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Abstract: This technical note aims to present a method for developing a Digital Terrain Model (DTM)
of the coastal zone based on topobathymetric data from remote sensors. This research was conducted
in the waterbody adjacent to the Vistula Smiata River mouth in Gdarisk, which is characterised
by dynamic changes in its seabed topography. Bathymetric and topographic measurements were
conducted using an Unmanned Aerial Vehicle (UAV) and two hydrographic methods (a Single-Beam
Echo Sounder (SBES) and a manual survey using a Global Navigation Satellite System (GNSS) Real-
Time Kinematic (RTK) receiver). The result of this research was the development of a topobathymetric
chart based on data recorded by the above-mentioned sensors. It should be emphasised that bathy-
metric data for the shallow waterbody (less than 1 m deep) were obtained based on high-resolution
photos taken by a UAV. They were processed using the “Depth Prediction” plug-in based on the
Support Vector Regression (SVR) algorithm, which was implemented in the QGIS software as part
of the INNOBAT project. This plug-in allowed us to generate a dense cloud of depth points for a
shallow waterbody. Research has shown that the developed DTM of the coastal zone based on topo-
bathymetric data from remote sensors is characterised by high accuracy of 0.248 m (p = 0.95) and high
coverage of the seabed with measurements. Based on the research conducted, it should be concluded
that the proposed method for developing a DTM of the coastal zone based on topobathymetric data
from remote sensors allows the accuracy requirements provided in the International Hydrographic
Organization (IHO) Special Order (depth error < 0.25 m (p = 0.95)) to be met in shallow waterbodies.

Keywords: Digital Terrain Model (DTM); data integration; topobathymetric chart; bathymetry;
topography

1. Introduction

Bathymetric work carried out in shallow waters (less than 1 m deep) is a commonly
performed measurement, as knowledge on the course of seabed topography has a direct im-
pact on coastal zone management, the design and monitoring of hydrotechnical structures
and the safety of navigation [1-5].

The most popular instruments for depth measurement include Multi-Beam Echo
Sounders (MBESs) and Single-Beam Echo Sounders (SBESs) [6,7]. Even though SBESs
continue to be the most commonly used bathymetric systems worldwide, it is MBESs
that, thanks to their large swath width, are capable of ensuring complete coverage of the
seabed with depth data and enable the performance of such work in a relatively shorter
time [8,9]. Although the aforementioned methods for depth measurement are known for
their high accuracy, they are not optimum solutions in shallow waters. They are costly
and time-consuming and often have a limited operating range due to the impossibility of
measuring the entire shallow waterbody.

Bathymetric measurements using Unmanned Aerial Vehicles (UAVs) are a modern
method of collecting data on the depth and sea bottom of waterbodies [10-14]. It is an
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alternative or complement to traditional measurement methods, such as sonars, which are
mounted on vessels. This method allows for quick and precise mapping of waterbodies,
especially shallow waters and areas that are difficult to access, thanks to high-resolution
cameras or Light Detection and Ranging (LiDAR) systems. Undoubtedly, the advantages
of carrying out bathymetric measurements with the use of drones include, among others,
high resolution of bathymetric data; accessibility to hard-to-reach places, e.g., shallow or
overgrown waters; speed of implementation, as UAVs can quickly move and record data
from large areas; and the cost of research, because they are cheaper than traditional methods
using aircraft or vessels. However, the limitations of the use of drones in bathymetric
measurements include depth, because LiDAR and photogrammetric measurements are
effective up to a depth of about a dozen or so metres from the shore; water transparency,
which is decisively influenced by the depth accuracy; weather conditions, such as wind
and waves, and lack of light, which may affect the quality of the data collected; and legal
regulations, since UAV flights are subject to airspace regulations.

The application of UAVs in hydrography enables the acquisition of high-resolution
geospatial data and ensures precision in determining their location. Drones are commonly
used when creating geospatial models of land areas. Different types of sensors are used in
this field, including digital cameras and lightweight multispectral cameras [15,16]. The data
being acquired can include observations of changes in pixel intensity and digital images
used to generate a point cloud by Structure-from-Motion (SfM) photogrammetry [17-19].
A study by Specht et al. [20] analysed methods that enable the acquisition of depth data
through the use of a photogrammetric camera. It was finally decided that the method for
determining shallow waterbody depths should be based on SfM photogrammetry and
work with the SVR algorithm. This was due to the highest depth accuracy among the
analysed methods for determining shallow waterbody depths being based on the images
taken by a UAV. This method was created and implemented in the form of the “Depth
Prediction” plug-in in the QGIS software [21] as part of the INNOBAT project, whose aim
was to develop an integrated system using autonomous unmanned aerial and surface
vehicles intended for bathymetric monitoring in the coastal zone. The INNOBAT system
allows the seabed topography to be surveyed in accordance with the requirements set out
for the second most stringent order of hydrographic surveys, namely the International
Hydrographic Organization (IHO) Special Order (horizontal position error <2 m (p = 0.95),
vertical position error < 0.25 m (p = 0.95)) [22]. The conducted research showed high-
accuracy depth measurements in shallow waters (less than 1 m deep) [23]. The resulting
bathymetric and topographic model allows the accuracy requirements for determining
depth provided by the IHO Special Order [24] to be met.

