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Abstract: The human impact on the ecosystem has been particularly evident in the last century; it
transforms the Earth’s surface on an unprecedented scale and brings about irreversible changes.
One example is an oceanographic phenomenon known as a tombolo, i.e., a narrow belt connecting
the mainland with an island lying near the shore formed as a result of sand and gravel being
deposited by sea currents. The phenomenon contributes to an increase in the biogenic substance
content in the littoral zone, which leads to increased cyanobacteria blooming in the summer period.
Moreover, the debris accumulation in the littoral zone results in the mud formation, which makes
the beach landscape less attractive. One of the main features of the tombolo phenomenon is its
variability of shape, which includes the form of both the shore and the seabed adjacent to it.
Therefore, to describe its size and spatio-temporal variability, it is necessary to apply methods for
geodetic (the land) and hydrographic (the sea) measurements that can be carried out in different
ways. The aim of the paper is to present the methodology for carrying out measurements of the
tombolo oceanographic phenomenon using Unmanned Aerial Vehicles (UAV) and Unmanned
Surface Vehicles (USV) on the example of a waterbody adjacent to the Sopot pier. It also presents
the results of surveys carried out in November 2019 within this area. The study demonstrated that
the integration of two measuring devices whose development began in the second decade of the
20th century, i.e,, UAVs and USVs, enables accurate (even up to several centimeters) and reliable
determination of the scale and variability of the phenomena occurring in the littoral zone.

Keywords: tombolo phenomenon; Unmanned Surface Vehicle (USV); Unmanned Aerial Vehicle
(UAV); hydrographic surveys; photogrammetric measurements

1. Introduction

Until recently, the equipment and measurement methods used in hydrography were not
accurate enough and characterized by insufficient coverage of the seabed with measurements. This
lack of survey methodology could result in the misinterpretation of the terrain relief and processes
occurring in the coastal zone, especially in ultra-shallow waters (at depths of less than 1 m), such as
accumulation or erosion [1,2]. Current survey techniques used by hydrographers include, among
others, the tachymetric method [1,3], the geodetic method that an operator conducting the
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measurement on the submerged beach at predefined depth with the use of a Global Navigation
Satellite System (GNSS) receiver working in real time [4,5], as well as determining coastal water
depths based on analysis of high-resolution images taken by Landsat and Sentinel satellites [6-8]. In
addition, the most commonly used measurement method with limited range of operation is the use
of hydroacoustic equipment (echo sounders and sonars) on manned hydrographic vessels. However,
hydroacoustic surveys were not performed in ultra-shallow waters because of the large draft of
manned vessels and damage to echo sounder and sonar transducers [9,10].

For several years, an increase in the use of Unmanned Aerial Vehicles (UAVs) and Unmanned
Surface Vehicles (USVs) can be seen in many measurement applications. In particular, this applies to
research carried out in the coastal zone. For example, unmanned surface vehicles are used in marine
and inland hydrography [11,12], especially in waterbodies, on which shallows occur [13]. In addition,
they are used for tasks related to supporting the navigation process [14], in underwater
photogrammetry [15], or in geological works [16]. However, when it comes to unmanned aerial
vehicles, they are used to: determine the terrain relief adjacent to the sea shore [17,18], monitoring
coastline changes [19], in research on geomorphological processes occurring in the littoral zone
[20,21], or in bathymetric surveys in shallow waters [22,23]. With these tools, it is possible to
investigate complex hydrological processes occurring in the littoral zone [24-26], which result from
a variety of natural phenomena and human intervention in the ecosystem.

One of them is an oceanographic phenomenon known as a tombolo, i.e., a geomorphological
feature that may result from the development of a beach or barrier either in the lee of an island or
parallel or oblique to the coastline [27]. Tombolo is also a sediment deposit on the coast formed by
wave refraction and diffraction at the edges of an obstacle (natural or artificial) originally detached
from the mainland [28].

This unique oceanographic phenomenon can be considered in many scientific aspects. For
example, on the southwestern coast of Prvi¢ Island in the northeastern part of the Adriatic Sea, it was
investigated from the geological and geomorphological perspective, as well as in terms of the
dynamics of relief-forming processes [29]. The study was based on geomorphological mapping which
involved identification, location, and drawing the main forms and processes of the morphogenetic
type on a map [30]. In addition, to determine the effect of waves on the tombolo phenomenon
emergence, a digital wave model (Simulating WAves Nearshore —SWAN) was used [31].

