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Abstract: Remote sensing (RS) enables a cost-effective, extensive, continuous and standardized
monitoring of traits and trait variations of geomorphology and its processes, from the local to the
continental scale. To implement and better understand RS techniques and the spectral indicators
derived from them in the monitoring of geomorphology, this paper presents a new perspective for the
definition and recording of five characteristics of geomorphodiversity with RS, namely: geomorphic
genesis diversity, geomorphic trait diversity, geomorphic structural diversity, geomorphic taxonomic
diversity, and geomorphic functional diversity. In this respect, geomorphic trait diversity is the
cornerstone and is essential for recording the other four characteristics using RS technologies. All
five characteristics are discussed in detail in this paper and reinforced with numerous examples
from various RS technologies. Methods for classifying the five characteristics of geomorphodiversity
using RS, as well as the constraints of monitoring the diversity of geomorphology using RS, are
discussed. RS-aided techniques that can be used for monitoring geomorphodiversity in regimes with
changing land-use intensity are presented. Further, new approaches of geomorphic traits that enable
the monitoring of geomorphodiversity through the valorisation of RS data from multiple missions are
discussed as well as the ecosystem integrity approach. Likewise, the approach of monitoring the five
characteristics of geomorphodiversity recording with RS is discussed, as are existing approaches for
recording spectral geomorhic traits/ trait variation approach and indicators, along with approaches
for assessing geomorphodiversity. It is shown that there is no comparable approach with which to
define and record the five characteristics of geomorphodiversity using only RS data in the literature.
Finally, the importance of the digitization process and the use of data science for research in the field
of geomorphology in the 21st century is elucidated and discussed.

Keywords: geomorphology; geomorphodiversity; geodivesity; biodiversity; traits; spectral traits;
geomorphic traits; genesis; taxonomy; structure; functions; terrain; landforms; land-use intensity;
ecosystem integrity; remote sensing; earth observation; multi-mission; data science



Remote Sens. 2022, 14, 2279 3 of 48

1. Introduction

Geomorphology has shaped and structured the Earth’s surface on all spatio-temporal
scales, not only through long-term processes but also through medium- and short-term
processes. Geomorphology is, therefore, a decisive control- and regulating variable in the
entire development of landscapes as well as geo-and biodiversity.

There are various approaches to geomorphology, such as quantitative geomorphology [1,2],
morphography and geomorphometry [3], functional geomorphology [4] or historic-genetic
geomorphology and morphogenesis [5]. These can be applied to quantitatively and qualita-
tively measure and assess forms, form complexes, the structures and functions of the land
surface and landforms, and to better understand and predict geomorphological process
events, such as floods or flash floods, volcanic eruptions, mass erosion, the sedimentation of
rivers and floodplains, or changes to the coastral landforms and permafrost, among others.

If we look at the evolution of the Earth’s history, we see how geodiversity and geo-
morphology as a crucial part of it are the basis for the existence of life and the biodiversity
of our planet, which originated some ~0.7 billion years ago [6] (see also Figure 1).

Figure 1. Curves of developing geodiversity and biodiversity, after Gray et al., [6], reprinted with
permission from Gray et al., 2022, Elsevier. license no. 5225220111723.

Geomorphology can be therefore understood as “the promoting, controlling, regulat-
ing and limiting factor, as well as the most important control and regulating variable for
landforms, landscape processes and thus a decisive factor for biodiversity” [7]. Biodiversity
interacts with geodiversity, and “organisms live where they do; they respond to geodiver-
sity and environmental change” (modified after Green [8]). It is, therefore, not surprising
that the first research in the field of biogeomorphology was directed at either the study
of interactions between vegetation dynamics and geomorphological processes [9] or the
study of the influence of vegetation, animals, and microorganisms on geomorphological
processes [10,11]. However, it was not until 1988 that Viles [12] defined biogeomorphology
as a concept in its own right, dealing with the ‘influence of landforms/geomorphology
on the distributions and development of plants, animals, and micro-organisms; and the
influence of plants, animals and micro-organisms on earth surface processes and the devel-
opment of landforms’ [12]. A comprehensive overview of the past, present, and future of
the concepts of biogeomorphology and its related fields can be found in Viles [13].
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It goes without saying that anthropogenic activities have an even greater influence
on geomorphological features than numerous other factors. For instance, a river is a geo-
logical zone that transports water and sediment from the mountains towards the oceans,
depositing it on river and the riverbed. According to Grill et al. [14], dams and reservoirs
lead to an interruption of the natural fluvial transport processes and, consequently, to
an upstream and downstream fragmentation of flow regimes. Dams face the danger of
overflowing, not only from water but also from debris, sand, silt, or stones, from micro-
scopic grains to boulders, due to exogenous material being transported and numerous
sedimentation processes, especially after heavy rainfall. Indeed, the approach of geomor-
phology in the Anthropocene was mentioned for the first time in 1979 by Rathjens [15].
Anthropogeomorphology is the study of human impacts and their effects on geomor-
phology and the ecosystem, which have led to changes and disturbances in the original
geomorphology over shorter anthropogenic time scales [2,16–18]. Geomorphology is com-
plex and its processes and interactions between geomorphology, biogeomorphology in
the context of climate change, and increasing global intensification and urbanization by
humans are only partially understood [15]. Therefore, a holistic or ecosystem integrity
approach to monitoring and assessing geomorphological changes is required. Panizza [19]
described the concept of geomorphodiversity for the first time back in 2009. The concept
of geomorphodiversity fulfils the requirements of an approach encompassing ecosystem
monitoring and assessment. Panizza [19] coupled different geomorphological indicators
and compared them with each other (in an intrinsic way—morphoclimatic landforms on
a global scale, landslides on a regional scale, and karst landforms on a local scale) and
with those indicators from other areas (in an extrinsic way—dolomite landscapes on a
global scale, morphostructural landforms on a regional scale) in order to assess their speci-
ficity and thus their geo(morpho)diversity [19]. Panizza [20] later developed his concept
even further and integrated the intrinsic and extrinsic values of the geological heritage of
the Dolomites, based on a subset of geomorphological indicators, such as stratigraphic,
palaeontological, geomorphological and mineralogical indicators [20]. In numerous other
case studies, geomorphodiversity indicators have been used to assess the relationship
between geomorphodiversity and sediment connectivity in a small alpine catchment [21],
to assess the geomorphodiversity and geomorphological heritage for Damavand Volcano
Management [22], as well as in various geomorphodiversity indicators [23] and guidelines
for generating landform geomorphodiversity maps [24].

RS and their traits and trait variation has emerged as a key method to quantitatively
and qualitatively characterize, monitor or assess various natural and anthropogenic geo-
morphological properties, processes, features, structures and impending geohazards. This
emergence is promoted by the growing human demand for the resources of the Earth’s
geosphere, the changes to and limitations of our geogenic resources and the resulting
threat to limited, economically significant geo-resources, due to humans quest to perfect
his lifestyle and an unsustainable approach to resource management. Numerous review
papers have provided overviews of those traits and trait variations of landforms that can
be detected with RS technologies [17,25–28].

To identify major research themes that prevail in the literature of “geomorphology
and remote sensing”, we analyzed the research published in the Web of Science using the
respective terms in latent Dirichlet allocation (LDA) [29]. Considering a coarse two-topic
structure, we identified the overarching topics of surface and subsurface geomorphol-
ogy (Figure 2). These two overarching topics can be further subdivided into five smaller
sub-topics, namely: groundwater recharge, coastal, landforms, tectonic and volcanic earth-
quakes, glacial and periglacial landforms, and river and floodplain landforms, which
represent solid research topics that prevail with a finer topical structure. Other individ-
ual subtopics that were identified were terrain modeling and light detection and ranging
(LiDAR), flash-flood modeling, gully erosion, habitat and anthropogenic geomorphology,
fluvial landforms, glacial and periglacial landforms, and landslide susceptibility. These
topics are highly inter-connected and are demonstrated by finer and broader joints. In
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particular, habitat and anthropogenic geomorphology represent a direct link to ecosystems
and biodiversity research.

Figure 2. The mapped sub-topics and the relationships among the sub-topics of the research articles
found using the search terms “geomorphology” and “remote sensing”. Two (left), five (center), and
ten (right) topics were identified at the different levels, with shrinking proportion, respectively. The
height of the topic bars corresponds to the topic proportion in the collection of articles. The bands’
width is proportional to the number of documents affiliated with the inter-related topics. Colors are
only meant to distinguish between topics.

With open access to RS data products, such as Landsat [30] and Copernicus [31–35],
as well as the RS mission known as the environmental mapping and analysis program
(EnMAP) (satellite launch on 01.04.2022) [36] and others, the potential of RS information
for monitoring geomorphology has improved tremendously. New RS missions include
the global ecosystem dynamics investigation (GEDI) high-resolution laser ranging of the
Earth’s forests and topography from the International Space Station (ISS) [37,38] or the ra-
dio detection and ranging (RADAR) missions Tandem-L [39,40], the NASA-ISRO synthetic
aperture RADAR (NISAR) or the L-band synthetic aperture radar (Rose-L). There are also
the new hyperspectral missions, such as EnMAP [36], the DLR Earth sensing imaging spec-
trometer for the ISS-MUSES platform (DESIS) [41], the Copernicus hyperspectral imaging
mission (CHIME) [42], the hyperspectral infrared imager mission (HyspIRI) [43], or the
use of small satellites, as well as the new multi-mission algorithm and analysis platform
(MAAP, https://earthdata.nasa.gov/esds/maap, accessed on 5 January 2022), which also
envisages direct links to in situ measurements. All these missions open up new pathways
for monitoring and modeling geomorphology and ecosystem monitoring. It has long
been recognised that long-term and interdisciplinary research and ecosystem intergrity
monitoring approaches are needed to provide contious spatial-temporal data on geomor-
phodiversity in order to initiate conservation measures. Hyperspectral data with hundreds
and in the future thousands of spectral bands in combination with TIR, RADAR and LiDAR
technologies are the basis of new sensor technologies like the future HyspIRI-Mission. For
example, the Surface Biology and Geology (SBG) mission of the National Aeronautics and
Space Administration (NASA) will provide global spectroscopic images in the visible to
short-wave infrared range (380–2500 nm) with high spatial resolution (~30 m), and traits
and trait variations for monitoring gemomophodiversity in interaction with vegetation
traits spatio-temporally (https://sbg.jpl.nasa.gov/satm, accessed on 5 January 2022) like
the Science and Applications Traceability Matrix (SATM) for monitoring the suface biology
and geology, https://sbg.jpl.nasa.gov/satm (accessed on 5 January 2022).

https://earthdata.nasa.gov/esds/maap
https://sbg.jpl.nasa.gov/satm
https://sbg.jpl.nasa.gov/satm
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HyspIRI has to instruments: a hyperspectral visible (0.38–2.5 µm), to short wave
infrared imaging spectrometer and a multispectral thermal infrared (TIR) imager. The
TIR instrument will have eight spectral channels, seven of the channels are between 7 and
12 µm, with one additional channel at 4 µm [43].

The implementation of LiDAR technology for close-range RS, including terrestrial laser
scanning (TLS) and airborne laser scanning (ALS), as well as the spaceborne GEDI-LiDAR
technologies, all stand out as having been used with tremendous success for recording
landform properties such as terrain, providing us with proof of the numerous fields of
application for geomorphology using various RS technologies [7].

The large number of publications on the detection and assessment of geomorphic fea-
tures and their changes, as well as geohazards, using different RS technologies indicates the
rapidly growing importance of the use of close-range, air- and spaceborne RS sensors [7].
However, it has not yet been described how RS can achieve the geomorphodiversity
approach first mentioned by Panizza [19]. In order to understand the detection of geomor-
phodiversity using RS, this paper introduces the five characteristics of geomorphodiversity
that can be detected by RS. Since the spectral signal of RS is a result of or an integral of dif-
ferent domains, e.g., geomorphogenesis, structures, patterns, shapes and shape complexes,
interactions between geomorphology and biogeomorphology, as well as changes in geo-
morphology, it makes sense to introduce the concept of spectral traits and trait variations
to capture geomorphodiversity with RS techniques for a comprehensive understanding.

RS records the traits and trait variations of plant species [44], plant communities [45],
animal species [46], pedology [47], or geomorphology [7]. Furthermore, traits are important
for a better understanding of social-ecological patterns, dynamics, interactions, and tipping
points in complex urban systems [48], as well as for monitoring urban intensification [49].
Traits are the central interface when it comes to linking different monitoring approaches
and, thus, linking in situ and RS approaches [50]. The usage of traits and trait variations,
as well as the importance of a new perspective and a new definition for monitoring
geomorphodiversity with RS, has already been briefly introduced by Lausch et al. [7] in
terms of geomorphology. However, in the study by Lausch et al. in 2020 [7], some of the
questions and hypotheses remained open; these are now the subject of this paper. Therefore,
the objectives of this paper are as follows:

• To describe the five characteristics of geomorphodiversity;
• To extensively discuss and explain the monitoring of the five geomorphodiversity

features, based on RS approaches, which are geomorphic genesis diversity, geomorphic
trait diversity, geomorphic structural diversity, geomorphic taxonomic diversity, and
geomorphic functional diversity;

• To explain the approach when monitoring geomorphic traits and trait variations using
RS technologies, and the advantages and constraints of RS technologies for monitoring
the five characteristics of geomorphodiversity;

• To explore the need to consider the characteristics and the spatial-temporal distribution
of geomorphic traits for successful RS-based monitoring;

• To discuss methods for distinguishing and classifying the five features of geomorpho-
diversity using RS;

• To discuss RS-based methods for monitoring geomorphodiversity in regimes with
changing land-use intensity;

• To elucidate new approaches for monitoring geomorphodiversity, using multi-mission
RS approaches and the ecosystem integrity approach;

• To highlight the importance of digitization processes and the use of data science
approaches for geomorphological research in the 21st century.