The integration of bathymetric and topographic data is an innovative solution al-
lowing the coastal situation to be recognised [25-28]. Topobathymetric charts are often
used in coastline monitoring to, among other things, detect unsafe levels of rising water.
Bathymetric and topographic measurements are essential for generating datasets needed
for terrain modelling, in particular in the coastal zone [29,30]. Such data are important for
the planning, design and construction of engineering structures.

Topobathymetric charts are becoming increasingly popular, but acquiring the data for
compiling them involves the use of a number of sensors. A study by Oladosu et al. [31]
presents a Digital Terrain Model (DTM) resulting from bathymetric and topographic data
integration. The study area was the Maiyegun Estate Waterfront in Nigeria. Topographic
points on the beach were determined using the Global Navigation Satellite System (GNSS)
Real-Time Kinematic (RTK) method and a rover. Bathymetric points were acquired using
an echo sounder installed on a classic hydrographic vessel, and the echo sounder itself was
integrated with an RTK receiver. Both the Triangulated Irregular Network (TIN) model
and the DTM were developed in the ArcMap software. The processed data and their effect
demonstrated the effectiveness of the integration of bathymetric and topographic data.

Another example of a successful bathymetric and topographic data integration is
described in a study by Gesch and Wilson [32]. The study area was Tampa Bay in Florida,
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USA. The authors acquired the topographic data from the United States Geological Survey
(USGS) National Elevation Dataset (NED) and the bathymetric data from the National
Oceanic and Atmospheric Administration’s (NOAA) National Geophysical Data Center
(NGDC) database. In addition, the topographic data recorded by the LIDAR system were
used to demonstrate the usefulness of integrating these data with the existing ones. Detailed
information on the sensors with which the data were collected is not known. The ArcInfo
software was used to develop the topobathymetric chart. It was demonstrated that the
most important elements for integrating data of different sources include the common
horizontal and vertical reference system, mosaicking and surface interpolation.

Topobathymetric DTMs are most commonly developed based on the TIN model [33],
so that details from measurements of high density are retained while minimising the risk
of artefact emergence on the surface under study. This conclusion is described in a study
by Yoon and Kim [34], demonstrated based on a measurement session on the Bogue Inlet
coast in North Carolina, USA. The Kongsberg EM3002D MBES collected bathymetric data
in the deeper part of the waterbody, while in the shallow water, a very shallow draft vessel
with the Teledyne Odom Echotrac CV100 SBES installed was used. Topographic data were
acquired based on photos and using the GNSS (mounted on an off-road vehicle).

The first chapter of this paper, Section 1 “Introduction”, presents the current state of
knowledge regarding the performance of hydrographic surveys in shallow waters based
on the data acquired from working with photos taken by a photogrammetric camera, an
echo sounder, a GNSS RTK receiver, and a LiDAR system. Other topobathymetric studies
and methods of data acquisition and integration are also reviewed.

This technical note aims to present a method for developing a DTM of the coastal zone
based on topobathymetric data registered using remote sensors, such as a photogrammetric
camera mounted on a UAV, as well as an SBES integrated with a GNSS RTK receiver placed
on a hydrographic survey vessel. Moreover, the “Depth Prediction” plug-in was tested for
determining shallow waterbody depths based on images taken by a drone. This plug-in
was created in the QGIS software as part of the INNOBAT project.

The remainder of this technical note is organised as follows: Section 2 “Materials and
Methods” chapter describes the area in which the measurement sessions were carried out
and the equipment used along with its characteristics, as well as includes the methodology
used to acquire bathymetric and topographic data. The same section also includes a
description of data processing and integration, as well as the development of the DTM
of the coastal zone. Section 3 “Results” presents the developed topobathymetric model
and the workflow with the registered topobathymetric data, which describes the stages
in developing this model. In addition, the accuracy of the generated DTM of the coastal
zone is assessed. Section 4 “Discussion” compares this publication with the most similar
publications regarding the development of the topobathymetric model. This technical note
ends with general conclusions.

2. Materials and Methods

This chapter provides information on the area under study, the equipment used
during the measurement missions, as well as the methods for processing bathymetric and
topographic data.