The changes in the coast observed in the area connecting the Southwestern Shetland Island with
the slightly remote, tidal St. Ninian's Isle are another example of this phenomenon. Although tombolo
is relatively common on submerged coasts, such as the Shetland Islands, its unique structure, the
rater of change, and the scale make widespread research in this field necessary. Since 1993, research
on changes in beach profiles on St. Ninian's Isle has been carried out twice a year. This enables the
determination of seasonal and semi-annual changes. For example, in the winter, a sand loss from the
tombolo center and its slight increase on the shore occur; on the other hand, in the summer, the trend
in sediment transport is the opposite. The debris flow is crucial to the existence of a tombolo, as any
form of sand extraction from a beach is damaging to its long-term existence [32].

In Giens (France) the tombolo phenomenon, due to its high rate of changes, causes the coastal
erosion of beaches. To stop this process, scientists have prepared a prediction about changes in a
beach profile shape using an Equilibrium Beach Profile (EBP) model. Beach profiles were obtained
based on bathymetric surveys carried out in the years 2000-2010 using the Differential Global
Positioning System (DGPS). The analyses performed show that on all beaches, significant changes,
caused by the action of waves and sediment transport, occur in the shape of profiles [33].

The most extensive research in this field was conducted on the Rymittyla and Parainen islands,
as well as along the Salpausselka III ridge in Finland, where as many as 10 tombolos are found. They
are located in an area of recent marine sedimentation and Late Pleistocene glacial deposits. The
ground on which the tombolos are located is varied, because it is covered with rocks, glaciofluvial
deposits in the form of eskers or end moraines. For this reason, the tombolos were analyzed from a
geological perspective [34].
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In the literature on the subject, the process of modeling three-dimensional sediment transport
has been described in detail and extensively in many publications [35,36]. It includes both the impact
on the sea shore, as well as the influence on infrastructure and marine structures [37,38]. The diverse
research approach to the authors' problem results from different methods of modeling taking into
account: evolution [39], fixed profile [40], coupling area-line [41], area-cross-shore-alongshore
transport coupling [35,42], diffusion [38], the wet-dry [43], hybrid [44] and the cut-cell models [43]. It
should be noted with reference to [45] that general wave-average area models may have merits to
simulate shoreline evolution for arbitrary geometry. However, the difficulty in defining the
shoreward boundary has hindered the use of this type of approach for the simulation of shoreline
evolution. The major defect is that it is impossible to simulate morphologic change above the wave-
average sea level, although it is more or less hidden for macro-tidal environments.

In addition to modeling, the basic method for describing the tombolo phenomenon is obtaining
geospatial data by bathymetric surveys (using manned vehicles) and geodetic measurements, where
a surveyor uses a GNSS receiver for the seabed determination [46]. To date, the unmanned aerial and
surface vehicles have not been previously used for measurements of the geospatial features of the
tombolo phenomenon. There is no doubt that the use of unmanned vehicles significantly accelerates
the performance of measurements, hence, the authors developed a uniform and coherent method for
using UAVs and USVs for research of the tombolo phenomenon. Experimental research was carried
out in a waterbody adjacent to a pier in Sopot (Poland), where a tombolo had been formed as a result
of the construction of a yacht marina near the shore [24-26]. To this end, two unmanned vehicles
were used: an UAV for photogrammetric measurements of the littoral zone land area, and an USV
for hydrographic surveys of the shallow waterbody. The multi-sensory integration of data obtained
during the study determined the scale and variability of the tombolo phenomenon occurring near the
Sopot pier and its effects on the aquatic ecosystem.

2. Materials and Methods

As the study area for the development of a methodology for geospatial modeling of the tombolo
phenomenon using unmanned vehicles, the city of Sopot was selected. The phenomenon has been
developing in Sopot since 2011, despite the intense activities carried out by the city authorities to
reduce its effects (by bringing out the deposited sand).

