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Abstract: In recent years, the most popular methods for determining coastline course are geodetic,
satellite, and tacheometric techniques. None of the above-mentioned measurement methods allows
marking out the shoreline both in an accurate way and with high coverage of the terrain with surveys.
For this reason, intensive works are currently underway to find alternative solutions that could
accurately, extensively, and quickly determine coastline course. Based on a review of the literature
regarding shoreline measurements, it can be concluded that the photogrammetric method, based on
low-altitude images taken by an Unmanned Aerial Vehicle (UAV), has the greatest potential. The
aim of this publication is to present and validate a method for determining coastline course based
on low-altitude photos taken by a drone. Shoreline measurements were carried out using the DJI
Matrice 300 RTK UAV in the coastal zone at the public beach in Gdynia (Poland) in 2023. In addition,
the coastline course was marked out using high-resolution satellite imagery (0.3–0.5 m). In order to
calculate the accuracy of determining the shoreline by photogrammetric and satellite methods, it was
decided to relate them to the coastline marked out using a Global Navigation Satellite System (GNSS)
Real Time Kinematic (RTK) receiver with an accuracy of 2.4 cm Distance Root Mean Square (DRMS).
Studies have shown that accuracies of determining coastline course using a UAV are 0.47 m (p = 0.95)
for the orthophotomosaic method and 0.70 m (p = 0.95) for the Digital Surface Model (DSM), and are
much more accurate than the satellite method, which amounted to 6.37 m (p = 0.95) for the Pléiades
Neo satellite and 9.24 m (p = 0.95) for the Hexagon Europe satellite. Based on the obtained test results,
it can be stated that the photogrammetric method using a UAV meets the accuracy requirements laid
down for the most stringent International Hydrographic Organization (IHO) order, i.e., Exclusive
Order (Total Horizontal Uncertainty (THU) of 5 m with a confidence level of 95%), which they relate
to coastline measurements.

Keywords: coastline; shoreline; Unmanned Aerial Vehicle (UAV); satellite imagery; Global
Navigation Satellite System (GNSS); Real Time Kinematic (RTK)

1. Introduction

The coastline is the line of contact between the land surface and the water surface in
a reservoir or watercourse [1]. This boundary is characterised by instability, functional
diversity, and depends on the region of occurrence [2]. The coastal zone is of particular
importance from the point of view of the ecological and economic policy of coastal states,
because it is rich in natural resources. For this reason, nearly 50% of the world’s population
lives in areas that are located within 100 km of the shoreline [3]. Coastline course is shaped
by a number of anthropogenic and natural factors, among which the following can be
distinguished: marine erosion, which, based on conducted research [4,5], has the greatest
impact on its form, biological activity, coastal flooding [6], earthquakes, ocean acidification,
ocean currents, rising temperatures [7], rising water level [8], river regulation [9], rock
debris transport, seawater intrusion [10], as well as tides and wave action [11]. Their impact
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on the shoreline course is carried out in waterbodies’ differing geographical forms found
along the coast, such as: archipelagos [12], bays [13], channels, deltas, and estuaries [14,15],
islands [16], reefs [17], straits and wetlands [18,19].

In recent years, the most popular methods for determining the coastline course are: the
tacheometric method, using an electronic total station [20,21], geodetic method, with the
use of a Global Navigation Satellite System (GNSS) receiver mounted on a pole [22,23], as
well as the satellite method, using high-resolution multispectral (0.5–2.5 m) images [24–26]
or moderate-resolution multispectral imaging [27–29]. The geodetic and tacheometric
methods are characterised by high accuracy in determining the coastline course. However,
they are time consuming and do not allow full coverage of the terrain with measurements.
On the other hand, the satellite method makes it possible to obtain full coverage of the
terrain with measurements, but these measurements are characterised by low accuracy.
None of the above-mentioned measurement methods allows determination of the shoreline
course both in an accurate way and with high coverage of terrain with surveys [30]. For
this reason, intensive works are currently underway to find alternative solutions that could
accurately, extensively, and quickly determine coastline course. Based on a review of the
existing literature on the subject, it can be concluded that the photogrammetric method,
which consists of determining the location of a point based on low-altitude photos taken by
an Unmanned Aerial Vehicle (UAV), has the greatest potential.

