
Citation: Specht, M. Methodology for

Performing Bathymetric and

Photogrammetric Measurements

Using UAV and USV Vehicles in the

Coastal Zone. Remote Sens. 2024, 16,

3328. https://doi.org/10.3390/

rs16173328

Academic Editor: Kaoru Ichikawa

Received: 15 May 2024

Revised: 10 August 2024

Accepted: 19 August 2024

Published: 8 September 2024

Copyright: © 2024 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Review

Methodology for Performing Bathymetric and Photogrammetric
Measurements Using UAV and USV Vehicles in the Coastal Zone
Mariusz Specht

Department of Transport and Logistics, Gdynia Maritime University, Morska 81-87, 81-225 Gdynia, Poland;
m.specht@wn.umg.edu.pl

Abstract: The coastal zone is constantly exposed to marine erosion, rising water levels, waves,
tides, sea currents, and debris transport. As a result, there are dynamic changes in the coastal zone
topography, which may have negative effects on the aquatic environment and humans. Therefore, in
order to monitor the changes in landform taking place in the coastal zone, periodic bathymetric and
photogrammetric measurements should be carried out in an appropriate manner. The aim of this
review is to develop a methodology for performing bathymetric and photogrammetric measurements
using an Unmanned Aerial Vehicle (UAV) and an Unmanned Surface Vehicle (USV) in a coastal
zone. This publication shows how topographic and bathymetric monitoring should be carried out in
this type of zone in order to obtain high-quality data that will be used to develop a Digital Terrain
Model (DTM). The methodology for performing photogrammetric surveys with the use of a drone
in the coastal zone should consist of four stages: the selection of a UAV, the development of a
photogrammetric flight plan, the determination of the georeferencing method for aerial photos, and
the specification as to whether there are meteorological conditions in the studied area that enable
the implementation of an aerial mission through the use of a UAV. Alternatively, the methodology
for performing bathymetric measurements using a USV in the coastal zone should consist of three
stages: the selection of a USV, the development of a hydrographic survey plan, and the determination
of the measurement conditions in the studied area and whether they enable measurements to be
carried out with the use of a USV. As can be seen, the methodology for performing bathymetric
and photogrammetric measurements using UAV and USV vehicles in the coastal zone is a complex
process and depends on many interacting factors. The correct conduct of the research will affect
the accuracy of the obtained measurement results, the basis of which a DTM of the coastal zone
is developed. Due to dynamic changes in the coastal zone topography, it is recommended that
bathymetric measurements and photogrammetric measurements with the use of UAV and USV
vehicles should be carried out simultaneously on the same day, before or after the vegetation period,
to enable the accurate measurement of the shallow waterbody depth.

Keywords: bathymetric measurements; photogrammetric surveys; Unmanned Aerial Vehicle (UAV);
Unmanned Surface Vehicle (USV); coastal zone

1. Introduction

The coastal zone, i.e., the area encompassing the seashore and adjacent parts of the
land and sea, is of particular importance from the point of view of ecological and economic
policy in coastal states, due to the fact that it is rich in natural resources. This means
that approx. 50% of the world’s population lives in areas located within 100 km from the
coastline [1]. For this reason, it is necessary to conduct continuous bathymetric monitoring
and predict dynamic changes in the coastal zone topography [2].

The existing methods for carrying out geodetic and hydrographic surveys in the
coastal zone are neither highly accurate nor reliable, due to the small coverage of the
coastal strip and the lack of actual measurement data in this area. Hence, as part of the
INNOBAT project [3], it was decided to develop an integrated system using autonomous
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unmanned aerial and surface vehicles intended for bathymetric monitoring in the coastal
zone. It 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 Interna-
tional Hydrographic Organization (IHO) Special Order (horizontal position error ≤ 2 m
(p = 0.95), vertical position error ≤ 0.25 m (p = 0.95)) [4]. The INNOBAT system enables
an accurate and precise determination of the entire relief of the coastal zone based on
the data acquired by a camera, a Light Detection And Ranging (LiDAR) and a Global
Navigation Satellite System (GNSS)/Inertial Navigation System (INS), which are mounted
on an Un-manned Aerial Vehicle (UAV), as well as by a GNSS Real Time Kinematic (RTK)
receiver and a MultiBeam EchoSounder (MBES), which are installed on an Unmanned
Surface Vehicle (USV). LiDAR data allow a digital land area model to be developed. The
aerial photos taken by these cameras enable the determination of the coastline, as well as
the determination of the waterbody depth between the coastline and the minimum isobath,
recorded by an echo sounder mounted on the USV. The remaining part of the seabed is
surveyed by an integrated hydrographic system (GNSS/RTK receiver and MBES) mounted
on the USV. Further on in the process, geospatial data integration methods are employed to
develop a final Digital Terrain Model (DTM) of the coastal zone. The model generated in
this manner enables the assessment of the hydrographic and navigation conditions of a
shallow waterbody (Figure 1) [3,5]. In order to achieve the intended measurement accuracy,
hydrographic surveys using unmanned vehicles in the coastal zone should be carried out in
a strictly defined manner. Therefore, it is necessary to develop a methodology for acquiring
bathymetric and photogrammetric data using autonomous unmanned aerial and surface
measurement platforms in the coastal zone.
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Figure 1. A diagram of the operation and functioning of an innovative autonomous unmanned
system for bathymetric monitoring of shallow waterbodies (INNOBAT system) [3].

