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Abstract: The accuracy of photogrammetry for geohazards monitoring has improved within the last
years because of the “drone revolution”. This study is an attempt to perform morphometric measure-
ments in a landslide event that took place near the village Nea Zichni in Northern Greece. The DJI
Mavic 2 Pro was selected to capture orthoimages of the entire area including the landslide event but
also other adjusted disaster phenomena. The images were loaded in the commercial software Pix4D
in order to produce orthomosaics and digital surface models of the area. The georeferenced results
were further analyzed in ArcGIS in order to digitize and estimate the morphometric parameters of
the landslide, such as its area and volume, but also to detect cracks and plot the tensile cracking
directions. We conclude that the methodology and produced outputs are crucial for the responsible
authorities to detect, monitor and mitigate natural disasters such as landslide events and other mass
movements. The best practices to control mass movements are nature-based solutions such as soil
bioengineering and proper vegetation cover assisted by engineering measures. Finally, our goal is to
frequently monitor the landslide phenomenon in order to determine its evolution.

Keywords: drone; DSM; fissures; geohazard; GIS; mapping; natural disaster; nature-based solutions;
orthomosaic; UAS

1. Introduction

The definition of the landslide hazard is difficult because it is a very complex nat-
ural (or even man-triggered) phenomenon [1]. A landslide is “a process of changes in
the stress–strain state of a slope groundmass leading to a mass separation and ground
movement downslope, while maintaining a continuous contact between sliding mass and
underlying undisturbed ground” [2]. This specific definition of “landslide” excludes other
related types of slope failures such as subsidence, toppling and rockfall [3,4]. In general, a
landslide develops in time through several stages (prefailure deformations, failure itself
and postfailure displacements) but it can also be a sudden event. Additionally, there are
landslides with many movement episodes, separated by long or short periods of relative
inactivity [5]. Landslides are complicated phenomena and may exhibit many different slope
failures apart from the main soil slump, e.g., topples, rockfall, subsidence, creep, etc. while
typical and profound types of fractures are the tensile cracks or fissures (Figure 1) [6,7].

Geohazards such as landslides, mass movements, subsidence and sinkholes have been
recorded in many areas of Greece (Florina, Thessaloniki, Thessaly, etc.) [8–10] as well as in
other parts of the world (Ebro River in Spain, Mexico City, Venice in Italy, etc.) [11–13]. Most
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of these cases are characterized by the presence of loose sedimentary deposits with confined
or semiconfined aquifers, as well as artesian aquifers [14,15]. Slope saturation by water is a
primary cause of landslides. This can occur by extreme precipitation events [16], by active
faults and earthquakes [17], by intense human activities, constructions and urbanization
causes [18,19], by climate change in permafrost regions [20] and by sea level rise in coastal
areas (including tsunamis) [21,22].

Landslides and other catastrophic events have significant impacts on human commu-
nities and can result in several kinds of damage, such as economic losses and, in the worst
cases, casualties [23,24]. Monitoring is mandatory in order to investigate such phenomena,
to assess the possible triggering factors and to measure the evolution of the postemergency
phase. There are various methods, tools and approaches for landslide monitoring that in-
clude geophones and inclinometers, topographical survey measurements with total stations
or Global Navigation Satellite Systems (GNSS) receivers, Airborne Light Detection and
Ranging (LiDAR) systems, Terrestrial Laser Scanners (TLSs), photogrammetric techniques
using aerial photos or high resolution satellite images, Differential Interferometry using
radar images (DInSAR) and photogrammetric techniques using data from Unmanned
Aerial Vehicles (UAVs) [25–28]. A successful innovative example is the LITMUS landslide
detection system, which provides a web portal and a live demonstration map of the events.
The LITMUS combines multiple physical sensors such as near real-time data from the
United States Geological Survey (USGS) seismic network, the Tropical Rainfall Measuring
Mission by National Aeronautics and Space Administration (NASA), but also reports from
social media, e.g., Twitter, YouTube, and Instagram [29].
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Figure 1. An idealized illustration of a landslide that has evolved to a slump-earth flow. The image also contains the main
parts of the landslide with labels (image based on Varnes classification 1978).