2. Characteristics of Geomorphodiversity

Geomorphodiversity, as part of geodiversity, can be described by its five characteristics,
namely: (a) geomorphic trait diversity, (b) geomorphic genesis diversity, (c) geomorphic
structural diversity, (d) geomorphic taxonomic diversity, and (e) geomorphic functional
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diversity [7]. These five characteristics of geomorphodiversity exist on all spatial, temporal,
and directional scales of geomorphic organization (Figure 3) and interact and influence
each other, as well as affecting biodiversity and further spheres of geodiversity such as the
lithosphere, hydrosphere, or atmosphere, either directly or indirectly on all these scales.
The five characteristics of geomorphodiversity are defined by Lausch et al. [7] as:

1. Geomorphic trait diversity, which represents the diversity of mineralogical, bio-
/geochemical, bio-/geo-optical, chemical, physical, morphological, structural, textu-
ral, or functional characteristics of geomorphic components that affect, interact with,
or are influenced by geomorphic genesis diversity, geomorphic taxonomic diversity,
geomorphic structural diversity, and geomorphic functional diversity.

2. Geomorphic genesis diversity represents the diversity of the length of evolutionary
pathways, linked to a given set of geomorphic traits, taxa, structures, and functions.
Therefore, sets of geomorphic traits, taxa, structures, and functions are identified that
maximize the accumulation of geomorphic-functional diversity.

3. Geomorphic structural diversity, which is the diversity of composition and configura-
tion of 2D to 4D geomorphic structural traits.

4. Geomorphic taxonomic diversity, which stands for the diversity of geomorphic com-
ponents that differ from a taxonomic perspective.

5. Geomorphic functional diversity, which is the diversity of geomorphic functions and
processes, as well as their intra- and interspecific interactions.

Figure 3. The five characteristics of geomorphodiversity exist on all the spatial, temporal, and
directional scales of geomorphic organization (modified after Lausch et al. [7]).

A clear separation and assignment of the five characteristics of geomorphodiversity
is not always possible, but nevertheless helps to monitor, assign and assess the vari-
ous indicators of in situ and RS approaches, as well as to understand the links between
both approaches.

3. Monitoring Geomorphodiversity and Its Variability

Geomorphodiversity is investigated using two types of approaches: the in situ ap-
proach and the RS approach. In contrast to in situ approaches, RS approaches acquire
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information about an object without physical contact. RS approaches are divided into
close-range, airborne, and spaceborne approaches, depending on the distance (from mil-
limeters to thousands of kilometers) of the monitored object from the RS sensor. To gain a
clearer understanding of the common interfaces, advantages, and disadvantages, as well
as the limitations and constraints of both approache types, these need to be considered in
more depth.

3.1. In Situ Approaches—Field-Mapping Techniques

Historically, scientists such as Humboldt [51,52] used various in situ measurement
techniques to detect, monitor, and classify features in geomorphology and geomorphodi-
versity and consequently to assess and predict natural and anthropogenic changes and/or
disturbances. Early on, the in situ monitoring of geomorphodiversity adopted a holistic
and interdisciplinary approach by observing, comparing, and investigating geo- and bio-
diversity; in particular, their interactions and feedback mechanisms. This approach also
incorporates the basic idea of ecosystem integrity [53–55], which is reflected in the establish-
ment of landscape and geoecological recording standards and mapping guidelines [56,57].
Special attention has always been paid to the monitoring of topography and relief, which is
imperative for understanding processes, assessments, and ecosystem modeling.

Scientists acquire essential knowledge about geomorphology from practical work and
the application of the latest technologies in various fields such as laboratory experiments [58],
fieldwork [59], microstructural studies [60], analytical modeling [61], seismic studies or
geoelectric studies—just to mention a few. Fieldwork is crucial for recording structures,
patterns, tectonics, etc., and to understand the processes, functions, changes, and distur-
bances. It is helpful for understanding the genesis of different structures, formation types,
and patterns (e.g., faults, fissures, folds, boudins or primary sedimentary and mineral
structures). Understanding tectonic structures and their patterns is crucial for designing
and interpreting geological maps [62], finding the genesis of different structures, locating
and planning exploration programs, and acquiring geochemical and seismic data. Local
measurements and wireless sensor networks are particularly important for the predict-
ing and warning of geohazards such as volcanic activity, earthquakes, the detection of
landslides, or, indirectly, the generation of tsunamis.

Furthermore, geophysical methods are often combined with other analytical, geotech-
nical, or RS methods to evaluate geomorphological processes. Among others, examples
include the detection of weathering processes in rocks with time-lapse refraction seismic
tomography [63], the evaluation of soil erosion processes by measuring magnetic sus-
ceptibility [64], the detection of landslides [65], e.g., moisture-induced landslides [66] or
other kinds of landslides [67], rock glacier activity as mapped by ground-penetration radar
(GPR) [68], permafrost monitoring using geophysical techniques [69], or electrical resistivity
tomography (ERT) [69].

In addition to monitoring the direct methods for recording morphological traits and
their changes, indirect methods, such as observing the interactions between geo- and biodi-
versity, are also used in assessment procedures. Plankton or terrestrial plant populations
and communities have served as bio-indicators or proxies for geomorphological structures,
patterns and processes and morphogens [70]. They provide important information on
changes, disturbances, and shifts in resource availability [71]. For example, changes in wa-
ter quality due to changes in stream morphology caused by river straightening or open cast
mining activity, etc., can be monitored very well using direct methods that record changes
in flow velocity, water bed changes, altered debris, and sedimentation characteristics, or
via indirect methods as proxies for these effects by recording changes in water quality
(turbidity, chlorine content, and mineral composition) using in situ as well as close-range,
air- and spaceborne RS technologies (see also Section 4). Such measurements help us to
better understand the interplay between geomorphology, environmental processes, and
the effects of reshaping the geomorphology of landscapes through humans intervention. In
situ methods for recording the various characteristics of geomorphoiversity not only have
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certain advantages but also disadvantages, compared to RS approaches [72]. The following
list points out some of these:

• In situ technologies are the most direct method for collecting the actual geologi-
cal data required for calibrating and validating RS data, which are crucial for un-
derstanding, assessing and predicting geo-genesis and structural, taxonomic and
functional geomorphodiversity;

• In situ methods enable high precision, timely measurements, are often weather-
independent and offer continuous measurements with high temporal frequency;

• Time consumption, laboratory and technical expenditure is high;
• Intercalibrations have to be performed to achieve the comparability of different in situ

sensor technologies;
• There are limitations to the spatial (grain or extent), directional and temporal resolution

of in situ measuring devices; therefore, there are limited possibilities for investigating
spatial-temporal as well as directional scale effects;

• There are limitations to investigating the interactions of geomorphological processes
on a regional, continental and global scale.

3.2. RS Approaches

Due to the increased cost-free availability of different spaceborne RS information
sources and access to RS-based data products, RS techniques have been widely used over re-
cent decades for large-scale geological mapping, the identification of geomorphological fea-
tures, the prediction and warning of geohazards, such as volcanic activity, earthquakes [73],
and the detection of land-slides or of mass flow-induced tsunamis [74], as well as to support
field measurements [75]. Research and monitoring have improved tremendously with
the coupling of geographic information systems (GIS), RS data and field research [76].
However, for a successful coupling, it is imperative to understand how to capture the
properties of geomorphodiversity deploying RS technologies and to identify the interfaces
between in situ and RS technologies.

RS sensors for monitoring geomorphodiversity (stereo-optical, thermal, microwave or
LiDAR sensors) can be mounted onto close-range RS platforms (terrestrial laser scanners
(TLSs), wireless sensor networks (WSN), fixed and/or mobile towers, or balloons) airborne
RS platforms (unmanned aerial vehicles (UAVs), microlights, gyrocopters, or aircraft)
and spaceborne RS platforms (satellites, space shuttles, or space stations; see Figure 4).
RS-based approaches are always non-destructive and are becoming increasingly cost-
effective for end-users through the free access of analysis-ready data [35]. These allow the
repetitive, comparable and, thus, standardized monitoring of a variety of characteristics of
geomorphology [25], and are therefore crucial for modeling land surface processes, such
as energy-related, geomorphological-hydrological [77] and biogeochemical processes [78]
without being in direct contact with the object.

Figure 4. Different air- and spaceborne remote-sensing platforms for assessing geomorphodiversity,
geomorphic traits, their changes and disturbances: (a) unmanned aerial vehicles (UAV or drone),
(b) microlight—gravity-controlled; (c) gyrocopter or microlight helicopter; ((d)—top) ECO-Dimona;
((d)—bottom) Cessna and (e) satellite (from Lausch et al. [47]).

Geomorphic traits that can be monitored using RS techniques in various regions of
the electromagnetic spectrum are called spectral traits (ST); the changes to these spectral
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traits are referred as spectral trait variations (STV). Hence, the respective RS approaches
are referred as RS spectral traits and RS spectral trait variations—concept (RS-ST/STV-C;
see Figure 5) [47].

Figure 5. In situ and remote sensing (RS) approaches, common links, and the constraints of RS for
monitoring the five characteristics of geomorphodiversity. Geomorphological traits are the crucial
link between in situ and RS monitoring approaches (from Lausch et al. [7]).

Depending on its radiometric, geometric, spectral, angular, or temporal resolution
and the available constraints (see Section 3.3), RS can only capture a part of the totality
of geomorphic traits that can otherwise be captured by in situ monitoring approaches.
This approach applies to all RS sensors on all RS platforms. However, the choice of an
appropriate platform is crucial for an improved spatial and spectral differentiation of
different geomorphic traits.

Geomorphological traits are the crucial link between in situ and RS monitoring ap-
proaches and are imperative for the spatial-temporal normalization and standardization
of derived geomorphologic RS products. Common links and the constraints of RS for
monitoring the five characteristics of geomorphodiversity using in situ and RS approaches
are shown in Figure 5 (from Lausch et al. [7]). The following sections explain this in detail,
with focus on the presentation of air-and spaceborne RS technologies for monitoring geo-
morphodiversity. RS can capture all five characteristics of geomorphodiversity, namely:
(i) geomorphic trait diversity, (ii) geomorphic genesis diversity, (iii) geomorphic structural
diversity, (iv) geomorphic taxonomic diversity, and (v) geomorphic functional diversity.

A whole range of geomorphic traits can be recorded with different air- and spaceborne
RS technologies (see Figure 4). Geomorphic traits are rarely recorded as ‘pure geomorphic
traits’, but rather as trait combinations with RS. Since the constraints with RS play a decisive
role, geomorphic traits can also be assigned to several groups at the same time. Figure 6
shows examples of spectral traits of geomorphodiversity, monitored by RS technologies
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Figure 6. Examples of spectral traits of geomorphodiversity, monitored by RS technologies.

RS technologies can record geomorphic traits, their diversity and variations, from
which the other four geomorphodiversity characteristics are derived. However, compared
to in situ measurements, RS approaches can only record certain parts of these geomorphic
traits and their variations [7]. This is because capturing geomorphic traits and diversity
using RS approaches is limited by various constraints, namely: (1) the characteristics and
spatial-temporal distribution of geomorphic traits; (2) the characteristics of geomorphologi-
cal processes; as well as (3) the RS sensor characteristics, the chosen RS platforms and the
characteristics of RS data-processing and classification information. These constraints and
limitations define the detectability, feasibility, accuracy, depth of information, repeatability,
and, thus, standards disability in monitoring the five geomorphic characteristics using
RS approaches.

3.3. Constraints for Monitoring Geomorphodiversity with RS
3.3.1. Characteristics and the Spatial-Temporal Distribution of Geomorphic Traits

Essential parameters for the detectability of geomorphic traits using RS are the geo-
chemical, bio-/geo-optical, chemical, physical, or morphological characteristics of the traits.
They could be manifested as color, density, condition, moisture, composition, and configu-
ration of minerals, sediments, rocks, and morphological structures, as well as their spatial
and temporal compositions and the configuration of geomorphic traits. Dune fields, for
example, can be recorded with RS, since these are composed of relatively homogeneous and
extensively distributed aeolian traits (i.e., sand, gravel, crushed stone, etc. (see Figure 7)).
In contrast, small quantities of sand acting as a soil component cannot be recorded with RS
or with high inaccuracy only [7]. The measurability of these traits based on RS is closely
related to the spectral, spatial, directional, and temporal RS characteristics of the sensors
used to monitor geomorphology (see Section 3.3.3). The focus for developing future RS
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sensors and technologies is, thus, on detecting specific geomorphic traits that cannot yet be
detected with current RS technologies.

Figure 7. (a) Dune sand, (b) sand and gravel, (c) gravel, (d) crushed stone, and (e) rubble; the
characteristics and spatial-temporal distribution of geomorphic traits are important factors for
monitoring geomorphodiversity.