This publication is structured as follows: in Section 2, entitled “Materials and Meth-
ods”, the factors influencing the methodology for performing bathymetric and photogram-
metric measurements using UAV and USV vehicles in the coastal zone are discussed in
detail. In Section 3, entitled “Results”, a diagram of the methodology for carrying out
this type of research is presented. In Section 4, entitled ”Discussion”, the most relevant
publications regarding the methodology for performing bathymetric and photogrammet-
ric measurements in the coastal zone are described. The review ends with conclusions,
summarising the research.

2. Materials and Methods
2.1. Methodology for Performing Photogrammetric Surveys Using a UAV in the Coastal Zone
2.1.1. Selection of a UAV

UAVs are commonly used measurement platforms for acquiring photogrammetric
data. Digital cameras or laser scanners (LiDAR) combined with GNSS/INS systems have
become very popular. This combination allows very precise georeferencing of the photos or
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scans taken, which consequently enables the development of an accurate photogrammetric
compilation. Given the multitude of aerial drones available on the market, it is easy to find
a UAV in a very wide price range and then to adjust it to one’s needs [6–8].

As for the drones used for surveys, two types of technological solutions can be dis-
tinguished. The first one involves the measurement equipment forming an integral part
of a UAV, while the second solution involves the use of separate modules incorporating
survey instruments.

As regards aerial drones with integrated measurement equipment, popular solutions
are UAVs equipped with a camera, LiDAR or the GNSS/INS system. The NEXUS 800,
manufactured by HYPACK, can be mentioned here, as an example. Both a digital camera
and a LiDAR, coupled with the GNSS/INS system, are mounted on this drone. The essence
of its operation is the integration of photogrammetric data from the camera and the LiDAR,
followed by their processing using the specialised hydrographic HYPACK software [9].

The second solution, gaining in popularity, is the use of separate modules incorporat-
ing measurement equipment, which enables the complete separation of a UAV from the
research apparatus. The survey modules described here can interact with any aerial drone
that satisfies certain criteria, such as the maximum working load limit and appropriate
load space dimensions. This solution is more versatile, as it enables the use of a single UAV
for a variety of measurement purposes, depending on the module being installed [10].

An example of the application of such a solution is the INNOBAT optoelectronic
module. The module comprises nine components: a camera, a communication module, a
gimbal, GNSS/INS system, Internet modem, LiDAR, a module supporting camera and
gimbal control, a power control module, and a single-board computer. The aforementioned
components weigh approx. 5 kg, which represents the minimum working load limit of a
UAV interacting with the INNOBAT system [2].

In order to select a UAV that can serve as a carrier of measurement modules, a number
of criteria and factors that directly relate to its ability to perform the aerial mission correctly
must be taken into consideration. The most important parameters to consider when
choosing an aerial drone include the physical requirements related to the space available in
terms of the load and the maximum weight, enabling the UAV to fly safely. The weight of
survey modules is determined by the components incorporated and usually range from 2
to 5 kg. For this reason, the vast majority of UAVs available on the market will not be able
to carry out flights with advanced professional measurement instruments [11].

The weight criterion is closely linked to the maximum flight time, based on a single
battery. This parameter is important in terms of the mission duration and whether or not
a flight based on a single battery enables the entire mission, or a part, to be completed.
Figure 2 shows the dependence of the flight time on the weight of the load being carried
for selected mass-produced UAVs [10].
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It can be seen from Figure 2 that the flight time decreases with a gradual increase in
the load weight. With the maximum load applied to a UAV, its flight time is reduced by
approx. 50% in relation to a flight performed without load. Both the flight duration and the
power output of the receivers and transmitters on the drone and ground station determine
the flight range. This parameter is particularly important in a situation where the operator
is required to stay in a specific location, while the UAV needs to perform the flight along
profiles that are distant from it.

2.1.2. Photogrammetric Flight Plan

The quality of a photogrammetric compilation (DTM or orthophotomap for the coastal
zone) is affected by the geometric parameters of the photos taken by an aerial vehicle.
Therefore, the performance of photogrammetric surveys using drones should be based on a
photogrammetric flight plan containing all the technical information on the planned flight,
as follows (Figure 3) [12–14]:

1. Determination of the type of aerial photos and the method for triggering them;
2. Calculation of the Ground Sampling Distance (GSD);
3. Determination of the flight altitude of a UAV;
4. Selection of the longitudinal and transverse coverage of aerial photos;
5. Calculation of the minimum distance between flight profiles;
6. Determination of the flight speed of a UAV.
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where
Bx is the distance between points in space from which adjacent photos in a row

were taken,
By is the distance between the axes of adjacent rows,
f is the camera focal length,
I is the length of the side of the photo,
L is the field range of the photo,
Pm is the terrain surface covered by one stereogram (two photos of an object taken

from different points in space),
Pn is the new surface (terrain increment) covered by each subsequent photo,
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H is the shooting height.
The coastal zone is an area usually characterised by flat and horizontal topography.