2.1. Measurement Location

The waterbody in which the measurements were carried out was the Vistula River
mouth in Gdansk (Pomorskie Voivodeship, Poland), and more precisely, one of the estuary
arms of the Vistula River, commonly referred to as the Vistula Smiata [35]. The Vistula
Smiata River, with a total length of 2.5 km [36], which flows into Gdansk Bay, separates
Port Island (in the west) from Sobieszewska Island (in the east). The characteristic features
of the west bank include the structures of the Wista Shipyard and the National Sailing
Centre (NSC) of the Gdarisk University of Physical Education and Sport (GUPES). The site
also includes the Green Islands, which are an ecological site [37]. The beach surface, along
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which the surveys were conducted, is sandy. The Vistula Smiata River mouth in Gdansk is
located in Universal Transverse Mercator zone 34 North (UTM 34 N) (Figure 1) [38].
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Figure 1. The location of bathymetric and topographic measurements carried out at the Vistula
Smiata River mouth in Gdarisk.

2.2. Measurement Equipment

Deep-water bathymetric measurements at depths greater than 1 m were carried out
using the Echologger EU400 SBES [39] integrated with the Trimble R10 GNSS RTK re-
ceiver [40]. Raw depth data were recorded in the HYPACK 2023 software. The instruments
were installed on a hydrographic vessel, and the passes over the sounding profiles were
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conducted by the vessel’s helmsman. Technical data of the Echologger EU400 SBES (Eofe
Ultrasonics Co. Ltd., Goyang-Si, Republic of Korea) and the Trimble R10 GNSS RTK
receiver (Trimble, Tokyo, Japan) are shown in Table 1.

Table 1. Technical data of the Echologger EU400 SBES and the Trimble R10 GNSS RTK receiver.

Echologger EU400 SBES GNSS RTK Trimble R10

Frequency
Beamwidth

Transmit pulse width
Range

Repetition rate

Sampling rate

Water column resolution
Altimeter range resolution
Temperature resolution

450/200 kHz Channels 440
5/10° Satellite signals tracked GPS, GLONASS, BDS, Galileo and SBAS
simultaneously
10-200 ps (10 ps step)  Positioning rate 1,2,5,10 and 20 Hz
0.15-100 m RTK: £8 mm + 1 ppm RMS
max 10 Hz Horizontal positioning accuracy DGPS: £0.25 m + 1 ppm RMS
100 kHz Static mode: +3 mm + 0.1 ppm RMS
+£7.5mm RTK: £15 mm + 1 ppm RMS
1 mm Vertical positioning accuracy DGPS: £0.25 m + 1 ppm RMS
0.1°C Static mode: 3.5 mm + 0.4 ppm RMS

The Trimble R10 GNSS RTK receiver was also used for shallow water bathymetric mea-
surements at depths less than 1 m, carried out by a traditional geodetic (staking) method
characterised by high accuracy [41], especially under non-forested and undeveloped condi-
tions [42].

To densify bathymetric data and determine the coastline as accurately as possible,
the Aurelia X8 Standard LE UAV (Aurelia Aerospace, Shizuoka, Japan) was used. It is an
octocopter that enables efficient flight in case of failure of one of the eight rotors [43]. The
camera installed on the UAV was the Sony A6500 camera with the Sony E 35 mm f/1.8 OSS
lens (Sony, Tokyo, Japan) [44,45]. Technical data of the Aurelia X8 Standard LE drone and
the Sony A6500 with the Sony E 35 mm f/1.8 OSS lens are shown in Table 2.

The aerial system also included the Velodyne VLP-16 Lite LIDAR system [46], inte-
grated with the SBG Ellipse-D Inertial Navigation System (INS) [47]. The integration of this
particular LiDAR system, which is one of the most popular solutions on the market [48],
with a positioning system, was possible through data recording in the HYPACK 2023
software. Technical data of the Velodyne VLP-16 Lite LiDAR system and the SBG Ellipse-D
INS are presented in Table 3.
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Table 2. Technical data of the Aurelia X8 Standard LE UAV and the Sony A6500 camera with the Sony
E 35 mm /1.8 OSS lens.

Aurelia X8 Standard LE UAV Sony A6500 Camera with Sony E 35 mm /1.8 OSS Lens

Max flight time 45 min. Sensor type: APS-C type (23.5 x 15.6 mm),
UAV empty weight 5.95 kg Image sensor CMOS

UAV weight incl. 9.79 k Aspect Ratio: 3:2

batteries 78 Number of pixels: 25 Mpx

UAV MTOW 17.79 kg Angle of view: 44°

Max flight speed 56 km/h Focal length: 35 mm

Max wind resistance 32km/h Lens Aperture width: f/1.8-f/22
Operating temperature -15°Cto 50 °C Sharpness: 0.3 m-co

Max service ceiling 3000 m ASL ISO range 100-51,200

Operating range 2.4-5km Electronic shutter speed 1/4000-30 s

Operating frequencies 433 MHz, 915 MHz or 2.4 Ghz Max image size 6000 x 3376 (16:9) or 6000 x 4000 (3:2)
GPS receiver u-blox NEO-M9N Photo file format JPEG, RAW

Compass

RM3100

Data recording

Memory Stick Duo or SD memory card

Table 3. Technical data of the Velodyne VLP-16 Lite LIDAR system and the SBG Ellipse-D INS.

