search results:
- photogrammetry
. - List1
- laser scanning
_GNSS - List 2
- InSAR - List 3
- List 4
- sensors
- List 5
T - List 6
Extra keywords - List 7
Merging lists Excluding duplicates
v
Remove duplicates Abstract review
\ 4 y
Publication progress regarding time Publication progress regarding methods
Figure 2. Bibliometric analysis flowchart.
Table 2. Summary of search parameters.
Parameter Description
Databases Scopus, Dimensions
Search period 2016-2026
Search date January-February 2026
Search fields Title, abstract, keywords
Document types Articles, conference papers, book chapters
Language English
Screening Abstract relevance review
Duplicate removal Merged by title/DOI

The keyword distribution analysis was based on 3122 publications. The keyword
search was conducted across publication titles, abstracts, and keywords. Simple keyword
statistics reveal that the most frequently used terms associated with ‘landslide monitoring’
include deformation, displacement, accuracy, sensor, INSAR, inclinometer, UAV, monitor-
ing system, and deformation monitoring. This pattern is clearly illustrated in Figure 3.
Figures 3-5 were generated with VOSviewer software [44].

We repeated the keyword distribution analysis and excluded all words unrelated to
observation methods. Using these results, we conducted the keyword cluster analysis. The
preliminary condition for the cluster analysis was the minimum number of publications
in which the selected keyword appeared. This threshold was set to twenty publications
to ensure adequate representativeness while avoiding excessive fragmentation of clusters
caused by countries with occasional or isolated publication activity. The chart shows the
frequency of observation methods and highlights the most influential methods according
to the clustering procedure (Figure 4).
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All methods are grouped into eight clusters. Without loss of generality, we can
identify four primary clusters and two minor clusters. The classification results confirm
the premises presented in the introduction. The primary focus of today’s research is
spatial monitoring. The first cluster focuses on synthetic aperture radar methods and
technologies. Space- and ground-based InSAR are derivatives of this technology and form
the most significant cluster. The second cluster includes UAV photogrammetry and related
technologies. The third cluster pertains to GNSS and encompasses terrestrial geodetic
measurements. Finally, the fourth cluster concerns laser scanning technology. The minor
clusters consist of sensors related to geodetic methods and remote sensing. In this context,
remote sensing complements various satellite technologies, including InSAR.

The second goal was to determine the distribution of publications by country. To
achieve this, we filtered the list of authors by affiliation and selected those with at least
twenty publications issued during the chosen period. The selected countries were then
clustered. Figure 5 shows the clustering results. Seven clusters were identified. The first
cluster is the largest, with contributions from scientists in China and Italy to landslide moni-
toring. Additionally, this cluster includes the United States, Germany, Austria, Switzerland,
Spain, France, Canada, Japan, Turkey, the Russian Federation, Iran, Australia, India, Poland,
China (Hong Kong), and Bulgaria.

A global map of landslide activity is used to explore the possible relationship between
the geography of landslide occurrences and the number of publications. Figure 6 presents
a map of the distribution of landslide activity, classified into four threat levels.

[ world Map

Landslide Hazards
Band 1 (Gray)

[ Low

[ Moderate

[ Medium

[ High y

OSM Standard I o,

Figure 6. World map of landslide activity.

By comparing the chart in Figure 5 and the map in Figure 6, one may conclude that the
highest landslide activity is concentrated along the west coasts of South and North America,
in the Alpine region of Europe (Switzerland, Austria, Italy), and in Asia, particularly
in Turkey, Yemen, the Caucasus Mountains, Iran, Afghanistan, Southern Kazakhstan,
Northern India, China, and Southern Asia. In Africa, landslides are primarily concentrated
in Ethiopia. There is a lack of research publications in regions such as the west coast of
South America, Yemen, the Caucasus Mountains, Afghanistan, Southern Kazakhstan, and
Ethiopia. A choropleth map was prepared to illustrate the publication distribution by
country (Figure 7).

The choropleth map should be interpreted with caution, as publication activity may
reflect not only differences in scientific infrastructure, database coverage, language acces-
sibility, funding availability, and reporting practices, but also the actual distribution of
landslide hazards or monitoring activity.

Since the publications have already been grouped by monitoring methods, the numer-
ical analysis of publication counts for each method allowed the calculation of the average
number of publications per method (Figure 8).
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Figure 7. Choropleth map of publication numbers by countries.

SENSORS

INSAR

UAV

GNSS

LASER SCANNING
PHOTOGRAMMETRY

GEODETIC

0 20 40 60 80

Figure 8. Bar chart of average publication number per method for the last decade.

The findings in this section will help guide the correct method review using the
appropriate publication sources. According to the bibliometric analysis flowchart (Figure 2),
all methods were categorized into seven categories: geodetic, photogrammetric, laser
scanning, GNSS, UAV, InSAR, and sensors. We generated an overall pie chart illustrating
the average percentage of publications related to monitoring methods (Figure 9).

‘ Geodetic 7%
Laser scanning 4% |

Sensors 17%
Photogrammetrlc 3%

GNSS 25%

Figure 9. Percentage contribution of landslide monitoring methods.

Radar interferometry
33%

What stands out in these charts is the dominance of radar interferometry over other
techniques. Radar interferometry, GNSS, and sensors are more widely represented than the
remaining methods. Taken together, these results suggest that the relative importance of
traditional geodetic methods, close-range photogrammetry, and laser scanning may decline
in large-scale monitoring applications. However, the importance of terrestrial observations
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related to geospatial sensors will remain constant. To further examine this interpretation, a
comprehensive analysis of all methods will be carried out in the next section. It should be
emphasized that bibliometric analysis reflects research activity in the reviewed literature
rather than serving as a direct indicator of technical superiority or universal applicability
of specific monitoring methods. For example, sensors remain an indispensable source of
information on landslides, despite their lower representation in the literature.