The Unmanned Aerial Vehicles (UAVs), or the Remotely Piloted Aircraft Systems
(RPAS), or as they are most well-known “drones”, are tools that can provide spatial
resolution datasets on local or wider scale areas [30,31]. The UAV is a component of
an unmanned aircraft/aerial system (UAS), which includes the tool, the pilot and the
communication system [32]. During the last decade, the combination of: (a) the rapid
development of low cost UAV with improved battery life and (b) the reduction in the
dimensions and costs of the optical sensors for civil use have caused a revolution in the
photogrammetry surveys and the geohazards investigation [33,34].
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UAV-based photogrammetry is able to produce results of high accuracy because
of the Structure-from-Motion (SfM) and Scale-Invariant Feature transform (SIFT) algo-
rithms [35]. The SfM is a user-friendly and low-cost alternative to traditional ground-
based techniques [36]. The SIFT algorithm and its variants provide invariance to image
translation, rotation, and scaling transformations and good robustness to light changes,
noise, and affine transformation [37,38]. There are many high performance examples
of landslide mapping in two or three dimensional (2D, 3D) model reconstructions and
dimension estimations [39–42]. Furthermore, artificial neural networks (ANN), logistic
regression, topographic indices and volume empirical equation have been proposed for
landslide mapping [43,44]. In relevant studies, CloudCompare software was used (EDF-
R&D, TelecomParisTech, 2013) to examine and compare two point clouds (before and after
the event) and estimate the volume of the removed material based on change detection
algorithms [45].

In this study a quadcopter, the DJI Mavic 2 Pro (DJI, Shenzhen, Guangdong, China)
was used to acquire images of a mass movement event in North Greece. The research
was conducted in a landslide that happened on 12th June 2019 (Figure 2). The UAV flight
followed the rules of the first Greek Drone Regulation of 2017. This Regulation defines the
UAVs and categorizes them based on their weight, while it also introduces the guidelines on
the flight plan permission registration (if >50 m), flight distance restrictions, a database of
drone registrations, a piloting certificate and professional license, safety rules, privacy and
data protection, civil liability and environmental protection issues among others [46–48].
The commercially available software Pix4Dmapper Pro (Pix4D S.A., Prilly, Switzerland)
was utilized to import the airborne acquired images, develop the orthomosaic of the
study area and the Digital Surface Model (DSM). The ArcGIS software (Esri, Redlands,
California, USA) was utilized to map the landslide and perform morphometric analysis
and measurements. Presented in the following sections are the results of this methodology
utilized in a study area in North Greece. The accuracy of this method can help implement
targeted nature-based solutions.
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Figure 2. (a) The study area before (2010) and (b) the area after the specific landslide event (2019) depicted in aerial photos
(Google Earth Images).

