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Abstract
The cliff in Jastrzębia Góra is one of the most an active landslide areas along the Polish Baltic coast. The aim of these studies 
was to determine the dynamics of displacements in an active landslide and to identify the geology of the cliff. Two methods, 
ALS (Airborne Laser Scanning) and ERT (Electrical Resistivity Tomography), were used for this purpose. Multitemporal 
ALS data were used to determine the geomorphological changes within the cliff and find the causes of the rapid rate of cliff 
edge landslides. ALS differential models were the sources of new information about the dynamics of vertical displacement 
in the landslide and helped calculate the volume of displaced rock masses that occurred over 12 years. The cliff was found 
to become significantly an active in 2010. This process was observed by analysing the relief of multitemporal digital eleva-
tion models, differential models, AND morphological sections and by conducting long-term field observations. The ERT 
surveys made it possible to generate two 3D ERT electrical resistivity models that provided much new information about the 
geological structure of the cliff. Additionally, a 2D ERT profile was made through the landslide. The internal structure of the 
landslide was recognized, and the depth of the slip surface was estimated. The results permitted clarifying the cause of the 
high landslide activity and the rapid rate of retreat of the cliff edge over the past 12 years. In addition, by means of the results 
of electrical resistivity surveys and the use of archival boreholes, it was possible to extrapolate a model of the surface relief 
of the clay hill using geostatistical methods. It was found that at the boundary with the active landslide—the top of the clay 
layer—is tilted towards the north, i.e. towards the sea, which favours the activation of the landslide. The proposed research 
methodology, as well as the obtained information, may be of significant assistance in further diagnosis and prognosis of the 
dynamics of landslide development and the causes of landslide formation within cliff coasts.
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Introduction

In many regions of the world, cliff coasts are the subject of 
comprehensive scientific research (Emery and Kuhn 1982; 
Hapke et al. 2009), especially in areas where progressive  
marine abrasion and landslide processes threaten local 
infrastructure and human life (Gibb 1978; Lee 2008; Bezerra 
et al. 2011; Hackney et al. 2013; Terefenko et al. 2018; 
Prémaillon et al. 2018). In Poland, the cliff coast particularly 
threatened by landslides is the one in the area of Jastrzębia 

Góra, located on the southern coast of the Baltic Sea (Fig. 1) 
(Subotowicz 1982, 2000, 2003, 2015; Uścinowicz et al. 2014, 
2017). Dangerous landslide events continue to occur on the 
cliff, and the installed protective systems for prevention of 
both abrasion and landslides are perpetually being destroyed. 
The cliff is therefore at constant risk of landslide development 
(Subotowicz 2015).

In the cliff edge zone, local infrastructure is constantly 
being developed (e.g. hotels, guesthouses), which addi-
tionally weighs down the slope contributing to a loss of its 
stability. Moreover, the gradient of the cliff causes loss of 
stability and landslide formation or activation. The forma-
tion and reactivation of landslides are also favoured by the 
relevant geology, hydrogeological conditions, marine abra-
sion, and intense rainfall (Subotowicz 1982; Kramarska 
et al. 2011).
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In Eastern Europe, a particular revival of mass move-
ments was recorded after the catastrophic rainfall events 
of May and June 2010 (Kamiński 2011). There was then 
a sudden increase in the water level both in rivers and 
in groundwater. As a result, with the favourable geol-
ogy and geomorphology, many landslides were initiated 
or became active in many regions of Poland, includ-
ing Jastrzębia Góra. This event is known in Poland as a 
“landslide catastrophe” (Rączkowski 2019). In Jastrzębia 
Góra, landslides pose a particular threat to residential 
buildings, hotels, guesthouses, and other infrastructure 

located in the cliff edge zone. Therefore, continuous 
remote sensing of cliff areas and accurate spatial recog-
nition of their geology to determine the causes of land-
slides is important. The methodology implemented so 
far to study the cliff at Jastrzębia Góra has been mainly 
based on photogrammetry using traditional geodetic 
measurements and ground photos (Subotowicz 1982, 
1989, 1991, 2000; Zhang et al. 2010, 2011) or analysis 
of aerial and satellite images (Furmańczyk 1994). Com-
parative analysis of the obtained data allowed us to infer 
the rate of changes in the relief.

Fig. 1   Study area. A Location 
on the Landsat 7 ETM + satel-
lite imagery. B Location on 
the orthophoto (buildings and 
a forest are located in the edge 
zone of the cliff). C Location on 
the shaded relief map
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For many years, LiDAR (Light Detection And Ranging) 
laser scanning has been used to monitor coastal cliff dynam-
ics. The results of laser scanning include accurate digital ter-
rain models that enable interpretation of geomorphological 
structure and monitor changes in relief. Two approaches to 
utilizing this technology exist. The first is to perform Ter-
restrial Laser Scanning (TLS) in a static or mobile manner 
(Kramarska et al. 2011; Dewez et al. 2013). In the second, 
laser measurements are performed from an ALS aircraft or a 
UAV (unmanned aerial vehicles) drone (Young and Ashford 
2006; Derron and Jaboyedoff 2010; Kramarska et al. 2011; 
Earlie et al. 2015). Therefore, in relation to the latest trends 
of researches to study the dynamics of the cliff in Jastrzębia 
Góra, long-term airborne laser scanning (ALS) data, pub-
licly available on the Internet (https://​www.​umgdy.​gov.​pl), 
were used.

ALS data collection has been performed almost every 
year since 2008 upon the order of the Maritime Office in 
Gdynia. From these data, differential models were generated 
to represent the dynamics of the land surface changes and 
to calculate the volume of displaced rock masses that 
occurred between 2008 and 2020. The internal structure 
of landslide colluviums is usually measured by direct 
geotechnical investigations (i.e. borehole, in  situ, and 
laboratory tests). Standard geotechnical investigations are 
essential for providing detailed information about landslide 
material. However, this technique cannot be used for large 
areas as it is expensive and labour intensive. Well-planned 
geotechnical borings are essential for spatial recognition of 
the internal structure of the slope under study. Therefore, 
preliminary investigations using geophysical methods are 
often used to plan the location of geotechnical investigations 
(Samodra et  al. 2020). Geotechnical investigations are 
mainly performed in order to identify the mechanisms of 
the formation of a landslide and to assess the stability of 
the slope on the basis of geotechnical properties of the soil 
(e.g. plasticity index, density, bulk density, natural moisture 
content%, and fraction content%). It is an expensive and 
time-consuming examination. The ERT method is a good 
replacement for geotechnical research because it is cheaper 
and enables faster interpretation of the structure of the 
landslide and the geology of the cliff (Wróbel et al. 2022). 
Preliminary investigations using geophysical methods are 
often used to distribute direct geotechnical investigations 
(Samodra et al. 2020). In our work, in order to understand 
the reasons for the high dynamics of the cliff edge and the 
landslide surface, geophysical surveys were carried out 
using the ERT method. It is worth noting that the ERT 
method has been applied with great success for several 
years in the electrical resistivity study of landslides, as well 
as cliff coasts. Electrical resistivity tomography is one of 
the most common geophysical methods used for identifying 
geology of cliffs and studying landslides (Jongmans et al. 