The third declared purpose is to identify the leading scientists and the professional
journals where they publish their research results. Because leading roles are held by
scientists from several countries, we analyzed authors by publication counts. This analysis
enables us to identify the authors who published the most articles and have the highest
citation levels. For our analysis, we focused on authors with at least ten publications.
Among 9310 authors, 71 meet the specified criterion. These authors were grouped into
18 clusters. As anticipated, the three most significant clusters correspond to Italian and
Chinese authors. However, the analysis shows that the level of mutual citation is relatively
low despite the large number of publications. This finding highlights a critical drawback,
indicating that authors may overlook each other’s essential achievements.

Finally, we determined the most popular and influential scientific journals for publish-
ing landslide monitoring papers. There are 799 journals in total. We selected those who
published at least twenty articles. Only 24 sources met this threshold. These publication
sources were grouped into seven clusters. Scientists prefer to publish the results of their
studies in three major journals: Remote Sensing, Landslides, and Engineering Geology. The
findings in this section will help guide the correct method review using the appropriate
publication sources.

4. Observation Method Analysis

Modern geospatial monitoring is based on three fundamental principles: simultaneous
determination of spatial displacements, measurement automation, and the use of com-
plex data integration, processing, and simulation models. GNSS, photogrammetry, laser
scanning, total stations, and INSAR monitor absolute spatial displacements. In contrast to
absolute measurements, relative spatial displacements can be measured using multi-axial
sensors. The current trend is the development and application of automated monitoring
systems, which can include any measurement method. We reviewed geospatial monitoring
technologies grouped into seven observation groups. The seven groups of monitoring
methods selected are not an exhaustive classification of all possible approaches to landslide
investigation, but rather the main geospatial monitoring categories identified by the joint
bibliometric, methodological, and practical analysis carried out in this study.

4.1. Geodetic Methods

Geodetic methods are among the most established approaches for monitoring land-
slide deformation and continue to provide reliable reference measurements in many mon-
itoring projects. Modern implementations rely primarily on total stations, robotic total
stations, and digital leveling, enabling precise determination of point displacements and
network stability over time. The work [45] provides a relatively new general overview of
leveling methods using digital levels for landslide monitoring. Publication [46] detailed
the practical results of traditional leveling. Santos et al. [47] reported the outcomes of
trigonometric leveling for landslide monitoring. The advantage of trigonometric leveling is
its ability to determine displacements of points with significant height differences. Vertical
refraction limits the precision of trigonometric leveling for distances greater than 100 m.
Horizontal and spatial displacement observation methods encompass various linear and
angular measurements. These methods use precise total stations as the primary measur-
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ing equipment. A network of observation stations can be established using traverses,
GNSS [48-50], and their combinations [11]. This approach has proven especially effective
when combined with the free station method. The workflow for horizontal and spatial
monitoring methods involves similar steps: monitoring design, fieldwork, and observa-
tions of deformation targets. After each epoch, the observation results are adjusted with
quality control. Coordinates from different observation epochs allow calculation of both
relative and absolute displacements [26,27,51-61]. These displacements contribute to the
proposed prediction model. The resulting time series provides essential input for assessing
deformation trends and evaluating slope stability [62]. One advantage of total station
observations is their ability to monitor crack evolution [63]. The current trend is the appli-
cation of robotic total stations [28,64—67]. The use of robotic total stations has significantly
increased the frequency of observations and temporal resolution. The key strength of
geodetic methods is their suitability for monitoring infrastructure deformation under strict
accuracy requirements, and across different temporal resolutions. However, geodetic meth-
ods require mutual visibility between points on the ground, which limits spatial coverage,
especially in densely vegetated areas. Equipment installation effort increases significantly
in remote or unstable terrain. For this reason, geodetic methods are increasingly used as
part of integrated monitoring systems rather than as standalone solutions. When combined
with GNSS, InSAR, and geotechnical sensors, geodetic measurements provide a stable
geometric framework that enhances the interpretation of deformation processes and sup-
ports engineering decision-making. It should also be noted that geodetic monitoring can
differ when the purpose is high-precision monitoring of engineering structures affected by
landslides. For structural monitoring, millimeter-level accuracy, local stability analysis, and
dense observation networks are often prioritized, whereas regional landslide monitoring
emphasizes spatial coverage, surface deformation characterization, operational flexibility,
and integration with remote sensing methods.

4.2. Photogrammetry

Close-range photogrammetry enables the accurate determination of 3D displacements.
Recent advances in digital image processing, computer vision, the development of digital
cameras, and computational capabilities have transformed the methods of close-range
photogrammetry that have been used for years. Publications on photogrammetry for
landslide monitoring can be divided into two groups: photogrammetry for landslide sim-
ulation using test models [14,18,68] and real photogrammetry applications for landslide
monitoring [68-71]. State-of-the-art landslide monitoring strategies are characterized by
the application of automated measurement methods based on Structure from Motion,
digital image correlation and orthorectification algorithms [7,28,72-74]; the use of low-cost
photogrammetry based on low-cost digital cameras, including smartphones [75-77]; and
the development of photogrammetric automated systems integrated with other measuring
devices, including stereo vision and the Internet of Things [78-81] with declared accuracy
around 2—4 cm. Several studies have proposed using video photogrammetry for landslide
monitoring [82], photogrammetry for measuring cracks on landslides [83], and photogram-
metric monitoring from mobile platforms [84]. Besides digital cameras, Image Assistant
Total Stations (IATS) made geospatial monitoring possible. IATSs have the same capabilities
as ordinary total stations with integrated digital cameras. Due to the technical construction
of a total station, the integrated cameras have lower resolution than semi-metric digital cam-
eras. Recent studies [62,85] have shown that IATS achieves high efficiency, with accuracy
around 0.1 mm at distances over 20 m. Photogrammetric methods are well studied, and
thanks to recent technological advances, they use low-cost equipment. However, analyzing
photogrammetric results requires highly skilled workers. Weather and daylight conditions
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also limit the use of photogrammetric methods. Therefore, this technology is suitable
for small- or mid-scale projects. Machine learning and GeoAl technologies enable the
integration of photogrammetric data with other methods [76,86]. Al helps integrate various
data and improve the object detection algorithms. It is expected that in the upcoming years,
GeoAl will open new capabilities of close-range photogrammetry applications.