2. Materials and Methods
2.1. The Study Area

The study area, as depicted in Figure 3, is near Nea Zichni; a village located in Serres
Prefecture of North Greece (Coordinates: Latitude = 41.021582, Longitude = 23.819888 in
the World Geodetic System 84-Universal Transverse Mercator coordinate system Zone 34N
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(WGS 84/UTM zone 34N). This area is located at the foothills of the Menoikio Mountain
and its elevation is around 200 m. The average annual rainfall is 527 mm based on weather
data from 1967–2003 [49]. South of the study area there is a known fault that belongs
to the Dafnoudi–Nea Zichni fault segment of the greater Serres Fault Zone. The specific
segment is quite rectilinear and strikes Northwest–Southeast [50]. The geomorphology of
the area is characterized by steep slopes. The slope has been utilized for the continuous
supply of drinking water through a dense network of pipelines [51]. At the same time, the
construction of a complex Qanat system during the Ottoman period enabled water supply
to the settlement and this system is still active [52]. In contrast, a disadvantage of the steep
slope is the existence of many gullies because of the intense soil erosion, especially on red
beds and other Neogene (Miocene-Pliocene) and Quaternary sediments [53,54]. According
to the geologic map of the area (Prosotsani Sheet of Hellenic Survey of Geology and Mineral
Exploration—HSGME), the nearest borehole data (Figure 4) and other studies in the greater
area, the geology of the area consists of an upper part known as the terrestrial formation
of conglomerates with the lower alternative layers of microcobbles, fine-grained sands,
red marls generated in lake paleo-environment [55–57]. The settlement of Nea Zichni
was developed on the banks of the drained lake of Achinos and its marshes [58,59]. The
lake was drained in 1932 due to a vast engineering workplan that also altered the natural
route of Strymonas River and had created the Lithotopos dam (~50 km Eastwest) and
consequently the Kerkini Lake/Reservoir [60]. A rainfall event that recorded 29 mm/day
by two nearby weather stations (Proti 18 km away and Drama 30 km away) took place on
12th June 2019 and resulted in a landslide and other erosion events that are still expanding,
especially during precipitation events. The area, apart from the significant change in size
visible landslide (soil slump), is also dominated by subsidence phenomena, debris falling,
creep and tension cracks, as depicted in Figure 5a. The specific landslide is categorized
as a rotational slide based on the Varnes classification system [61]. Historical worldwide
records show that rotational slides are among the most widely distributed failures, which
generally occur in slopes with a gradient larger than 50◦ while many cracks (width range
5–420 mm) are often present before initiation of shear deformation, especially in the crown
area [62]. Tension cracks (both transverse and radial) are widely present in the middle and
lower part (foot and toe, respectively) of the specific landslide [63]. These forces are also
visible near the stream channel where high tree falling is evident as depicted in Figure 5b.

The field measurements and drone flights took place on 11th March 2020. The study
area is not listed as a restricted flying zone and there are no restrictions for the flight plan
according to the Greek Regulations. The area is located along the stream of Agia Paraskeyi
that springs at the slopes of Menoikio Mountain, crosses the village and finally discharges
into the Strymonas River [64]. At this point a wastewater treatment plant was constructed
in 1999 but it is still not operated due to the landslide and subsidence phenomena. Finally,
it is easy to access the area from Nea Zichni due to a road that leads to the cemetery which
is only 100 m east of the landslide. There are two videos captured by UAV and showing the
specific landslide in June https://www.youtube.com/watch?v=WaAJn24xdYQ (accessed
on 24 April 2020) [65] and September 2019 https://www.youtube.com/watch?v=Itvm7
MEf9IU (accessed on 24 April 2020) [66].

https://www.youtube.com/watch?v=WaAJn24xdYQ
https://www.youtube.com/watch?v=Itvm7MEf9IU
https://www.youtube.com/watch?v=Itvm7MEf9IU
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tery. In addition, photos of the event are attached. The landslide phenomena are delimited by the red parallelogram. The 
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Figure 3. Location map of the study area within the broad region including wastewater treatment
plant, road and cemetery. In addition, photos of the event are attached. The landslide phenomena are
delimited by the red parallelogram. The landslide is not visible since it had not occurred as of the
date of the acquisition of the image, i.e., January 2018.
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Sustainability 2021, 13, 4697 7 of 20Sustainability 2021, 13, x FOR PEER REVIEW 7 of 21 
 

  
(a) (b) 

Figure 5. (a) The cracks of the upper level of the landslide where dominated by topples; (b) the nearby stream of Agia 
Paraskeyi. 