2000; Lapenna et al. 2003; Kamiński et al. 2012, 2014; 
Kamiński  2015; Perrone et  al. 2014;  Ling et  al. 2016; 
Kamiński and Zientara 2017; Pazzi et al. 2019; Whiteley 
et al. 2019; Alpaslan and Bayram 2020).

Most commonly, ERT measurements are made in a 
2D measurement system (Lapenna et al. 2003; Kamiński 
et al. 2014) and less frequently in a 3D measurement 
system (Santarato et al. 2011; Kamiński et al. 2021). In 
recent years, the use of the 3D ERT method for electri-
cal resistivity testing has been gaining more popularity 
because it allows avoiding errors and artefacts caused by 
failure to meet the conditions of the 2D model. Method-
ologies for 2D and 3D ERT data collection and model-
ling are described widely in the literature (Dahlin et al. 
2002; Lapenna et al. 2005; Loke 2019). The 3D ERT 
method allows the production of spatial or volumet-
ric models of subsurface resistivity distributions from 
which features of contrasting resistivity may be located 
and characterized. Comprehensive integration of pho-
togrammetric and geophysical data makes it possible, 
at a low cost and quite quickly, to obtain information 
on changes that have taken place over many years in the 
relief of the cliff area and to indicate the main causes of 
landslide movements. The aim of this research was to 
detect and characterize the displacement and geology of 
cliff and an active landslide using multitemporal ALS 
and ERT imaging.

Study area

Geology, geomorphology, and hydrogeology 
of the cliff

The study area includes part of the moraine upland of 
Kępa Swarzędz is located approximately 10 km west of 
Władysławowo (Fig. 1).

The cliff has a maximum elevation of 32 m above sea 
level and extends over a distance of about 1 km. The field 
studies of the cliff are very difficult due to the dense vegeta-
tion and gabion walls (Fig. 1B). The area of Kępa Swarzędz 
is transected by several dry valleys 3–7 m deep, at present, 
strongly anthropogenically transformed (Fig. 1B). One, 
with an S–N course, is located in the western part of the 
area of research, and its bottom is made up of dry valleys 
(1) (Fig. 1C). In the southwest, the valley is adjacent to an 
extensive depression that is filled with lake and fluvial sands 
(5) (Skompski 1999, 2001). In the north, the upland area 
is directly adjacent to the sea, separated only by a narrow 
sandy strip of beach (3). During times of higher water lev-
els and storms, this strip is completely flooded by seawater 
which, by undercutting the cliff, is one of the reasons for 
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triggering landslide processes and moving colluvial sedi-
ments (2) seaward. To weaken the degradation processes, 
the coastal zone is continuously strengthened, the beach is 
reconstructed, and a part of the cliff has been built over with 
a gabion wall (9) (Fig. 2).

The lowest-lying sediments are the limnoglacial sedi-
ments (8) of the middle stage of the Vistula glaciation pro-
cess (Skompski 1999, 2001). They are formed in the form of 
sandy muds and clay series (Masłowska et al. 2002). They 
reach a maximum thickness of 23 m, descending below 
beach level and are glacitectonically disrupted (Skompski 
1999, 2001). These limnoglacial sediments are covered 
by a cluster of till (7), ranging from a few to over 20 m in 
thickness. In previous work, two layers of till were sectioned 
within the cluster (Zaleszkiewicz et al. 2000). A series of 
variable aged fluvioglacial sediments (6) appear within the 
glacial till, as well as on its surface. The sediments within 
the glacial till are sands, gravels, and even boulders up to 
1 m in diameter (Kamiński et al. 2012) and range in thick-
ness from 1 to about 10 m in the western part of the cliff. 

The sediments lying on the surface of the glacial till are 
mainly differentiated sands with fine gravel and thickness 
ranging from 1 to 2 m. In the area of research, the whole sur-
face of the upland is overlain by aeolian sediments (4), with 
layers ranging from several tens of cm to approximately 1 m. 
Aeolian sands developed in the form of a strip of coastal 
dunes, ranging in thickness from 1 to 5 m, are only found in 
the western part of the study area.

In the Quaternary, two levels of aquifer, intertills that are 
associated with sediments in Eemian interglacial and sub-
till, were developed. They are connected hydraulically at 
a depth of 20–50 m. The aquifer is formed by Quaternary 
sands of various granulations, which are separated from 
the ground surface by a layer of Vistula glaciation till. The 
water table is tight, locally free. It stabilizes at an ordinate of 
approximately 10–20 m above sea level, and in the vicinity 
of the seashore, it descends to approximately 0–3 m above 
sea level (Lidzbarski and Tarnawska 2015). Groundwa-
ter runoff takes place towards the north to the Baltic Sea. 
Above, in the aeration zone, perched groundwater forms an 

Fig. 2   Geological map of the study area against the background of the digital elevation model (according to Skompski 1999–modified). A geo-
logical section (A–B) and photos of rocks are presented under the geological map (clays, tills, sands, and gravels)
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intermediate link in the water circulation system between 
the land surface and groundwater. This occurs in a wide 
depth range of 1–25 m and is found within sand layers in 
a complex of poorly permeable formations lying above the 
saturation zone (Lidzbarski and Tarnawska 2015).