4.3. Laser Scanning (Aerial and Terrestrial)

Laser scanning can be carried out from tripods (static TLS), mobile mapping systems
(MMS scanning), aircraft ALS [10,17,87,88], and UAVs, which are typically integrated
with photographic cameras. A broad range of laser scanners enables work from 5 m to
2 km, with accuracy ranging from 0.4 mm to 20 mm and an impressive scanning speed of
up to 100,000 points per second. Unlike previously considered methods, laser scanning
provides all-weather, all-day monitoring. For landslide monitoring, most recent studies
have utilized TLS and UAV-based scanning. Most of the literature focuses on TLS for
landslide monitoring [12,26,41,49,51,55,59]. The main challenge lies in the simulation step,
which is critical for comparing multitemporal data across different monitoring epochs [65].
The work [89] examined the technology of remotely operated TLS. This approach may
help address one of the disadvantages of TLS for equipment installation and operation
in permanent observations—permanent laser scanning (PLS) [90]. Choi et al. [91] com-
pared UAV-based laser scanning and UAV photogrammetry. To date, several studies have
evaluated the potential of fusing terrestrial, aerial laser scanning data, and space-based
InSAR [42,92-95]. From a geometric perspective, data integration contributes little but
enhances interpretation, such as crack detection and blunder correction. Data processing is
the primary challenge for laser scanning data. Comparing data across different epochs re-
quires sophisticated software algorithms, e.g., physics-informed deep learning, and skilled
engineers [96-99]. A direct line-of-sight between the terrestrial scanner station and the
observation point or surface is still needed. This creates another issue for landslides covered
by vegetation (forest).

4.4. Global Satellite Navigation Systems

GNSS offers several undeniable advantages as a geospatial tool: high accuracy, high-
frequency data collection, ease of use, and operation in all weather conditions. One of the
primary strengths of GNSS is its ability to provide absolute displacement measurements
without requiring intervisibility between monitoring points. This capability is particularly
valuable in complex terrain, where traditional geodetic observations may be difficult to
implement. GNSS observations are widely used to quantify displacement rates, estab-
lish stable reference frameworks [48,100-103], and validate results obtained from other
monitoring techniques. Their flexibility allows deployment in both periodic survey cam-
paigns and continuous monitoring configurations, supporting analysis of both long-term
deformation trends and short-term variations. However, installing continuously operating
stations on landslides poses significant challenges, including restricted sky view, security
concerns, power supply issues, equipment threats, and limited accessibility. Thus, static
GNSS observations are limited to favorable conditions [104]. A relatively new overview
of GNSS applications for landslide monitoring can be found in [105]. Examples of GNSS
landslide monitoring are presented in [6,26,27,48,52,55,57,58,106-108]. Continuous GNSS
observations are crucial for achieving the highest accuracy and data reliability. A significant
enhancement in measurement accuracy has supported the application of single-frequency
observations [109]. Single-frequency measurements can achieve the necessary accuracy
(approximately several centimeters) while considerably reducing equipment costs. The in-
troduction of Real-Time Kinematic (RTK) technology has significantly reduced observation
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times, making the monitoring process faster and more adaptable. Studies [110,111] have
demonstrated RTK’s high efficiency in determining the sizes of detected displacements.
Results indicate that spatial displacement accuracy can reach 20 mm with 15 s observation
epochs. Another vital application of RTK is its support for UAV surveying. Additional
progress in GNSS technologies has been achieved through the development of Virtual
Reference Station (VRS) GNSS. Currently, most countries maintain continuously operating
reference station networks (CORS), allowing VRS to effectively minimize observation errors
and enhance RTK solutions for landslide monitoring [112]. The need for a stable CORS
connection remains a critical drawback of VRS technology. Precise Point Positioning (PPP)
offers a practical alternative in areas lacking dense reference station networks, though it
typically provides lower accuracy and requires longer convergence times [113]. Study [110]
introduced PPP technology for near-real-time continuous monitoring of slow landslide
movements, reporting that it achieves spatial accuracy of about 5-10 cm with observation
times ranging from 10 to 30 min.

According to the proposed suitability framework, static GNSS observations are gener-
ally preferred for long-term monitoring of slow and moderate landslides that require high
stability and millimeter-level displacement analysis. RTK and VRS approaches are better
suited for higher temporal resolution and near-real-time observations, especially in active
landslide zones. PPP techniques may be useful in remote areas without local reference
infrastructure. However, their applicability to very dynamic deformation processes may be
limited by achievable accuracy.

All analyzed approaches have demonstrated the high efficiency of GNSS for landslide
monitoring. However, a key constraint is the need to move surveyors with equipment
across the landslide surface to coordinate points or deformation targets. CORS may be
vulnerable to unauthorized impacts, damage, power loss, or theft. This limitation makes
GNSS nearly inapplicable for monitoring large, vegetated landslides [104], particularly
when such monitoring pertains to landslides in active or unstable conditions. For these
reasons, GNSS is most effective when combined with spatial monitoring techniques such
as InSAR or laser scanning. In the context of landslide monitoring, GNSS can be effectively
employed in combination with geodetic methods, such as total stations [48,114], various
sensors, including accelerometers [115] and inclinometers [116], along with space- and
ground-based InSAR [5,106], and to provide real-time coordinates for UAV surveying [117].
Overall, GNSS remains one of the most versatile and reliable tools for landslide monitoring.
Its primary value lies in providing accurate, continuous positioning information that
complements spatial observation techniques and supports engineering decision-making.
When integrated into multi-sensor monitoring strategies, GNSS contributes significantly to
understanding landslide dynamics and improving risk management.