2.1. Hydrographic Surveys Carried Out Using a USV

On 26 November 2019, at 09:00 am—02:56 pm, bathymetric surveys of the waterbody adjacent to
the Sopot pier were carried out. The hydrometeorological conditions prevailing in the area under
study were the main factor determining the time of the measurements. For this reason, the surveys
were undertaken during sea states of 1-2 degrees in the Douglas sea scale, and at a wind force of 3
degrees in the Beaufort scale. To determine the predicted weather conditions (sea current, waves,
wind), short-term weather forecasts were provided online by the Institute of Meteorology and Water
Management-National Research Institute (IMGW-PIB) [47], and the data from the Baltic
Environmental Satellite Remote Sensing System (SatBaltyk) [48] were used. During the study, the sea
level was rather stable and ranged from 472 to 476 cm in relation to the Kronstadt height system (PL-
KRONS86-NH). Relevant data were acquired from a tide gauge station located in Gdynia, 10 km north
of the Sopot pier, which is closest to the location of measurement performance [49,50].

The next operation to be performed before carrying out the hydrographic surveys was the
planning of sounding profiles along which the USV was designed to move in automatic mode. For
the study, the following were designed: 73 main profiles located perpendicular to the coastline, and
five control profiles located parallel to the coastline. Moreover, to prevent damage to the measuring
equipment and the vehicle itself, the first sounding profile was planned at a distance of no less than
10 m from the coastline determined based on the most up-to-date orthophotomap provided on the
Google Earth Pro. It was also assumed that the mutual distance between the sounding lines would
be 8 m for main profiles and 50 m for control profiles (Figure 1). The direction, the shape, and the
distance between sounding lines were determined based on the following standards: “IHO Standards
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for Hydrographic Surveys” [51], “NOS Hydrographic Surveys Specifications and Deliverables” [52] and “EM
1110-2-1003 USACE Standards for Hydrographic Surveys” [53], as well as national recommendations,
books, and publications on hydrography [54-56].

& Trimble.

Figure 1. The planned main profiles (blue color) and control profiles (light blue color) along with the
plotted trajectory of the Unmanned Surface Vehicle (USV) (black color) during hydrographic surveys
of the waterbody adjacent to the Sopot pier.

Before the bathymetric surveys were commenced, the measuring equipment needed to be
mounted on the USV. It comprised the following devices: a SonarMite BTX Single Beam Echo
Sounder (SBES) for depth measurements with an accuracy of 1 cm +0.5% depth; a Trimble R10 GNSS
receiver which, by using a selected GNSS geodetic network, enables the performance of
measurements in real-time with an accuracy of 1-2 cm (p = 0.95) in three dimensional coordinates;
and a 3DR PX4 Pixhawk autopilot used to control an USV in the automatic mode based on readings
from a low-cost GPS/GLONASS receiver (u-blox NEO-M8N) [57]. The geodetic receiver and the echo
sounder transducer were placed on a relatively short pole (with a length of approx. 1 m), which is
mounted in a special grip firmly fixed to the USV, i, on an H-shaped steel mounting frame
connecting both hulls. Other devices, such as an echo sounder, a GNSS receiver controller, and an
autopilot, were placed in two plastic containers protecting them against the impact of water (Figure
2) [5].

After the mounting of all measuring devices on the USV, the sensors were calibrated to verify
their correct operation and to eliminate errors. Therefore, for a SBES, three operations were
performed [58]:

1) Calibration (taring) of the vertical echo sounder.
2) Measurement of the vertical distribution of the speed of sound in water.
3) Measurement of the draft of the echo sounder transducer.

However, for the GNSS receiver, the following operations were carried out:
1) Inclinometer calibration.
2) Magnetometer calibration.
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Figure 2. Unmanned Surface Vehicle (USV) with measuring equipment mounted to it (a) and a
schematic diagram of the main components of the USV after the modernization of the control system
from remote to automatic mode (b) [57].

As regards the Proportional-Integral-Derivative (PID) controller, three controllers had to be set.
First, the throttling valve (acceleration) controller. Then, the angular velocity (following the order to
turn) controller. Finally, the navigational controller. PID controller parameters were set by a manual
method [59].

The SBES taring process was carried out on the water when the USV was situated near the
coastline at a depth of approx. 0.5 m. Initially, a wooden calibrating board was placed on the
waterbody seabed under the echo sounder transducer. The depth between the transducer and the
board was then determined. Subsequently, the depth measured using a hydroacoustic device was
compared to the depth determined with a measuring tape. When the difference between the
measured depths was greater than 1 cm, the depths recorded by the SBES were corrected.