Cliff dynamics

According to historical data, the cliff edge at Jastrzębia 
Góra receded by 90 m, or 1.4 m/year, between 1875 and 
1937 (Majewski et al. 1983), while the average rate of 
cliff edge recession between 1971 and 1975 was 0.45 m/
year (Subotowicz 1982, 1991, 2000). Furthermore, from 
1977 to 1990, the abrasion rate was 0.9 m/year, and from 
1992 to 1997, it was 1.2 m/year. The destruction caused 
to the infrastructure built on top of the cliff led to a deci-
sion by the Maritime Office in Gdynia to provide security 

measures for the shore. Between 1994 and 1997, a wall 
consisting of gabions was constructed along a stretch of 
approximately 1 km (Fig. 3A), while in 2000, a massive 
structure was built to protect the cliff in the area of the 
“Bałtyk” resort. Protection of the shore with gabion wall 
and massive installation did not stop the activity of mass 
movements, which developed surprisingly in the immediate 
vicinity of the massive cliff installation, on its eastern side 
(Kramarska et al. 2011).

Landslide

This was a rotational landslide with an irregular shape and a 
maximum length of about 178 m and a width of about 86 m, 
covering an area of about 1.4 ha (Fig. 3A). Its main body is 
composed of tills, clays, sands, and gravels (Kamiński and 

Fig. 3   A Landslide visualization 
using LiDAR data. B View on 
the main scarp. C Morphology 
of the landslide main body. D 
and E View on the landslide toe
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Zientara 2017). The main scarp is about 15-m long, and the 
toe of the landslide is about 2.5-m high (Fig. 3B, E). Numer-
ous ponded waters occur in the main body (colluvium) of 
the landslide (Fig. 3C).

Materials and methods

Rainfall

Meteorological data were purchased from the Institute of 
Meteorology and Water Management, Branch in Gdynia. 
Monthly rainfall totals from January to June 2010 were 
collected from seven meteorological stations (Fig. 4).

The highest rainfall values were recorded in May and 
June 2010. It was a period of catastrophic rainfall through-
out Poland (Bartnik and Jokiel 2012). Also in the area of 
Jastrzebia Góra, there was intense and long-term rainfall. 
Therefore, the spatial model of monthly rainfall totals in the 
Jastrzębia Góra area was generated for this period. Meas-
urement data of rainfall totals recorded by rain gauges at 
seven observation stations were used for modelling (Fig. 5).

Data in shape format were imported into ArcGis 10.6. 
Next, a cokriging algorithm was selected in the geostatistical 
module to interpolate precipitation values depending on the 
morphology of the terrain. During the modelling of the spatial 
distribution of rainfall amounts, a numerical terrain model is 
usually used as an additional variable (Hevesi et al. 1992a, b).

Fig. 4   Monthly rainfall graph 
(based on data from the Institute 
of Meteorology and Water 
Management from 2010)

Fig. 5   Precipitation spatial model showing total rainfall in May and June 2010
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A 2013 ALS model with a 10 × 10-m grid mesh was used 
for modelling. As a result, a model showing the spatial dis-
tribution of bimonthly rainfall in May and June 2010 was 
generated (Fig. 5). Because geophysical surveys were made 
at different times, the first measurement was made on March 
28, 2012, and the second measurement was made on April 
29, 2015. Therefore, the monthly sums of rainfall in March 
2012 and April 2015, recorded at the meteorological station 
No. 5, are presented (Table 1).

Boreholes

The profiles of three archival hydrogeological boreholes (B1, 
B2, B4) containing information about the lithology of rocks 
and the height of the groundwater level (Werno 2010) and one 
geological-engineering borehole (B3) (Fig. 6) were employed 
to validate the electrical resistivity data and model the clay roof.

All information available from the boreholes was used to 
interpret the resistivity data in terms of the geology of the 
cliff. Unfortunately, in the case of B3 borehole, the data on 

the geotechnical properties of the rocks was not preserved. 
It was thus only possible to obtain information about the 
lithology of rocks and the height of the groundwater table.

Electrical resistivity tomography (ERT)

Field measurements were performed using the LUND 
system made by ABEM, a Swedish company. The system 
includes a Terrameter SAS1000 single-channel electro resis-
tivity meter, ES 10-64eC selector, multi-conductor cable sets 
with electrode leads every 10 and 5 m, and steel electrodes 
with couplings. The system was powered by a 12-V battery. 
The apparent resistivity data inversions were performed in 
Res2dinv and Res3dinv software. The used inversion method 
iteratively minimizes the absolute difference between the 
measured and calculated apparent resistivity values (L1 
norm) (Loke and Lane 2002). This variant of inversion is 
better when subsurface structures have sharp boundaries. 
Maximum number of iterations was set to 5, and conver-
gence limit for the relative change in the RMS error between 
2 iterations had a default value of 5%.

The ERT method test involves recording changes in the 
electric field artificially created in the formation by a sys-
tem of electrodes supplied with direct current (Loke 2019). 
The measurements are usually made along straight lines at 
the ground surface, and the resulting potential differences 
are transformed into pseudosections of apparent resistivity. 
Many measurement systems (electrode configurations) have 

Table 1   Monthly rainfall in March 2012 and April 2015—as measured 
at the meteorological station near Jastrzębia Góra (No.5 in Fig. 5)

Station name Total monthly rainfall 
in March 2012 (mm)

Total monthly rainfall in 
April 2015 (mm)

Rozewie 45 34

Fig. 6   Geological boreholes (Werno 2010)
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been developed, e.g. Wenner, Schlumberger, dipole–dipole, 
and many others. The Wenner measurement system was 
chosen to investigate resistivity values of the cliff-building 
rocks due to the speed of fieldwork performed with the use 
of single-channel equipment (low number of measurements). 
Although the Wenner array is relatively sensitive to vertical 
changes and poor in detecting horizontal changes in resistiv-
ity (Dahlin and Zhou 2004), this array is suitable in noisy 
areas because of good signal strength. The field research 
was carried out to obtain the necessary measurement data 
to generate two 3D resistivity voxel models.

The first model was developed in March 2012. At that 
time, seven profiles of various lengths were made depending 
on the space availability within the site and the arrange-
ment of buildings. The distance between the profiles was 
10 m (Fig. 7). The electrodes on the profiles were spaced 
along a straight line every 10 m. The distance of 10 m 
between the profiles was chosen due to the need to generate 
a voxel model. According to standard procedures, separation 
between the lines should not be more than twice the unit 
electrode spacing along the lines. The depth of investiga-
tion was approximately 60 m below the ground surface to 
explore the largest possible area of the cliff. Profile A (38 
electrodes) is the closest one to the seashore. It is located on 
the edge of the escarpment and has a length of 370 m. Then, 
at a distance of 10 m parallel to it, there is profile B (38 elec-
trodes), also with a length of 370 m. The next profiles C, D, 
E, and F (39 electrodes) are each 380 m long. The seventh 
one, profile G (33 electrodes), is 320-m long (Fig. 7). It is 

shorter than the other profiles because it could not be routed 
further due to fencing.