4.5. UAV Photogrammetry (Including Aircraft)

In recent decades, a portion of photogrammetric monitoring has been taken over by
drones (UAV photogrammetry). Although UAV photogrammetry uses aerial platforms,
surveying is often conducted at very short distances. Therefore, we can consider UAV
photogrammetry a form of aerial close-range photogrammetry. Since the start of the century,
UAVs, unmanned aerial systems (UASs), or simply drones, have emerged as one of the
leading surveying technologies. Their development has paralleled advancements in GNSS,
inertial navigation systems (INS), and digital photography. Recent studies have revealed
the high efficiency of UAV monitoring for objects such as landslides, pipelines, dams,
towers, and more. The capabilities of UAVs address tasks related to monitoring landslide
volume and runoff. Importantly, due to their flexibility and low cost, UAV photogram-
metry has largely replaced traditional aerial surveying in recent landslide-monitoring
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projects. We have identified a few instances in which aircraft were used for landslide
monitoring, and these are primarily associated with archival aerial surveys. Typically,
such studies utilize aerial images for long-term landslide investigations [106,118-120].
Archived aerial images can also be integrated with other datasets. For example, ref. [105]
conducted a study integrating archival aerial photogrammetry from 1975 to 2010 with
continuous GNSS observations from 2004 to 2018 and multi-temporal InNSAR data from
2015 to 2019. However, the main conclusion is that aerial photogrammetry has not been
used for landslide monitoring in recent decades. Therefore, our review primarily focuses on
UAYV photogrammetry. The list of recent publications on UAV landslide monitoring is im-
pressive [9,27,32,33,35,52,55,56,87,117,121-136]. The mobility of UAVs enables multifaceted
landslide studies using vertical and oblique images [137]. The monitoring workflow is
well-standardized and includes survey planning, which is often the most challenging aspect
of UAV application. Surveying and post-processing require little time, thanks to the reliable
navigation support of modern UAVs and automated image processing in contemporary
software. For instance, refs. [42,138] demonstrated UAV-based landslide monitoring results
using an embedded RTK module with on-the-fly accuracy of 0.15 m in the plane and 0.20 m
in height. Study [125] provides a comprehensive overview of the potential of UAVs for land-
slide monitoring. Furthermore, UAV data can be integrated with other information from
traditional leveling [46], terrestrial laser scanning [42,94], close-range photogrammetry, and
aerial laser scanning [91], as well as aerial/terrestrial laser scanning [139]. Modern UAVs
equipped with high-resolution digital cameras enable crack detection and monitoring of
their expansion [140-142]. Finally, UAV technology ensures operator safety and makes the
monitoring procedure very flexible. The crucial limitation for UAV photogrammetry is
weather and daylight conditions.

4.6. Radar Interferometry (Space and Ground-Based)

Radar interferometry has become one of the most influential technologies for landslide
monitoring due to its ability to detect surface deformation over large areas with high sensi-
tivity and without direct site access. Both space-based and ground-based interferometric
synthetic aperture radar (InNSAR) systems provide valuable information on displacement
patterns, enabling identification of active zones, assessment of deformation rates, and
long-term monitoring of slope behavior. The role of space INSAR in landslide monitoring
has been extensively studied in recent years [143-162]. Space InSAR time series analysis
facilitates the exploration of landslide development over time, and InNSAR time series stacks
enhance monitoring accuracy [163-165]. INSAR time series analysis methods can be catego-
rized into point target INSAR and distributed target INSAR. Point target InNSAR is based on
point-like scatterers and is known as Persistent Scatterer INSAR (PSI), which is associated
with stable man-made objects [166-169]. This characteristic limits its application to cases
involving artificial objects on a landslide. Typically, the density of point-like scatterers is
low, which reduces the number of usable points. Artificial corner reflectors can be em-
ployed to enhance PS-InSAR performance. These highly stable reflectors can be determined
using GNSS or precise terrestrial geodetic measurements. In contrast, distributed target
InSAR leverages distributed targets from natural environments. However, deformation
measurements on distributed targets often yield lower quality results and require spatial
filtering. This method is effective for landslide monitoring because it does not necessi-
tate fieldwork. The most popular distributed target INSAR method is the Short Baseline
Subset (SBAS) [170-173]. The terrestrial equivalent of space-based radar is Ground-Based
InSAR (GB-InSAR) [5,38,51]. GB-InSAR operates similarly to space-based radar, emitting
and receiving microwaves as the sensor moves along a rail track. GB-InSAR data can be
acquired using continuous (CGB-InSAR) and discontinuous (DGB-InSAR) methods. C-
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GBSAR provides near-real-time monitoring, while DGBSAR is suitable for monitoring slow
slope movements. Different types of radar measurements can be integrated, such as space
InSAR and GB-InSAR [5], along with GNSS and aerial surveying [106], or deployed on
UAVs [174]. Radar interferometry generally offers versatile approaches that accommodate
nearly any observation conditions. As a result, this monitoring method enjoys the greatest
popularity among scientists worldwide, as illustrated in Figures 7 and 8.

4.7. Geospatial Sensors

The review of landslide monitoring methods would be incomplete without sensors.
According to the observation method classification, geospatial sensors determine relative
displacements. These sensors supplement other geospatial methods and technologies,
ensuring informative monitoring results. Inclinometers are primarily used for landslide
monitoring to detect inclination in a particular direction, or 3-D inclinometers that de-
termine spatial rotation [42,52,53,175-186]. Connecting inclinometers to the system sub-
stantially improves monitoring results [187]. This approach is efficient and productive
for web-based monitoring systems [188]. The main drawback of inclinometers is that
they provide relative measurements. To address this issue, they may be integrated with
absolute methods, such as space InNSAR [170,189], GNSS [116,190], and space InNSAR with
GNSS [191,192]. The integrated solution offers both absolute spatial reference and high
accuracy. For landslide monitoring, relevant sensors include tilt meters [193,194] and in-
verted plumblines [15] to measure plane inclination, crack meters to measure crack width
extension [195-197], and extensometers to measure displacements in a particular direction
with superior accuracy [43,198-202]. Additionally, inclinometers can be connected to the
aforementioned relative sensors to obtain linear and angular displacements simultaneously,
such as inclinometers fused with crack meters [60], smart extenso-inclinometer [199], and
inclinometers coupled with wire or bar extensometers [203]. Regardless of the combination
of these sensors used, they provide superior accuracy. Still, the main drawback is the
need to organize the sensors into one system and to reference this system to an external
coordinate system, as any sensor provides relative displacements.