Bayram et al. [31] investigated the effectiveness of machine learning methods for
shoreline extraction based on UAV images. The aim of the publication was to test the
efficiency of Support Vector Machines (SVM) and Random Forest (RF) classifiers to obtain
land and water classes on the basis of digital orthophotomaps generated from drone photos.
The study used a MULTIROTOR G4 Eagle Cargo UAV with a Sony Alpha 7R camera
(Complementary Metal–Oxide–Semiconductor (CMOS) sensor). The research was carried
out on the shoreline of Istanbul-Terkos Lake and the Karaburun-Ormanlı region (Turkey),
which is subject to heavy marine erosion. Based on a digital orthophotomap using SVM and
RF algorithms, the coastline course was determined. Validation studies were performed
based on the indications of the GNSS Real Time Kinematic (RTK) receiver. Studies have
shown that the mean coastline determination errors were 0.935 m for the SVM classifier
and 0.939 m for the RF classifier. Thus, it was proven that the SVM and RF algorithms are
not suitable for shoreline extraction, due to the low accuracy of the image classification.

Del Pizzo et al. [32] made an assessment of shoreline detection using UAVs. The aim
of the publication was to propose a photogrammetric method, which allows shoreline
detection using Structure from Motion (SfM) algorithms. The study used the DJI Phantom
4 Pro drone, which was equipped with a CMOS camera with a pixel size of 2.4 µm and
a wide-angle lens (equivalent focal length of 24 mm). The research was carried out on a
sandy beach situated on the Sorrento coast (Italy). Based on the UAV point cloud, DTMs
were generated using ArcGIS 10.7 software, and then, on their basis, the coastline course
was determined using the contour method. Validation studies were performed based on
the indications of the GNSS RTK receiver. Studies have shown that the Root Mean Square
Error (RMSE) for determining the coastline course was 0.23 m.

Huang et al. [33] proposed a method using a coastal zone Digital Elevation Model
(DEM) generated based on UAV images and information about Mean High Water Springs
(MHWS) to determine coastline course. The aim of the publication was to propose a high-
efficiency determination of shoreline using tidal level information and a DEM from drone
tilt photogrammetry. The study used a UAV equipped with a Sony tilt camera (Charge-
Coupled Device (CCD)/CMOS sensor), POS/AV system, and aerial camera control system,
as well as an unmanned boat equipped with a GNSS RTK receiver, attitude sensor, and
compass. The research was carried out on a narrow beach of the coastal zones of Liaoning
Province (China). ArcGIS software was used to determine the coastline course of the studied
waterbodies. The DEM generated by the UAV and information about tides were loaded
into this program. On their basis, the contour method was used to mark out the shoreline.
Next, the accuracy of the determined coastline was assessed based on photos taken by a
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drone and information on MHWS measured using a GNSS RTK receiver. Validation studies
were performed based on the shoreline course marked out using the Digital Orthophoto
Map (DOM). It was proven that the proposed method allows determination of the shoreline
with an accuracy of more than 0.2 m.

Templin et al. [34] present the possibility of using a proposed tailless fixed-wing UAV
and data processing on the example of a shallow water lake. The aim of the publication
was to propose a methodology for shallow lake shoreline extraction with the use of low-
cost tailless fixed-wing drone. The study used the Skywalker X5 UAV, which consists of
five main components: drone, Ground Control Station (GCS), Radio Control (RC), Sony
RX100 20 MP camera, and telemetry link. The research was carried out on a small inland
reservoir—Lake Suskie (Poland). Based on the UAV point cloud, DTMs were generated
using ArcGIS 10.4.1 software, and then, on their basis, the coastline course was determined
using the contour method. Validation studies were performed based on the indications
of the Trimble R8 GNSS RTK receiver. Studies have shown that the shoreline course can
be determined with an accuracy of several centimetres. The mean error for the horizontal
coordinate was 0.007 m, while the average error for the vertical coordinate was slightly
larger and amounted to 0.021 m. Hence, it was established that a low-cost fixed-wing UAV
can be an ideal tool for precisely surveying a shallow lake coastline and produce useful
geoinformation data acquired far faster than when classical geodetic methods are used.