The second model was developed in April 2015. It was 
generated for the part of the cliff where landslide processes 
had developed most strongly and was undertaken so as to 
better understand the reason behind the high cliff activity. 
Four profiles with a length of 200 m were made with 41 
electrode positions along each line. They were deployed on 
the most landslide-prone section of the scarp. The distance 
between the profiles was 10 m, and the electrodes were 
spaced every 5 m. The 5-m distance between the electrodes 
allowed for a more detailed resistivity image of the active 
part of the cliff. Profile H is located closest to the seashore; 
then parallel to it, at a distance of 10 m, there is profile I and 
then profiles J and K (Fig. 7). As a result of the inversion, 
the resistivity model of the data from 2012 with an absolute 
error of 3.99 and the resistivity model for the data from 
2015 with an absolute error of 6.57 were obtained. The L 
profile was led by the active part of the landslides from 2015 
(Fig. 7). This profile was performed using 2 m of equal 28 
electrodes spacing with a total profile length of 80 m. The 
Wenner measurement system was also chosen to investigate 
resistivity values.

The 3D inversion method was applied to generate two 
3D resistivity voxel models of the cliff. To obtain the 3D 
images, we took the 2D ERT profiles along parallel lines, 
combined the data into a single set, and subjected them 
together to 3D inversion using dedicated software, in 
this case, the Res3dinv software (Loke and Barker 1996; 

Fig. 7   Location of ERT profiles and geological boreholes
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Loke 2019). The inversion routine 3D used by the program 
Res3dinv is based on the smoothness-constrained least-
squares method (Loke et al. 2003). One advantage of this 
method is that the damping factor and roughness filters can 
be adjusted to suit different types of data. This program 
applies the Gauss–Newton method that recalculates the 
Jacobian matrix of partial derivatives after each iteration 
(Loke and Lane 2002). The inversion program divides the 
subsurface into a number of rectangular prisms and attempts 
to determine the resistivity values of the prisms so as to 
minimize the difference between the calculated and observed 
apparent resistivity values—subject to selected constraints 
(Loke 2019). The 3D inversion provided much smoother 
results with fewer 3D artefacts than in the 2D inversion. 
The 3D inversion is, however, in itself, more time and 
computation power consuming than 2D inversion, and 
considerable amounts of work hours are required to fine-
tune the parameters sufficiently.

Airborne laser scanning

Multitemporal ALS data obtained with the airborne laser 
scanning method were used to study the cliff dynamics. This 
is a method that has been used for several years with great 
success worldwide to study the dynamics and monitoring 
of mass movements (Mora et al. 2003; Baldi et al. 2005; 
Kaminski 2011; Kamiński et al. 2021).

Airborne laser scanning (ALS) data were obtained from 
a map portal available on the website of the Maritime Office 
in Gdynia, which has commissioned airborne laser scanning 
of the Baltic coastal zone almost every year since 2008. The 
data collection (airborne survey) was conducted between 
2008 and 2020 during the Spring and Autumn seasons 
(Table 3). The aerial LiDAR mapping was designed so that 
at least one flight line ran over the water, due to the need to 
register dunes slopes and the steep cliff face. The availability 
of these data is, depending on the year of execution, either in 
the form of a GRID structure together with measured eleva-
tion point data in LAS (Laser File Format) or the form of a 
GRID structure only (Table 2).

Most of the ALS data were available in a GRID struc-
ture with 1 × 1-m pixel resolution. Only the 2020 data were 

available in both LAS format and GRID structure with 
0.5 × 0.5-m pixel resolution. In order to generate differential 
models, classification and filtering of the 2020 ALS point 
data cloud were performed. The result was a 1 × 1-m resolu-
tion ALS model. The point data cloud filtering and classifi-
cation process were performed using dedicated QCoharent 
LP 360 software.

The process of generating digital ALS models is widely 
reported in the world literature (Axelsson 2000; Liu et al. 
2005; Wang and Tseng 2010). The first step of the research 
was to automatically classify the point data cloud into appro-
priate layers. Depending on their height, the data points were 
classified into the following layers: “low points”, “water”, 
“ground”, “low vegetation”, “building”, “medium vegeta-
tion”, and “high vegetation”. After a thorough analysis of the 
results of the automatic classification of ALS point clouds, 
different types of errors were found. These included selected 
parameters characteristic for the specificity of a given area, 
such as the following:

•	 To the class of points representing the ground, the points 
lying below the ground are included, which causes 
unnecessary local depressions.

•	 The ground class includes points representing low vegetation.
•	 Building walls are classified as vegetation class.
•	 Some roofs of buildings remain in the high vegetation class.

There are several tools in the QCoherent software to cor-
rect auto-grading errors. These are as follows:

•	 Correction of individual points
•	 Correction of points inside a circle/rectangle
•	 Correction of points located under or, above a given plane
•	 Correction of points located between two given lines

The second step in processing the classified elevation 
point data cloud was to filter out the “ground” points to gen-
erate a digital terrain model. A deterministic IDW (Inverse 
Distance Weighting) algorithm was used to geostatistically 
interpolate the “ground” points (Davis 2002). As a result, 
a GRID digital terrain model with 1 × 1-m resolution was 
generated (Fig. 8).

However, the ALS method also has limitations. The prob-
lem is, e.g. the density of scanning and the time of year 
of the activity. For example, the density of ALS data from 
2008 was 4 p/m2, while in 2020, it was 12 p/m2. Moreover, 
the 2008 ALS data comes from the Spring (April) program, 
while the 2020 ALS data was obtained in the Fall (October). 
The density of vegetation was different in each of these peri-
ods of the year. In April 2008, it was slightly lower than in 
October 2020. Also, the accuracy of filtering and automatic 
classification of points representing the surface may have 
affected the final modelling effect. It is worth mentioning 

Table 2   ALS data parameters

ALS data Data of the raid 
by plane

GRID structure LAS format

2008 24.09.2008 1 × 1 m 4p/m2

2010 10.09.2010 1 × 1 m -
2012 29.09.2012 1 × 1 m -
2014 22.04.2014 1 × 1 m -
2020 23.03.2020 0.5 × 0.5 m 12p/m2
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that some of the ALS models were only available in the 
GRID structure and it was not very clear what mistakes were 
made in their development.