After performing all the above-presented operations, the main part of the research was
commenced. During the tests, the USV took measurements of 21,685 points. It is particularly
noteworthy that due to the low seakeeping of the vehicle (approximately 20 kg) and the wind
prevailing in this region, it proved extremely difficult to maintain the drone along the planned
sounding profiles.

2.2. Photogrammetric Measurements Carried Out Using a UAV

On 23 November 2019, photogrammetric measurements of the area adjacent to the Sopot pier
were carried out to investigate the unique phenomenon known as tombolo which occurs in the
vicinity [24]. The study was carried out using a DJI Mavic Pro 2 UAV (Table 1) equipped with a
Hasselblad stabilized visible light camera (Table 2). The UAV used in the study is representative of
commercial platforms, designed and intended mainly for recreational flights and for amateur
filmmakers. These types of UAVs are often used for photogrammetric tasks, primarily due to their
popularity, reliability, ease of use and programming, and good study results [60,61].


http://mostwiedzy.pl

A\ MOST

J. Mar. Sci. Eng. 2020, 8, 384 6 of 16

Table 1. Selected technical data for the DJI Mavic Pro 2 Unmanned Aerial Vehicle (UAV).

Parameter Parameter value
Dimensions (length x width x height) [mm] 322 x 242 x 84
Weight [g] 907
Max ascent speed [m/s] 5
Max descent speed [m/s] 3
Max speed [km/h] 72
Max service ceiling [m] 6000
Max flight time [min] 31
Max hovering time [min] 29
Overall flight time [min] 25
Max flight distance [km] 18
Operating temperature range [°C] -10to 40
Satellite positioning systems GPS/GLONASS

Table 2. Selected technical data for the Hasselblad camera and sensor.

Parameter Parameter value
Sensor 1-inch CMOS
Effective pixels: 20 million
Pixel size [um] 241

Field Of View (FOV): about 77°
35 mm format equivalent: 28 mm

Lens Aperture: £/2.8-f/11
Shooting range: 1 m to oo
ISO range 100-12800 (photo), 100-6400 (video)
Shutter speed 8-1/8000 s
Still image size [pixels] 5472 x 3648

Single shot
Burst shooting: 3 / 5 frames
Still photography modes ~ Auto Exposure Bracketing (AEB): 3/5 bracketed frames at 0.7 EV Bias
Interval (JPEG:2/3/5/7/10/15/20/30/60s,
RAW: 5/7/10/15/20/30/60 s)
4K: 3840 x 216024 /25/30 p

Video resolution 2.7K: 2688 x 1512 24/25/30/48/50/60 p
FHD: 1920 x 108024 /25 /30 /48 /50 / 60 / 120 p
Photo format JPEG, DNG (RAW)
Video format MP4, MOV (MPEG-4 AVC/H.264, HEVC/H.265)

The photogrammetric flights were programmed and carried out at an altitude of 100 m in
accordance with the single grid plan, with a longitudinal and lateral overlap set at 65% (Figure 3a) as
a result of the compromise between required point cloud quality [62,63], computation time [64],
available time slot for the flight execution, weather and wind conditions [62], and terrain and
modeling surface characteristics [61]. Due to the extent of the area and the wind blowing at more than
5 m/s, the planned flight time exceeded the maximum safe time for the UAV used. Therefore, it was
decided to divide the area under study into three smaller testing areas. This enabled the performance
of three flights lasting for 18 min each, and the total coverage of the area under study. A total of 462
photographs were taken during the measurements.
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Figure 3. The location of the camera and the overlap (the number of images that present a particular
surface is marked with appropriate colors) (a) and the distribution of control points with the position
error indicated (the horizontal position error by the ellipse shape and the vertical position error is
presented by the ellipse color) (b).