Velodyne VLP-16 Lite LIDAR System

SBG Ellipse-D INS

Channels 16 Pitch/Roll accuracy R"?"%: %1055 ?{/Ilsls
Measurement range 100 m PPK: 0.03° RMS
Field of view (vertical) -15° to 15° Headine accurac Du.al antenna 2 m: 0.2° RMS
Angular resolution 9o & y Single antenna: 0.2° RMS
(vertical) PPK: 0.1° RMS
Field of view 360° Velocity accuracy 0.03 m/s RMS
(horizontal) Navigation accuracy SP: 1.2 m RMS
Angular resolution 0.1-0.4° SBAS: 1 m RMS
(horizontal) e RTK/PPK: 1 cm + 1 ppm RMS
Rotation rate 5-20 Hz ) Calibrated sensor data, delta angles and velocity,
Available data Euler angles, GNSS raw data, GPS data, heave,
Wavelength 903 nm position, status, UTC time, velocity, etc.
LiDAR points generated Aiding sensors GNSS, odometer, RTCM
per second 300,000-600,000 Output rate 200/1000 Hz
Dimensions . 103 x 72 mm Dimensions 46 x 45 x 32 mm
diameter x height
Weight 590 ¢g Weight 65¢g
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2.3. Realisation of Bathymetric and Topographic Measurements

To develop a chart containing both bathymetric and topographic data, a number of
measurements were carried out using the equipment described in Section 2.2. A total of
two survey missions were completed on 26 September 2023 and 7 November 2023.

2.3.1. Measurement Campaign Conducted on 29 September 2023

The measurements of 29 September 2023 had to be started with the design of sounding
profile plans for the shallow-water bathymetry, carried out with the use of a GNSS RTK
receiver and for the deep-water bathymetry, which was conducted using an SBES integrated
with a GNSS RTK receiver. In addition, a UAV flight was performed to record LiDAR points.
Hydrographic surveys were conducted in appropriate hydrometeorological conditions, i.e.,
with no wind and small waves. Water levels from specific hours were taken into account in
the development of the topobathymetric chart. Three-dimensional (3D) position coordinates
were recorded in the PL-UTM system (zone 34 N; deep-water bathymetry, shallow-water
bathymetry, LIDAR points) and the heights were provided in the PL-EVRF2007-NH system.

Bathymetric measurement near the shore using an SBES is impossible to carry out.
Instead, these sites were surveyed using the traditional method and the “Depth Prediction”
method proposed by Szostak et al. [21]. The hydrographic survey carried out by the
traditional geodetic method and using an SBES provided a total of 1124 depth points
(including the positive ones, representing the beach along the coastline, as shown in
Figure 2).
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Figure 2. The location of depth points recorded by an SBES integrated with a GNSS RTK receiver and
designed sounding profiles in the study area.
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As for the measurement conducted by the traditional geodetic method, very accurate
precision, both horizontal and vertical, was achieved, which is the effect of the application
of the RTK method with an appropriate number of satellites seen, the accuracy of the
Trimble R10 GNSS RTK receiver and the precision of survey performance by the operator.
The horizontal precision ranged from 0.02 m to 0.039 m; however, the vertical precision
ranged from 0.023 m to 0.046 m. However, the use of the Trimble R10 GNSS RTK receiver,
which was automatically synchronised with the Echologger EU400 SBES in the HYPACK
2023 software, allowed for depth measurement with an accuracy of approx. 5 cm Root
Mean Square (RMS).

The second stage of the first measurement campaign involved the recording of a point
cloud using a LiDAR system and a UAV. The recording, as in the case of the SBES, was
carried out in the HYPACK 2023 software. Due to the relatively small area, a flight was
performed along three measurement lines at a height of 69.9 m (Figure 3).
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Figure 3. Flight trajectory of the UAV using the LiDAR system in the study area.

The designed survey mission was carried out by the UAV in autonomous mode.
During the photogrammetric flight, LIDAR data were recorded with a positioning accuracy
of 3 cm RMS. The LiDAR data were consistent with bathymetric data and covered the area
along the coastline, reflecting both the sandy beach surface and further features of the area,
such as vegetation.