Therefore, photos taken from a low altitude by a UAV should feature a vertical orientation
of the camera axis and a horizontal orientation of the plate frame. However, it should
be noted that images of this type cannot be taken in practice. Thus, aerial photos should
be near vertical, which means that the axis should deviate from the vertical line by 0.5◦

for a suspended camera without stabilisation, or by 1–1.5◦ for a suspended camera with
stabilisation. However, in areas with varied terrain or in areas covered by shadow, it is
recommended to take tilted images, the axis of which is deviated from the vertical line by
more than 3◦, or oblique photos, the axis of which is tilted along the vertical line by such
an angle that the horizon line is visible in the camera’s Field of View (FoV). This allows
for better “insight” into the area [15,16]. When taking aerial photos, the camera should be
levelled, e.g., using an image stabiliser (gimbal), and its sides should be oriented along the
flight direction.

Nowadays, aerial photos can be triggered by a camera in two ways. The first of them
involves triggering the camera shutter at specified time intervals, e.g., every few seconds.
In order to provide the assumed longitudinal coverage of images taken in a row, the flight
speed must be adjusted to the camera’s shutter-triggering capabilities, so that the centre
of the photos in adjacent rows, as well as the corresponding stereograms and the zones
of the triple image coverage, correspond to each other. This method for triggering aerial
photos is increasingly less commonly used in photogrammetric surveys. An alternative
solution that is commonly used nowadays is the triggering of the camera’s shutter at
pre-planned locations in space. Aerial images taken in this way are referred to as targeted
photos. Thanks to the GNSS/INS system, it is possible to trigger the camera’s shutter in
such a manner that the centre of the photos in adjacent rows, as well as the corresponding
stereograms and the zones of the triple image coverage, correspond to each other [15].

Nowadays, the vast majority of photogrammetric missions are carried out using digital
cameras. Therefore, the main qualitative parameter for evaluating photos is the GSD and
not the scale of the images, like when using analogue cameras. The field pixel size is the
distance between field points, represented by the centres of neighbouring pixels in a digital
image. A photogrammetric flight plan is mainly designed according to the GSD. For the
purpose of high-resolution photogrammetric compilations, it is assumed that the field pixel
size should be approx. 2–3 cm. The GSD can be calculated using the following formula [17]:

GSD =
H · w
f · iw

, (1)

where
GSD is the ground sampling distance,
w is the camera sensor width,
iw is the photo width.
When designing a photogrammetric pass, the flight altitude also needs to be deter-

mined. During bathymetric and topographic measurements in the coastal zone using a
UAV, it was verified that the aerial photos used to create a point cloud for a water area
using the Structure-from-Motion (SfM) method must be taken from the highest permissible
flight altitude. This is due to the fact that the so-called tie points, i.e., characteristic points
in the land or artificially signalled points, must be visible in the images in order for the
SfM algorithm to be able to merge these photos together [18,19]. Aerial photos, in which
only water is visible, while the tie points are not, cannot be merged together and, therefore,
they will not be used in the process of generating a point cloud using the SfM technique.
The effect of the flight altitude and the number of tie points on the density of a point cloud
developed for the coastal zone located at the Vistula Śmiała River mouth in Gdańsk is
shown in Figure 4. The 3D point clouds were generated using the Pix4Dmapper software.



Remote Sens. 2024, 16, 3328 6 of 26

Remote Sens. 2024, 16, x FOR PEER REVIEW 6 of 26 
 

 

When designing a photogrammetric pass, the flight altitude also needs to be deter-

mined. During bathymetric and topographic measurements in the coastal zone using a 

UAV, it was verified that the aerial photos used to create a point cloud for a water area 

using the Structure-from-Motion (SfM) method must be taken from the highest permissi-

ble flight altitude. This is due to the fact that the so-called tie points, i.e., characteristic 

points in the land or artificially signalled points, must be visible in the images in order for 

the SfM algorithm to be able to merge these photos together [18,19]. Aerial photos, in 

which only water is visible, while the tie points are not, cannot be merged together and, 

therefore, they will not be used in the process of generating a point cloud using the SfM 

technique. The effect of the flight altitude and the number of tie points on the density of a 

point cloud developed for the coastal zone located at the Vistula Śmiała River mouth in 

Gdańsk is shown in Figure 4. The 3D point clouds were generated using the Pix4Dmapper 

software. 

It can be seen from Figure 4a that the point cloud generated based on aerial photos 

taken at an altitude of 70 m enables a low level of coverage of the seabed, with the collected 

measurements. The density of the 3D point cloud may also have been affected by the small 

number of artificially signalled points (7) that were distributed along the coastline. It can 

be seen from Figure 4b that the point cloud generated based on aerial images taken at the 

maximum permissible altitude of 120 m enables full coverage of the seabed with meas-

urements at depths not exceeding 1 m. Obtaining such a dense 3D point cloud was not 

only possible due to the flight altitude, but also thanks to the large number of artificially 

signalled points (23) that were evenly distributed (approx. every 10 m) along the coastline. 

In addition, it should be noted that both the generated point clouds are dense in the land 

part of the coastal zone. 