Photogrammetric data processing was performed using Agisoft Metashape software. The
calculation process starts with importing the total number of photographs. After loading the
photographs, the process of image adjustment begins. During a flight, geographic coordinates that
are determined while the UAV’s GNSS receiver is taking a photograph are assigned to each recorded
image. Such a process, referred to as direct georeferencing [65], significantly accelerates the process
of photograph adjustment and the subsequent aerotriangulation. During the adjustment process, the
software detects tie points on subsequent overlapping images. To detect tie points, it is required that
an appropriate number of structures and textures be present in common areas recorded on several
photographs (Figure 3a). Due to the relatively low flight altitude (100 m) and the nature of the area
being recorded, it was not possible to detect tie points on the photographs that included only the
water surface area with no other fixed structures recorded. Such a situation made it possible to find
tie points and to adjust a block of images from 233 photographs. If it was necessary to image the water
surface over a larger area adjacent to the indicated structure, the flight altitude would need to be
increased so that the photographs would cover a larger area with clear fixed points. Such a procedure
is possible; however, it contributes to an increase in the field pixel, which, in the case under analysis,
decreases the quality of the photogrammetric study. The selection of the flight altitude is usually
determined by the accuracy requirements of the study, and in low-ceiling aerial photogrammetry it
is a compromise between quality and physical possibilities for performing a flight over an area under
study. The maximum flight altitude is limited by technical parameters and the duration of a UAV
flight, regulations, and the air traffic, while the minimum altitude is limited by the highest field
structures and the requirements for the safe separation of a flight from these structures. In this case,
the maximum permissible flight altitude was up to 100 m and was limited by the Military Aerodrome
Traffic Zone (MATZ).

The application of direct georeferencing enables the preparation of a photogrammetric study
(orthophotomaps, a Digital Terrain Model (DTM)) in a specific reference system (usually it is the
World Geodetic System 1984 (WGS 84) ellipsoid); however, the positioning accuracy for the GNSS
receiver mounted on the UAV does not correspond to the accuracies dedicated to surveying
applications. To obtain the expected accuracies for photogrammetric studies, it is necessary to
perform measurements of the Ground Control Points (GCPs) and use them to properly fit the
photogrammetric study. To this end, seven GCPs were used (Figure 3b), whose coordinates were


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J. Mar. Sci. Eng. 2020, 8, 384 8 of 16

determined using a Trimble R10 GNSS receiver. Control points were evenly distributed over the area
under study, which allowed accuracy of 1.56 cm Root Mean Square (RMS) to be achieved.

Results of the processing of photogrammetric measurements include an orthophotomap (Figure
4a) and a DTM (Figure 4b) of the area adjacent to the Sopot pier.

>

e
(@ (b)
Figure 4. An orthophotomap (a) and a Digital Terrain Model (DTM) (b) of the area adjacent to the
Sopot pier.
3. Results

After the completion of photogrammetric measurements using an UAV (carried out on 23
November 2019) and hydrographic surveys using an USV (carried out on 26 November 2019),
preparations began for processing them to develop a bathymetric chart of the waterbody adjacent to
the Sopot pier.

It was first necessary to remove the depths erroneously recorded by the echo sounder. The
bathymetric data processing procedure was based on rejecting measurements with gross errors e.g.,
depths which several times exceeded values in the immediate vicinity of the considered point. The
second step was measurement sampling relative to the density criterion. An acceptable distance
interval between adjacent points in the horizontal plane was set at 50 cm. The process of removing
erroneously recorded depths was carried out by a manual method using Cloud Compare software.
Next, the selected depths had to be referred to the so-called chart datum which, for the PL-KRON86-
NH height system, amounts to 508 cm [50]. To do so, the following formula should be used:

d'=—(d+Ad,, +Ad,,) 1)

ET —

where:

d' - normal height of the point measured by echo sounder in the PL-KRON86-NH height
system (cm),

d —depth measured by the echo sounder (cm),

Ad,. - draft of the echo sounder transducer (cm),

Ad., - a depth correction referred to the chart datum in the PL-KRONB86-NH height system
(cm), which needs to be added where the averaged sea level ( ESL ) does not exceed 508 cm;

otherwise, it needs to be subtracted.
The correction Ad.,, which is determined based on the following equation, requires additional

explaination:
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Ad_,) =508 cm —ds. )

where:

ds. — averaged sea level observed on a tide gauge between consecutive full hours in the PL-
KRON86-NH height system (cm). It can be determined based on the data provided by the
IMGW-PIB weather service (Figure 5).