2.3.2. Measurement Campaign Conducted on 7 November 2023

The measurements conducted on 7 November 2023 were aimed at acquiring photos
through the use of the Aurelia X8 Standard LE UAV and the Sony A6500 camera with the
Sony E 35 mm f/1.8 OSS lens. The aerial images and the products obtained from them,
e.g., files in the LAS format, allowed the shallow-water bathymetry to be densified at
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further stages, thereby increasing the measurement precision. The mission was completed
in windless weather. The water level from a specific hour of the flight pass performance
was taken into account in the further development of the bathymetry. The flight pass was
performed autonomously by a drone at a height of 120 m. In addition, a polarising filter
was installed on the camera, which enabled a reduction in undesirable reflections on the
image [49]. Moreover, the area was covered with 21 Ground Control Points (GCPs), which
were determined with high accuracy by the GNSS RTK method in the PL-UTM (zone 34 N)
and the PL-EVRF2007-NH height system. GCPs were designed along the coastline as close
as possible to the shore at equal distances in accordance with the methodology developed
in the publication [50]. The distribution of GCPs and UAV flights in the study area is
presented in Figure 4. Both the mean horizontal precision and the mean vertical precision
of GCPs amounted to approx. 0.03 m.
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Figure 4. The distribution of GCPs and UAV flights in the study area.

During the measurement campaign, 804 high-quality photos were obtained, in which
control points could be identified without problems for further georeferencing. The images
enabled the coverage of the coastal zone of the beach under study, which was assessed as a
satisfactory result meeting the aim of the survey mission.

2.4. Data Processing

The points obtained by the traditional geodetic method had to be read in the XLSX
format, and for the height (depth) values, the water level from the particular hours on
the day of the first measurement campaign had to be taken into account. Since further
work was carried out in the ArcMap 10.8.2 software, it was necessary to record the point
coordinates in the PL-UTM/PL-EVRF2007-NH systems in the TXT format. A total of
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248 depth points were determined using the geodetic method. The highest recorded height
was 0.09 m and the lowest height value amounted to —0.76 m.

The bathymetry performed through the use of an SBES required the cleaning of the
so-called spikes, i.e., points being artefacts [51] that are not part of the seabed. To this end,
the HYPACK 2023 software and the Single Beam Editor (64-bit) tool, which enables manual
cleaning of the data derived from the echo sounder, were applied, although automatic
filters can also be used. The cleaned data in the PL-UTM/PL-EVRF2007-NH systems were
recorded in the TXT format, while maintaining the same column layout as that for the
bathymetric data measured by the GNSS RTK receiver. A total of 876 depth points were
determined using an SBES. The lowest recorded depth was 0.5 m and the highest depth
value amounted to 7.71 m.

The LiDAR data were also processed in the HYPACK 2023 software but used the 64-bit
HYSWEEP EDITOR tool instead. As the system was mounted on a UAV, it was necessary to
take into account both the flight altitude and the geometric relationships between the INS
and the LiDAR system. Based on the Global Positioning System (GPS) log files derived from
the camera installed on the drone, it was possible to acquire information on the UAV’s flight
altitude during the survey, which was 69.9 m. The LiDAR system was calibrated before the
first measurement campaign, and the Roll, Pitch, and Yaw (RPY angles) values resulting
from the calibration were included. The cleaned data in the PL-UTM/PL-EVRF2007-NH
systems were recorded in the TXT format while maintaining the same column layout as
that for bathymetric data measured by the Trimble R10 GNSS RTK receiver and the SBES.
After filtering and data reduction, 3,379,884 LiDAR points remained. The highest recorded
height was 0.29 m and the lowest height value amounted to 4.99 m.

All of the three files in the TXT format described above were merged together into a sin-
gle TXT file, and a point object characteristic of the ArcMap, i.e., the shapefile, was created.
A visualisation of the integrated data derived from a total of three mutually independent
instruments (GNSS RTK receiver, LIDAR system, SBES) is presented in Figure 5.

= -

Figure 5. A visualisation of the integrated data derived from a total of three mutually independent
instruments (GNSS RTK receiver, LIDAR system, SBES).

The photos derived from the Sony camera installed on the Aurelia X8 Standard LE
UAV and GCPs recorded during the second measurement campaign had to be entered into
the Pix4dDmapper 4.7.5 software. This program allows a point cloud to be obtained based
on the above input data, as it operates based on the SfM algorithm [52,53], distinguished
by its provision of three-dimensional scenes. To this end, a series of temporal RGB images
(photos) and georeferencing information (control points) were used. Thanks to using
automatic algorithms for estimating the camera’s position, it also provides information
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on the internal and external camera’s orientation at the time of acquiring each image,
which enables the determination of how individual three-dimensional coordinates are
projected onto the resulting photos [18,54]. In the Pix4Dmapper 4.7.5 software, it was also
necessary to define the output coordinate system, which in this case was the PL-UTM
system (zone 34 N), i.e., the same as that in each previously described independent survey.
Figure 6 shows the georeferenced images and a point cloud in the LAS format obtained
based on the SfM algorithm. The generated point cloud consisted of 16,361,541 points and
covered an area of 0.020 km?. A total of 86% of images (343 out of 398) were calibrated. The
mean georeference error was 0.115 m and the mean vertical error was 0.104 m.