3.3.2. Characteristics of Geomorphic Processes and Their Drivers

Another crucial constraint for monitoring geomorphodiversity with RS is the char-
acteristic of geogenesis, as well as the whole geomorphic process sequence. Thus, the
characteristics of geomorphic processes and process combinations, such as type, duration,
intensity, consistency, intensity, extent, superposition, continuity, discontinuity and inter-
action define and record geomorphic structures, patterns, shapes, and form complexes
that lead to a specific geomorphic trait with structural and taxonomic as well as functional
diversity (see also Figure 3). The characteristics of geomorphic processes are the basis for
the formation of specific geomorphic trait diversity. Plate tectonics or rock folds occur
during a predominantly fracture-free crustal deformation. They are always as a conse-
quence of compression. The five characteristics of geomorphodiversity are, thus, filters
and crucial indicators of geogenesis processes and process combinations, and are the cause
of changes, shifts, disturbances, and variabilities in geomorphology. Furthermore, they
provide important indicators, are hotspots, and allow the prediction and differentiation
between the natural and anthropogenic causes and drivers of disturbances and geohazards,
such as sinkholes, landslides, subsidence phenomena, ground surface responses, mass
changes, and mass transports or shifts in mass variability in the Earth’s systems.

Airborne LiDAR sensors and numerous spaceborne RS technologies, such as long-term
multi-sensor Interferometric Synthetic Aperture Radar (InSAR) analysis [79], GRACE [80],
and GRACE follow-on (GRACE-FO) [81] can be used to record local to global properties
and changes in the topography and geohazards of the Earth’s surface. Measurements of
mass variability can be carried out on the one hand by ALS, directly with multitemporal
analyses and the difference modeling of digital elevation models (DEM) and, on the
other hand, indirectly through the interactions of topography, soil and water (traits of
geomorphodiversity) with traits of biodiversity, such as microorganisms [82] or plants [83].
Changes in bio-traits are crucial proxies of geomorphic processes and disturbances, which
RS can measure. For example, the changes in woody plants due to an instability of the
subsoil from sinkholes and mass changes could be recorded using ALS (Figure 8).

3.3.3. Sensor Properties and Platforms to Monitor Geomorphodiversity

Geomorphic processes and changes define the shapes of the traits, their combinations
and trait variations on all scales of geomorphic organization (see also Figure 3). Therefore,
geomorphological features should be captured by sensors on different RS platforms (from
close-range to space-based platforms). An RS pixel can contain both pure and mixed spec-
tral information about the geomorphological traits. Thus, on the one hand, the accuracy of
the classification of geomorphic features that can be captured with RS depends on the prop-
erties and the spatio-temporal distribution of the geomorphic features (see Section 3.3.1).
On the other hand, the properties of RS sensors, such as radiometric, spectral, geometric,
directional, and temporal resolution, are crucial in the detectability and monitoring of geo-
morphic features. Thus, specific mines, mineral compositions, structures, and patterns, as
well as distributions of geomorphic features, can only be detected by RS technologies if the
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spectral characteristic or RS technology is suitable for detecting these features. For example,
RS technologies with (about 20–400) spectral bands, such as hyperspectral technologies
(e.g., airborne HySPEX, the airborne imaging spectrometer (AISA), the airborne PRISM
experiment (APEX), space-borne DESIS, or EnMAP), are suitable for capturing the mineral
composition of mountains with a high level of detail [84], or surface quartz content in sand
dunes [85], boulders or bedrock. Meer et al. [86] provide an overview of multi- and hyper-
spectral geological RS. Multitemporal RS approaches (e.g., the Landsat 5–9 time series [30])
also allow continuity in the detection of changes and shifts in geomorphological features
and, thus, the monitoring of changes and disturbances in bio- and geomorphodiversity
caused, e.g., by river-straightening or the large-scale mining of construction sand in coastal
regions. A wide range of other examples can be found in Table A1 in the Appendix A of this
paper. Furthermore, the direction of solar radiation, as well as a change in the inclination
of topographic features in the DEM or digital surface model (DSM) leads to a change in
brightness depending on the direction of the solar radiation and is the basis for monitoring
the direction of inclination [87].

Figure 8. Changes in geomorphic traits lead to geomorphic trait variations. These changes can also
lead to a change in vegetation traits, as geo- and biodiversity interact with each other either directly
or indirectly. This example shows changes in geomorphology caused by underground open-cast
mining with subsequent landslides. (a) Woody plants at the edge of a watercourse, (b) Overthrow of
woody plants as a result of the collapse of underground open-cast mining tunnels and subsequent
landslides, (c) Digital elevation model (DEM) recorded by airborne laserscanning (ALS) three months
before the event (2017/09), (d) DEM recorded by ALS after the event (2017/12), (e) Difference model
shows the geomorphological changes caused by the event.

The temporal resolution of RS plays a particularly important role in monitoring dy-
namic morphological processes and changes. Examples are the automated spatio-temporal
detection of landslides using Rapid-Eye RS data [88], the InSAR interferometry of surface
deformations [89], dune spatial-temporal aeolic patterns (length, minimum spacing density,
orientation, height, and sinuosity), aeolian dune composition configuration (complexity, di-
versity, shapes, patterns, and heterogeneity), dune ridges [90], coastal landforms, coastline
and shoreline detection [91–93], the geomorphic delineation of floodplains and terraces,
meander dynamics or channel characteristics.

The spatial RS characteristic defines the level of detail of geomorphological objects in
a classification. It is crucial in the monitoring and use of DEM [7] (see Figure 9), whereas in
taxonomic differentiation, the geometric as well as the spectral resolution (multispectral or
hyperspectral) of the RS sensor is target-oriented.
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Figure 9. For discrimination and successful monitoring, in addition to the characteristics and the
distribution of geomorphic traits and their changes, the spatial characteristics of the deployed RS
sensors are of major importance. Here the importance of the spatial resolutionis illustrated through
a comparison of DEMs of a post-mining potash tailings pile, Teutschenthal-Bahnhof, near Halle,
Germany (see also Schwefel et al. [94]): (a) LiDAR (DEM 1)—1 m, (b) photo of the post-mining
landscape with the 95 m high potash tailings pile, (c) SRTM (DEM 90)—90 m, (d) Aster (DEM 30)—
30 m, (e) DEM generated from height information of the land surveying office—LVermGeo (DEM 10)—
10 m, (f) SAR (DEM 5)—5 m, (g) LiDAR (DEM 1)—1 m (from Lausch et al. [7]).

3.3.4. Summary of Constraints

Summariezed, the following factors are essential for a successful recording, discrimi-
nation and monitoring of geomorphodiversity and its changes with RS (from Lausch et al.,
2020 [7]):

• The characteristics of the combinations of geomorphic processes (i.e., the scope, length,
intensity, consistency, dominance, and overlay) that lead to the formation of character-
istic geomorphic traits, geo-genesis, taxonomic, structural, and functional diversity.

• The characteristics, composition, and configuration, such as the shape, density or
distribution of the geomorphic traits and trait variations in space and over time.

• The radiometric, spectral, spatial, and temporal resolution of the RS sensors are crucial
for the successful detection and monitoring of the five features of geomorphodiversity.

• The choice of RS platform (close-range, air- or spaceborne) influences the spatial and
temporal resolution and, ultimately, the recordability and precision of the RS sensor
properties of the geomorphic traits.

• The choice of the classification method (spectral-based pixel classification or spectral-
based geographic object-based image analysis (GEOBIA) [95]), and how well the
applied classification algorithm and its assumptions fit the RS data and the spectral
traits of geomorphology.

• Sensors with different sensing properties should be combined to detect different
geomorphic traits and trait variations simultaneously.

• A multi-variate and multi-temporal implementation of RS sensors, such as multispec-
tral, hyperspectral, LiDAR, RADAR, microwave radiometer, and thermal infrared
(TIR) sensors, increase not only the number but also the characteristics and diversity
of geomorphic traits and trait variations that can be recorded.

• Geomorphological features/traits should be captured with a combination of sensors
to combine different RS advantages (a multi-sensor and multi-temporal RS approach)
and to compensate for and/or complement the technological limitations of sensors.
For example, synthetic aperture radar (SAR) data for 5 m2 contains mixed informa-
tion about geomorphic traits, with the advantages of other sensor technologies (e.g.,
25 points/m2 of LiDAR data to record DEM and its changes).



Remote Sens. 2022, 14, 2279 15 of 48

4. Monitoring Five Characteristics of Geomorphodiversity Using RS
4.1. Geomorphic Trait Diversity and Its Changes Using RS

“Geomorphic trait diversity represents the diversity of mineralogical, bio-/geochemical,
bio-/geo-optical, chemical, physical, morphological, structural, textural or functional char-
acteristics of geomorphic components that affect, interact with or are influenced by the
geomorphic-genesis diversity, the geomorphic taxonomic diversity, the geomorphic struc-
tural diversity, and the geomorphic functional diversity” [7] (see Section 2).

Only when features, such as the radiometric, geometric, spectral, angular, or temporal
resolution of RS sensors, are specific for the detection of geomorphological spectral features,
these can be detected with RS. The requirements for the resolutions differ, for example,
when different minerals (silicates, oxides, carbonates, sulfates, chlorides), material types
(sand, rock, gravel, soils), material properties (texture, colors, shapes) or form features
(river valleys, fracture steps, pits, slope inclinations, or curvatures of river loops) should
be detected.

RS can record and monitor geomorphic trait diversity based on geomorphic spec-
tral traits/trait variations. If the landforms to be recorded do not differ with respect to
the mineralogical, bio-/geochemical, bio-/geo-optical, chemical, physical, morphological,
structural, textural, or functional characteristics of their geomorphic components, then they
cannot be differentiated from each other using RS technologies. The detectability of geo-
morphic trait diversity forms a crucial basis for the detection, differentiation, classification,
and monitoring of the remaining four characteristics of geomorphodiversity.

In regions without vegetation cover compared to regions with vegetation cover, the
recording of geomorphic trait diversity with RS technologies is possible using direct RS
indicators. The spectral RS signal is the result or integral of the state and the changes, shifts
and/or disturbances of geomorphic traits, geogenesis traits, structure traits, and taxonomy
as well as functional traits. In regions covered by vegetation, water or ice, indirect indicators
may be used in addition to the direct RS indicators that are integral to the response of
traits in bacteria, algae, plants, populations, communities, and traits of landforms and
their interactions. In Section 6, methods for the discrimination and classification of the five
characteristics of geomorphodiversity are discussed in detail.

RS techniques are, therefore, the only and the most essential method and basis for mon-
itoring geomorphic trait diversity, which is the basis of the geo-spectranometric approach
and the “spectral fingerprint of geomorphology and geomorphodiversity” (see Figure 10).

Figure 10. All five characteristics of geomorphodiversity can be recorded using RS technologies. The
individual characteristics of geomorphodiversity are illustrated by means of examples, which are:
(I) geomorphic trait diversity, (a) AVIRIS hyperspectral RS data was used to classify the mineral
distribution and the geomorphic traits in the Cuprite area, Nevada (from Clark et al. [96]); (II) geomorphic
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genesis diversity, (b) photo of the characteristic relief forms created by the exogenous and endeoge-
nous genesis processes genesis, (c) TIR image of part of the Siberian Trap supervolcano; (III) geomor-
phic structural diversity, (d) derivation of dune pattern mapping with RS (from Shumack et al. [97]);
(IV) geomorphic taxonomic diversity, (e) classification of different mountain types using RS (from
Farmakis-Serebryakova et al. [98]); (V) geomorphic functional diversity, (f-1) processes of geogen-
esis and river degradation lead to changes in morphometric river features, (f-2) the morphometric
changes can be recorded using RS data, reprinted with permission from Ventura et al. [99], 2021,
Elsevier. license number: 4856041399548; (g) The integration and combination of all five features
form the basis of the geo-spectranometric approach and lead to the ‘spectral fingerprint of geomor-
phology and geomorphodiversity’. All features and individual figures are explained in detail in the
following chapters.

4.2. Geomorphic Genesis Diversity Using RS

“Geomorphic genesis diversity represents the diversity of the length of evolution-
ary pathways, linked to a given set of geomorphic traits, taxa, structures, and functions.
Therefore, sets of geomorphic traits, taxa, structures and functions that maximize the
accumulation of geomorphic functional diversity are identified” [7] (see Section 2).

The Siberian Trap and the Deccan Trap, also called the Deccan Large Igneous Province,
are examples of geological volcanic eruptions that led to the formation of characteristic
geomorphic genesis diversity [75]. As a result of the volcanic activity from 252 million
years ago (the duration of the flood basalt event being ~900,000 years), extensive areas of
flood basalt (with a total thickness of up to 6500 m) were formed in the Siberian Traps.
The Sibierian Traps extend from the West and North Siberian Lowlands and the Central
Siberian Highlands as well as to part of the Central Yakutian Lowlands, including the
western slope of the East Siberian Highlands. The impacts of the eruptions produced up
to ~2000 km3 of lava, leading to a large-scale distribution and volcanic deposit-covered
area of ~7 million km2. Enormous releases of sulfur dioxide, methane, carbon dioxide, and
large amounts of hydrogen sulfide from volcanic as well as organic (bacterial) sources [100],
resulting in the formation of mountain structures such as the Putorana Mountains. Present-
day deposits of silicon-rich migmatites, large amounts of volcanic tuffs, and pyroclastic
deposits such as rhyolite, and metal-bearing rocks such as nickel, copper, and palladium
are mined from extensive deposits today. The eruptions and their impacts are thought to
be causally related to the mass extinction at the end of the Permian era. Thus, the toxic
effects and extreme temperature increase of terrestrial and marine areas by 8 to 10 ◦C
led to the collapse of many ecosystems and the emergence of new forest habitats, which
only repopulated larger areas after about 15 million years. In contrast to the ammonites,
conodonts, and foraminifera (with a regeneration time of 1 to 3 million years), the damaged
coral reefs needed some 8 to 10 million years for complete regeneration.