® Sea level from sensor
485 cm

482.5cm
480 cm
477.5cm
475cm
472.5cm
470 cm

467.5cm
00:00 08:00 16:00 00:00 08:00 16:00 00:00 08:00 16:00

11-24 11-24 11-24 11-25 11-25 11-25 11-26 11-26 11-26

Figure 5. A diagram of sea level variability observed on a tide gauge in Gdynia according to the
Institute of Meteorology and Water Management—National Research Institute (IMGW —PIB)
weather service.

Bathymetric data processed in this way were loaded into the ArcGIS software.

Subsequently, the DTM adjacent to the Sopot pier, generated based on the performed
photogrammetric measurements, had to be uploaded to the ArcGIS software to create the coastline.
Similarly to the depths measured by the echo sounder, an isobath of 0 m had to be referred to the
average sea level in the PL-KRON86-NH height system. To create the coastline of the waterbody, a
tool for creating contour lines (which determines them by the interpolation method) was used.

On the other hand, the generated coastline and the selected points measured by the echo sounder
had to be reduced to a uniform geodetic reference system. Therefore, during the data processing,
inter alia, the Gaussa—Kriiger projection, the Universal Transverse Mercator (UTM) system (used for
issuing nautical charts), the PL-KRON86-NH height system, and a PL-geoid-2011 quasigeoid model,
were used [66]. After unifying the three-dimensional position coordinates, the creation of a DTM
model in the ArcGIS software began. To generate it, the natural neighbor interpolation was used, i.e.,
one of the methods for seabed modeling that is most frequently applied in hydrography [67-69]. It
should be noted that depths of the area located between the coastline and the 0.3 m isobath
(determined by the minimum range of the echo sounder) have been interpolated due to the lack of
real measurement data. Additionally, besides the DTM model, isobaths were created at 0.5 m
intervals, which were presented in the form of smooth curves using the spline method [46]. Finally,
it was decided to add the orthophotomap provided by the ESRI company to the DTM and the isobaths
marked on it (Figure 6).
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Figure 6. A bathymetric chart of the waterbody adjacent to the Sopot pier, developed based on
hydrographic and photogrammetric measurements carried out in November 2019.

It follows from Figure 6 that the tombolo oceanographic phenomenon concerned is developing
to the east of the Sopot pier. On the other hand, in the western part of the waterbody, the phenomenon
practically does not occur as the isobaths (0-3 m) are located parallel to the coastline and at equal
distances. The most noticeable differences in bathymetry can be seen between the yacht marina and
the beach located to the east of the pier. Isobaths in this region do not increase linearly as they move
away from the coastline, which results in the alternating “shallows” and “depressions” with depths
ranging from 1 to 1.5 m. On the basis of our measurement results it was concluded that for 37% of
the area under analysis, the seabed depth is no more than 1 m, while for 64% of the surface area of
the waterbody, it does not exceed 1.5 m.

However, most importantly, the depths in the yacht mooring area near the pier and the marina
range from 1 to 1.5 m, and pose a serious navigational hazard which may result in damaging the hull
structure. The draft of both sailing and motorized vessels often exceeds 1-1.5 m, thus preventing
them from sailing on these waters. It should be added that sailors may not be aware of this fact
because the official Electronic Navigational Chart (ENC) [70], developed in 2011, suggests that
isobaths increase linearly (and at equal distances) in relation to the beach coastline, and the water
depth for the berthing area ranges from 2 to 3.5 m (Figure 7). Moreover, based on the chart, it can be
concluded that the tombolo phenomenon stops developing at a distance of 300-400 m to the east from
the Sopot pier [26].
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Figure 7. A bathymetric chart of the waterbody adjacent to the Sopot pier, based on an official
Electronic Navigational Chart (ENC) from 2011.

Research has shown that, with the integration of hydrographic and photogrammetric data
obtained using autonomous unmanned measurement platforms, it is possible to carry out terrain
relief surveys at the land-water interface zone, meeting the requirements of the International
Hydrographic Organization (IHO) Special Order [51]. It was also found that the main difficulty is to
determine the depth between the coastline and the minimum depth recorded by the echo sounder
(this area is devoid of real measurement data).

4. Discussion

The article presents the methodology for carrying out measurements of the tombolo
oceanographic phenomenon using unmanned aerial and surface vehicles, based on the example of
the waterbody adjacent to the Sopot pier. In addition to the research methodology, it also presents
the measurement results carried out in November 2019 within this area.