(b)
Figure 6. A view of georeferenced photos based on the entered GCPs (a) and a point cloud (b).

The file in the LAS format was essential for determining the depth points using the
“Depth Prediction” plug-in installed in the QGIS 3.40 software. This plug-in allows depths
to be predicted and recorded in the XYZ and TXT formats. Based on research conducted as
part of the INNOBAT project, a value of 1.5 m was selected as the maximum depth [23].
Figure 7 shows the plug-in window and settings for the area discussed in this study, as
well as the final result as a shapefile created in the ArcMap 10.8.2 program, following a
reduction in the number of points in the CloudCompare 2.13.2 software.

In the ArcMap 10.8.2 software, it was possible to integrate files in the SHP format into
a single file. Then, we created a TIN model, and on its basis, isobaths with an interval of
1 m were generated. The raster image files and the resulting isobaths were clipped to the
individually defined area. An appropriate colour scheme was also set. The base map was
downloaded from the ArcGIS library.

The completed measurement missions and the processing of data along with their
integration resulted in a TIN model along with isobaths, based on which a bathymetric
and topographic DTM, showing the coastal zone and the seabed topography of the Vistula
Smiata River mouth in Gdanisk, was created (Figure 8). A total of 443,190 points were used
to develop the digital terrain model of the coastal zone, including the following:

A total of 280 bathymetric points measured with the use of a GNSS RTK receiver;
A total of 844 bathymetric points recorded using an SBES;
A total of 119,462 bathymetric points generated with the use of the “Depth Prediction”
method;
e A total of 322,604 topographic points generated using the SfM method.
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[m] points bellow specified depth,
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(a) b

Figure 7. The “Depth Prediction” plug-in window (a) and the depth points obtained based on
photos (b).
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Figure 8. A bathymetric and topographic DTM of the Vistula Smiata River mouth in Gdarisk.

Data processing was based on the need to work using several programs (ArcMap,
HYPACK, Pix4Dmapper, QINSY). The shallow-water bathymetry points covered the entire
zone in detail, and the application of the same horizontal (PL-UTM) and vertical (PL-
ETRF2007-NH) systems enabled an integration of all the data, even though their recordings
were independent of each other. A diagram was developed to describe the work with
bathymetric and topographic data to create a model covering both the land and water parts
(Figure 9).
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Figure 9. A diagram showing the development of the DTM of the coastal zone based on bathymetric
and topographic data integration.

3. Results

The coastal zone of the Vistula Smiata River mouth in Gdansk is a recreational place
due to the sandy beach located in this area. The seabed topography is characterised by a
quite gentle descent into the water, because the 1 m isobath is located at a distance of no
less than 10 m from the shore, while the 2 m isobath is within 15 m of the coast. A sudden
drop in the waterbody depth can be observed from the 2 m isobath to the 6 m isobath,
because the distance between them is approx. 10 m. At a distance of 50 m from the shore,
the waterbody depth amounts to approx. 7 m, while at a distance of 80 m from the coast,
the waterbody depth is about 8 m. In this part of the waterbody, there is a water route
connecting the Vistula Smiata River mouth with Gdarisk Bay. The greatest slope of the
terrain can be observed in the southern part of the beach. This is most likely due to the
proximity of the NSC-GUPES. To generate the contours and calculate the distances between
them, we used the Contour tool in the ArcMap software, which creates a class of contour
features from a raster surface. The input file was a file generated using the Topo to Raster
tool. In ArcMap’s Contour tool, an interval of 1 m was selected, and the program generated
contours and calculated the distances between them automatically. The distance ranges
from the shoreline to each isobath are presented in Table 4.

Table 4. Distance ranges from the shoreline to each isobath.

Isobath (m) Distance Ranges from the Shoreline to Each Isobath (m)

1 4-22
9-38
11-39
1241
1342
1646
26-57
57-84

O IO U= WiN
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The validation of a DTM consists of determining whether it meets user requirements
based on adopted quality criteria. For each criterion, a quality assessment procedure can be
used to decide whether a digital terrain model is acceptable for a given use [55]. In the first
approach, the DTM is compared with a reference dataset (external validation), whereas in
the second case, the quality of the digital terrain model is determined without any reference
data (internal validation) [56]. The main external assessment approach is to assess the
accuracy of a DTM using ground control data [57]. The second external approach consists
of processing simulated images to derive a DTM and to compare the output digital terrain
model with the input DTM used to simulate the synthetic image dataset [58]. However,
the main internal assessment approaches include visual control [59] and internal quality
assessment, which are based on the hypothesis that all topographic surfaces are supposed
to fulfil some universal rules [60]. For the purposes of this technical note, it was decided
to assess the quality (accuracy) of the developed DTM using underwater GCPs, whose
coordinates were treated as reference.