  

(a) (b) 

Figure 4. The 3D point clouds for the coastal zone located at the Vistula Śmiała River mouth in 

Gdańsk, generated based on aerial photos taken at an altitude of 70 m (a) and 120 m (b). 

The issue of the altitude at which UAVs can fly is governed by EU legislation and 

addressed in Commission Delegated Regulation (EU) 2019/945 of 12 March 2019 on un-

manned aircraft systems and on third-country operators of unmanned aircraft systems 

[20], as well as in Commission Implementing Regulation (EU) 2019/947 of 24 May 2019 on 

the rules and procedures for the operation of unmanned aircraft [21]. It follows from the 

abovementioned legislation that the maximum permissible flight altitude using an aerial 

drone is 120 m when performing an open category operation, or more than 120 m when 

performing a specific/certified category operation. 

Figure 4. The 3D point clouds for the coastal zone located at the Vistula Śmiała River mouth in
Gdańsk, generated based on aerial photos taken at an altitude of 70 m (a) and 120 m (b).

It can be seen from Figure 4a that the point cloud generated based on aerial photos
taken at an altitude of 70 m enables a low level of coverage of the seabed, with the collected
measurements. The density of the 3D point cloud may also have been affected by the
small number of artificially signalled points (7) that were distributed along the coastline. It
can be seen from Figure 4b that the point cloud generated based on aerial images taken
at the maximum permissible altitude of 120 m enables full coverage of the seabed with
measurements at depths not exceeding 1 m. Obtaining such a dense 3D point cloud was
not only possible due to the flight altitude, but also thanks to the large number of artificially
signalled points (23) that were evenly distributed (approx. every 10 m) along the coastline.
In addition, it should be noted that both the generated point clouds are dense in the land
part of the coastal zone.

The issue of the altitude at which UAVs can fly is governed by EU legislation and
addressed in Commission Delegated Regulation (EU) 2019/945 of 12 March 2019 on un-
manned aircraft systems and on third-country operators of unmanned aircraft systems [20],
as well as in Commission Implementing Regulation (EU) 2019/947 of 24 May 2019 on
the rules and procedures for the operation of unmanned aircraft [21]. It follows from the
abovementioned legislation that the maximum permissible flight altitude using an aerial
drone is 120 m when performing an open category operation, or more than 120 m when
performing a specific/certified category operation.

When carrying out photogrammetric surveys using UAVs to take high-resolution
aerial photos, it is recommended that the flight altitude does not exceed 120 m. This is
due to the fact that the GSD increases with an increase in the flight altitude. As regards
photogrammetric surveys using LiDAR technology, aimed at surveying the relief of the land
part of a coastal zone, it is recommended that the flight altitude is lower than that for taking
aerial images. This height is determined by the operating range of the laser scanner. For
example, the Velodyne VLP-16 Lite LiDAR system, commonly used in photogrammetry,
has an operating range of 100 m [22,23]. Therefore, the flight altitude using this laser
scanner must be lower than its range of operation.

When designing a photogrammetric flight, the longitudinal and transverse coverage
of the aerial photos, among other things, need to be determined. The coverage of images is
the common part of successive photos taken in a row, i.e., along the flight axis (longitudinal
coverage), and the common part of images located in adjacent rows (transverse coverage)
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(Figure 5). The longitudinal and transverse coverage of aerial photos can be calculated
using the following formulas [24,25]:

o f orward =

(
1 −

d f orward · f
H · w

)
· 100%, (2)

oside =

(
1 − dside · f

H · w

)
· 100%, (3)

where
oforward is the longitudinal coverage of photos,
oside is the transverse coverage of photos,
dforward is the distance between successive photos,
dside is the distance between flight profiles [26].
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For the purpose of high-resolution photogrammetric compilations, it is assumed that
the longitudinal coverage of the photos should be at least 70–90%, while the transverse
coverage of the images should not be less than 60–80% [27,28]. It should be noted that in
the coastal zone, flight profiles should be oriented both perpendicular and parallel to the
coastline course.

When the longitudinal coverage of the photos (oforward), the camera height above
ground level (H), and selected technical parameters of the camera (w and f ) are known,
the minimum distance between the flight profiles (dforward) can be calculated using the
following relationship [17]:

d f orward =

(
100% − o f orward

)
· (H · w)

f
. (4)

The last parameter to be determined before commencing a photogrammetric flight is
its speed. It follows from a literature review [14,29–31] that photogrammetric flights using
UAVs can be carried out at speeds of up to 50–70 km/h. On the other hand, typical speeds
at which photogrammetric surveys are carried out using aerial drones range from 20 to
30 km/h [17].

To design a photogrammetric flight (the type of photos and method for their triggering,
GSD, flight altitude, longitudinal and traverse coverage of the images, distance between the
profiles, and the UAV’s speed), software for planning aerial missions using aerial drones
can be used. Most software of this type allow survey profiles to be designed based on
the measurement area that is visualised in an orthophotomap. The most commonly used
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software for planning photogrammetric surveys and monitoring the UAV’s position in
real-time include DJIFlightPlanner, Mission Planner (Figure 6) [32], PIX4Dcapture Pro, or
QGroundControl.
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2.1.3. Georeferencing Aerial Photos

When carrying out photogrammetric surveys, aerial photos are geometrically tied
to the control network during the aerotriangulation process. To make this possible, it is
necessary to know the three-dimensional geodetic coordinates of the points forming the
control network, the so-called photopoints. The control network that is created for the
purpose of photogrammetric compilations is referred to as the photogrammetric control
network. This control network is made up of photopoints that can be clearly identified in
the aerial photos taken [33,34].