4.8. Method Summary and Suitability Analysis

Figure 10 summarizes the key operational characteristics of the reviewed monitoring
methods, including accuracy, spatial coverage, temporal resolution, automation level, and
suitability across deformation regimes. The comparison clearly shows that no single tech-
nology meets all performance criteria. Geodetic methods and GNSS provide high accuracy
and temporal flexibility but are limited in spatial coverage and require the installation
of ground control infrastructure. In contrast, photogrammetry, UAV-based surveys, laser
scanning, and InSAR offer extensive spatial coverage and high data density, though often at
the cost of reduced temporal resolution or increased processing complexity. Radar interfer-
ometry stands out for its combination of extensive spatial coverage and high sensitivity to
slow deformation, making it particularly effective for regional-scale monitoring of slow and
moderate landslides. However, its performance decreases during rapid movements and in
areas affected by decorrelation. Geospatial sensors provide superior temporal resolution
and are particularly suitable for detecting rapid or localized deformation. Their main limi-
tations are the relative nature of measurements and restricted spatial representativeness,
which necessitate integration with absolute positioning techniques.

https:/ /doi.org/10.3390/rs18132127


https://doi.org/10.3390/rs18132127

Remote Sens. 2026, 18, 2127

18 of 35

Geodesy

r3
P4 H

M
P5

P6

P5

Po

P2

P2

P9

P1

P1

Photogrammetry TLS/ALS GNSS
P3 P3 P3
P4 P4 P4 H
P2 P2 P2
M
P5 P5 P5
P1 P1 P1
P6 P6 P6
P9 P9 P9
r7 r7 P7
P8 P8 P8
InSAR Sensors
P3 P3 Parameter Legend
P4 r4 H
P1: Accuracy
P2 P2 .
M P2: Spatial coverage
3: Data si
P5 P5 P3: Data density
P4: Temporal resolution
P1 P1 P5: Installation effort
P6: Rapid movement suitability
Pe P6
P7: Early warning role
P9 P9 P8: Processing time
P9: Measurement automation
P7 P7
P8 P8

Figure 10. Diagrams for operational comparison of geospatial landslide monitoring methods.

Figure 10 presents diagrams summarizing the key operational features of the reviewed
monitoring methods and offers a qualitative comparison of their performance. The compar-
ison highlights critical trade-offs among spatial coverage, temporal resolution, installation
requirements, and anticipated accuracy. Geodetic techniques and GNSS deliver highly
accurate displacement measurements and flexible observation intervals, but the need for
ground stations and limited spatial coverage limits their applicability. Conversely, remote
sensing methods such as UAV photogrammetry, laser scanning, and space radar interfer-
ometry provide detailed spatial information and wide-area coverage. However, they often
require more complex data processing and typically have lower temporal resolution. Radar
interferometry is particularly effective for detecting slow and moderate deformation over
large areas, which is why it plays a dominant role in modern landslide monitoring. Geospa-
tial sensors, including inclinometers, tiltmeters, extensometers, and crack meters, have
very high temporal resolution and are ideal for detecting rapid or localized deformation.
However, to fully understand landslide behavior, it is necessary to combine these sensors,
which measure relative displacements, with absolute positioning techniques. Therefore,
Figure 10 indicates that the choice of a method depends on landslide velocity, scale, re-
quired accuracy, and operational constraints. The comparison underscores the significance
of integrated monitoring systems, which combine the strengths of various methods to
counterbalance their individual limitations.

Returning to the primary goal of this study, outlined at the beginning of this paper, it is
now necessary to analyze the potential applications of the monitoring methods considered.
Such an analysis must weigh the methods’ pros and cons and their measurement capabili-
ties. We organized the monitoring methods using the previously suggested classification
by achievable accuracy, temporal resolution, data type, distance limit, and method utility
for the landslide velocity class. The last parameter was introduced to link the considered
monitoring methods with the well-known landslide velocity classification provided in [204].
To do so, let us consider the straightforward velocity equation:

AS
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where v is the landslide velocity, AS is the displacement, and At is the required temporal
resolution for the landslide that moves with a particular velocity. The required temporal
resolution or observation epoch is determined based on the classification [204]. This
inference assumes that there is no point in performing observations more often than the
specified landslide movement time. Equation (1) is turned into inequality (2) by applying
the error propagation law after differentiating and squaring each term:

5v? S OASE  SAP2

= om 2
2 T ASZ AR @

where v is the allowable error of velocity determination, JAS is the measurement error
depending on the method and JAty, is the temporal resolution of the method or the time
between two successive observations.

A probabilistic approach was proposed to determine the elements in inequality (2).
Landslide velocity v is given in classification [204]. The classification determines the
required temporal resolution At. Therefore, we can calculate the detectable displacement
for the selected method and landslide velocity as AS = vAt. Since we deal with large
samples, treating the errors as normally distributed is reasonable. Under this premise,
a 99.7% probability with an appropriate critical value z, were assigned. The adopted
probability level corresponds to the classical 30 confidence interval commonly used
in engineering practice and deformation analysis. This value ensures a conservative
interpretation of displacement and monitoring reliability.

This allows calculation of the allowable error v, which is equal év = v/z,. Therefore,
the inequality (2) can be written down:

[6AS?  SAL2
2
ov >0 T52+ Ath' (3)

If inequality (3) holds, the selected monitoring method detects the minimum permissi-
ble changes in velocity. Thus, it is feasible to adjust the table presented in [204]. According
to this classification, landslides are categorized into seven groups. The allowable error in

velocity determination is also included in the classification (Table 3).

Table 3. Modified landslide classification, including velocity error.

Velocity Class Description Velocity (mm/s) Typical Velocity, v Velocity Error, §v
7 Extremely rapid 5 x 103 5m/s 1.7m/s
6 Very rapid 5 x 10! 3 m/min 1 m/min
5 Rapid 5x 107! 1.8m/h 0.6 m/h
4 Moderate 5x 1073 13 m/month 4.3 m/month
3 Slow 5x 107 1.6 m/year 0.53 m/year
2 Very slow 5x 1077 16 mm/year 0.005 mm/year
1 Extremely slow <5 x 1077 >16 mm/year >0.005 mm/year

Figures from Table 3 were used to systematize the geospatial method. The required
parameters, such as achievable accuracy and temporal resolution, were obtained from the
literature review above. Inequality (3) and the method’s temporal resolution determine its
utility for the velocity class. Table 4 presents the results of the systematization based on the
literature review.