RS has added a new dimension to the monitoring of geomorphic genesis diversity,
its characteristics, consequences, disturbances, and biodiversity. RS can describe genesis
traits (minerals, rock types), taxa (mountain types) structures (genesis patterns, lineaments),
and functions (run-off behavior), which represent geological tectonic architecture and its
features [101]. Detailed structural and pattern analyses using RS technologies help to inter-
pret, classify, discriminate and, thus, identify the genesis of various structures and patterns
in the Siberian and Deccan Traps [75]. Thus, RS-based lineament analyses are crucial key
elements for interpreting local, regional, and continental geogenetic structures [76]. Any
naturally formed linear feature on the Earth’s surface that is related by the processes of
extension, compression, strike-slip, or as a result of the magmatic or metamorphic activity,
is called a lineament [75]. There are various geotaxonomic forms of lineaments, including
rock types, linear sinkholes, fault-related traps, fold hinges, faults, shear zones, dykes, min-
eralized veins, uplifted topography, or contacts between elongated fractures or fault-bound
elongated valleys [76,102]. In addition to lineaments, terrain patterns or fluvial drainage
patterns provide important clues about the causes, trends, and nature of subsurface struc-
tures that cannot be detected with RS [76]. Drainage patterns in flat terrain are usually
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dendritic; however, in a dome or mountain structure, drainage patterns are radial and
concentric [102]. Orthogonal, barbed, and double-drainage or compressed meanders are
other examples of drainage patterns that control the course of water movement through
their structure [75,76,103].

If lineaments, their patterns, or substructures are not directly visible and cannot be
recorded using RS techniques, then, vegetation traits or plant functional types [50,104] or
land-use anomalies and groundwater patterns [105], or the delineation of shallow Dec-
can basaltic aquifers using aerial photointerpretation [106], or channel widths, landslides,
faults, or high-spatial-resolution Google Earth imagery in the study of Earth surface pro-
cesses [107] can be used directly or as a proxy for geomorphic genesis diversity. Figure 11
shows the process of geogenesis that leads to the formation of geomorphic genesis diversity,
which can be recorded with different RS technologies.

Figure 11. (1) Geogenic exogenous and endogenous processes, such as in such as a volcanic eruption
(a) leads to characteristic geogenic geomorphic traits. (2) Geomorphic traits can be: mineralogical,
structural, taxonomic and functional traits, such as: (b,c) different minerals, (d) different sturcural
forms and form complexes, (e) different rock types. Consequently, the processes, e.g., volcanic erup-
tions lead to (3) geomorphic trait variations and the shaping of terrain and mountains. Geomorphic
traits and trait variations produce a morphologogically specific (4) spectral response, which can be
detected using different RS technologies. (f) Laboratory spectral features of different hydrothermal
minerals and mapping results from RS analysis are crucial for mineral classification, (c) VNIR-AVIRIS
hyperspectral data from the Cuprite area (Nevada) show results of lithography classification us-
ing hyperspectral RS data, (g) Representation of a volcanic eruption using RS of the Siberian Trap,
(h) Distribution of volcanic deposits optained by differencing pre-eruptive and post-eruptive DEMs
derived from ASTER and PlanetScope RS Data, location—Nabro volcano; Image sources: (a,b) from
Peyghambari and Zhang [108], (c,f) from Clark et al. [96], (d) from Shumak et al., [97], (e) from
Farmakis-Serebryakova et al. [98], (h) reprinted with permission from Calvari et al., [109], 2022,
Elsevier. license number: 5303110916041.

4.3. Geomorphic Structural Diversity Using RS

“Geomorphic structural diversity is the diversity of composition and configuration of
2D to 4D geomorphic structural traits” [7] (see Section 2).

Exogenous and endogenous processes are responsible for generating relief and form,
leading to the development, structuring, and shaping of our Earth’s crust and entire ecosys-
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tems. Geomorphometry, geomorphic structure, patterns, diversity, relief, and topography
are all crucial for the functionality, feedback, and resilience of geomorphology and the
biota controlling the Earth’s surface processes and landforms [3,110,111]. Spatial-temporal
heterogeneity and evolutionary geomorphological structures and patterns lead to plant and
animal species diversity and gradients in ecosystems, increasing the niche dimensionality
of species and consequently supporting species richness and biodiversity [112,113]. The
2–3D structures and sculpture forms, patterns, and communities enable essential conclu-
sions to be drawn about the relief, structure, rock, and soil-formation processes during
genesis. The diversity of geomorphic structures, patterns, and forms provides not only
crucial information about the type and origin of the process but also its characteristics, such
as the scope, length, intensity, consistency, dominance, and overlay of the process. Further-
more, spatial-temporal geomorphic patterns can equally be used to describe the degree of
naturalness or anthropogenic influence or degree of human influence (hemeroby) [114,115]
on geomorphology and landforms.

Through land use intensity (LUI) and urbanization, ponst-mining landscapes, forestry
intensification or river regulation evolutionary geomorphic structures and shape patterns
are altered and, in some cases, are so heavily overprinted that the original evolutionary
structures are now challenging to monitor. Numerous examples of geomorphic imprinting
define the terrain of our present-day cultural landscape, such as buildings, cities, streets,
terraces, boundary walls, brownfields, ditches, canals, reservoirs, or restored wetlands.
The characteristics of geomorphic structures are, therefore, crucial fingerprints of human
influence [17]. For this reason, geomorphic structural diversity is an important indicator
for measuring and assessing inferences regarding the state, changes, and the origin, type,
and intensity of human influence. This allows essential conclusions to be drawn about
the functionality and resilience of a particular ecosystem. In this way, for example, river
straightening leads to measurable morphological changes in fluvial landforms, which
influence their functionality [116], see also Section 4.5). Geomorphic structures and patterns
are crucial for the discrimination of geomorphic taxa and, thus, the characterization of
geomorphic taxonomic diversity using RS (see Section 4.4; see also Figure 12).

Figure 12. Geomorphic structural diversity, monitored with remote sensing technology. Examples
of dune-field landscape patterns on remotely sensed data. (a) Barchan dunes, (b) linear dunes,
(c) dome dunes, (d) reticulate dunes, and (e) longitudinal dunes (reprinted with permission from
Zeng et al. [117], 2021, Elsevier. license no. 5176660806321).

Structural diversity exists on all levels of a geomorphic organization. Therefore,
structural geomorphic traits can be recorded by different RS platforms and, thus, on all
spatial-temporal and directional scales of geomorphology. To successfully record and
monitor structural diversity and its traits, the spatial, spectral, radiometric, angular, and
temporal characteristics of the RS sensors play a significant role. Moreover, the distribution,
density, and composition, as well as the configuration of structural traits, also play a
major role here (see also Section 3.3.1). Examples are the structures of fluvial landforms
such as channel characteristics, floodplain morphology hydraulic channel morphology,
geometries, topography, river width arc length, longitudinal transect or channel slope, or
below waterline morphology. Morphometric patterns can be recorded with high-resolution
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LiDAR technologies, whereas optical RS approaches are doomed to fail with a spatial
resolution of only 20 cm.

The choice of sensor technologies and characteristics is crucial to capture the exact
geomorphological structure, such as topography. This will determine the model quality
and, consequently, the quality of the prediction of disturbance effects in landscapes. Thus,
ecological and hydrological model predictions are only as good as the quality of the input
data that are collected by RS [7]. For example, by capturing the detailed terrain structures
of coastal regions through airborne LiDAR data, it has been demonstrated that more than
three times as many people are at risk from climate change and rising sea levels than
was previously calculated from less detailed shuttle radar topography (SRTM)-DEM-RS
data [92].

4.4. Geomorphic Taxonomic Diversity Using RS

“Geomorphic taxonomic diversity is the diversity of geomorphic components that
differ from a taxonomic perspective” [7] (see Section 2).

Different evolutionary processes (geogenesis), such as plate tectonics, mountain build-
ing, or volcanism are described by the numerous geomorphic taxa (also referred to as types,
classes, or units) of mountains, reliefs, volcanoes, channels, rocks, and landforms, leading
to the development of different geomorphic taxa with specific geochemical, mineralogical,
and structural properties, forms, and shape classes. This taxonomic diversity, heterogeneity,
and richness of different geomorphic types (mountains, dunes, coast, or dune types) define
the state, stability, and resilience of the entire geosphere and biosphere, as they induce a
high diversity of ecosystem processes, functions, forms, and types of structures, ultimately
forming ecological niches (see also Figure 13).

Figure 13. Geomorphic taxonomic diversity using RS. The most suitable relief shading methods per
landform based on the survey results: the clear sky model method for (a) block mountains; (b) folded
mountains; (c) mountains formed by erosion processes; (d) cluster shading for drumlins; (e) plateaus;
and (f) V-shaped valleys; (g) clear sky model with custom illumination (here, S) for U-shaped valleys;
(h) standard hill-shading with custom illumination (here, W) for alluvial fans; and (i) aspect shading
for glaciers (from Farmakis-Serebryakova et al. [98]).

Different geomorphic types (taxa) vary in terms of their different geomorphic traits,
in their geogenesis, structure, and function. For example, the production of volcanic
lavas, solids, and gases shapes various characteristic volcanic forms. In addition, there
are differentiating properties of the resulting volcanic products, such as gaseous, viscous,
or low viscosity to solid properties. Likewise, the character of the production of different
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volcanoes differs, e.g., from explosive to effusive. Cinder volcanoes, for example, were
formed from loose material and have a characteristic cone shape with a slope of 30–40◦,
leading to the formation of the distinctive concave slope shape. Furthermore, volcanic ash
created the vast grass-covered savannah areas of the Serengeti, preventing the invasion
and development of forest communities.

However, anthropogenic changes, such as land-use intensity, agricultural expansion,
urbanization, climate change, or resource extraction have influenced, shaped, and defined
a variety of landforms and geomorphic types for thousands of years [28]. This has led to
changes in evolutionary types and the formation of distinctive anthropogenic-geomorphic
types with strong anthropogenic features such as reservoirs, embankments, canals, mines,
terraces or roads, buildings, and cities [17]. The expression of geomorphic characteris-
tics and types present today, thus, range from “purely evolutionary types” to “strongly
anthropogenic-geomorphic-dominated types”, which demands special recording and as-
sessment procedures. Anthropogenic geomorphic features, such as linear structures, river
straightening, and the characteristic structures of terraces or mines can now be used to
monitor the degree of human influence and to improve the discrimination and classification
of geomorphic types.

RS techniques can capture traits in geomorphology [7], soil characteristics [47], and
the responses of above- and belowground diversity [118] as well as biodiversity [50,104],
depending on their RS characteristics. Many RS technologies are being used to detect
human impacts and changes in the geomorphic taxa through LUI, using spectral image
analysis—such as the monitoring of river degradation, terrain creation [17], and coastal
structure changes with LiDAR [92], or urbanization (cities and roads) using multispectral,
LiDAR or RADAR technologies [17].

4.5. Geomorphic Functional Diversity Using RS

“Geomorphic functional diversity is the diversity of geomorphic functions and pro-
cesses as well as their intra- and inter-specific interactions” [7] (see Section 2).

Through anthropogenic impacts, such as urbanization, land-use intensity, and river
straightening, the 19th to the 21th centuries increasingly witnessed irreversible changes
and disturbances to the natural geomorphology, leading to considerable disturbances in
the functionality and resilience of geosystems. Using the example of river straighten-
ing, we briefly discuss the basic reasons why RS can record genesis and structural and
functional changes.

Rivers adapt their path according to the temporal variations of their outflow. Hence,
during geogenesis, meanders emerged due to convergent and divergent flow movements
that were transverse to the general direction of flow (see Figure 14a). The number of factors
influencing the formation of meanders can still not be fully explained today. However, it is
understood that the meanders of a river are the expression of a stable, dynamic balance
between the river and the riverbed, creating characteristic fluvial biodiversity with high
self-purification potential. The geometry of meanders, both cut-off meanders and oxbows,
can greatly differ since meanders are subject to a permanent positional change. In the 19th
century, flood prevention measures were undertaken on the Upper Rhine (a reduction in
areas prone to flooding), to regulate low-water levels (e.g., for year-round shipping) as well
as regulations to produce hydropower.
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Figure 14. Monitoring status and changes to geomorphic characteristics with RS. (a) Different pro-
cesses during geogenesis lead to the formation of specific morphometric fluvial traits—the meanders,
(b) the entire river system is characterized by these meanders. (2) Processes/drivers such as land-use-
intensity, river regulations, or barrages lead to (c) changes in structural, functional fluvial traits (fluvial
trait variations) (d,e). These fluvial trait variations lead to spectral responses in the remote sensing
signal (d). Example of monitoring temporal changes of fluvial traits—vertical displacement rate of the
river system from 2006–2010 with remote sensing technologies (LiDAR) (d,e). From Ventura et al. [99],
Reprinted with permission from Ventura et al. [99], 2021, Elsevier. license no. 4856041399548.