2.2. The UAV 
The DJI Mavic 2 Pro UAV/RPAS equipped with Hasselblad 20 megapixels digital 

camera and a complementary metal-oxide-semiconductor (CMOS) sensor was utilized to 
capture the ortho-images by manually selecting a grid flight plan with frequent inter-
sected images. The specific UAV is a powerful quadcopter capable of flying over large 
areas as its battery life is 30 min [67]. The DJI Mavic hovered at 50 m and its flight lasted 
40′ based on two flights that overlap each other and followed the polygon grid flight plan 
that covered the study area by capturing 600 images. The ground control points (GCP) 
included natural points (e.g., trees, rocks), human constructions (e.g., fence, wastewater 
treatment plant) and artificial marks (e.g., black/white targets in A4 size) were all used in 
order to georeference and calibrate the produced results. The coordinates were taken by 
the GPS-GNSS Triumph 1 (Global Positioning System) device (Javad, San Jose, California, 
USA) and the GPS-GNSS receiver of the UAV. Figure 6 illustrates the topographic land 
survey and the measuring process of the dimensions by using a tape measure, a laser dis-
tance meter and topographic milestones, with the road and the cemetery in the background 
of the image. The only area that GCPs were not placed was the upper part of the landslide, 
dominated by topples, because it was considered as a very steep, dangerous area to cross 
on foot (see Figure 5a). The georeferencing was performed in the Greek Geodetic Reference 
System coordinate reference system (GGRS87/Greek Grid). The literature offers a wide 
range of choices for the number and spatial distribution of the GCPs used for photogram-
metric applications [68]. In order to create the orthomosaic map and to achieve a good dis-
tribution in the widest range of the covered area, 33 GCPs were selected from the total of 71 
points that were originally placed and measured (Figure 7). The adjustment points were 
evenly distributed over the area so that any distortions were uniform. The procedure fol-
lowed in ArcGIS based on the second polynomial transformation algorithm and the Nearest 
Neighbor sampling method (Figure 8). These are among the most widely used algorithms 
introduced to match source and destination ground control points [69]. The mean Root 

Figure 5. (a) The cracks of the upper level of the landslide where dominated by topples; (b) the nearby stream of
Agia Paraskeyi.

2.2. The UAV

The DJI Mavic 2 Pro UAV/RPAS equipped with Hasselblad 20 megapixels digital
camera and a complementary metal-oxide-semiconductor (CMOS) sensor was utilized to
capture the ortho-images by manually selecting a grid flight plan with frequent intersected
images. The specific UAV is a powerful quadcopter capable of flying over large areas as its
battery life is 30 min [67]. The DJI Mavic hovered at 50 m and its flight lasted 40′ based on
two flights that overlap each other and followed the polygon grid flight plan that covered
the study area by capturing 600 images. The ground control points (GCP) included natural
points (e.g., trees, rocks), human constructions (e.g., fence, wastewater treatment plant) and
artificial marks (e.g., black/white targets in A4 size) were all used in order to georeference
and calibrate the produced results. The coordinates were taken by the GPS-GNSS Triumph
1 (Global Positioning System) device (Javad, San Jose, California, USA) and the GPS-GNSS
receiver of the UAV. Figure 6 illustrates the topographic land survey and the measuring
process of the dimensions by using a tape measure, a laser distance meter and topographic
milestones, with the road and the cemetery in the background of the image. The only area
that GCPs were not placed was the upper part of the landslide, dominated by topples,
because it was considered as a very steep, dangerous area to cross on foot (see Figure 5a).
The georeferencing was performed in the Greek Geodetic Reference System coordinate
reference system (GGRS87/Greek Grid). The literature offers a wide range of choices for the
number and spatial distribution of the GCPs used for photogrammetric applications [68]. In
order to create the orthomosaic map and to achieve a good distribution in the widest range
of the covered area, 33 GCPs were selected from the total of 71 points that were originally
placed and measured (Figure 7). The adjustment points were evenly distributed over the
area so that any distortions were uniform. The procedure followed in ArcGIS based on the
second polynomial transformation algorithm and the Nearest Neighbor sampling method
(Figure 8). These are among the most widely used algorithms introduced to match source
and destination ground control points [69]. The mean Root Mean Square Error (RMSE)
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was 6.04553 cm while in practice, by using checked coordinates of the GCPs, the accuracy
ranged 5 cm–10 cm.
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Figure 6. (a) The topographic survey by using a GPS/GNSS receiver. (b) Performing dimension
measurements at the crown and scarp of the upper level of the landslide.
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2.3. The Software