Table 4 highlights several important patterns. The data indicate that no method covers
the entire range of observed landslide velocities. The graphical presentation (Figure 11)
makes this clear.
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Table 4. Monitoring method systematization.
Achievable Accuracy, §AS, Method T 1 Method Utilitv £ M ‘
mm ethod Tempora etho ility for easuremen Data T
Method Resolution, AL, the Velocity Class Limit ata lype
Horizontal Vertical
Geodetic
. . . days (manual); 34 ~ .
Total station 0.5-5 0.5-5 min,/hour (robotic) 35 1-2 km 3D coordinates
Leveling - 0.1-3 days (manual) 2-4 NO. 1D coordinate
restrictions
. days (manual); 2-4 .
Alignment 0.2-3 - min,/hour (robotic) 25 1km 2D coordinates
Photogrammetry
Close-range . 3D coordi-
photogramme- 5-50 5-50 ﬁgzis(r(ﬁgg; lc)), gj; 0.3 km nates/point
try (cameras) cloud
. ) 3D coordi-
Image—assilsted 5-50 5-50 days (manue?l), 34 0.2 km nates/point
total stations hours (robotic) 3-5
cloud
Laser scanning
Terrestrial 5-50 5-50 day 34 1 km Point cloud
A“bSIA“\f)(mC‘ 20-30 50-100 day/week/month 34 0.1-0.5 km Point cloud
Global satellite navigation systems
Static 3-5 3-10 d'ays (P e1.r10d1c); 34 1.\10' 3D coordinates
min (continuous) 3-6 restrictions
RTK 5-10 10-20 days (periodic); > 10-30km 3D coordinates
min (continuous) 3-6
PPP 50-100 30-50 hours (periodic) 3-5 10-30 km 3D coordinates
3D coordi-
UAV Pho- 10-50 30-70 day/week 3-4 0.1-0.3 km nates/point
togrammetry
cloud
3D coordi-
Aerial survey 50-80 70-100 week 34 0.5-2.0 km nates/point
cloud
Radar interferometry
Space-based 3-5 3-5 weeks 3-4 NO. . 3D
restrictions displacements
Ground-based 1-5 1-5 . day.s 34 1-2 km . 3D
min (continuous) 1-6 displacements
Geospatial sensors
Inclinometers - 2-5 per 30 m Continuous 1-4 i30. of . 2D/3D
vertical displacements
Tiltmeters - 1 per 100 m Continuous 1-7 +90 mn each . 1].3/2.D
axis inclinations
. 2D/3D
Crack meters 0.1per02m 0.1per0.2m Continuous 14 0.0002 km .
displacements
. 1D/2D
Extensometers 0.01-0.005 0.01-0.005 Continuous 1-5 0.02-0.03 km .
displacements

As shown in Figure 11, the primary velocity classes for monitoring methods are third

and fourth. Therefore, geospatial monitoring methods are suitable for moderate- and slow-
moving landslides. Additionally, geospatial methods operating in robotic or continuous
mode must be employed to monitor rapid landslides. Inequality (3) shows that as velocity
decreases, the method’s accuracy becomes more crucial than its temporal resolution. Con-
versely, for extremely rapid landslides, the key factor is temporal resolution. The proposed
systematization based on velocity should be viewed as a generalized framework derived
from the literature. The framework is based on a comparative synthesis of published moni-
toring applications and operational constraints rather than a deterministic optimization
procedure. Documented monitoring practice shows that slow and moderate landslides are
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commonly monitored using geospatial observation techniques such as INSAR, GNSS, and
TLS, whereas rapid landslides require integrated sensor-based monitoring systems. Draw-
ing on monitoring practices analyzed in Sections 4.1-4.7, the following literature-supported
assessment of the proposed velocity-class systematization can be presented (Table 5).

Velocity class
1 2 3 4 5 6 7

Method

Total station
Total station (robotic)
Leveling
Alignment
Alignment (robotic)
Close-range photogrammetry
Close-range photogrammetry (robotic)
Image-assisted total stations
Image-assisted total stations (robotic)
Terrestrial laser scanning
Airborne laser scanning (inc. UAV)
GNSS Static mode (periodic)
GNSS Static mode (continuous)
GNSS RTK mode (periodic)
GNSS RTK mode (continuous)
GNSS PPP
UAYV Photogrammetry
Aerial Photogrammetry
Space-based radar interferometry
Ground-based radar interferometry
Ground-based radar interferometry (continuous) ]
Inclinometers
Tiltmeters [ ]
Crack meters
Extensometers

Figure 11. Systematization of methods according to different velocity classes.

Table 5. Examples of monitoring methods used under different landslide-velocity conditions.

Landslide Velocity Class Technology Application
Extremely rapid Integrated systems Emergency monitoring
Rapid Sensors/Robotic systems Near-real-time warning
Moderate UAV/TLS/TS/InSAR Active landslide monitoring
Slow InSAR/GNSS/TLS Deep-seated landslides
Extremely slow GNSS/Sensors Regional monitoring

The analysis underscores the need for method integration. The fusion of various
methods that determine relative and absolute displacements across different velocity
classes will provide a detailed picture of landslide movement.

This section has thoroughly summarized the literature on landslide monitoring meth-
ods and identified their advantages and disadvantages. Overall, the findings will help
achieve the second goal stated in the introduction. The suitability analysis presented
should be viewed as a comparative, semi-quantitative synthesis based on published results,
reported monitoring performance, and expert interpretation of contemporary monitoring
technologies. The framework aims to support a generalized assessment of monitoring
applicability across different landslide dynamics, rather than providing a deterministic
ranking of monitoring technologies.