ALS results

Dynamics of the main scarp

Five digital ALS models were used to determine the land-
slide dynamics. With the use of analytical tools in ArcGis 
software, four differential GRID models were generated to 
represent the amount of vertical displacement within the 
main scarp, and four models were generated to represent 
the volume of displaced rock masses. Differential models 

were digitally generated between the following digital ALS 
terrain models (Table 3).

Then, using the analytical tools available in ArcGis in the Spa-
tial Analyst module, the values of vertical displacements of rock 
masses in the landslide were calculated (Table 4) and (Fig. 9).

A clear activation of the landslide was found on the dif-
ferential model 2008–2010. The highest values of vertical 
displacement are found on the model 2008–2014, while 
the lowest values of vertical displacement are shown on 
the model 2008–2020 (Fig. 9). There are small differences 
in vertical displacement values between the 2008–2014 
and 2008–2020 models. Using the “Cut Fill” function in 
the ArcGis software, it was also possible to calculate the 

Fig. 8   Methodology of DTM generation from ALS data

Table 3   ALS differential 
models

Number ALS differential 
models

1 2008–2010
2 2008–2012
3 2008–2014
4 2008–2020

Table 4   Vertical displacements in the landslide

ALS differential models Positive elevation [m] Negative 
elevation [m]

2008–2010 5.6 12.6
2008–2012 6.3 14.4
2008–2014 5.6 18.1
2008–2020 5.5 19.7
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volumes of rock masses that moved during each time inter-
val (Table 5) and (Fig. 10).

Differences between the volume of displaced rock masses 
and the volume of rock that has accumulated are caused by 
the removal and destruction of colluvium by marine abra-
sion in the vicinity of the toe of the landslide. The results 
of the differential model analysis show a clear activation of 
the landslide on the 2008–2010 model. In contrast, there are 
small differences in the volumes of displaced rock masses 
between the 2008–2014 and 2008–2020 models. Studying 
the course of the morphological lines (2008, 2010, 2012), it 
was found that in 2010, the landslide became active. Between 
2008 and 2010, the edge of the cliff has moved backward 
about 11 m. The sudden activation of the landslide should 
be associated with the intense rainfall that occurred in May 
and June 2010 (Fig. 5). During this time, groundwater levels 
rose in many regions of Poland, including Jastrzebia Góra 
(Rączkowski 2019). Between 2010 and 2012, the edge of the 
cliff has moved backward 7 m and between 2012 and 2014 
already 13 m. After 2014, we observe a calming of landslide 
movements; as between 2014 and 2020, the edge of the cliff 
has moved backward only 2 m (Fig. 11). A morphological 
section made between the 2008 2010, 2012, 2014, and 2020 

ALS models show that the cliff edge has moved backward a 
maximum of about 32 m over 12 years (Fig. 11).

ERT results from 2012

3D ERT profiles

Six 3D ERT sections were generated: A–B, B–C, C–D, 
D–E, E–F, and F–G. In all electrical resistivity profiles, the 
low-resistivity part (dark blue colour) with resistivity values 
below 30 Ω m can be distinguished. These resistivity values 
were attributed to clays and perched groundwater. In turn, 
resistivity values occurring between 30 Ω m and 90 Ω m 
were assigned to clays and tills, while resistivity occurring 
between 90 Ω m and 400 Ω m (green) were assigned to tills. 
The highest resistivity values above 400 Ω m were attributed 
to sands and gravels (Table 6).

Four borings B1, B2, B3, and B4 were used to calibrate 
the resistivity profiles. Two distinct boundaries were dis-
tinguished by two dashed lines in all seven 400-m long and 
70-m deep soil penetration electrical resistivity profiles 
(Fig. 12). The first boundary clearly separates the high-
resistivity rocks (green, yellow, and red) from the blue, low-
resistivity clays and perched groundwater. This boundary is 
irregular as there are numerous glacitectonic deformations in 
some places (Fig. 12). These were evident on all the 3D ERT 
profiles. The second isolated boundary occurs at a depth of 
approximately 40 m below the ground surface. These are 
clays and perched groundwater. It was not possible to sepa-
rate clays from perched groundwater. The reason was too low 
resolution of the model. The figures show model sections 
approximately at the ERT line positions (Fig. 12).

Fig. 9   Difference between 
digital elevation models. The 
differences are shown as shaded 
relief—coloured reddish for 
the positive elevation (erosion) 
and bluish for the negative ones 
(accumulation)

Table 5   Volumes from accumulated and eroded rock masses

ALS differential 
models

Net gain [m3] Net loss [m3]

2008–2010 11,082 13,361
2008–2012 15,207 23,468
2008–2014 16,500 37,385
2008–2020 17,162 39,149
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Slice map

Two irregular regions with high resistivity values (red and 
yellow) above 400 Ω m were marked on the 0–3-m slice 
map. In between are tills with resistivity ranging from 90 Ω 
m to 400 Ω m (green). On the southern side, at a depth of 
3–6 m, the two high resistivity areas (red and yellow) merge 
with each other, and tills (green) are present in between. A 
similar resistivity distribution is seen at the 6–9-m depth 
(Fig. 13). A fundamental change in the resistivity distribu-
tion is seen at a depth of 9–12 m. High resistivity areas 
almost disappear. Resistivity values characteristic of sands 
and gravels are visible in a narrow yellow strip only on the 
southern side. The main lithological complexes are tills 
(green) and clays and perched groundwater (blue). At a 
depth of 12–15 m, only one area of tills remains visible 
(at a 260 m model length). At a depth of 15–18 m, only 
low resistivity formations (below 90 Ω m), i.e. clays and 
perched groundwater, occur (Fig. 13).

The voxel model

The first model was 400-m long, 50-m wide, and 60-m 
deep. In the generated resistivity model, two areas marked 
in yellow and red with resistivity above 400 Ω m became 
visible (Fig. 14A, B). This value was assigned to sands, 

and gravels that directly overlie the tills (green). The tills 
have resistivity values ranging from 90 Ω m to 400 Ω m 
(Fig. 14A, B).

Beneath them, there are low resistivity formations with 
resistivity values below 90 Ω m. These include clays and 
perched groundwater. The modelling of three isosurfaces 
was also performed for resistivity values of 600 Ω m, 300 
Ω m, and 90 Ω m (Fig. 14C, D). The models of these 
surfaces represented the three-dimensional extent of the 
different roofs of the lithological complexes: sands and 
gravels, clays, and tills. The modelled surface of the top of 
clay (90 Ω m) showed considerable morphological varia-
tion, which indicates the existence of glacitectonic defor-
mations in it (Fig. 14C).