The Pix4D software uses a modified SfM photogrammetric technique to search and
match the points from multiple two-dimensional image sequences resulting from the
motion of a camera mounted on UAVs [70]. The software is able to create point clouds,
orthomosaics, DSMs as well as an explanatory process report as a pdf file [71]. The
Pix4D has many advantages compared to other photogrammetric software as it uses a
self-calibration technique and it has a web-based processing service apart from the licensed
software [72]. Figure 9 depicts outputs produced by Pix4D based on the used 161 images
captured by DJI Mavic 2 Pro. Pix4D was installed in a custom pc that has a 16GB RAM,
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AMD Ryzen 3600 processor 3.6 GHz, Nvidia GeForce 1070ti and a SSD disk. According
to the statistics provided by the Pix4D report, the average ground sampling distance was
1.44 cm, covered area was 0.178 km2. The time for initial processing was 24 m 31 s, the
time for the DSM generation was 24 m 09 s and the time for orthomosaic generations was
59 m 45 s. The mean camera displacement was 0.010 m, 0.012 m and 0.036 m for longitude,
latitude and height, respectively, while georeferencing was included in the WGS 84/UTM
zone 34N coordinate system. The initial absolute geolocation variance, produced by Pix4D,
resulted to RMSEx = 0.72 m., RMSEy = 1.45 m. and RMSEz = 2.25 m. As mentioned in the
previous section, the RMSE was decreased based on the georeferenced process. Finally, the
orthomosaic generated in Pix4D was inputted and edited in ArcGIS 10.4 in order to detect
and digitize the morphometric parameters of the landslide.
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3. Results

The Pix4D software generated the orthomosaic based on the georeferenced procedure
described above while all of the 600 images were calibrated (100%). The produced output
is a hyper-spatial resolution orthomosaic (a) that captured the destruction of the nearby
wastewater treatment plant. Figure 10 illustrates the facilities before the event (2016)
in Google Maps and the results of the orthomosaic developed by the UAV flight (2020).
There is clear evidence that the natural event caused huge destructions in this recent plant
construction and specifically at the Northeast part of the two water reservoirs where the
walls collapsed (captured inside the red rectangular plan), with the displacement estimated
at 2.7 m and the sediments filled the right tank as depicted in the image.
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Figure 10. The wastewater treatment plant that was constructed in 1999 was captured (a) by the satellite image from Google
Maps in 2016; (b) by the orthomosaic generated in Pix4D in 2020. The destruction of its walls is visible in the NE water
tanks (in the red square) that are being filled with sediment.

The orthomosaic was analyzed in ArcGIS 10.4 and the produced result can be seen in
Figure 11 that depicts the main landslide (yellow perimeter marked area) and the overall
visible affected area (red perimeter marked area), the detected cracks (orange points) on the
surface that vary from centimeters to meters. These orange points are representative of the
density of the cracks and were detected both in situ and by the hyper-spatial orthomosaic
that illustrate even small objects. Based on the detected cracks we also digitized the vectors
of these tensile stress cracks or group of cracks (black lines). We further recognized the
direction of these tensile stress which are vertical to the digitized tensile stress cracks (black
arrows) and hypothesized the most vulnerable cracks for future landslide and subsidence
events and topples creation. Specifically, the landslide boundaries were digitized in order
to estimate its area. The landslide perimeter was estimated to be 710.2 m while the area was
equal to 12,942.6 m2. Finally, considering the detected cracks we digitized the boundary
for the entire affected area (black line perimeter). The entire affected area was at least
equal to 46,556.4 m2 with a perimeter of 1097.6 m. This area could be larger if there are
unseen cracks underground or covered by the vegetation (although there are occasions
where vegetation helps to identify cracks). Based on the above determined landslide area,
the geology of the region (landslide in soils) and an empirical equation [73], the landslide
volume was estimated as 18,542.6 m3.
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Figure 11. The orthomosaic of the study area depicting the main landslide event (digitized area
in yellow) the entire affected area (digitized area in red), the GCPs distributed in the area (black
crosses) and the selected ones for georectification (green circles), the detected mapped cracks (orange
points), the tensile stress-cracks or group of cracks (black lines) and the direction of the tensile stress
(black arrows).