Wilkowski et al. [35] raised the issue of determining coastline course in accordance
with the Polish Water Law, from which it follows that the boundary of the shore is the edge,
if it is clear, and in addition the border of permanent grass growth, or which is marked
out according to the constant water level with an accuracy of 10 years. The aim of the
publication was to assess the possibility of using UAVs to mark out the shoreline of natural
watercourses. The study used a Trimble UX5 drone equipped with two cameras, a Sony
NEX5R (RGB range) and Sony NEX5T (NIR range), as well as data on average water levels
recorded by the Polish Institute of Meteorology and Water Management (IMGW-PIB) for
the last 10 years in the studied area. The research was carried out on the Narew riverbed
(Poland). Based on the UAV point cloud, DTMs were generated using ArcGIS 10.7 software,
and then, on their basis, the coastline course was marked out using the contour method.
Validation studies were performed based on the indications of the Leica Viva GNSS RTK
receiver. It was proven that the proposed method allows determination of the shoreline
with an accuracy of ±0.21 m. According to studies, the edge of the shore or the line drawn
in accordance with the average sea level over a period of at least 10 years produced the best
results for identifying the coastline. It would be wise to remove this section of the shoreline
from the Polish Water Law due to the extremely confusing course of the coastline defined
by the boundary of persistent grass growth.

Research in the literature has revealed that drones are increasingly used to determine
the shoreline of reservoirs and watercourses. Therefore, the aim of the publication is to
present a method for determining coastline course based on low-altitude images taken by
a UAV. Moreover, statistical analyses will be carried out to assess whether the proposed
method meets the accuracy requirements laid down for the most stringent International
Hydrographic Organization (IHO) order, i.e., the Exclusive Order (Total Horizontal Uncer-
tainty (THU) of 5 m with a confidence level of 95%) [36].

The publication consists of four sections. The technical note starts with the descrip-
tion of the measurement place, measurement equipment, software, and tools, as well as
realisation and processing of geodetic, photogrammetric, and satellite surveys. Then, the
obtained accuracies of determining coastline course by the GNSS RTK UAV and satellite
methods are presented. The paper ends with a discussion on meeting the IHO accuracy
requirements by tested methods.



Remote Sens. 2023, 15, 4700 4 of 13

2. Materials and Methods
2.1. Measurement Place

Coastline measurements were conducted on the waterbody at the public beach in
Gdynia (Figure 1). It is located in proximity to the Mariusz Zaruski marina in Gdynia.
This waterbody has a typically running coastline (a 400-metre straight sandy section), and
the depths increase with the distance from the shore. However, according to previously
conducted research [37], in certain locations, there are alternating “shallows” and “de-
pressions” appearing up to the 1 m isobath. As the authors of this study have been able
to find out, seafloor relief changes are the result of the activities of the Maritime Office
in Gdynia, which refills the waterbody with material (sand) acquired from the dredging
of port approach fairways. The visibility depth of the Secchi disk, analysed in the years
2014–2015 in the waters of the Port of Gdynia, was approx. 2 m [38,39].
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Figure 1. The location of coastline measurements conducted on 13 June 2023 in the coastal zone at
the public beach in Gdynia.

Based on long-term research conducted at 35 gauging stations along the Baltic Sea [40],
it appears that the sea is non-tidal, because the differences in water level due to the impact
of the tides are small. The min. tide was at 3.5 cm in the eastern part of the Bay of
Gdańsk (Baltiysk, Russia), whereas the max tides were recorded at the gauging stations
located in the Gulf of Finland (Gorniy Institute, Kronstadt, Russia), and amounted to
approx. 18 cm. The differences in water levels for the Baltic Sea between consecutive hours
at the same gauging stations are small and amount to several centimetres (if anything).
Therefore, the influence of sea tides on the water level fluctuations in Gdynia can be
considered insignificant [41].