For the purpose of photogrammetric compilations, the control network should consist
of special signal marks or natural photopoints that can be clearly identified in aerial photos.
The dimensions of the points that make up the photogrammetric control network are largely
determined by the GSD. When carrying out photogrammetric surveys from a low altitude,
it is advisable to use square signal marks (with a 20 or 30 cm side) that contrast with the
background. These marks can be painted in a chequered pattern, with fields alternating
between light (white or yellow) and dark (navy blue or black). It should be noted that the
signal marks should be painted centrically in relation to the control mark, which is usually
its geometric centre [35].

In the coastal zone, photopoints should be distributed evenly along the coastline of
the waterbody under survey, in such a manner that they are visible in the zones of the triple
image coverage. This enables multiple projections of a photopoint in aerial photos [36,37].
The points that make up the photogrammetric control network should be located in exposed
locations, on flat ground, and in close proximity to the shore, so that they are not shifted by
the wave action occurring in the surf zone in open waterbodies.

After creating the photogrammetric control network, the position coordinates of
this control network should be determined by geodetic methods, e.g., real-time satellite
positioning methods, in which the position coordinates are determined on an ongoing basis
by a GNSS receiver [38,39]. Kinematic measurement methods include the RTK technique
and the increasingly common Real Time Network (RTN). The RTN method involves the
development of correction data based on observations from not a single reference station, as
in the case of the RTK technique, but from at least several reference stations. Its advantage
is that the position error does not increase with the distance from the station (even up to
70–80 km) and that the results obtained are not worse than those generated from regular
RTK measurements. The position accuracy achieved by the abovementioned satellite
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techniques is several centimetres and is mainly determined by the Dilution Of Precision
(DOP), which describes the instantaneous distribution of GNSS constellations in the sky [40].
The second group of geodetic methods is the rapid topographic measurement method,
known as tacheometry. The tacheometric method involves the determination of the position
of a point based on the survey of horizontal and vertical angles, as well as distances, usually
carried out using a total station. This method is characterised by a high (millimetre) level
of position accuracy [41,42].

It should be noted that some modern UAVs are equipped with integrated GNSS/INS
systems that accurately determine the orientation parameters of the external camera taking
aerial photos. In this case, it is not necessary to create a photogrammetric control network,
but the direct georeferencing process should be carried out [43,44].

Direct georeferencing involves a direct survey of the external orientation of the camera
without using photopoints [45]. For this purpose, it is necessary to determine the spatial
and temporal relationships between three devices: the camera, the GNSS antennas, and
the Inertial Measurement Unit (IMU) [46]. The direct georeferencing process involves the
transformation of the vector of the image point in the camera system (rc) into a vector of
the i-th field point in the geodetic coordinate system (rm

i ) [15,47]:

rm
i = rm

GNSS/INS(t) + Rm
b (t) ·

[
λi · Rb

c · rc + ab
]
, (5)

where
rm

i is the vector of the i-th field point in the geodetic coordinate system,
t is the moment the photo was taken,
rm

GNSS/INS(t) is the vector of the IMU’s position in the geodetic coordinate system at
the moment the photo is being taken,

Rm
b (t) is the rotation matrix of the IMU in the geodetic coordinate system at the

moment the photo is being taken,
λi is the scale factor of the image of the i-th point in the photo,
Rb

c is the rotation matrix between the camera system and the IMU,
rc is the vector of the image point in the camera system (plate coordinates of the point

and the focal length),
ab is the vector of the IMU’s centre in relation to the centre of the camera projections.
There are four unknowns in Formula (5): the three-dimensional coordinates of the i-th

field point (rm
i ), and the scale factor of the image at this point in the photo (λi). The depiction

of a point in a single image allows a system of three equations, with four unknowns, to
be written down. In order to solve it, a second photo, in which the depicted point will be
visible, must be taken. This results in three more equations and one unknown (a new scale
factor). With a system of five equations with six unknowns, it is possible to determine a
vector of the i-th field point in the adjustment process [15].

In order to develop a photogrammetric product, each aerial photo must contain
information on its orientation (three coordinates, namely X0, Y0, Z0, and three angles of
rotation, namely ω, ϕ, κ). At the moment the camera shutter is triggered, the linear elements
of the camera’s external orientation, i.e., the coordinates of the camera’s projection centres,
must be measured. In addition, it is necessary to determine the camera’s inclination angles.
To measure all six elements of the camera’s external orientation (geotagging), GNSS systems
integrated with INS systems can be used. The integration of GNSS and INS systems enables
the determination of the position and orientation by continuously measuring, along three
orthogonal axes, the linear acceleration values and the angular components of the course.
Normally, aerial images, along with georeferenced data, are saved as metadata in the
Exchangeable Image File Format (EXIF).