The morphological impacts of these “corrective measures“ on the River Rhine in
Germany altered the erosion and sediment behavior of the river. At the same time, the flow
velocity increased, leading to strong vertical erosion of up to 7 m in the Rhine. As a result
of this eroded material, sandbanks and gravel banks frequently formed, and these barrages
acted as sediment traps, which meant that further measures were then required to regulate
low-water levels [119]. Hence, river regulations or barrages (Figure 14b,c) lead to changes in
the genesis, structural and functional fluvial traits, subsequently leading to fluvial trait vari-
ations (Figure 14c). The structural geomorphological changes in the original meandering or
sediment displacement can now be recorded using RS approaches because these fluvial
trait variations lead to spectral responses in the RS signal (Figure 14e). Figure 14d shows
one example of monitoring the temporal changes of fluvial traits—the vertical displacement
rate of the river system from 2006 to 2010—with RS technologies (LiDAR).

In addition to structural changes, hyperspectral technologies (HySPEX, AISA, CHIME,
or EnMAP) can be used to make statements about changes to vegetation diversity and
water quality (increasing eutrophication, chlorophyll content, and turbidity); in other
words, impacts from river straightening. There are numerous examples of monitoring
topography and relief (DEM, DSM) using RS technologies.
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5. Monitoring Geomorphodiversity in Regimes with Changing Land-Use Intensity

The increasing global loss of river connectivity and consequently the loss of fully
functioning ecosystems has had dramatic impacts on the world’s coasts, e.g., in Brazil,
Mexico, the USA, Greece, or Japan. Reservoirs alter the balance of sediment and coastal
erosion, change the flora and fauna, and lead to a loss of functioning ecosystems ecosys-
tems [14,120]. Deforestation and slash-and-burn practices also lead to severe erosion and the
alteration of biodiversity and geomorphodiversity, as well as the entire hydrological regime
in mountainous or rainforest areas [121], while mining or geothermal energy practices lead
to subsidence or sinkholes. Although geomorphological genesis led to the formation of
permafrost soils, which normally act as carbon sinks, the melting of permafrost due to
climate change and the intensification of land use is now causing northern-hemisphere
soils to release carbon back into the atmosphere [82]. The enormous complexity and inter-
actions of natural endogenous and exogenous processes, as well as the increasing impact
of intensification and urbanization on geomorphology, increasingly demand a multidis-
ciplinary approach to monitoring and modeling geomorphic structures, functions, and
hazards [122,123].

By comparing evolutionary and anthropogenically induced geomorphic structures and
structural forms, conclusions can be drawn about the degree of anthropogenic overprinting.
The anthropogenic fingerprint of geomorphology can be derived using RS technologies
technologies [17,28] (see also Figure 15).

Figure 15. By comparing evolutionary and anthropogenically induced geomorphic structures and
structural forms, conclusions can be drawn about the degree of anthropogenic overprinting. The
anthropogenic fingerprint on geomorphology can be derived using RS technologies. “Images il-
lustrating the detection of the anthropogenic topographic signature of terraced landforms in the
Alpine context (Trento Province, central Italian Alps, Italy). Images of natural (a–d) and terraced
landscapes (e–h) are derived from aerial photographs (a,e); shaded relief maps are derived from 2 m
LiDAR digital terrain models (DTMs) (b,f); slope maps (c,g); and maps of the slope local length of
auto-correlation (SLLAC) (d,h). The LiDAR dataset is offered as a free download by the Autonomous
Province of Trento (Alps). Natural landscapes show maps of SLLAC with randomly distributed ele-
ments and highly noisy backgrounds, whereas the construction of terraces yields a clear topographic
signature that results in more regular SLLAC maps, with ordered elongated elements that follow the
terrace benches” (from Braun et al. [28]).



Remote Sens. 2022, 14, 2279 23 of 48

Increasing or decreasing intensity in human-induced process regimes is a significant
force shaping geomorphodiversity [17]. Monitoring the associated spatio-temporal trait
variations with active or passive RS techniques can be translated into taxonomic geomor-
phological changes and spatial-temporal trait variations (see Figure 16 for examples). Most
of the time, increasing land-use intensity decreases the diversity in geomorphic forms and
traits. River regulation and agricultural and urban expansion lead to a reduction in these
features. The same applies to dam construction, where complicated stream patterns are
replaced with a lake and a single large dam feature. Potentially, losses in geomorphodiver-
sity can be restored in the case of declining land-use intensity. With increases in sediment
loads, deltas can grow again, forming complex marshlands (Figure 16).

Figure 16. A selection of fluvial geomorphic processes/changes, caused by natural processes or
declining and increasing human land-use intensity, with images recorded by Landsat optical remote-
sensing missions. The changes lead to different traits and taxonomical changes and act on different
time scales. Image sources: Landsat satellite images, (https://earthobservatory.nasa.gov/, (accessed
on 5 January 2022)); (a,b); land-use intensity—low https://earthobservatory.nasa.gov/images/
89266/a-shape-shifting-river-in-bolivia, (accessed on 5 January 2022); (c,d) land-use intensity—
increasing; https://earthobservatory.nasa.gov/world-of-change/YellowRiver/show-all, (accessed
on 5 January 2022); (e,f) land-use intensity—increasing, https://earthobservatory.nasa.gov/images/
91083/reshaping-the-xingu-river, (accessed on 5 January 2022); (g,h) land-use intensity—declining,
https://earthobservatory.nasa.gov/world-of-change/WaxLake, (accessed on 5 January 2022).

6. Methods for Discriminating and Classifying the Five Characteristics of
Geomorphodiversity

In regions without vegetation, water, or ice cover, detecting geomorphic trait diversity
with RS technologies using direct RS indicators is easier than when detecting landforms
with vegetation, water, or ice cover. The spectral RS signal is the result or integral of the
state, changes, shifts, and/or disturbances of geomorphic traits, geogenesis traits, structure
traits, taxonomy traits, and functional traits. In regions with vegetation, water, or ice cover,
indirect indicators must be used in addition to the direct RS indicators, which are integral
to the response of traits in bacteria, algae, plants, populations, communities, and the traits
of landforms and their interactions.

Direct indicators for discrimination and classification with RS: RS indicators can be derived
directly for the discrimination of geomorphodiversity characteristics without vegetation

https://earthobservatory.nasa.gov/
https://earthobservatory.nasa.gov/images/89266/a-shape-shifting-river-in-bolivia
https://earthobservatory.nasa.gov/images/89266/a-shape-shifting-river-in-bolivia
https://earthobservatory.nasa.gov/world-of-change/YellowRiver/show-all
https://earthobservatory.nasa.gov/images/91083/reshaping-the-xingu-river
https://earthobservatory.nasa.gov/images/91083/reshaping-the-xingu-river
https://earthobservatory.nasa.gov/world-of-change/WaxLake
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cover (e.g., volcanoes, mountains, dunes, mountain or rock types, fluvial and coastal
structures, glades, periglacial formations, anthropogenically vs. geogenically formed
structures). The spectral RS signal is a result of the geomorphic traits detected by RS
sensors and their trait variations. Thus, geomorphic characteristics can be discriminated
from each other using RS technologies if:

• The different geomorphic characteristics differ in their geomorphic traits, such as
geochemical or mineralogical properties (color, grain size, aggregate state, geochemical
characteristics, mineralogical composition, and configurations such as sand, clay,
boulders, rock- and soil types) or water regimes.

• By their 2D–3D morphometric and structural properties, shapes such as horizontal and
vertical structures, shape types, and shape groups differ from each other. Additional
information, such as DEM-derived geomorphic variables including slope, aspect,
indicators of roughness, relief shading, etc., can be used to improve discrimination
performance [98].

• Likewise, the occurrence of specific lithological and soil characteristics resulting from
evolutionary, climate, or anthropogenic drivers can be captured with RS data, which
can improve discrimination performance.

• The geomorphometric delineation of landforms, such as fluvial landforms, i.e., flood-
plains and terraces, using objectively defined topographic and morphometric thresh-
olds [124].

If the different geomorphic characteristics cannot be distinguished from each other
based on the criteria mentioned above, multitemporal RS data can be used to improve
the discrimination:

• When the characteristic variations of geomorphic traits occur within short time peri-
ods (days, years, or decades), e.g., gravimetric mass movements, aeolian formations,
glacial movements, coastal formations, climate-induced permafrost changes, spe-
cific processes during volcanic eruptions, or aeolian processes through wind erosion,
leading to the formation of specific dune classes [125].

• Where evolutionary periods are required for the formation of shapes (tectonic, glacial,
and fluvial formations), the use of the method “space-for-time substitution” in geo-
morphology is useful [126] (see Figure 17).

• In addition to 2D–3D spatial patterns of geomorphology, trait characteristics and
their distributions are also determined. From this, the trend of possible changes from
evolutionary and anthropogenic patterns over time can be determined.

• Changes in shapes and patterns can be used to draw important conclusions about the
characteristics and causes of anthropogenic influences, as anthropogenic geomorphic
features are characterized by specific shapes and geochemical compositions (like,
buildings, cities, roads, middens, terraces, megaliths, boundary walls, reservoirs, and
river regulations) [17].

• By comparing evolutionary with anthropogenically induced geomorphic structures
and structural forms, conclusions can be drawn about the degree of anthropogenic
overprinting. In this way, the anthropogenic fingerprint of geomorphology can be
determined using RS technologies [17,28].
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Figure 17. (a) Schematic diagram of space-for-time substitution from Huang et al. [126]; (b) evolution
patterns of mountain types derived with RS, from Farmakis-Serebryakova and Hurni [98];
(c) examples of anthropogenic surface patterns derived with airborne LiDAR from Tarolli et al. [17].

Coupling of direct and indirect indicators for the discrimination of geomorphic characteristics
with RS approaches: The expression of a specific micro-flora and fauna, vegetation structure,
and biodiversity are directly related to geomorphology. Geomorphology is, thus, not only
a crucial but also a resource-limiting factor for the development, condition, and resilience
or health status of micro-organisms and biodiversity. For the discrimination of geomorphic
characteristics covered by vegetation (geogenetic, aeolian, fluvial, coastal, glacial, and
periglacial characteristics), direct and indirect RS methods must be used together. The spec-
tral signal of RS data is the result of the traits detected by RS sensors and their variations
from geomorphology, rocks, soil, water, plants, and vegetation. The geomorphic traits of
rocks, soil, water, plants, and vegetation are proxies for different geomorphic taxa. Thus,
geomorphic characteristics with vegetation can be discriminated from each other, utilizing
RS, if:

• The above factors are used to derive direct indicators.
• Specific 2-3D structures such as DEM/DSM and their shifts or disturbances are derived

by using specific RS techniques, such as In-SAR, RADAR, LiDAR, GEDI-LiDAR [7].
• The structure and functionality of various geomorphic characteristics differ [110,111,127].
• Different geomorphic characteristics lead to the development and distribution of

characteristic bacteria, animal, and plant species (algae, weave, bacteria, symbiosis,
animals, plants, and soil crusts), plant functional types (PFT, specific biological traits,
growth characteristics, specific biochemical, structural and functional traits, or health
status) of bacteria, plants or soil crusts as crucial bio-geomorphological indicators and
proxies of different geomorphic characteristics, if specific geomorphic characteristics
are present in the development of specific plant species, PFT, or in the context of
geomorphodiversity as geo-plant fuctional types (G-PFT).

• Different geomorphic characteristics deviate in their geomorphic-specific ecological
niches, and/or when various geomorphic characteristics lead to different geomorphic
resource limitations for algae, weave, bacteria, specific symbiosis as well as specific
animals, plants, and vegetation.

• The microclimate, outgassing, species composition changes, and chlorophyll or ni-
trogen increases (e.g., climate change or permafrost change) is supposed to change
through anthropogenic influences.
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The use of multi-temporal RS data is useful for the discrimination of geomorphic characteristics:

• If the different characteristics of geomorphodiversity are not distinguished from each
other by the aforementioned traits, multi-sensor RS data are used to improve the
discrimination of geomorphic features and the recording of geomorphodiversity.

• When variations in geomorphic traits occur within short geomorphic periods (days,
years, or decades), e.g., gravimetric mass movements, aeolian formations, glacier
movements, coastal formations, climate-induced permafrost changes, volcano or
aeolian processes through wind erosion, which lead to the formation of specific dune
classes [125,128–132].

• However, where evolutionary periods are required to form shapes (tectonic, glacial, or
fluvial formations), the use of the method of space-for-time substitution in geomorphol-
ogy is useful [126]. In addition to the 2D–3D spatial patterns of geomorphology, trait
characteristics, and the distribution of geomorphic traits, the trend of possible changes
from evolutionary, as well as anthropogenic patterns over time, are determined.

• Furthermore, crucial conclusions about the characteristics and the origins of anthro-
pogenic influence can be drawn from the shape change and, thus, the anthropogenic
geomorphic forms (buildings, cities, roads, middens, terraces, megaliths, boundary
walls, or reservoirs) can be discriminated using RS [17].