2.2. Measurement Equipment, Software, and Tools

During the realisation of geodetic, photogrammetric, and satellite measurements, the
following instruments, software, and tools were used:
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1. The DJI Matrice 300 RTK UAV is a quadrocopter from an industrial Matrice series and
the latest commercial representative from the DJI Enterprise segment. One of the main
advantages of this drone is the RTK module, thanks to which high-resolution images
can be obtained. It is equipped with advanced Artificial Intelligence (AI) systems
and a number of safeguards to protect the device from damage. The drone has a DJI
Zenmuse P1 camera with a focal length of 35 mm and an aperture of f/2.8–f/16. It is
the first camera produced by DJI with a full-frame CMOS sensor with a resolution of
45 Mpx. The camera has a mechanical global shutter, which enables a series of photos
to be taken effectively without the risk of rolling shutter and blurry images at higher
flight speeds;

2. Pléiades Neo satellite imagery with a spatial resolution of 0.5 m, taken on 31 December
2020 and Hexagon Europe satellite images with a resolution of 0.3 m, made on
18 May 2022. These were the most recent satellite images that were taken for the study
area with a resolution not smaller than 0.5 m. Both data sources were downloaded in
GeoTIFF format;

3. The Trimble R10 GNSS RTK receiver incorporates a GNSS antenna, internal radio,
receiver, and battery in a rugged light-weight unit that is suited as an all-on-the-pole
RTK rover or quick-setup/rapid-mobilisation base station. It enables simultaneous
tracking of satellite signals from the following systems: Global Positioning System
(GPS), GLObal NAvigation Satellite System (GLONASS), Satellite-Based Augmen-
tation System (SBAS), and Galileo and BeiDou Navigation Satellite System (BDS).
The Trimble R10 GNSS RTK operating in RTK mode allows positioning accuracies
amounting to 8 mm + 1 ppm Root Mean Square (RMS) in the horizontal plane and
15 mm + 1 ppm RMS in the vertical plane;

4. Pix4Dmapper 4.8.4 software offers a wide range of products that are used to develop
images from photogrammetric flight passes made by UAVs. This program allows
creation of high-quality DTMs, orthophotomaps, point clouds, and 3D models;

5. ArcMap 10.7 software is used to analyse, create, edit, and view geospatial data. Thanks
to this program, users can examine data within a data set, symbolise characteristics
appropriately, and produce maps. In addition to this software, the Digital Shoreline
Analysis System (DSAS) plug-in was installed, and enables calculation of rate-of-
change statistics from multiple historical shoreline positions [42,43].

2.3. Realisation and Processing of Geodetic, Photogrammetric, and Satellite Measurements

On 13 June 2023, photogrammetric measurements using the DJI Matrice 300 RTK
UAV were conducted in the coastal zone at the public beach in Gdynia. As part of the
study, it was decided to use Real Time Network (RTN) correction data provided by the
Polish GNSS geodetic network, called ASG-EUPOS. In addition, it was assumed to carry
out a photogrammetric flight pass at the altitude of 35 m, at the gimbal angle of 90◦.
Moreover, the longitudinal and transverse coverage of images was set at 75–80%. The
mission was conducted using a drone under appropriate meteorological conditions, i.e.,
no precipitation, windless weather, and a sunny day [44,45]. Such conditions allowed
good quality, evenly lit photos to be taken. During the photogrammetric flight pass,
979 images were taken, for which the Ground Sample Distance (GSD) did not exceed
0.5 cm. During the photogrammetric mission, five GCPs were used, evenly distributed
over the study area. The locations of the GCPs had to be easily distinguishable, which
is why concrete garbage bins located at the public beach in Gdynia were used for this
task. After carrying out photogrammetric measurements using the UAV, the recorded low-
altitude photos were loaded into Pix4DMapper software to generate both the Digital Surface
Model (DSM) and the orthophotomosaic. Georeferencing errors (1σ) of the developed
model were 0.009 m for the northing, 0.004 m for the easting, and 0.017 m for the height.
Thanks to the created models, it was possible to determine the coastline course using the
photogrammetric method.
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In parallel with the photogrammetric measurements, geodetic measurements of the
coastline were carried out using the Trimble R10 GNSS RTK receiver, which was mounted
on a pole. During the research, it was decided to use RTN correction data provided by the
ASG-EUPOS GNSS geodetic network. The geodetic method consisted of measuring the line
of contact between the water and the land of the studied waterbody. The operator measured
the shoreline every 1–1.5 m. Along the 400-metre stretch of the beach, 276 coastline points
were determined with an accuracy of 2.4 cm Distance Root Mean Square (DRMS).