It should be noted that GNSS antennas and the IMU are found at a certain distance
from the centre of camera projections. In addition, the axes of the camera and IMU
spatial system are rotated in relation to the camera coordinate system. Therefore, in order
to correctly determine the external orientation elements of the photos, it is necessary
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to determine the geometric relationship between individual devices before starting to
carry out photogrammetric surveys. The GNSS/INS systems that receive RTK and RTN
corrections help provide geocoded photos, whose position accuracy is a few centimetres,
and the angle accuracy is at a level of 0.005–0.01◦. Such positioning solutions completely
eliminate the need to carry out aerotriangulation [15,47].

2.1.4. Meteorological Conditions

Before starting to carry out photogrammetric surveys in the coastal zone, it is necessary
to determine whether meteorological conditions, which enable the implementation of an
aerial mission using a UAV, are present in relation to the waterbody under survey. The
main parameters that determine the feasibility of photogrammetric surveys using a drone
and their quality include the illumination value, the ratio between direct and diffuse
illumination, and the position of the Sun, as well as the weather conditions [48].

Solar energy is absorbed and diffused as it passes through the atmosphere. This is
due to the fact that the atmosphere is not an optically neutral environment, as it contains
gas molecules and water vapour, as well as dust, which cause the partial absorption and
diffusion of luminous energy. The atmospheric transparency coefficient value is largely
determined by the wavelength. Based on Figure 7a, it should be concluded that the
atmosphere is almost completely opaque for wavelengths not exceeding 300 nm. It can
then be observed that the atmospheric transparency coefficient value increases rapidly with
an increase in the wavelength. The value of this parameter at the boundary of the visible
spectrum (λ = 400 nm) is 0.58, while for the Near InfraRed (NIR) range (λ = 900 nm), its
value reaches almost 0.90. The significant attenuation of shortwave radiation and, to a
much lesser extent, of longwave radiation, is due to the phenomenon of light diffusion in
the atmosphere [48].
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It can be seen in Figure 7b that the value of the atmospheric transparency coefficient
shows seasonal fluctuations. During spring and summer (from March to June), the trans-
parency of the atmosphere in the wavelength range of 400–600 nm decreases significantly.
Therefore, taking this parameter into account, it is preferable to take aerial photos from a
low altitude, using a UAV, from September to October. However, it is important to bear in
mind that due to changes in the height of the Sun above the horizon, the time available
for taking images during the day is limited. World statistics show that the global average
flight of a drone is 5.7 h during the day, or 2.0 h during sunshine hours [49].
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The direct illumination of objects on the Earth’s surface is determined by the atmo-
spheric transparency and the Sun’s height over the horizon. The graphical relationship
between the illumination of the Earth’s surface and the Sun’s height above the horizon
is shown in Figure 8. It should be noted that these data refer to the summer season and
central European conditions.
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Figure 8. Direct illumination of the Earth’s surface as a function of the Sun’s height over the horizon
under various atmospheric conditions: high, woolly clouds in the Sun (1); no clouds in the Sun (2);
high, woolly clouds in the shade (3); no clouds in the shade (4); and full cloud cover (5). Own study
based on: [48].

Based on Figure 8, it can be observed that the illumination intensity is mainly deter-
mined by the state of the atmosphere and the height of the Sun over the horizon. Therefore,
when taking aerial photos from a low altitude using a UAV, the Sun’s height over the
horizon should be no less than 25◦ and no more than 60◦. It should also be noted that the
illumination value varies for objects located in the shade (illuminated only by reflected
and diffused light) and in the Sun (illuminated by direct sunlight). Large contrasts can be
observed in cloudless weather and high Sun that occurs during the midday hours. In such
a situation, the illumination of an object in the shade and in the Sun can differ by up to
seven times. Such significant contrast has an adverse effect on the quality of the obtained
images. Hence, it is advisable to take aerial photos in the presence of high clouds, which
increase the proportion of diffused light, thus considerably reducing contrasts [48].

When carrying out photogrammetric surveys in the coastal zone, it is advisable to use
a polarising filter on the camera. This filter only transmits light that is linearly polarised
in a selected direction, which results in the light diffused in the atmosphere (haze) being
partially absorbed by it, which is evident when photographing the sky. A polarising filter
enables an increase in the colour saturation of opaque surfaces (e.g., the green of plants)
and a reduction in reflections from transparent surfaces (e.g., the water surface) [50,51].
Based on the experience gained when carrying out photogrammetric surveys using a UAV
in the coastal zone, it was found that the use of a polarising filter on the camera allowed a
more dense point cloud to be obtained for a water area.

Another factor that determines the feasibility of an aerial mission using a UAV is wind
speed [52]. Based on a literature review [53], it is recommended that photogrammetric
surveys should be carried out in wind speeds of approx. 4–14 m/s. This recommendation
applies to all aerial drones, irrespective of their weight or size. Wind speeds exceeding
15 m/s are not recommended for carrying out aerial missions, and wind speeds above
18 m/s are considered unsafe [54,55].

Obviously, it should be remembered to carry out photogrammetric surveys in the
absence of precipitation (drizzle, rain, or snow). For example, in Poland, the aerial photog-
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raphy period lasts from the time the snow cover disappears (usually in the second half of
March) to October or November. In addition, flights using UAVs should be performed in
positive air temperatures, expressed in degrees Celsius (◦C) [15,56].