ERT model from 2015

3D ERT profiles

Three 3D ERT sections were generated: H–I, I–J, and J–K. 
One boring, B3 was used to calibrate four 200-m long I–J 
profiles penetrating approximately 30 m into the ground. In 
these profiles, only one boundary separating high resistive 
rocks (sands, gravels, and tills) from low resistive clays and 
perched groundwater was distinguished (Fig. 15). Both sands 
and gravels occur in several patches overlying tills. This is 
particularly well visible on profiles H, I, and J. However, on 
profile K, sands and gravels form one large patch lying on 
tills. The figures show model sections approximately at the 
ERT line positions (Fig. 15).

Slice maps

Two irregular high resistivity areas above 400 Ω m were 
marked in red and yellow on the 0–3-m slice map. These 
are sands and gravels. The rest are green tills with resistivity 
ranging from 90 to 400 Ω m.

Fig. 10   Differences in volumes 
of displaced rock masses

Table 6   The resistivity ranges correlated with the lithology’s of the 
area

Resistivity in Ohm m Lithology

 < 30 Perched groundwater, 
clays:- unseparated

30–90 Clays, tills: unseparated
90–400 Tills, sands: unseparated
 > 400 Sands, gravels: unseparated
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At a depth of 3–6 m, both high resistivity areas (red and 
yellow) occur on opposite sides of the shear surface, and 
tills (green) occur between them (Fig. 16). The two high 
resistivity areas merge at a depth of 6–9 m, and only on the 
northern side, a small tills area is visible (green). At a depth 
of 9–12 m between the 50 m and 170 m model length, there 
is one large high resistivity area wrapped on both sides by 
tills. In contrast a depth of 12–15 m, the area of sands and 
gravels ascends only between 90 and 130 m of the model 
length and disappears completely at the depth of 15–18 m 
(Fig. 16).

The voxel model

The second model was 200-m long, 30-m wide, and 30-m 
deep. This model was generated for the most active portion 
of the cliff..In this model, only one high resistivity area (in 
yellow and red) (sands and gravels) with resistivity above 
400 Ω m became visible (Fig. 17A, B).

Underneath these are tills (green colour). The tills have 
resistivity values ranging from 90 to 400 Ω m. Below the 
tills, there are low resistivity formations (clays, perched 
groundwater) with resistivity values below 90 Ω m. The 
modelling of three isosurfaces was also performed for resis-
tivity values of 600 Ω m (sands and gravels), 300 Ω m (tills), 
and 90 Ω m (clays) (Fig. 17C). All three isosurfaces repre-
sented modelled extents of the top of bed surfaces of individ-
ual lithologic outcrops, namely, sands and gravels, tills, and 
clays. They have different shapes and extents (Fig. 17C, D). 
The isosurface (blue colour) of the top of clay with resistiv-
ity values of 90 Ω m has the most complex shape. Its undu-
lating surface is caused by glacitectonic deformations, and 
at the same time, it shows a slight slope towards the north.

The difference between 2012 and 2015 ERT voxel models

It was not possible to generate a differential model because 
the two voxel ERT models have different resolutions and 
sizes. A different solution was proposed to compare the 

Fig. 11   A–B morphological sections through multitemporal digital elevation models (2008, 2010, 2012, 2014, and 2020)
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distribution of resistivity values in the two models. Well, 
cross-plots of the distribution of resistivity versus length 
were generated for each of the ERT voxel models (Fig. 18A, 
B). Resistivity values above 500 Ω m were the best for visual 
interpretation. Therefore, these boundaries on both cross-
plots are marked with a black dashed line.

In the 2012 cross-plot (Fig. 18A), from 150 to 300 m, 
the beginning of the 2015 cross-plot is marked. In both 
cross plots (Fig. 18A, B), two areas (I and II) showing the 

distribution of resistivity of the rock as a function of model 
length are marked simultaneously. It is noted that there are 
more voxels with values above 500 ohms in the 2015 cross-
plot than in the 2012 cross-plot. Furthermore, the marked 
voxels (I and II) in the 2015 cross plot have a different spa-
tial distribution than the voxels marked in the 2012 cross 
plot. This is particularly evident between lengths 140 m and 
180 m (2015 cross-plot) and 290 m and 350 m (2012 cross-
plot). These results indicate that the rocks from the 2015 

Fig. 12   Geological interpreta-
tion of the 3D ERT sections
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ERT model have a lower degree of water saturation than the 
rocks of the 2012 ERT model.

2D ERT profile (L)

The landslide main body is built of mixed tills, clays, 
sand, and gravels (from 10 to above 500 Ω m). There are 
numerous small cracks on the surface of the landslide. 
On the ERT profile, they have a value above 900 Ω m. 

This indicates that the landslide is active. The slip surface 
occurs here about 8 m below the ground surface (Fig. 19). 
It occurs between high-resistivity (above 70 Ω m) rocks 
that build the main body and low-resistivity rocks with 
values below 40 Ω m (blue).

Under the slip surface, the occurrence of clays and 
perched groundwater (10–40 Ω m) was interpreted. Flow of 
the groundwater also occurs in the slip surface.

There are numerous leakings on the beach in the toe area.

Fig. 13   Slice maps at different 
elevations and their geological 
interpretation (0–3 m, 3–6 m, 
6–9 m, 9–12 m, 12–15 m, 
15–18 m)
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The top of clay bed surface relief model

By applying a geological interpretation of the 3D ERT elec-
trical resistivity sections, isosurfaces (extracted from 3D 
ERT model 2012) and data from geological borings B1, B2, 
B3, and B4, a model of the top of clay bed was developed 

via the application of geostatistical methods. The calculated 
depth values were imported into ArcGis and then further 
modelled in the geostatistical module. A Bayesian kriging 
algorithm was used to interpolate the data. As a result, a 
model of the top of clay bed in GRID structure and pixel 
size of 1 × 1 m was obtained (Fig. 20A).