The determination of individual coastline points for the orthophotomosaic (Figure 2a)
and maps from satellite imagery (Figure 2c,d) was carried out in the ArcMap software
by defining the polyline through the boundary points of land and water. The length of
the designated shoreline was, for each method: 483.5 m (DSM), 490.7 m (GNSS RTK),
488.7 m (Hexagon Europe), 504.9 m (orthophotomosaic), and 596.5 m (Pléiades Neo). Due
to the fact that the resolution of the orthophotomosaic is very high (1 pixel is 0.5 cm), the
visual method of determining coastline course can be considered accurate and correct. The
shoreline on the orthophotomap and satellite imagery was marked where the land meets
the water. It was determined in the place of a pixel that does not contain water, assuming
that the neighbouring one contains it. The process of determination of coastline in the case
of the DSM (Figure 2b) was separate and consisted of drawing a tangent line to places with
a step change in the height of the terrain. The SfM algorithm uses corresponding key points
in adjacent photos. In the case of the analysed coastal zone, there is a significant difficulty in
finding the same points in the water, in part due to waving. As a result, the DSM in the area
of contact between land and water is characterised by high variability of height resulting
from a change in the density of the colour of the raster. To determine the shoreline, a Python
script was prepared. Its role was to determine the colour saturation—grayscale value along
pixels across the image (Figure 2b). The designated pixel through which the coastline
passes was characterised by a significant difference in the amplitude of the grayscale value
in relation to the pixels adjacent to it on its left side. The procedure was repeated every 1 m.
The process result is illustrated in Figure 3. The location of the shoreline on the DSM is
shown in Figure 4.
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After defining the coastline by three methods (geodetic, photogrammetric, and satel-
lite), it was possible to assess the accuracy of determining their course (Figure 5a). The
shoreline measured by the geodetic method (GNSS RTK) was adopted as the reference
coastline. In relation to it, the accuracy of determining the shoreline was calculated using
the photogrammetric and satellite methods. The distance of individual coastlines (deter-
mined by the photogrammetric or satellite method) from the reference line (marked out
by the geodetic method) along the section perpendicular to the baseline defined using the
DSAS plug-in in the ArcMap software was adopted as a measure of the accuracy of the
determining the shoreline (Figure 5b).
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The calculation procedure begins with the definition of the baseline in the form [46]:

XBL = b · YBL + a, (1)

where:

XBL, YBL—flat coordinates of the points that determine the baseline in the PL-Universal
Transverse Mercator (UTM) system (m);
b—slope of the baseline (–);
a—x-intercept of the baseline (m).

Therefore, the equation of the line perpendicular to the baseline can be described by
the formula [46]:

XPLi = −1
b
· YPLi + ai, (2)

where:

XPLi , YPLi —flat coordinates of the points that determine the i-th line perpendicular to the
baseline in the PL-UTM system (m);
i—numbering of perpendicular lines (–).