• By comparing evolutionary with anthropogenically induced geomorphic structures
and structural forms, conclusions can be drawn about the degree of anthropogenic
overprinting. The anthropogenic fingerprint of geomorphology can be derived using
RS technologies [17,28].

Since the geomorphodiversity is manifold, ranging from trait diversity to functional
diversity (exact types are given in Table 1), the spectrum of observable phenomena calls for
a multi-mission, necessitating a multi-sensor RS approach for the best possible characterization.

Table 1. Advantages and disadvantages of different RS imaging techniques regarding the five
different geomorphic diversities: trait, genesis, structure, taxonomy, and function.

Geomorphic—Trait
Diversity

Geomorphic—Genesis
Diversity

Geomorphic—Structural
Diversity

Geomorphic—Taxonomic
Diversity

Geomorphic—Functional
Diversity

LiDAR/GEDI

Advantage
Sensitive to

height-/topography-
related traits

Direct record of top of
surface changes

Simple and
straightforward detection

of surface structures

Depending on point
density, a diversity

of geomorphic
components detectable

Direct surface
functions assessed

Disadvantage Cloud affected Only fast genesis
detectable so far Limited spatial extent

Limited penetration
capabilities to access all

geomorphic components

Many geomorphic
functions are not

measurable with LiDAR
only due to

function complexity

RADAR

Advantage
Special sensitvity to

geometry-/structure-
related traits

Sub-surface gnesis
also recorded

Detection of surface and
sub-surface

structures possible

Assessment of sub-surface
components of taxonomy

Enlarging functional
diversity to

sub-surface phenomena

Disadvantage

No exact location of
scattering center due to
unknown penetration

into natural media

Only fast genesis
detectable so far

Speckle treatment
necessary

Only a few taxonomy
components can

be assessed

Only some geomorphic
functions can be assessed

InSAR

Advantage
Sensitive to

height-/topography-
related traits

Detection of vertical
genesis processes

Vertical structures
detectable

Assessment of vertical
components of taxonomy

Enlarging functional
diversity to

vertical phenomena

Disadvantage

Cloud-free,
For long-term studies,
persistent scatters are

needed, but they do not
occur everywhere.

Only fast genesis
detectable so far

Only line-of-sight
structural changes

detectable

Only a few taxonomy
components can

be assessed

No sensitivity to
surface (lateral)

geomorphic functions
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Table 1. Cont.

Geomorphic—Trait
Diversity

Geomorphic—Genesis
Diversity

Geomorphic—Structural
Diversity

Geomorphic—Taxonomic
Diversity

Geomorphic—Functional
Diversity

Multispectral

Advantage
Sensitivity to

surface-related
geological-related traits

Longest time series
(Landsat since 1978)

for genesis
tracking available

Multi-spectral traits
indicate structural

properties and dynamics
at the surface

Multi-spectral traits are
sensitive to several surface

taxonomy components

Diversity in function
reflects in several bands of

the multi-spectrum

Disadvantage Only surface features, no
sub-surface features

Cloud cover hampers
time series density

Structural diversity better
mapped in 3D than in 2D

No sensitivity to
non-surface

taxonomy components

Water-related functional
diversity easier to assess

by microwaves

Hyperspectral

Advantage High sensitivity of single
spectra to single traits

Genesis tracking with
single spectral bands

Asessing diversity of
composition by
spectral bands

Covering of diversity in
taxonomic components by

single spectral bands

Spectral band diversity
can detect functional

diversity of the surface

Disadvantage Only surface features, no
sub-surface features

Longer time
series missing

Complicate to assess 2D to
4D geomorphic
structural traits

Only diversity of surface
components can

be assessed

No penetration into
media—only to functional

diversity of surfaces

Thermal—TIR

Advantage
Sensitivity to

energy-/temperature-
related traits

Detection of thermal
genesis possible

Composition diversity can
only be assessed in the

TIR range (e.g., hot lava)

Temperature-related
taxonomy components

detectable

Functional diversity
expressed in thermal
variation observable

Disadvantage Cloud cover hampers
time series density

Longer time
series missing

Only structural diversity
seen at TIR is detectable

Mass/water-related
geomorphic components

not detected

Only temperature-
related functional

diversity monitored

MAAP

Advantage

Ready to use
multi-source data portal

and algorithm
developer environment

-/- Assessing diversity of
biomass structure -/- -/-

Disadvantage Above ground biomass
(AGB) as main variable -/- Only focused on AGB -/- -/-

Multiple in
situ/RS

approaches

Advantage Highly adaptable due to
in situ knowledge

Detection of
complex genesis

processes enabled

Complex structural
diversity detectable

Complex taxonomy
components can

be assessed

Geomorphic functions
and their intra- and

inter-specific interactions
can be assessed

Disadvantage
Only applicable on a

small spatial scale where
in situ data is available

Separation of
different overlapping

genesis processes

Dependence on in situ site
conditions and their traits

In situ data-determined
assessability of

taxonomy components

Applicability reduced to
sites with in

situ measurements

• Across the acquisition modes and along the electromagnetic spectrum, several tech-
niques, from active electro-optical imaging (LiDAR) to active microwave observation
techniques (RADAR, InSAR), are applicable to assess the different geomorphic diversities.

• In Table 1, the advantages and disadvantages of the different RS techniques are
summarized for a direct comparison.

• A major conclusion from Table 1 is that only a combination of RS techniques covering
large parts of the electromagnetic spectrum from visible light to microwaves may have
the capability to sufficiently monitor and map the five geomorphic diversities.

• The multi-mission algorithm and analysis platform (MAAP) is listed as one option
for geomorphodiversity monitoring. This online portal serves as a multi-mission data
and algorithm cloud environment for sharing and processing data from different ESA
and NASA missions, with a special focus on aboveground biomass (https://earthdata.
nasa.gov/esds/maap, (accessed on 5 March 2022)).

7. Ecosystem Integrity—In Situ/RS/Modeling Approach for Monitoring
Geomorphodiversity

A holistic and interdisciplinary approach to the in situ monitoring of geomorphology
and different landforms, along with their processes and changes, has already been applied
in the past by observing, comparing, and monitoring geomorphology in terms of its

https://earthdata.nasa.gov/esds/maap
https://earthdata.nasa.gov/esds/maap
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interactions with geo-, hydro-, or biodiversity and their feedback mechanisms. Such a
holistic monitoring approach is also the basic idea of ecosystem integrity [53–55]. For
many years, this approach formed the main basis for establishing a harmonized and
standardized geoecological monitoring system and monitoring standards for landscapes,
as well as guidelines for field mapping and numerous geomorphological and topographic
maps [56,57]. A complex multidimensional ecosystem integrity approach is required to
assess and decide on the main drivers of conditions, disturbances, shifts, or the influence of
LUI on structures and the functionalities of geomorphology, by linking in situ and RS data
and data products with geomorphological and ecosystem modeling.

Such RS monitoring needs to integrate the spectral traits of different ecosystem do-
mains, such as geomorphology [7], soil characteristics [47], water, the climate, plants, and
vegetation [50,104] as well as variables and proxies that are indicators of the interaction
between geo- and biodiversity [133]. Traits exist on all scales of geomorphodiversity, bio-
geomorphology, and vegetation diversity. Therefore, traits are scale-invariant and are
ideally suited for coupling different monitoring approaches, such as in situ, close-range
and air- and space-based RS technologies.

For this purpose, an ecosystem integrity–in situ/RS/modeling approach (ESIS) is
currently being developed, based on developments from ILMS [134–136]. The following
user requirements are placed on ESIS (see also Figure 18):

• An integration of in situ, close-range, air- and spaceborne RS monitoring technologies
• A link to the in situ monitoring approaches for the calibration and validation (cal/val)

of RS data and the ability to support a data-driven modeling approach
• High-resolution remote sensing imagery [137]
• Modular coupling of spectral trait classification based on multi-sensor, multi-temporal

RS data, and multi-mission algorithm and analysis platforms (like, MAAP)
• The identification and classification of geomorphic features, based on multi-algorithm

and classification approaches, such as pixel-based classification, object-based image
analysis (OBIA, [95]), the gray level co-occurrence matrix (GLCM [138]) modeling), ge-
omorphic pattern recognition via artificial intelligence (AI), and machine learning [137]

• Direct links for recording spectral RS traits and data assimilation with process-modeling
approaches (geomorphological models, morpho-hydrological models, biogeomorpho-
logical models, or vegetation models, such as the agent-based forest models).

Figure 18. Linking in situ/field-monitoring approaches with different RS platforms (high-frequency
spectral wireless sensor networks, ICOS towers, drones, and air- and spaceborne sensors) for the
comprehensive monitoring of the traits of geomorphology, geomorphodiversity, and biodiversity
and their interactions, as well as improving the calibration and validation of remote sensing data
(modified after Lausch et al. [139]).
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8. Discussion of This Approach in the Context of the Existing Approaches of
Geomorphodiversity

In order to compare the geomorphodiversity approach presented in this paper with
the existing approaches, a Web of Science analysis was carried out using the keywords
“geomorphodiversity” or “geomorphological diversity” or “landform diversity”. Based
on the frequency and co-occurrence of versions of the keywords from 653 papers, three
thematic clusters were formed, vegetation diversity (shown in green), biodiversity (in blue)
and geomorphodiversity and geodiversity (in red). Figure 19 provides a first impression of
the enormous complexity, interconnectedness, and interdependencies of the indicators and
assessment methods for characterizing and evaluating or monitoring geomorphodiversity.

Figure 19. Keywords and their co-occurrence in a bibliographic search in the Web of Science, with
the topics: “geomorphodiversity” or “geomorphological diversity” or “landform diversity”; date of
analysis, April 2022, finding 653 papers and around 100 keywords.

In the following section, references and approaches (i) to existing indicators of geo-
morphodiversity and (ii) the existing assessment methods of geomorphodiversity will be
named and discussed. Since there are now a large number of indicators and assessment
approaches for the characterization and detection of geomorphodiversity, only selected can
be named and discussed here.

(I) Approaches to the collection of indicators as a basis for the assessment of geomorphodiversity:

Berger [140] describes 27 geoindicators of mainly geomorphological changes, some of
them are simple, single geomorphological indicators, such as the position of the shoreline
or the stream channel morphology, whereas others are a complex of indicators, such as
frozen soil activity or soil quality. Melelli et al. [23] developed different geomorphodiver-
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sity indicators to assess geomorphological diversity. The indicators were derived from
geological maps (geology), hydrological drainage networks (drainage density), and DEM
indicators (roughness, slope position, and landform classification) and were created using
high-resolution DTMs. By quantifying discrete and continuous indicators, this approach
assigned an algebraic value to each cell that increases with the degree of diversity [23].
The indicators used and the assessment procedure are simple and quick to apply in the
characterization of geomorphodiversity. The inclusion of discrete geological maps leads to
uncertainties and erroneous assessments. Bollati and Cavalli [21] developed geomorpho-
diversity indicators to assess the relationship between geomorphodiversity and sediment
connectivity in a small alpine catchment. Again, the indicators were generated based on
points, lines and polygon data, with a GIS analysis.

Amatulli et al. [141] presented, for the first time, a globally comparable RS-based
dataset of 26 indicators of geomorphometry. These were derived from a DEM—the multi-
error-removed improved terrain (MERIT) DEM, at a spatial resolution of 90–250 m/pixel,
which to date is considered the best effort in terms of global DEMs. This approach is based
exclusively on the derivation of spectral geomorphological traits, using RADAR-RS data.
The indicators resulting from this approach correspond to the geomorphic structural diver-
sity indicators presented in the current paper. The 26 derived geomorphometric indicators
that were derived are fully standardized, comparable, and continuously repeatable through
the time series from RS data. The indicator set forms the basis for numerous subsequent
ecosystem models and assessment procedures.

In order to develop a standardized monitoring of geodiversity indicators, which also
includes numerous indicators of geomorphology, Schrodt et al. [142] evolved the first ideas
about the “essential geovariables” (EGVs). This concept is based on the principle that is
comparable to that one of “essential biodiversity variables” (EBVs), the “essential climate
variables” (ECVs), as well as the “essential ocean variables” (EOVs). Essential variables are
crucial for monitoring, measuring, and assessing changes taking place on our planet. ECVs
are driving variables in the prediction of land surface will changes in response to climate
change or human impacts, such as urbanization and intensification. Schrodt et al. [142]
further show how geology, geomorphology, pedology, and hydrology can contribute to
the achievement of the European Union’s 17 sustainable development goals (SDGs). EGVs
are comparable to the “geoindicators” (GEOIN) developed by the International Union of
Geological Sciences (IUGS) in 1992 [140].