Next, it was decided to assess the accuracy of the generated DTM of the coastal zone
based on bathymetric and topographic data integration. For this purpose, depths obtained
from the topobathymetric model were compared with the depths of underwater GCPs,
which were determined using a GNSS RTK receiver and were considered as reference
values. Underwater GCPs were evenly distributed throughout the waterbody to a depth of
1 m so that the position coordinates could be measured by the operator. The location of
underwater GCPs used to validate the created DITM is shown in Figure 10.

18°46'50"E 18°46'55"E

18°46'45"E

54°22'10"N
54°22'10"N

54°22'5"N

18°46'45"E 18°46'50"E 18°46'55"E

Figure 10. The location of underwater GCPs that were used to assess the accuracy of the generated
DTM of the coastal zone based on bathymetric and topographic data integration.
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To assess the accuracy of the generated DTM of the coastal zone, it was decided to
calculate the population standard deviation (¢) for 22 underwater GCPs:

where

c—population standard deviation;

N—number of depths in the population;
x;—each depth error value from the population;
y—population mean.

Then, it was decided to convert depth errors from a confidence level of 68% to 95%
using the following relationship [24]:

TVU = 1.96 - 0, @)

where
TVU—total vertical uncertainty at a confidence level of 95%.

Table 5 presents the accuracy statistics of the generated DTM of the coastal zone based
on bathymetric and topographic data integration.

Table 5. Accuracy statistics of the generated DTM of the coastal zone based on bathymetric and
topographic data integration.

Point Number Observed Depth (m) Predicted Depth (m)  x; (m) p (m) (x;~)? (m?) o (m) TVU (m)
1 -0.202 -0.390 0.188 0.078 0.012 0.127 0.248
2 -0.100 -0.320 0.220 0.020
3 -0.229 -0.350 0.121 0.002
4 -0.413 -0.420 0.007 0.005
5 -0.650 -0.460 -0.190 0.072
6 -0.213 -0.170 -0.043 0.015
7 -0.680 -0.700 0.020 0.003
8 -0.217 -0.180 -0.037 0.013
9 -0.710 -0.800 0.090 0.000
10 -0.205 -0.160 -0.045 0.015
11 -0.180 -0.310 0.130 0.003
12 -0.271 -0.390 0.119 0.002
13 -0.205 -0.270 0.065 0.000
14 -0.232 -0.450 0.218 0.020
15 -0.714 -0.500 -0.214 0.085
16 -0.225 -0.410 0.185 0.012
17 -0.229 -0.370 0.141 0.004
18 -0.158 -0.360 0.202 0.015
19 -0.129 -0.340 0.211 0.018
20 -0.139 -0.100 -0.039 0.014
21 -0.231 -0.370 0.139 0.004
22 -0.329 -0.550 0.221 0.021

To assess whether the generated DTM of the coastal zone meets the requirements for
determining the depth, which are provided by the IHO Special Order (depth error < 0.25m
(p = 0.95)), it was decided to calculate the maximum allowable TVU [24]:

TVUmax (d) = /a2 + (b-d)?, 3)
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where

TV Uax(d)—maximum depth error at a confidence level of 95%;
a—depth-independent component of measurement error;

b—coefficient representing the depth-dependent component of measurement error;
d—waterbody depth.

Since the underwater GCPs were located at depths less than 1 m, the maximum
allowable TVU should not exceed 0.25 m for the IHO Special Order. To meet these accuracy
requirements, the total depth error at a confidence level of 95% (TVU) cannot be greater
than the maximum depth error at a confidence level of 95% (TVU,x(d)):

TVU < TVUmax(d) (4)

It is reasonable to conclude that the accuracy of the generated DTM of the coastal zone
was 0.248 (p = 0.95). This means that the proposed method for developing a terrain model
based on bathymetric and topographic data integration meets the accuracy requirements
for determining the depth, which are provided by the IHO Special Order.

4. Discussion

The most closely related publication authored by Lubczonek et al. [61] presents a
method for combining data collected from UAV and Unmanned Surface Vehicle (USV) to
form a digital representation of the shallow waterbody bottom, covering both the land and
water parts. Key components of the suggested approach include using underwater GCPs
to collect UAV data, analysing a ground class point cloud, generating a mask according to
the bathymetric reference surface, and removing points located above the water surface.
In the methodology described, the authors suggest using the HL mask as a more versatile
option. The experiments took place on Lake Dabie in Poland, a waterbody with an average
depth of 2.61 m. The UAV and USV datasets were combined to create surface models
using various interpolation techniques. Studies have demonstrated that combining data
from both UAV and USV vehicles allows for the creation of a bathymetric model for the
shallow waterbody with an accuracy of 3 cm RMS. In contrast to the method suggested in
this technical note, bathymetric information in shallow waters was acquired with an echo
sounder on a USV, instead of using the SfM technique.