The distance between the baseline and the coastline determined by the geodetic,
photogrammetric, or satellite method (di) is calculated based on the intersection points of
these lines with a line perpendicular to the baseline [46]:

di =

√(
XBLi − XCi

)2
+
(
YBLi − YCi

)2, (3)

where:

XBLi , YBLi —flat coordinates of the baseline intersection points with the i-th line perpendicu-
lar to it in the PL-UTM system (m);
XCi , YCi —flat coordinates of the coastline intersection points with the i-th line perpendicular
to the baseline in the PL-UTM system (m).
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To calculate the accuracy of determining coastline course, the distances between the
individual measurement shorelines and the reference shoreline marked out by the geodetic
method (∆d) were adopted.

3. Results

The distances between the individual measurement coastlines and the reference shore-
line measured by the geodetic method (GNSS RTK) and their histograms are shown in
Figure 6. It can be noticed that the closest to the reference value are coastlines determined
based on the DSM and the orthophotomosaic. This is most likely due to the fact that
photogrammetric measurements were made simultaneously. Satellite data coming from a
different period of time certainly affect the course of shorelines determined on their basis.
Another important point is that although the satellite images from the Pléiades Neo satellite
are noticeably older and 20 cm lower in resolution than the Hexagon Europe satellite,
their values are distributed closer to the reference values (GNSS RTK). The summary of
descriptive statistics is presented in Table 1.
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Table 1. The summary of descriptive statistics for differences in the distance between the coastline
determined by the geodetic method and the shoreline marked out by the other measurement method.

Distance Difference Median
(m)

Standard
Deviation (m) Mean (m) Min.

(m)
Quantile
0.25 (m)

Quantile
0.50 (m)

Quantile
0.75 (m) Max (m)

∆d Orthophotomosaic 0.478 0.239 0.485 0.003 0.32 0.478 0.638 1.232
∆d DSM 0.459 0.355 0.503 0.001 0.206 0.459 0.717 1.503

∆d Pléiades Neo 5.481 3.249 5.233 0.002 2.258 5.481 7.794 11.922
∆d Hexagon

Europe 10.519 4.714 8.533 0.373 3.708 10.519 12.647 14.941

The distributions of distances between the individual measurement coastlines and the
reference shoreline measured by the geodetic method (GNSS RTK) are shown in Figure 7.
A noticeable difference in the accuracy of determining coastline course between the satellite
and UAV data can be clearly stated. Both data from the Hexagon Europe and Pléiades Neo
satellites are bimodal, where there are two local max values. In both cases, there is a mean
value and a median between the peaks of the distributions. Furthermore, it can be seen
that the distributions have a significantly shifted mean value from the expected value. The
distributions for the DSM and the orthophotomosaic have very similar means and medians,
except that the digital surface model has a larger value of standard deviation.
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In order to determine whether a given coastline measurement method meets the
accuracy requirements laid down for the most stringent IHO order, i.e., the Exclusive Order
(THU of 5 m with a confidence level of 95%) [36], statistical tests for the mean and standard
deviation were performed. The following statistical hypotheses were assumed:

• For the mean test:

# H0: ∆d ≤ 5 m;
# H1: ∆d > 5 m;

• For the standard deviation test:

# H0: 1.96 × σ∆d ≤ 5 m;
# H1: 1.96 × σ∆d > 5 m.

The results of the statistical hypothesis testing for differences in the distance between
the coastline determined by the geodetic method and the shoreline marked out by the other
measurement method are presented in the Table 2.

Table 2. Results of the statistical hypothesis testing for differences in the distance between
the coastline determined by the geodetic method and the shoreline marked out by the other
measurement method.

Distance
Difference

Mean Test Standard Deviation Test

T
Critical

(m)

t-
Statistic

(m)

Conf.
Interval

(m)

Test
Power

(–)
H0 H1

χ2

Statistic
(m)

Conf.
Interval

(m)

Test
Power

(–)
H0 H1

∆d Orthophoto-
mosaic 1.648 402.254 (0.4, inf) 1.0 No reject Reject 4.015 (423.8, inf) 1.0 No reject Reject