(II) Approaches to geomorphodiversity and geodiversity assessment:

Panizza [19] described the concept of geomorphodiversity for the first time. He linked
different geomorphological indicators with each other and described them on the one hand
as: “intrinsic geodiversity”, based on the geological complexity of the study area (morpho-
climatic landforms and landslides on a regional scale as well as karst landforms on a local
scale), and “extrinsic geodiversity” by comparing geological differences to other areas on
a global scale. Further, Panizza [19] compared them to morphostructural landforms on a
regional scale, in order to assess their regional geomorphological uniqueness. Different
geomorphological indicators, such as “the geomorphological aspects and the morphostruc-
tural, morphoclimatic and fossil permafrost indicators” on different spatial scales, were
integrated by Panizza [19], too. Zwoliñski [24] developed routines to create landform
geodiversity maps, based on RS- and GIS-based information, such as a map of the landform
energy derived from an SRTM-3 digital elevation model, a map of landform fragmentation,
created from a geomorphological map, and a map of contemporary landform preservation,
derived from the CORINE land cover database. In this approach, the importance of inte-
grating RS-based indicators derived from DEM/DSM becomes apparent. Moradi et al. [22]
assessed geomorphodiversity and geomorphological heritage for Damavand Volcano Man-
agement. Therefore, he coupled in situ fieldwork informations, topography, geological
maps, and RS-based indicators to quantify DEM/DSM and their derivatives. Probably
the most comprehensive description and critical discussion of monitoring approaches to
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geodiversity [143] and the indication of the need for an ecosystem approach [144], as well
as a critical examination of existing assessment approaches are given by Gray et al. [6].

Relatively unknown, as they are mainly only published in German, are the monitoring
approaches and assessment procedures for ‘natural classification’ [145,146] and ‘natural
order’ [147–151] as well as ‘landscape ecological structure and function models’ [152–154].
These ‘schools’ of landscape- and geoecology form the fundamental and standardized
methodologies of landscape ecology and geoecology [57] and, consequently, also the indica-
tors and assessment procedures for landscapes. Among numerous references, the works of
Haase and Mannsfeld [155], Mannsfeld et al., [156] or Haase et al. [157], which laid down
the theoretical principles, guiding principles, indicators, methods and assessment proce-
dures for recording natural space units, from the topical and choral to the regional, zonal
and global dimension, should be highlighted here. According to [158], their methods and
assessment procedures are based on an ecosystem integrity approach, whereby landscape
or the landscape ecosystem [57] is described by the space-time structure, as well as the
function and processes of the Earth’s envelope, which is determined by the metabolism
between humans and nature and must be considered and assessed in various dimensions.
In doing so, a sameness (homogeneity) of functions and structures is assumed, which is
adequate in each case to the dimension under consideration [156,158]. In their evaluation
procedure, the determination of natural area units is based on defining criteria and struc-
tural features, these are: (1) the observation dimension—spatial dimension or dimensional
level, (2) the landscape-genetic context, as determining criteria, and (3) an assessment
through the structure, societies, and arrangement patterns of the natural area units of the
next lower rank as structural features [158]. Table 2 shows the dimension-specific units of
the natural area and their components.

Table 2. Dimension-specific units of the natural area and its components (modified after Sandner,
2015) [159].

Dimensions Rock Climate Relief Water Soil Vegetation Animals Natural Space

Global Lithosphere Atmosphere Geomorpho-
sphere Hydrosphere Pedosphere Phytosphere Zoosphere Geosphere

Zonal - Climatezone - Pedozone Phytozone - Landscape
zone

Region Rock region Climate region Geomorpho-
region Hydroregion Pedoregion Phytoregion Zoo region Landscape

region

Megachoric Substrate-
megachore

Climate-
megachore

Geomorpho-
megachore

Hydro-
megachore

Pedo-
megachore

Phyto-
megachore Zoo-megachore Geo-

megachore

Macrochoric Substrate
macrochore

Climate-
macrochore

Geomorpho-
macrochore

Hydro-
macrochore

Pedo-
macrochore

Phyto-
macrochore Zoo-macrochore Geomorpho-

macrochore

Mesochoric Substrate
mesochore

Climate-
mesochore

Geomorpho-
mesochore

Hydro-
mesochore

Pedo-
mesochore

Phyto-
mesochore Zoo-mesochore Geo-

mesochore

Microchoric Substrate-
microchore

Climate
microchore

Geomorpho-
microchore

Hydro-
microchore

Pedo-
microchore

Phyto-
microchore Zoo microchore Geo-

microchore

Nanochoric Substrate
nanoochore

Climate
nanoochore

Geomorpho-
nanoochore

Hydro-
nanoochore

Pedo-
nanoochore

Phyto-
nanoochore Zoo-nanoochore Geo-

nanoochore

Topic Substrate top Climatetop Geomorpho-
top Hydrotop Pedotop Phytotop Zootop Geotop

9. Conclusions of the Comparison

• So far, there is no comparable approach to capture the five characteristics of geomor-
phodiversity using only RS data and RS data products.

• Only the approach of Amatulli et al. [141], which derives 26 geomorphic indicators
from RS, is partially comparable to the approach described here. Since spectral geo-
morphic traits exist on all spatial scales of geomorphology, indicators from the local
and regional scales, up to the global scale, can be recorded by means of RS and used
for assessment approaches.

• In the work of Melelli et al. [23] and Bollati and Cavalli [21], both discrete and con-
tinuous indicators are determined using GIS. RS data do not play a role in these
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assessment methods, which means that inaccuracies and errors in the assessment of
geomorphodiversity cannot be excluded.

• In terms of standardization and comparability across spatial scales, as described by
Panizza [19] through the “extrinsic geodiversity” indicators, comparability across
smaller spatial scales will be achieved, but this contradicts the approaches of [156–158]
which state that each dimensional level is characterized by a specific geogenesis,
structure, taxonomy, and functions and that the transition between spatial dimensions
is defined by the criterion of homogeneity (geomorphic patch—a spatial unit that is
homogeneous in its geomorphic traits).

• Geomorphic traits are defined by the thematic focus (genesis, structure, taxonomy,
function, and process) and are subject to a spatial and temporal range of validity.
Geomorphic traits exist on all spatio-temporal scales, but they are dimension-specific.
In each spatial dimension, other geomorphic traits become more important. As
the spatial dimension changes, the degree of generalization or abstraction level of
the geomorphic traits changes. When applying the geomorphic trait/trait variation
approach and the five characteristics of geomorphodiversity for the assessment and
categorization of landscapes, the assessment approaches should be assessed according
to the specific spatial dimension approaches (topic, choric, region, and zone).

• Standardized, comparable, repeatable indicators and monitoring and assessment
procedures that are robustly applicable at all spatio-temporal scales of geomorphodi-
versity are needed [160].

10. Data Science to Monitor Geomorphodiversity

Geomorphological processes, changes, and disturbances determine the geomorpho-
logical traits at all scales of geomorphological organization (see Figure 3). Furthermore,
geomorphological traits exist on all spatial scales of geomorphological organization, start-
ing from rain dips, channels, gullies, or rock formations and ranging to talus slopes, valleys,
and isolated hills, as far as continental plates, and should be recorded and monitored on
all scales. The methodological approach to monitoring the state, changes, disturbances,
and prediction of geomorphological diversity and geohazards is complex. Therefore, it is
only possible when different platforms, sensor technologies, monitoring, and modeling ap-
proaches, as well as the latest technologies in data science, are combined to move from data,
monitoring approaches, and information to knowledge and, thus, prediction, assessment
and concentrated knowledge for decision-makers and politicians.

The following criteria are imperative for the successful implementation of the digitiza-
tion process of geomorphological research, monitoring, assessment, and prediction in the
21st century:

• To connect to environmental research infrastructures, such as: the environmental
research infrastructures, ENVRIplus and ENVRIFair (big networks of in situ research
infrastructures, linked to most of the domains of Earth systems sciences—the biosphere,
the atmosphere, marine systems, and solid Earth) [161]; the European Observatory
for research infrastructures and in situ Earth observation networks (ENEON); the
Committee on Earth Observation Satellites (CEOS); the European Association of
Remote Sensing Companies (EARSC); Copernicus, and others.

• To use scalable indicators for monitoring the status, changes, and disturbances of
geomorphology, geodiversity, and biodiversity, and their interactions, based on the
spectral RS traits approach of geomorphology ([7], and this paper), geodiversity
(soil [47]) and biodiversity [50,104,162].

• To unite the EVWs [163]; the EOVs [164], the ECVs [165]; as well as the EBVs [166–168]).
• To apply the EcoSystem Integrity RS/Modeling Service (ESIS) approach.
• To link in situ/field monitoring and IoT with close-range, air- and spaceborne RS platforms.
• To link different monitoring and modeling approaches with citizen science, etc.
• To use big data, open access, freely available data, open science clouds, distributed

repositories, and the thematic exploitation platform (TEP).
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• To integrate local, regional and global databases on geomorphology.
• To ensure the interoperability, standardization, and harmonization of data, monitoring,

and decision-support systems. For example, with the help of metadata, using a stan-
dard open communication protocol, GoFAIR-Data (findable, accessible, interoperable,
and re-usable) [169] and GoFAIR modeling approaches for scientific data management
and stewardship related to metadata, data infrastructures (e.g., GAIA-X) and the
International Data Spaces Association (IDSA), using the data cube approach with an
n-D higher-dimensional array of values, including multi-petabyte data warehouses in
clouds, the international data spaces (IDS) metadata broker, and the IDSA meta-model
for geomorphology and RS time series.

• To integrate semantic data, semantic web/Web 4.0, ontology; linked open data (LOD)
approaches based on the key enabling technologies (KETs) and knowledge organiza-
tion systems (KOSs), and knowledge organization and management (KOMs), based on
SNAP and SPAN ontologies [170], for the semantic interoperability of heterogeneous
data [171].

• To implement complex data science modeling and analysis: AI, machine learning, deep
learning, cloud computing, data mining, Hadoop, the Google Earth engine, hosting
services, workflows, and others.

• To use data and RS data product cubes, the Euro Data Cube Facility, iCube, and open
RS data cubes.

• To check the proof, trust, and uncertainties of in situ monitoring, RS, and data
science uncertainties.

• To implement rapid warning systems for geohazards.
• To develop easy to handle software, tools for data managers, stakeholders, and politi-

cians (visualization models, and dashboards).

11. Conclusions and Future Challenges for Monitoring Geomorphodiversity

Monitoring geomorphology, the changes and disturbances, as well as the interactions
is complex, multidimensional, and multiscale in space, time, and its processes and drivers.
Therefore, the concept of geomorphodiversity and landform diversity was developed by
Panazza [19] and Zwoliñski [24] to provide a holistic and cross-scale monitoring approach
to recording and assessing geomorphodiversity.

This paper is the first to describe in detail how geomorphodiversity can be recorded
using RS-only technologies. For that, the paper presents a new perspective, definition,
and recording of five characteristics of geomorphodiversity with RS technologies and dis-
cusses them intensively with examples. The five characteristics of geomorphodiversity are:
(i) geomorphic trait diversity, (ii) geomorphic genesis diversity, (iii) geomorphic structural
diversity, (iv) geomorphic taxonomic diversity, and (v) geomorphic functional diversity.
Here, the recording of geomorphic trait diversity by means of RS plays a crucial role in
deriving the final four characteristics of geomorphodiversity (ii–v).

RS can capture the spectral traits and trait variations of geomorphologic features. A
variety of spectral geomorphic trait indicators are named in this paper (see Figure 6) and
their detection by different RS technologies (LiDAR, RADAR, InSAR, multispectral, and
hyperspectral) is documented by numerous references (see Table A1).

Furthermore, the paper extensively discusses the constraints and limitations of the
recording of geomorphodiversity by RS, which are: (i) the influence of the characteristics
and spatial-temporal distribution of geomorphic traits, (ii) the importance of characteristics
of geomorphic processes, as well as (iii) the different RS sensor characteristics (spectral,
geometrical, or temporal resolution), the deployed RS platforms, and the characteristics of
RS data processing and classification approaches for the estimation of the five RS-aided
geomorphodiversity characteristics.

In addition, the methods for the discrimination and classification of geomorphodiver-
sity with RS technologies are presented in detail, whereby the combination of directly or
indirectly derived indicators from geomorphology, as well as the influence of vegetation
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traits and their interaction, are discussed. Likewise, the influence of LUI on the evolution-
ary patterns of geomorphology is discussed, and methods of monitoring anthropogenic
geomorphology patterns and their changes via RS are shown.

Traits are a crucial interface between in situ, close-range, air- and spaceborne RS
monitoring approaches. Therefore, RS technologies and monitoring approaches are a crucial
interdisciplinary and linking method for monitoring the status, changes, and hazards of
the geomorphology on all the spatio-temporal scales of geomophodiversity.

The monitoring of geomorphology is complex. For this monitoring of geomorphodiver-
sity, a holistic and interdisciplinary approach, the ecosystem integrity in situ/RS/modeling
approach (ESIS), is discussed. The discussion also includes the coupling of in situ field data
with multisensorial and/or multitemporal RS data, and the direct link to ecosystem models
within the assessment procedure. Using multi-sensor and-multi-temporal RS as well as
MAAP missions, geomorphic traits, and vegetation traits, can be recorded at the same
time and at the same angle, with different RS techniques. This simultaneous acquisition
improves the classification quality as well as the model prediction, whereby the detection
of status, changes, and geohazards can be improved by means of RS.

Likewise, the approach of monitoring the five characteristics of geomorphodiversity
with RS, as presented in the paper, is discussed along with the already existing approaches
of recording indicators, as well as approaches for assessing geomorphodiversity. It is shown
that there is no comparable approach by which to define and record the five characteristics
of geomorphodiversity using only RS data in the literature.

In the presented paper, numerous spectral traits indicators, as well as the five character-
istics of geomorphology and their recording, are presented. However, it is not the purpose
of this paper to subsequently carry out assessment procedures for the characterization of
geomorphodiversity on the basis of these five characteristics. Instead, this paper offers
important information and basics as a foundation for numerous subsequent case studies.