Fig. 14   A–B The voxel model 
and vertical sections. The model 
showed three-dimensional 
distribution of resistivity. C Iso-
surfaces for the resistivity value 
90 Ω m, 300 Ω m, and 600 Ω m 
of electrical resistivity extracted 
from 3D ERT model
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The generated model revealed that the relief of the 
clay bed top is strongly differentiated (Fig. 20A). In the 
northern part of the model, there are two areas (M and 
N) that are characterized by low elevation value. In the 
first area, M (inactive landslide), the height values ​​range 
from 14.2 to 26 m (11.8 m). The second (N) is located 
near the B3 borehole (active landslide). The values ​​of 
the height of the top of clay bed here range from 14.8 
to 25.5 m (10.7 m) (Fig. 20A, B). Large differences in 
surface heights indicate significant glacitectonic deforma-
tions (Fig. 19B, sections A–B). In the area of the active 
landslide, the top of the clay bed surface is most inclined 
toward the north (Fig. 20B, section C). The southern 
part of the model is less morphologically differentiated 
(Fig. 20C).

Discussion

Multitemporal ALS data obtained via the airborne laser 
scanning method were used to study the cliff dynamics. 
This is a method that has been employed for several years 
with great success worldwide to study the dynamics and 
monitoring of mass movements (Mora et al. 2003; Baldo 
et al. 2008; Kamiński  2011; Kamiński et al. 2021). In the 
case of studying the dynamics of the landslide an active 
cliff in Jastrzębia Góra, multitemporal ALS data were 
used for the first time to generate differential models. This 
provided rapid and inexpensive spatial information on the 

rate of cliff edge recession over the past 12 years and on 
the dynamics of changes happening in the active landslide 
surface, as well as the volumes of displaced rock masses. 
The results obtained are an excellent complement to the 
studies conducted by terrestrial laser scanning (TLS) 
(Kramarska et al. 2011). The conducted research shows 
that the activity of the cliff and landslides increased sig-
nificantly after 2010. This can be explained by the signifi-
cant spring rainfall of 2010 and, as a result, an increase in 
the level of groundwater.

In order to better understand the reasons for the high 
dynamics of the cliff edge and the landslide surface, geo-
physical surveys were carried out using the ERT method. 
By applying ERT research and the generated voxel models, 
it was possible to generate a new image of the geophysics 
of the cliff. It is worth noting that the resistivity distribu-
tion in the two ERT models is not similar to each other. 
This difference is particularly evident in the resistivity 
distribution in the cross plots (Fig. 18). After analysing 
the resistivity values in both cross-plots, it was found that 
the highest number of high-resistivity voxels (above 500 
Ω m) is found in the 2015 ERT model than in the 2012 
ERT model. This result is justified by the value of the 
monthly rainfall totals that occurred between March 2012 
(45 mm) and April 2015 (34 mm). It is also worth men-
tioning that and analysis of morphological cross-sections 
by multitemporal models showed a calming of landslide 
movements. The cliff edge only retreated by 2 m between 
2014 and 2020.

Fig. 15   Geological interpreta-
tion of the 3D ERT sections
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Derivative images produced from voxel models such as 
slice maps, isosurfaces, and vertical sections depicted the 
spatial distribution of rock resistivity. Based on the analysis 
of changes in the distribution of resistivity, the occurrence of 
glacitectonic deformations in the rocks forming the cliff was 
interpreted. Recognition of the distribution of glacitectonic 
deformations is important for forecasting the occurrence of 
further landslide movements (Overgaard and Jakobsen 2001; 
Jacobsen and Overgaard 2002). In our work, it was possible 
to interpret glacitectonic deformations on both the 2012 and 
2015 voxel models. A less accurate 3D ERT model from 
2012 was used for the initial interpretation of the geological 
structure of the cliff. On the slice map (0–3 m), the eastern 
part has a large area of high-resistivity sands and gravels 
(< 400 Ω m) adjacent to the tills. This is the most active 

part of the cliff—where there is also the active landslide. 
The A–B geophysical cross-section clearly shows that the 
sands and gravels superposed on the tills and that there are 
low-resistivity clays underneath them.

The second 3D ERT model from 2015 is more accurate 
and has better resolution. This allowed us to generate a more 
detailed picture of the rock distribution in the most active 
part of the cliff. In the vertical section, from the top, we can 
see heavy tills superposed on the sand and gravel, which, 
in turn, is superposed on the clays. Such a ground arrange-
ment becomes unstable with a certain slope and the share of 
groundwater. Underground waters circulating in the sand and 
gravel beds and on the border with the clay reduce the cohe-
siveness of loose rocks and increase the plasticity of the clays. 
Such conditions, combined with marine erosion destabilizing 

Fig. 16   Slice maps at different 
elevations and their geological 
interpretation (0–3 m, 6–9 m, 
9–12 m, 12–15 m, 15–18 m)
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the foot of the cliff (Udphuay et al. 2011), led to the devel-
opment of the landslide proper that covers the whole slope 
(Uścinowicz et al. 2017).

The geophysical survey of the landslide has also yielded a 
lot of new information. The most important was to recognize 
the structure of the landslide, interpret the slip surface, and 
present the direction of groundwater runoff. The slip surface 
has been interpreted between resistivity of 40 Ω m and resis-
tivity above 70 Ω m. This sudden change in resistivity value 
may indicate the presence of a slip surface. In the lower part 
of the landslide, the maximum extent of the slip surface was 
determined to sea level. Also, the use of terrain morphology 
helped in the determination of minor scarps.

Our research also did not confirm the hypothesis that the 
view was expressed that the maximum slip surface may be 
below sea level (Uścinowicz et al. 2014). The image of the 

landslide structure presented in archival geotechnical stud-
ies (Werno 2010) was significantly simplified compared to 
the results of our research. The results of the ERT and ALS 
studies indicate that the studied landslide should be classi-
fied as a rotational landslide. This is indicated by the results 
of the geological interpretation of the ERT profile (L) and 
the morphology of the landslide surface. This is particularly 
well shown on the morphological cross-sections by the mul-
titemporal models (Fig. 11).

An important problem was the development of the top of 
clay bed surface relief model. Generating the isosurface (600 
Ω m) of the top of the clay bed was key to the development 
of the spatial model.