∆d DSM 1.648 29.635 (0.4, inf) 1.0 No reject Reject 8.679 (417.0, inf) 1.0 No reject Reject
∆d Pléiades Neo 1.648 1.536 (0.5, inf) 0.2 No reject Reject 742.696 (409.4, inf) 1.0 Reject No reject

∆d Hexagon
Europe 1.648 16.054 (8.2, inf) 1.0 Reject No reject 1564.081 (426.7, inf) 1.0 Reject No reject

4. Discussion

The publication presents a method for determining coastline course based on low-
altitude images taken by a UAV. On the basis of the geospatial data recorded by the drone,
the shoreline was mapped in two ways: DSM and orthophotomosaic. In order to assess the
accuracy of determining coastline course, shorelines determined by the photogrammetric
method were compared with coastlines marked out using the Pléiades Neo and Hexagon
Europe satellite images. Studies have shown that accuracies of determining the shoreline
course using a UAV are 0.47 m (p = 0.95) for the orthophotomosaic and 0.70 m (p = 0.95)
for the Digital Surface Model (DSM), and much more accurate than the satellite method,
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which amounted to 6.37 m (p = 0.95) for the Pléiades Neo satellite and 9.24 m (p = 0.95)
for the Hexagon Europe satellite. Based on the obtained results, it can be concluded that
the accuracy of determining coastline course using a drone is several times higher than
using satellite images. It should be mentioned that the satellite data came from different
time frames and they can only be treated as an addition to the analysis. The distributions
of distances between the coastline determined by the photogrammetric method and the
shoreline marked out by the geodetic method (GNSS RTK) show features of a normal
distribution, their mean and median being close to each other (Figure 7a,b), while the
distributions of distances between the coastline determined by the satellite method and the
shoreline marked out by the geodetic method (GNSS RTK) are bimodal, with clear spacing
between both of the mentioned statistical features (Figure 7c,d).

The obtained results of the accuracy of the determining the shoreline using a UAV are
similar to the results of other authors, for example, Bayram et al. [31], Del Pizzo et al. [32],
Huang et al. [33], Templin et al. [34], and Wilkowski et al. [35]. The errors in marking
out the coastline do not exceed 1 m and depend on the following factors: measurement
equipment (drone and camera), flight parameters, shoreline shape, hydrometeorological
conditions, and visual assessment of its course.

5. Conclusions

After conducting statistical analyses, it can be concluded that a DSM and an orthopho-
tomosaic generated from data recorded by a UAV are suitable for the coastline extraction.
Both of these methods meet the accuracy requirements laid down for the most stringent
IHO order, i.e., the Exclusive Order (THU of 5 m with a confidence level of 95%) [36].
The same cannot be stated for the satellite data, which prove a low level of accuracy of
the extracted coastline. Moreover, the undoubted advantage of the proposed method is
the determination of the current course of the coastline with high spatial resolution of
the images taken, as opposed to the satellite method. However, the disadvantage of the
discussed method is the visual assessment of the shoreline, consisting of marking out its
course at the contact of land with water.

In future research, it is planned to determine the coastline based on images taken
from a UAV using the contour method (Farris et al., 2018 [47]) and the cost optimisation
method (Xu et al., 2019 [48]) in order to calculate the difference between the results obtained
with the use of automatic and visual methods. Moreover, it plans to carry out this type of
research in waterbodies with different shorelines in various periods of time.
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41. Specht, M.; Specht, C.; Wąż, M.; Naus, K.; Grządziel, A.; Iwen, D. Methodology for Performing Territorial Sea Baseline

Measurements in Selected Waterbodies of Poland. Appl. Sci. 2019, 9, 3053. [CrossRef]
42. Mujabar, S.; Chandrasekar, N. A Shoreline Change Analysis along the Coast between Kanyakumari and Tuticorin, India, Using

Digital Shoreline Analysis System. Geo-Spat. Inf. Sci. 2011, 14, 282–293.
43. USGS. Digital Shoreline Analysis System (DSAS). Available online: https://www.usgs.gov/centers/whcmsc/science/digital-

shoreline-analysis-system-dsas (accessed on 6 August 2023).
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