Additionally, we were able to develop the DSM (Figure 12) of the study area which is
very useful for topographic, hydrographic and geomorphologic analysis. The DSM was
used in order to produce the contour lines of the area (Figure 13). The contour lines were left
blank only for the upper part of the landslide, dominated by topples as mentioned before.
Furthermore, the DSM can be used as alternative of a digital terrain model (attention must
be given in order to avoid high vegetation, e.g., trees) in order to provide the profile of
the landslide or cross sections in any direction (Figure 14). The specific profile sections
visualize the stream channel found in 30 m and 50 m, respectively, as well as the elevation
differences. The graphs also individualize the main parts of the landslide such as the main
body of the mass movement, the surface of rupture, the head, the crown and the main
scarp. Finally, based on the DSM, another valuable dataset that can be produced is the
triangulated irregular network (TIN) which can visualize the 3D surface terrain of the area
(Figure 15). The specific dataset can be combined with other 3D models developed in Pix3D
(Figure 15) to better reconstruct the natural dimensions of such phenomena. The specific
datasets were not further analyzed as we did not intend to study the phenomenon in the
3D without using a total station to calibrate the produced dimensions.
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Figure 12. The digital surface model (DSM) of the study area that depicts the entire captured area including the main
landslide event, the stream channel and its riparian vegetation, agricultural crops and trees but human-made facilities are
also distinguishable.
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Figure 13. The orthomosaic of the study and the produced contour lines (green parallel curves). Contour lines were not
produced in the main landslide area. Two cross sections: the red line (A-A’) and the blue line (B-B’) were selected to visualize
the profiles of the study area.
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Figure 14. The profiles of the study area: the profile graph A-A’ has a direction from northwest to southeast and the profile
graph B-B’ has a direction from west to east.
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Figure 15. (A) The triangulated irregular network (TIN) (top image) developed by the digital surface model (DSM) in ArcGIS
and (B) the 3D model (bottom image) that was developed in Pix4D. The dimensions are not calibrated to field measurements.
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4. Discussion

The aim of this study was to showcase how a UAV (DJI Mavic 2 Pro), a photogram-
metric software (Pix4D) and a GIS software (ArcGIS) can be utilized to provide detailed
and accurate information on a specific landslide event. A combination of practices in-
cluding landslide monitoring [74,75] and the mapping of cracks on buildings and asphalt
roads [76,77]. Other researchers have also found that UAVs can be used to mitigate risk
from natural disasters events such as landslides or subsidence phenomena, or even com-
pared the results among different photogrammetry software [78–80]. To our knowledge,
this is innovative work concerning photogrammetric measurements of characteristics and
dimensions of the main landslide event and the digitization of the tension cracks of mass
movement events based on high-resolution images captured by a low-cost UAV. The digiti-
zation of cracks and further spatial and morphometric analysis can be achieved in a short
period compared to traditional field mapping and measurements. The overall results are
very satisfactory since they can provide valuable information for decision makers, land
managers, farmers and other stakeholders. Based on this information the proper Nature-
based Solutions (NbS) can be selected to help mitigate the potential negative impacts from
the landslide. The methodology described in previous sections provided the morphometric
measurements (area of the landslide, elevation difference of the landslide, volume of the
affected soil concerning the recent landslide, extended affected area of the landslide and
related phenomena, but also the fissures and their tensile stress cracks directions) of a
specific landslide and also this information was depicted as maps that are easy to under-
stand and assess. Although this is a preliminary work focused on a small area, it was
sufficient to point out some advantages and drawbacks of the technique. Photogrammetry
was an accurate method to measure the elevation difference by creating the DSM in our
study area and the contour lines in an immediate and rapid approach. This elevation
difference was validated based on field measurements and were highly correlated based
on the primarily scopes of this study concerning the landslide. It should be noted that the
processing time and system requirements are major factors to consider when determining
ideal parameters, especially flight altitude or dense overlapping. We found that a computer
with 16GB of RAM is a satisfactory selection and the processing was easier and faster to
achieve in the specific hardware. Generally, the methodology is user-friendly and easy to
implement, which indicates that it could be easily adopted. There are some issues that
must be investigated such as the flight regulations and if there are any restricted zones in
the area of interest. In addition, the flight plan, the proper hours in a day and the weather
conditions necessary in order to capture the best image quality and avoid shadows or
inclined views are important factors. Furthermore, the area must be easily accessible in
order to carry the necessary equipment while it is mandatory to be conscious and follow
safety guidelines as these areas are always dangerous to visit. The above showcase that the
method could and should be adopted by public and municipal services responsible for mit-
igating natural disasters and land management. Finally, the high accuracy of the method
could help target areas to mitigate these natural disasters with the use of NbS [81]. NbS is
a term defined as “actions to protect, sustainably manage, and restore natural or modified
ecosystems that address societal challenges effectively and adaptively, simultaneously pro-
viding human well-being and biodiversity benefits” by the International Conservation of
Nature (IUCN) [82]. NbS is an umbrella term for various ecosystem-based approaches [83].
Other relevant terms that can be found in the literature, among others, are vegetation
engineering, ecosystem engineering, soil bioengeering, ecosystem-based, etc. [84]. For
this reason, NbS is usually referred to as green, blue or blue-green solution, as opposed
to traditional engineering solutions that represent grey solutions [85]. Bioengineering
practices can be considered as the pioneer of NbS for landslide protection since it provides
environmentally friendly and cost-effective solutions [86]. Bioengineering solutions for
landslides include, among others, the use of living materials. Typical examples are the
plant/grass seeding, live transplanting, and other approaches such as wattle fences, brush
layers, live fascines or crib walls [87,88]. The most common practice is the use of vegetation
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and especially the tree/shrub species, e.g., Fagus sylvatica and willow (Salix sp.) or mixtures
of herbaceous species, e.g., red campion (Silene dioica Clariv.) and blue fleabane (Erigeron
acris L.) which reinforce the soil stability due to their root system elastic strength and
anchoring capacity [89,90]. Furthermore, they provide another advantage as they reduce
surface runoff and erosion processes due to evapotranspiration. This type of vegetation can
be adopted in smooth terrain and even on steep slopes. Especially, woody vegetation (e.g.,
Salix sp.) has a positive slope stability under wetting and drying conditions in shallow
landslides [91]. In addition, the use of grass is preferred against surface soil erosion because
grasses can develop a good turf and dense root system [92]. The truth is that in deep-seated
landslides, soil bioengineering techniques are not enough, so hybrid solutions (conven-
tional engineering solutions which are combined with NbS) are required to maintain or
reduce the hazard [93]. Climate change is another factor that densifies such events so the
monitoring of such phenomena is highly compulsory. Climate change is expected to lead to
more frequent and intense dry/wet periods and will exacerbate the landslide phenomena,
especially in the Mediterranean countries [94,95]. This is another reason that highlights the
importance of innovative technologies to identify potential landslide areas that will help
implement targeted nature-based practices and adaptation actions.