5. Suggested Monitoring Workflow and Flowchart

Landslide monitoring workflows and flowcharts streamline the observation process,
enabling accurate and reliable results. However, landslide monitoring is a complex and
challenging task influenced by various factors. The difficulty arises from the different
monitoring subjects, including landslides, structures affected by landslides, and anti-
landslide structures. Additionally, landslides vary in size, velocity, soil properties, and non-
uniformity. Under these conditions, employing standard monitoring projects and schemes
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is impractical. Existing flowcharts are mainly method-specific, application-oriented, or
focused on individual technologies. A modern flowchart for geospatial monitoring of
landslides and surrounding structures must account for the nature of landslide processes,
their development laws, size, displacement velocity, and the ability to integrate different
observation methods. The completed analysis allows us to propose a new flowchart for
geospatial monitoring of landslides and surrounding structures. This flowchart addresses
the aforementioned features and enables optimization of the monitoring process, starting
from technical requirements to mathematical post-processing of observation data. The
proposed flowchart is presented in Figure 12.

) ) . \ Absolute and relative
Landslide size 9 & displacements
% > Monitoring methods 2 P
<
[3} T
Extremely large 2 g Landslide displacements
Very. large § Spa.ce 3 Structure displacements
Medfum—large £ Aerial ) g Anti-landslide structur
Medium Z Terrestrial g displacements
Small - Relative (sensors) T:‘
e - .
2 Very small < Integrated 2 Statistical analysis
g Extremely small Sé 2
E ] - 455‘
5 o= Network > 3 .
R . . £ T 5= General analysis
5 Landslide velocity 2 < @ B . .
T 273 i 9 “g Hypothesis testing
& E g Onlandslide 5 §|  Stability control
G Extremely rapid S = Outside landslide 8 o ANOVA
= : . S . -
& Very rapid 2 & Combined 55 Cluster analysis
] Rapid 8 3 2§ thi
= a, o) . 3 3 Smoo mng v
Moderate g ¥ Points and targets ¢ 2
Q
Slow = S Forecasting model
Very slow g Prisms &
. [%2]
Extremely slow § Reflective tape ‘.é Regression analysis
_g Fundamental points 9] ANN
~
Monitoring object 5 Corner reflectors § Group method for data
(2\ "§ handling
Landslide § P> 1Observation scheme é‘ Kalman filtering
Anti-landslide structures é ) 8 Differential equations
Structures on landslide

Figure 12. Flowchart of the landslide monitoring project.

Let us describe the suggested landslide monitoring workflow, with the primary stages
shown in the flowchart (Figure 12). The organization of the monitoring project begins
with a technical specification that should provide detailed information on the geological
structure of the landslide (geological survey materials), including the expected velocity
and size of the landslide, as well as information about structures on the landslide and
anti-landslide measures. This information will allow us to

— calculate the accuracy and observation epochs;
—  choose the monitoring method;

— develop an observation network scheme;

— develop an observation scheme.

The choice of the monitoring method is one of the most critical stages. The choice of
the measurement method will depend on:
— displacement dimensions (one-, two- or three-dimensional);
— velocity, size, and structure of the landslide;
— observation types (landslide, anti-slide structures, and structures on the landslide).
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At the same time, monitoring methods may require synchronization and reference to
other measuring instruments (geotechnical, meteorological, etc.). We noted that it is impos-
sible to ensure effective monitoring using only one method for very rapid and extremely
rapid landslides. The appropriate monitoring solution is an integrated monitoring system
that combines, for example, GNSS, total stations, inclinometers, and tiltmeters.

After choosing a method, the design and creation of a geodetic network must be
addressed. When observing landslides, one of the most challenging tasks is selecting
monitoring stations, as establishing stability zones around the landslide requires detailed
research. At this stage, information about the landslide structure and geological survey
materials is used again. The geodetic network typically consists of both an external network
and an internal network, which includes deformation targets installed within the landslide
body, anti-slide structures, and structures situated on the landslide. To monitor the struc-
tures on the landslide, the internal network is designed to provide maximum visibility
between points. The network must ensure the reliability of displacement determination
results, enabling localization and, ideally, the elimination of errors through measurement
adjustment and statistical analysis. The third critical stage involves processing and analyz-
ing the measurement results concerning the landslide and surrounding structures. This
stage begins with a preliminary analysis of the measurement results and the calculation of
displacements. Absolute and relative displacements, along with their derivatives (such as
slope, velocity, and average velocity), are calculated for points on the landslide, structures,
and anti-slide structures. The resulting displacements must be carefully analyzed to prepare
the data for further modeling and for the development of forecasting models. Such analysis
is recommended to be carried out in the following sequence: general analysis (to calculate
the main statistical characteristics), analysis of the time series autocorrelation function,
statistical hypothesis testing (to establish distribution and identify systematic and gross
errors), network stability control (to confirm the stability of the network between observa-
tion epochs), variance analysis (to identify factors significantly impacting the deformation
process and subsequently use these factors as arguments for building forecasting models),
and cluster analysis (to pinpoint zones or structures that exhibit similar displacements).
It is advisable to perform a smoothing procedure to obtain preliminary results regarding
the deformation process. The smoothed results also help to establish the general trend of
the deformation process and thus enable the accurate selection of the forecasting model.
Additionally, the smoothed results are utilized during continuous monitoring to instantly
assess landslide movements and the warning system. The final step is the development of
a forecasting model. To illustrate the practical interpretation of the proposed workflow, an
example of a conceptual monitoring-design scenario can be considered (Table 6).

Table 6. Illustrative example of the workflow-based monitoring design.

Parameter Characteristic Description
Object Landslide Defined by monitoring objectives
Landslide type Deep-seated slow moving From geologic studies
Area Large Regional-scale monitoring area (km?)

Velocity Slow From geologic studies and previous observations
Accuracy cm-mm According to Tables 3 and 4

Method GNSS + InSAR According to Table 4
Validation TLS/UAV According to Table 4 and Figure 12
Frequency Monthly-weekly According to Tables 3 and 4
Processing Statistical and forecasting analysis According to Figure 12
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The example does not represent a site-specific engineering project but rather demon-
strates how the proposed framework may support the selection and integration of monitor-
ing technologies across varying deformation and operational conditions.