Genchi et al. [62] present a method for developing a topobathymetric model using low-
cost UAV and USV vehicles in a shallow tidal environment. In addition, a cross-analysis
of the topobathymetric model and tidal data was performed to provide a classification of
hydrogeomorphic zones. The tests were conducted in the Bahia Blanca estuary in Argentina.
As a result of the study, a DTM was developed with a spatial resolution of approx. 0.08 m
(land part) and 0.50 m (water part). The accuracy of the created topobathymetric model was
0.09 m (land part) and 0.18 m (water part). Moreover, the accuracy of the SfM model was
assessed. It was 0.09 m RMS for the vertical plane. Based on the obtained research results, it
can be concluded that the created topobathymetric model precisely reproduces landforms.

Mazza et al. [63] carried out research to estimate bathymetric accuracies in shallow
waters and examine the adaptability of drone-based surveys, even with a targetless ap-
proach. The Roman fish tank of “Punta della Vipera” served as the study object. It is
situated near the Italian village of Santa Marinella at a depth of up to 1.6 m. Two UAVs
were applied in the study to develop a topobathymetric model using the SfM method.
Validation studies were conducted to evaluate the correctness of the resulting 3D model.
GCPs were calculated using an underwater camera (snorkeler-based) and a GNSS RTK
receiver. Submerged topography can potentially be defined by combining SfM photogram-
metry with UAS-based surveys. A topobathymetric model with a high resolution of 0.02 m
and a vertical accuracy ranging from 0.06 m to 0.29 m was obtained because of the StM
photogrammetry.

The papers by Lubczonek et al. and Genchi et al., similarly to this technical note,
concern methods for developing a DTM of the coastal zone based on bathymetric and
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topographic data integration. However, neither of these two publications assessed the
accuracy of the generated SfM model for the water part. Another paper by Mazza et al.
concerned, among others, assessment of the accuracy of the Digital Bathymetric Model
(DBM) generated using the SfM technique. The obtained accuracy of the SfM model
is similar to that obtained in this publication. Thanks to this, it can meet the accuracy
requirements for determining depth, which are provided by the IHO Special Order.

5. Conclusions

This study has shown that data integration is an effective method. Creating bathy-
metric and topographic charts requires expensive equipment and accurate planning of the
survey missions, which is time-consuming. However, the DTM can combine the land and
water parts of the coastal zone, providing real observations of situations, such as coastline
shifts and topography changes, especially in areas with a sandy surface. To ensure high
accuracy, it is important to conduct measurements and process data in the same vertical
and horizontal systems. In addition, when the measurement campaigns are carried out on
other days, the water levels need to be taken into account. In this case, the information
made available by the IMGW-PIB was used [64]. This National Research Institute provides
a hydrological and meteorological service [65]. Another important factor that enables a
reduction in the number of artefacts is the work based on the TIN model, which is char-
acterised by, e.g., the accuracy of vector data, which does not change when creating the
model [66], and the high accuracy of surface modelling [67].

The presented methodology for performing bathymetric and topographic measure-
ments and the development of the DTM based on multi-sensor data integration exhibit
the expected performance. As part of this study, several flights were performed along
the planned route using a UAV, with the aim of determining the optimum flight altitude.
The optimum flight altitude is understood as such a distance that allows the photos to
cover the largest possible area while enabling the precise determination of the position
coordinates of GCPs, whose number also provides high-quality image georeferencing. The
right weather conditions and the application of a polarising filter allowed a flight altitude
of 120 m to be achieved. Observations should be carried out on days when the wave action
is relatively calm to minimise depth prediction errors. Due to the technique’s advantage
over conventional digital photogrammetric methods, research into determining the shallow
water depth based on aerial photos frequently involves processing using the SfM algorithm.
The “Depth Prediction” plug-in for predicting depths in shallow waters uses the SVR
method, and the undisputed advantage of this solution is the application of the model
in waterbodies other than those in which the training was carried out. The effectiveness
of this method, which was tested as part of the INNOBAT project, can be described as
high-quality when applied to a depth of 1 m.

Topobathymetric charts developed using the method proposed in this technical note
show the depth and seabed shape of waterbodies, which can be widely used in many
areas of life, such as navigation and shipping, planning and construction of water in-
frastructure, geological and geophysical research, environmental protection and natural
resource management, rescue and underwater exploration, water resource management
and flood protection, oceanographic research, as well as tourism and recreation. The ac-
curacy and detail of these maps depend directly on the quality, quantity and distribution
of depth/height data that can be obtained using various remote sensors. The quality of
the developed topobathymetric charts should be high, because otherwise it may lead to
incorrect determination of the navigability conditions of waterways, anchorages and other
water areas, as well as incorrect determination of the safe depth of waterbodies in port
areas.
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