Future research directions could include the utilization of satellite images from previ-
ous years in order to compare changes but also performing UAV flights more periodically
for the detection of future changes. In addition, the creation of a denser GCP network by
using a total station that will cover the entire area, even the area which is dangerous to visit
on foot, would be crucial for 3D photogrammetric reconstruction and accurate dimension
measurements in these 3D models [96]. Finally, future monitoring could be achieved
by using remote sensing or/and ground-based radar interferometry [97,98] and wireless
sensor networks for installed ground or underground instruments (e.g., extensometers,
inclinometers, piezometers, geophones, ultrasonic signals, etc.) [99].

5. Conclusions

The accuracy of photogrammetry and its application on geohazards has improved
within the last years due to the use of digital images, image matching algorithms and the
wide application of UAVs. In this study, we used the quadcopter UAV DJI Mavic 2 Pro
equipped with a standard digital camera and GPS + GLONASS to collect multi-temporal
sets of very high resolution RGB images over a landslide that happened in Northern Greece
near the village Nea Zichni. The commercial software Pix4D was selected in order to
produce a high-resolution orthomosaic which provided measurements up to cm level.
Even small objects could be easily identified. Our results showcase how the combination of
UAV-based imagery and SfM algorithms were utilized for 2D and 3D surface reconstruction
such as orthomosaic, DSM and TIN. The outputs were further analyzed in ArcGIS software
in order to digitize and perform morphometric measurements. The results prove that the
tools, software and methodology can be used for the flexible and accurate monitoring of
landslides and the mapping of geomorphologic parameters. The specific methodology
could be adopted by public and municipal bodies which are responsible for planning
and disaster management in order to develop proper management plans and mitigation
practices such as nature-based solutions. Finally, additional denser and more frequent
research needs to be conducted in order to monitor the evolution of the specific landslide
that could be extended and affect a wider area.
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