6. Conclusions and Perspectives
6.1. General Conclusions

This review offers a thorough examination of the evolution and current capabilities of
geospatial methods and technologies for landslide monitoring, with a focus on their practi-
cal relevance for engineering applications. The analysis shows that monitoring approaches
have progressed from single-dimensional measurements to integrated systems capable of
assessing landslide stability, infrastructure, and risk management. Advances in methods,
technology fusion, robotization, and data processing have greatly enhanced the ability to
detect and quantify displacements. The primary result of this study is a proposed classifi-
cation of monitoring methods based on their advantages and disadvantages, displacement
dimensionality, referencing approach, and temporal resolution. This framework enables a
comparison of technologies and provides engineers with a structured basis for choosing
suitable monitoring solutions according to landslide characteristics. By linking monitor-
ing performance to landslide velocity classes, the review emphasizes the importance of
matching measurement accuracy and observation frequency to the movement dynamics of
slopes, which is vital for accurately interpreting monitoring results.

The comparative analysis indicates that no single monitoring technique can capture all
aspects of landslide behavior. Space-based radar interferometry is a leading technology and
is especially effective for detecting moderate- to large-scale deformation. Conversely, GNSS
and geodetic methods provide high accuracy and stable control. With sufficient ground
control, UAV photogrammetry has the potential to become a primary technology, while
UAV laser scanning offers detailed surface characterization. Geotechnical sensors enable
continuous monitoring of surface and subsurface processes. Therefore, integrating these
methods is essential to developing robust monitoring systems that support engineering
analysis and early warning.

The generalized workflow presented in this review highlights that effective monitoring
should be treated as an engineering process. It begins by establishing clear technical
objectives, including accuracy standards, monitoring intervals, and acceptable risk levels.
Proper network design, selection of appropriate monitoring techniques, and thorough
data analysis are essential for producing reliable, actionable results. The workflow also
emphasizes the need for iterative assessment, enabling monitoring strategies to be adjusted
as new insights into landslide behavior emerge.

The framework proposed here enables the interpretation of landslide geospatial moni-
toring as an integrated systems-engineering problem that encompasses the design of the
monitoring, sensor integration, temporal resolution, reference-frame consistency, data pro-
cessing, and decision-support requirements. In this context, the choice of monitoring tech-
nologies depends on landslide dynamics, operational constraints, the level of automation,
interoperability, and the ability to integrate into a multi-sensor monitoring environment.
The proposed framework thus emphasizes the architecture of the integrated monitoring
system and deformation analysis strategies rather than stand-alone monitoring methods.
The framework should be interpreted as a generalized synthesis derived from published
monitoring practice, bibliometric assessment, and comparative methodological analysis.

This study’s findings highlight several important considerations. First, monitoring
systems should be designed to account for uncertainty in both measurements and geological
conditions. Second, continuous observations are crucial for landslides undergoing rapid,
accelerated deformation. The rapid growth of remote sensing and automated monitoring
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technologies is shifting the role of monitoring from periodic assessment to continuous
risk management. Third, combining geospatial data with geotechnical investigations and
additional numerical modeling improves understanding of landslide failure mechanisms
and helps develop effective mitigation strategies.

In conclusion, geospatial monitoring has become a vital part of modern landslide risk
management, providing key information for assessing stability and protecting infrastruc-
ture. The framework and synthesis presented in this study offer practical guidance for
selecting and integrating monitoring technologies and emphasize the need for ongoing
methodological development that links measurement systems to engineering analysis.

6.2. Future Challenges of Landslide Geospatial Monitoring

We addressed the advantages and disadvantages of geospatial monitoring methods
and identified their application areas. However, further studies are needed to better
understand the challenges associated with landslide geospatial monitoring. The analysis
has revealed three main directions that will be the focus in the next decade. First, despite
the excellent characteristics of radar interferometry, GNSS, and UAV photogrammetry,
their full capabilities for geospatial monitoring have not been fully explored. Questions
regarding flexibility, accuracy, reliability, automation, and refinement of measurement
technology for landslide monitoring remain pertinent.

Second, automated monitoring systems require substantially deeper investigation.
Modern geospatial monitoring relies on heterogeneous multi-sensor environments that
integrate GNSS, total stations, laser scanning, radar interferometry, geotechnical sensors,
hydrodynamic leveling systems, and various environmental observations. Many auto-
mated systems today provide operational data-processing pipelines, but the internal logic
of data integration, uncertainty propagation, quality control, temporal synchronization, and
reference frame remains insufficiently understood or standardized. The certification and
quantification of accuracy, reliability, and interoperability in integrated monitoring systems
remain open research questions. One of the key open problems in modern landslide-
monitoring practice is the fusion of geospatial and non-geospatial observations, such as
displacement, temperature, ground humidity, pore pressure, and stress measurements.

Third, developing adequate mathematical models for predicting landslide movement
remains challenging. To date, there is no single approach to determining which cases and
models to apply: static, kinematic, or dynamic. The right choice depends on the types of
loads, the landslide structure, the range of measured displacements, and the change in
velocity. Even with correct initial data and precise, reliable measurements, the question
remains about which model will better describe the system’s changes: parametric (systems
of ordinary or partial differential equations, finite element method) or nonparametric
(neural networks, regression models).

State-of-the-art software comprises powerful tools for monitoring and analysis. In
parallel, scientists have been developing and studying increasingly sophisticated math-
ematical algorithms that depend on relatively recent advances in mathematical thought.
Future studies should examine and evaluate these algorithms and software.

The findings of this study have several practical implications. Classifying and sys-
tematizing monitoring methods, along with a suggested landslide monitoring flowchart,
will facilitate the organization of future monitoring projects. This review reveals that state-
of-the-art geospatial monitoring methods have various shortcomings. To address these
challenges and find the optimal solution, future theoretical and practical studies must be
conducted to enhance the capabilities of monitoring methods.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs18132127/s1, Table S1: Scopus_Landslide_Monitoring.
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