Finally, the paper presents the necessary methods of data science, which will sig-
nificantly advance the successful digitization of geomorphology, and assess geomor-
phodiversity and the provision of state-of-the-art technologies for understanding the
processes involved.

For future work with the approach presented in the paper, we emphasize that:

• The presented trait approach presented here and the resulting indicators—spectral
traits of geomorphology/geomorphodiversity—should be included in the future
indicator list for the EGVs.

• Comparable to the approach and paper published by Diaz [172] (“The global spectrum
of plant form and function”), “The global spectrum of geomorphology/geomorphodiversity”
should be determined using the spectral geomorphic trait approach and its indicators.

• Geomorphic traits exist on all spatio-temporal scales, but they are dimension-specific.
In each spatial dimension, other geomorphic traits become important. As the spatial
dimension changes, the degree of generalization or abstraction level of the geomorphic
traits changes. When using the geomorphic trait and trait variation approach and the
five characteristics of geomorphodiversity for the assessment and categorization of
landscapes, the assessment approaches should be used according to the specific spatial
dimension approaches (topic, choric, region, or zone) [157].
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Appendix A

Table A1. Remote sensing (RS)-aided examples derived in monitoring the characteristics of ge-
omorphodiversity (geomorphic traits, diversity, structural, taxonomic, and functional diversity
characteristics), shifts, and disturbances (modified after Lausch et al. [7]).

Geomorphic Traits Mission/Platform Sensor References
Terrain and Surfaces/Traits
Geomorpho90 m (90 m/100 m/250 m)
(slope, aspect, aspect cosine, aspect sine, eastness, northness, convergence,
compound topographic index, stream power index, east-west first-order
partial derivative, north-south first-order partial derivative, profile
curvature, tangential curvature, east-west second-order partial derivative,
north-south second-order partial derivative, second-order partial
derivative, elevation standard deviation, terrain ruggedness index,
roughness, vector ruggedness measure, topographic position index,
maximum multiscale deviation, scale of the maximum multiscale
deviation, maximum multiscale roughness, scale of the maximum
multiscale roughness, geomorphon)

(26 geomorphometric variables derived from MERIT-DEM
3/R—corrected from the underlying Shuttle RADAR
Topography Mission (SRTM3) and ALOS World 3D—30 m
(AW3D30) DEMs)

[141]

Mountain types, relief types, relief classes IKONOS OSA 3/M, DHM25 3/R, GTOPO30—DEM 3/R,
LiDAR 2/L [98,173,174]

Volcano types (volcanic full forms), volcanoes, lava flow fields,
hydrothermal alteration, geothermal explorations, heat fluxes, volcanoes
hazard monitoring, location, deformation

Doves-PlanetScop, Terra/Aqua MODIS 3/M, EO-1 ALI 3/M,
Landsat-8 OLI 3/M/TIR, Terra ASTER 3/M/TIR, MSG SEVIRI
3/M/TIR, LiDAR 2/L

[109,175–180]

Mountain hazards, mass movement (rockfall probability, boulders,
denudation, mass erosion, rock decelerations, rotation changes, slope
stability, rock shapes, mineral distribution, geological material
discrimination, particle shapes, patterns, structures, faults and fractures,
holes, and depressions) mountain monitoring system

InSAR 3/R, SAR 3/R, LiDAR 2/L, Digital Orthophoto 1/RGB,
HySPEC 2/HSP, AVIRIS 2/HSP [96,181–192]

Landslide chances, landslide evolution Digital Orthophoto 1/RGB [193]

Above ground—chances, disturbances
Opencast mining, sand mining and extraction, tipping, dumps

TanDEM-X 3/R, SRTM DEM 3/R, ALOS PALSAR 3/R, ERS-1
3/R, GeoEye GIS 3/M, WorldView-3 Imager 3/M,
IKONOS OSA 3/M, Landsat-5 TM/-7 ETM ± 8
OLI 3/M/TIR, IRS-P6 LISS-III 3/M, High resolution satellite
data of Google 3/M, LiDAR 2/L

[194–200]

Vegetation traits as proxy of the geochemical parameters HyMAP 2/H [201]

Below ground—chances, disturbances
Salt mines, fracking

ERS-1/-2 3/R, ASAR 3/R, ALOS PALSAR 3/R, Landsat-5
TM/-7 ETM ± 8 OLI 3/M/TIR [202,203]

Aeolian geomorphology/traits

Desertification, soil and land-degradation, soil erosion

NOAA/MetOp AVHRR 3/R, ERS−1/−2 3/R, SIR-C 3/R,
ENVISAT 3/R, ASAR 3/R, RADARSAT−1 3/R, ALOS
PALSAR 3/R, Terra/Aqua MODIS 3/M,, IRS1B
LISS-I/LISS-II 3/M, Sentinel−2 MSI 3/M, Landsat-5 TM/−7
ETM ± 8 OLI 3/M, LiDAR 2/L

[204–211]

Dune migration, migration rates, dune expansion, dune activity,
moving dunes

ALOS PALSAR 3/R, Landsat-8
OLI 3/M, Sentinel-2 MSI 3/M, Context Camera 2/RGB,
LiDAR 2/L

[97,212–215]
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Table A1. Cont.

Geomorphic Traits Mission/Platform Sensor References

Dune types, dune hierarchies, dune morphometry, dune hierarchies (free
dunes—shifting sand dunes, bounded dunes, dune fields, dune shapes
(crescent, cross, linear, stars, dome, parabolic, longitudinal dune)

SRTM 3/R, SIR-C/X-SAR 3/R, WorldView-2 WV110 3/M,
IRS-RS2 LISS-IV 3/M, Cartosat-1
PAN-F/-A 3/M, Landsat-7 ETM+ 3/M,
Landsat MSS 3/M, LiDAR 2/L

[125,128–132],

Dune spatial-temporal aeolic patterns (length, minimum spacing density,
orientation, height, sinuosity), aeolian dune composition-configuration
(complexity, diversity, shapes, patterns, heterogeneity), dune
ridges (lines)

SRTM 3/R, SIR-C 3/R, Landsat-7 ETM+ 3/M, LiDAR 2/L,
Digital Orthophoto 3/RGB [90,97,117,132,216–218]

Volume and their changes, intensity of dune SRTM 3/R, SPOT-5 HRG 3/M, Terra ASTER 3/M, LiDAR 2/L [117,132,219,220]
Fluvial geomorphology/traits

Flooding events, flood mapping, flash-flood susceptibility assessment,
flood inundation modeling, floodplain-risk mapping, erosive
impacts, sedimentation

SRTM 3/R, ALOS PALSAR 3/R, ALSAR-1 3/R, SAR 3/R,
ALOS-2 3/R, TerraSAR-X 3/R, RADARSAT-2 3/R, Sentinel-1
3/R, Landsat-a5 TM/-7 ETM ± 8 OLI 3/M/TIR, Sentinel-2
MSI 3/M, IRS-1C/-1D LISS-III 3/M, IKONOS OSA 3/M,
DEADALUS 2/H, LiDAR 2/L

[92,221–233]

Flood mapping under vegetation, irrigation retrieval, groundwater
flooding in a lowland karst catchment SAR 3/R, Landsat-5 TM/-7 ETM ± 8 OLI 3/M [234–236]

Traits in plants and vegetation (flexibility, size, root form, clonal growth,
perennation, Ellenberg F values, plant species) as proxy of the
geochemical processes, heavy metal stress in plants

HyMAP 2/H, HySPEX 2/H [83,201,237]

River detection, small streams detection SAR 3/R, Landsat-5 TM/-7 ETM ± 8 OLI 3/M, Aerial images
2/RGB, Aerial images 1/RGB, LiDAR 2/L [238–242]

Channel landforms, hydrogeomorphic units including coarse woody
debris, hydraulic (fluvial) landform classification, taxonomy of fluvial
landforms, hydro-morphological units, riverscape units, river
geomorphic units, in-stream mesohabitats, tidal channel characteristics

SAR 3/R, Aerial images 2/RGB,
LiDAR 2/L [239,243–245]

Channel characteristics, floodplain morphology hydraulic channel
morphology, geometries, topography, river width arc length, longitudinal
transect, (width, depth, and longitudinal channel slope, below water line
morphology),
Morphometric patterns of meanders (sinuosity, intrinsic wavelength,
curvature, asymmetry), meander dynamics, channel geometry,
Geomorphometric delineation of floodplains and terraces

SAR 3/R, ENVISAT 3/R, Terra/Aqua MODIS 3/M, Landsat-5
TM/-7 ETM ± 8 OLI 3/M, Sentinel-2
MSI 3/M, Aerial images 2/RGB, LiDAR 2/L

[124,238,246–253]

Channel migration, channel migration rates, channel planform changes,
tidal channel migration
Channel changes, disturbances, temporal evolution of natural and
artificial abandoned channels, canal position, systematic changes of the
river banks and canal center lines

SAR 3/R, SRTM 3/R, Landsat-5
TM 3/M, Landsat-7 ETM ± 8
OLI 3/TIR, Aerial images 2/RGB

[245,254–259]

Flow energy of stream power, channel sensitivity to erosion and
deposition processes
Channel stability assessment

Landsat-1 MSS/-5 TM/-8 OLI 3/M, LiDAR 2/L [260,261]

River discharge estimation (river discharge, run-off characteristics)

ENVISAT 3/R, Jason-2/-3 3/R, Sentinel-3A OLCI/SLSTR 3/R,
CryoSat-2 3/R, AltiKa 3/R,
ENVISAT 3/R, Advanced RADAR Altimeter (RA-2) 3/R,
Terra/Aqua MODIS 3/M

[262,263]

Water and flow velocity ENVISAT 3/R, Terra/Aqua
MODIS 3/M, Aerial images 2/RGB, LiDAR 2/L [239,248,264]

Water height, water level, water depth
ENVISAT 3/R, AMSR-E 3/R,
TRMM 3/R,
Daedalus 2/H, Aerial images 2/RGB, LiDAR 2/L

[239,263,265–268]

Fluvial sediment transport, sediment budget, channel bank erosion,
exposed channel substrates and sediments, suspended soil concentration
and bed material, percentage clay, silt and sand in intertidal sediments,
suspended sediments, flood bank overbank sedimentation, sediment
wave, sand mining

LiDAR 2/L, Radio frequency identification 1/RFID [199,252,269,270]

Stream bank retreat Aerial images 2/RGB, LiDAR 2/L [271–276]

Grain characteristics, grain size, gravel size, shape, bed and bank
sediment size

Daedalus 2/H, Aerial images 2/RGB, Aerial images 2/RGB,
LiDAR 2/L [277–282]

Pebble mobility Radio frequency identification technologies 1/RFID [283]

River bathymetry CASI 2/H, Daedalus 2/H, Aerial images 2/RGB, LiDAR 2/L [239,268,284–286]
Coastal geomorphology/traits
Coast taxonomy, coast types
(small delta, tidal system, lagoon, fjord and fjärd, large river, tidal estuary,
ria, karst, arheic)

RADAR 3/R,

optical RS Sensors 3/R [287]
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Table A1. Cont.

Geomorphic Traits Mission/Platform Sensor References

Coastal dynamical and bio-geo-chemical patterns
NOAA/MetOp AVHRR 3/R,
ERS-1 3/R, TOPEX 3/R,
Nimbus-7 CZCS 3/M/TIR

[288]

Coastal landforms, coastline and shoreline detection
SRTM 3/R, ALOS 3/R, NOAA 3/R,
Landsat-7 ETM+ 3/M, Terra ASTER3/M,
IKONOS OSA 3/M, LiDAR 2/L

[91–93]

Spatio-temporal shoreline dynamic, shoreline erosion-accretion trends,
coast changes, cliff retreat, erosion hotspots

SRTM 3/R, SAR 3/R, Landsat-4 MSS/-5 TM 3/M, Landsat-8
OLI 3/M/TIR,
SPOT 5 3/M, Sentinel-2 MSI 3/M,
Aerial images 2/RGB, LiDAR 2/L

[289–296]

Different morphometric shoreline indicators
(morphological reference lines, vegetation limits, instant tidal levels and
wetting limits, tidal datum indicators, virtual reference lines, beach
contours, storm lines)

Different optical RS Sensors 3/M, LiDAR 2/L [215,297,298]

Cryography

Permafrost changes
methane emissions from discontinuous terrestrial permafrost [82]

Geohazards

Ground surface response to continuous compaction of aquifer systems InSAR (Envisat ASAR 3/R, ALOS PALSAR 3/R,
TerraSAR-X 3/R, Sentinel 1 3/R) [79]

Anthropogenic geomorphology
Burial sites, geoglyphs, rock-shelter, Megaliths, buildings, cities, human
settlement, including infrastructure, boundary walls, roads, middens,
livestock trails, terraces, mines, ditches, canals, embankments, reservoirs,
constructed wetlands, trenches

LiDAR 2/L [17]

The sensor is used on the RS platform: UAV 1—unmanned aerial vehicles (UAV); airborne 2—airborne RS platform;
spaceborne 3—spaceborne RS platform. RADAR R, Multispectral (MSP) M, Hyperspectral (HSP) H, RGB RGB,
TIR T, LiDAR L, radio frequency identification RFID.
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