When analysing the top of clay bed model, it was found 
in the northern part of the model, two areas (M and N) have 
low elevation values. Despite the similar height values 

Fig. 17   A–B The voxel model and 
vertical cross sections. The model 
showed a three-dimensional distri-
bution of resistivity. C Isosurfaces 
for the resistivity value 90 Ω m, 
300 Ω m, and 600 Ω m of electri-
cal resistivity extracted from the 
3D ERT model
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of the top of bed, only the landslide in the area of the B3 
borehole (N-area) is active. In contrast, near borehole no. 
1 (M-area), the cliff-face is currently inactive. In the past, 
the entire area of the cliff was built up and stabilized by the 

placement of special engineering structures called gabions 
(Subotowicz 1991). Unfortunately, in 2010, as a result of the 
sudden activation of the landslide, most of the gabion wall 
was completely destroyed. However, in the inactive areas of 

Fig. 18   The cross-plots of rock 
resistivity distribution along 
the length of the models from 
2012 and 2015. Two the areas 
(I and II) with rock resistivity 
values above 500 Ω m were 
distinguished on both cross-
plots. A Visualisation of the 
distribution of rock resistivity as 
a function of ERT length—2012 
ERT voxel model. The range of 
the 2015 ERT model is marked 
between 150 m in length and 
350 m in length. B Visualisa-
tion of the distribution of rock 
resistivity as a function of the 
length—2015 ERT voxel model

Fig. 19   Geological interpretation of the 2D ERT section
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the cliff, the gabions remained almost undamaged. There 
are two main reasons why this portion of the cliff (the intact 
gabion region) is not active today. The first reason is the 
geology. Upon analysing the data of 3D ERT models in con-
junction with field observations, it was found that in this part 
of the cliff, there are more sand and gravel rock than clay 
components. They are poorly consolidated and not heavy. 
In contrast, in the area of the active landslide, in the vicinity 

of borehole 3, there are mainly thick, heavy tills. Ground-
water occurring in the aeration zone destructively affects 
the stability of the cliff coast. They cause a weakening of 
the strength properties of tills, maintaining the stability of 
the cliff. The stability of the slope is reduced by also beds 
of glacial till and clay formations, which occur at the base 
of the cliff in the zone of sea level fluctuations.

Fig. 20   A The top of clay bed 
surface relief model. B The 
lowest values of the height of 
the top of clay bed relief model 
occur in M and N areas (sec-
tions A–B). The C–D sections 
through region N show the 
significant slope of the top of 
clay bed top surface towards the 
north. C Spatial view on the top 
clay bed surface
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The second reason is related to the destructive impact of 
groundwater on the cliff stability. In the area of an active 
landslide, the clay beds contain more perched groundwater 
than that found in the sand beds. Due to the low resolution 
of both 3D ERT models, narrow sand beds with perched 
groundwater may be difficult to interpret. This water makes 
the clay more plastic and therefore more susceptible to the 
formation of slip surfaces (Del Río et al. 2009; Greggio 
et al. 2018).

The composition and water content of rocks will also 
affect the interpretation of resistivity. The example described 
clearly demonstrates that processes involved within uncon-
solidated sedimentary cliff are both universal and include 
regional nuances that shed new light on bluff coast erosion 
and geodynamic development. Geophysics surveys play a 
prominent role in the evaluation of cliff stability since elec-
trical resistivity is related to important bulk physical prop-
erties such as water content, clay content, lithology, and 
fracture density. These quantities are important factors that 
control the bulk strength of rock formations and hence the 
mass movement potential. Because one kind of geophysi-
cal method may have many interpretations, we recommend 
using comprehensive geophysical prospecting and boring to 
carry out the work.

Conclusions

This paper presents a comprehensive methodology recog-
nizing the geology of cliff and landslide and determining 
their dynamics. For this purpose, multitemporal ALS data, 
ERT method, boreholes, and field studies in the context of 
landslide hazard were applied.

The application of multitemporal DTMs has shown itself 
to be a very useful method of studying the dynamics of cliff 
edges and landslide. In our study, the differential ALS mod-
els indicate that the landslide became active in 2010 after 
the occurrence of intense and prolonged rainfall in May and 
June 2010. A morphological cross-section made between 
the 2008 and 2020 ALS models shows that the cliff edge has 
receded a maximum of about 53 m over 12 years. Such large 
displacements of the cliff edges were detected in the area of 
the active landslide range. Electrical resistivity tomography 
(ERT) can be successfully implemented in cliff and landslide 
studies because it provides a lot of new detailed information 
about the geology of the cliff and structure of the landslide. 
In our work, ERT studies of landslides documented many 
high-resistivity cracks and made it possible to interpret 
the area of the slip surface and the flow direction of the 
groundwater. In order to understand and determine the rea-
sons for such high dynamics of the cliff edge, two 3D ERT 
models of different sizes and resolutions were generated. 
The first model generated in 2012 allowed for preliminary 

identification of the geology. Thick beds of tills, sands, 
perched groundwater, and gravels bedding on the plastic 
clays were identified. Additionally, glacitectonic deforma-
tions were made evident in the top of clay. In the area of 
an active landslide, the second ERT model with a greater 
resolution showed more precisely the distribution of rock 
resistivity in the cliff. The difference between 2012 and 2015 
ERT voxel models indicate that the rocks from the 2015 ERT 
model have a lower degree of water saturation than the rocks 
of the 2012 ERT model. By this means, it was possible to 
more accurately interpret the top of clay and the lithology of 
the rocks. Thus, the top of clay surface model was generated. 
New important information emerged from the analysis of the 
surface of this model. The relief is characterized by variable 
height difference (max 11.8 m)—which results from glaci-
tectonic deformations of rocks. Such glacitectonic deforma-
tions had not been drawn on the geological cross-section 
previously (Fig. 2). The second important conclusion was 
that on the border with an active landslide (N-area), the fall 
of the top of the clay is directed north, i.e. towards the sea. 
Therefore, the thicker geological beds of heavy tills in this 
cliff region undergo dynamic sliding across the top of clay 
bed. We hold that active cliffs should be under continuous 
photogrammetric monitoring in order to capture the dynam-
ics of changes in the relief of the cliff surface. At the same 
time, three-dimensional geophysical (preferably resistivity 
models) should be created for the most active parts of the 
cliffs. In order to predict further landslide movements, the 
results of photogrammetric and geophysical surveys should 
be linked with the measurement data from inclinometers 
and piezometers. The combined approaches described in this 
case study would be of interest to earth scientists, insurance 
companies, city planners, and government agencies working 
on landslide hazard in similar geomorphological settings. 
This paper is also relevant to those involved with risk studies 
related to landslides located in cliff areas. Further studies of 
the cliff will involve studying its dynamics using UAVs and 
geophysical monitoring.
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