The analyses performed indicate that currently the most effective and optimal method from the
point of view of accuracy, coverage, and rate is the realization of bathymetric surveys in ultra-shallow
waters (at depths of less than 1 m) using an USV on which a multi-GNSS receiver and a miniature
SBES or a MultiBeam EchoSounder (MBES) can be mounted [71-75]. The measurements performed
in the littoral zone can be supplemented with the use of an UAV equipped with a high-resolution
camera [76-80]. However, it should be remembered that measurements using unmanned aerial and
surface vehicles can be carried out during favorable weather conditions. Based on previous
experience, hydrographic surveys in the coastal zone with the use of a vessel weighing about a dozen
kg can be performed in small waves (sea state 0-1 in the Douglas scale) and low wind (wind strength
0-1 in the Beaufort scale). Wind blowing at 10 km/h (2 on the Beaufort scale) forms small wind waves
of 10-20 cm on the water surface, which can have an adverse effect on the vessel stability and on the
sounding profile (with no significant heel) [50]. The same applies to photogrammetric measurements
carried out using UAVs. Air missions must be carried out under appropriate meteorological
conditions [81,82]. Flights must not be performed during precipitation events, although it is possible
to perform flights under a low cloud ceiling or under foggy or windy conditions, provided that the
wind speed does not exceed 6-7 m/s. Therefore, in terms of the quality of the images taken, it is
recommended that the photogrammetric flight pass using a drone be carried out on a sunny, windless
day at the recommended low flight ceiling.

The use of unmanned aerial and surface vehicles to monitor processes in the coastal zone is a
new approach. Based on the analysis of the literature, two publications were found in which
unmanned measurement platforms were used in hydrographic and photogrammetric surveys at the
land-water interface zone [20,83]. In the article from 2018 [20] they were applied for the detection and
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mapping of beachrock formations lying on very shallow waters (0-0.7 m), while in the publication
from 2019 [83] they were used to determine the terrain relief to calculate the storage capacity loss of
water in the river. Research has shown that the use of unmanned measurement platforms in the
coastal zone is better in terms of accuracy, coverage, and rate than current solutions applied by
hydrographers, such as: the tachymetric method [1,3], the geodetic method employing a GNSS
receiver in real time [50,84], and the hydrographic method in which a manned vessel is used to
determine the water depth [10,26].

Based on the 3D map (Figure 6), it must be concluded that the tombolo phenomenon occurring
near the Sopot pier creates many problems, including a navigational hazard to sailing, particularly
in the vicinity of the yacht marina. Due to its shallow waters (1-1.5 m), this region is not suitable for
safe maneuvering of either motorized or sailing vessels. Additionally, the bathymetric data measured
in 2019 deviate by approx. 2 m from those provided on official ENC from 2011, thus possibly making
sailors unaware of this state of affairs [26]. Moreover, as demonstrated by the results of other authors’
studies, the tombolo phenomenon has an adverse effect on both the aquatic environment and
humans. It results, inter alia, in the cyanobacteria blooming and other bacteria which prevents
bathing and swimming in this region repeatedly during the year [85-87]. Additionally, despite the
positive fact that the Sopot beach is expanding (under reconstruction), in other places the sand
reaching the pier is taken away. This is particularly noticeable on the Ortowo Cliff, which is part of
the Kepa Redlowska nature reserve. The gradual sliding of the cliff is a result of the sand
accumulation near the marina in Sopot [88].

The main cause of tombolo formation in Sopot are waves coming to the coast diffracted around
the marina walls; therefore, the wave energy behind the marina wall is much smaller than the wave
energy coming from the deep sea. Reduced amount of energy in the area between the marina wall
and the coast causes the sedimentation of debris transported by waves. The mechanism of tombolo
formation between the marina wall and the coast is due to the system of double eddies (directed
towards each other) and wave diffraction on both walls, perpendicular to the shore [89].

In the next stages of the research, the authors intend to determine seasonal changes in the
tombolo phenomenon in Sopot, as well as during extreme weather phenomena such as storms. In
addition, in order to determine the depth of the shallow waterbody (between the coastline and the
minimum depth recorded by the echo sounder), it is planned to perform the analysis of high-
resolution images taken by an UAV. They will be determined based on the pixel image radiometry.
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