2.2. Methodology for Performing Bathymetric Measurements Using a USV in the Coastal Zone
2.2.1. Selection of a USV

Bathymetric measurements are carried out by national hydrographic offices. In Poland,
these include the Hydrographic Office of the Polish Navy, the Maritime Office in Gdynia,
and the Maritime Office in Szczecin. When carrying out hydrographic surveys in a shallow
waterbody (at depths of less than 1 m), a suitable vessel is required. It follows from the anal-
ysis of the technical parameters of the hydrographic vessels owned by Polish institutions
that none of them owns a vessel capable of carrying out bathymetric measurements in a
shallow waterbody. This is due to the excessive draft of hydrographic vessels (approx. 1 m
and more) and the possibility of damaging sensors that are usually mounted on the bow of
vessels. This has resulted in a situation where large areas exist for which no depth data
have been acquired. Consequently, as a result of such measurements, a bathymetric chart of
a waterbody is obtained, in which all the isobaths for shallow depths are equidistant from
each other. This is an effect of linear interpolation between the surveyed (most commonly
by geodetic methods) coastline and the bathymetric measurements carried out up to an
isobath of 1 m [57].

The lack of a possibility to use classic (manned) vessels when carrying out bathymetric
measurements in shallow waterbodies necessitates the search for other alternative solutions.
In the last decade, it has become popular to use USVs in hydrographic surveys [58,59],
including bathymetric monitoring of marine and inland waterbodies [60–62]. A particular
advantage of vessels of this type is their shallow draft (often 10–20 cm), which allows
them to enter a waterbody that is difficult to access due to the occurrence of shallow
water [63–65].

In this part of the review, an analysis will also be carried out of the equipment used
with USVs, which enables the performance of bathymetric measurements in shallow
waterbodies. It should be assumed that the technical equipment as part of unmanned
surface vehicles should include:

• a miniature MBES [66,67] or a Single Beam Echo Sounder (SBES) [57];
• a GNSS/INS system equipped with a RTK receiver [68].

When choosing an echo sounder, the main consideration should be the frequency
of its operation. Therefore, when carrying out bathymetric measurements in shallow
waterbodies, echo sounders operating in the high-frequency range should be used. In
addition to this, an important parameter that should be taken into account when choosing
a hydroacoustic device is its minimum operating range, which determines the minimum
depth of a waterbody that can be entered by a USV [57]. In order to record the three-
dimensional coordinates of the seabed, a miniature MBES or SBES should be coupled with
the GNSS/INS system. The main requirement to be followed when selecting an inertial
navigation system is the possibility of carrying out kinematic GNSS measurements using
the RTK or RTN technique [69,70].

2.2.2. Hydrographic Survey Plan

The quality of a hydrographic compilation (DTM) is affected by the density and
accuracy of the depth data recorded by a USV. Therefore, the performance of a bathymetric
survey using unmanned surface vehicles should be based on a hydrographic survey plan
that contains all the technical information on the planned route, as follows [35,71,72]:

1. Establishment of the IHO order for carrying out hydrographic surveys;
2. Determination of the seabed coverage with measurements;
3. Planning of the shape of sounding profiles and determination of the distance be-

tween them;
4. Assessment of the safe depth of a waterbody;



Remote Sens. 2024, 16, 3328 13 of 26

5. Determination of the speed of hydrographic surveys using a USV.

One can distinguish several international standards that set out detailed recommenda-
tions on the planning of soundings and the requirements imposed on hydrographic surveys.
The most important, and also the most popular of these, is the standard issued by IHO,
named “IHO Standards for Hydrographic Surveys” [4], which specifies, for e.g., the maximum
permissible errors in terms of the 2D position determination and depth measurement for a
confidence level of 95%, bathymetric coverage, and the maximum distance between the
sounding profiles, as well as the accuracy of determining the coastline course for five IHO
orders of hydrographic surveys, etc. (Table 1). From the perspective of the performance of
bathymetric measurements in shallow waterbodies, it seems reasonable to carry them out
in accordance with the requirements provided for the two most stringent IHO orders of
hydrographic surveys, namely Exclusive and Special Orders.

Table 1. Summary of selected requirements for IHO hydrographic surveys. Own study based on: [4].

Criterion Exclusive Order 1a 1b 2

Area description

Areas where there
is strict minimum

UKC and
manoeuvrability

criteria

Areas where UKC
is critical

Areas where UKC
is considered not
to be critical but

features of concern
in regard to surface
shipping may exist

Areas where UKC
is not considered
to be an issue for

the type of surface
shipping expected
to transit the area

Areas where a
general description
of the sea floor is

considered
adequate

THU 1 m 2 m 5 m + 5% of depth 5 m + 5% of depth 20 m + 5% of depth

TVU a = 0.15 m
b = 0.0075

a = 0.25 m
b = 0.0075

a = 0.5 m
b = 0.013

a = 0.5 m
b = 0.013

a = 1.0 m
b = 0.023

Bathymetric
coverage 200% 100% ≤100% 5% 5%

Maximum distance
between the

sounding profiles
Not specified Not specified Not specified

Three times water
depth or 25 m,
whichever is

greater

Four times water
depth

Accuracy of
determining the

coastline
5 m 10 m 10 m 10 m 10 m

It follows from Table 1 that the maximum 2D position error should be 1 m
(p = 0.95) for the Exclusive Order and 2 m (p = 0.95) for the Special Order [4]. In or-
der to meet these accuracy requirements, GNSS/INS systems, additionally supported by
RTK receivers, should be used when carrying out hydrographic surveys [69,70,73]. On
the other hand, the maximum depth error (TVUmax(d)) is determined by the depth of the
waterbody being sounded and the constants (a and b), which differ depending on the IHO
order of hydrographic surveys [4]:

TVUmax(d) =
√

a2 + (b · d)2, (6)

where
TVUmax(d) is the maximum depth error for a confidence level of 95%,
a is the depth-independent component of the measurement error,
b is the coefficient representing the depth-dependent component of the measure-

ment error,
d is the depth of the waterbody being sounded.
It follows from Formula (6) that the depth error in a shallow waterbody must not be

greater than 0.15 m (p = 0.95) for the Exclusive Order and 0.25 m (p = 0.95) for the Special
Order. These accuracy requirements apply to water areas in which full seabed coverage
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with measurements must be ensured. It is worth noting that for the most stringent IHO
hydrographic survey orders, no maximum distance between the sounding profiles was
provided [4]. This means that hydrographic surveys according to the Exclusive Order,
Special Order, or Order 1a should be carried out using an MBES [74], or a bathymetric
LiDAR [66,75].

Most of the other standards concerning the performance of hydrographic surveys refer
to the requirements provided in the IHO S-44 standard. One of them is a standard issued
by the National Oceanic and Atmospheric Administration (NOAA), named “Hydrographic
Surveys Specifications and Deliverables” [76]. However, there are certain differences between
these standards as regards the planning of sounding profiles [77]. For example, a standard
issued by the United States Army Corps of Engineers (USACE), entitled “Engineering And
Design: Hydrographic Surveying”, sets out the acceptable distance between sounding profiles
when carrying out hydrographic surveys using an MBES [78]:

O = 2 · d · tan
(

SW
2

)
· (1 − p) (7)

where
O is the distance between sounding profiles,
SW is the MBES swath angle,
P is the overlap zone between neighbouring swaths, which should be 20–100%.
Based on a literature review, it can be concluded that no international standards

concerning the performance of hydrographic surveys have specified at what angle and
in relation to what the sounding profiles should be designed. Information on this sub-
ject can be found in books, national recommendations, and publications in the field of
hydrography [77].

In addition to establishing the distance between the sounding profiles, the direction
of their course should be determined. Bathymetric measurements in shallow waterbodies
should be carried out along the main profiles, which are the primary sounding lines, and
control profiles that are designed to verify the correctness of the surveys performed. The
main profiles should be run in parallel to the coastline course, while the control profiles
should be designed perpendicular to the coastline.

The determination of the course of sounding lines is affected by the safe depth of a
waterbody, to which bathymetric measurements can be carried out using a USV. The safe
depth of a waterbody protects a vessel from running aground or hitting the hull against
the seabed. Its value should be greater than the sum of the USV’s draft and the Under
Keel Clearance (UKC). In addition, this isobath should not be smaller than the minimum
operating range of the MBES or SBES. An important element in determining the safe depth
of a water area is the assessment of the UKC, which depends on many factors, namely
the accuracy of hydrographic surveys, the determination of the tidal height, water level
fluctuations, the accuracy of determining the roll and draft of a USV, the settlement, and
the components dependent on waves, etc. [79].

The last parameter to be determined before commencing a hydrographic sounding
operation is the USV speed. It follows from a literature review that unmanned surface vehi-
cles can move at speeds exceeding 40 knots. They are classified as fast-moving USVs [80].
On the other hand, typical speeds at which bathymetric measurements are carried out
using unmanned surface vehicles range from 2 to 5 knots [58,72,81].

To determine the distance between the sounding profiles and the direction of their
course, hydrographic software for planning (distributing) sounding profiles and visualising
the position of a vessel on a map can be used. Most software of this type allow sounding
profiles to be designed based on the waterbody under survey, which is visualised on an
orthophotomap. The software most commonly used for planning hydrographic surveys
and monitoring the vessel’s position in real-time include HYPACK (Figure 9) [69], Mission
Planner, or Qinsy.
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2.2.3. Measurement Conditions

When carrying out hydrographic surveys, it is necessary to know the current water
level in the area where the measurements are being performed. Thanks to this information,
the measured depths can be reduced to the pre-determined reference level, the so-called
chart datum. The majority of national hydrographic offices assume the chart datum to be
the Lowest Astronomical Tide (LAT) [82]. It is defined as the lowest tide level that can be
predicted to occur under average meteorological conditions and under any combination of
astronomical conditions [83].

For example, in Poland, the units responsible for registering, sharing, and archiving
information on water levels are the Maritime Branches of the Institute of Meteorology and
Water Management (IMGW). Information on water levels can be obtained from stream
gauges located in harbours and ports. Stream gauging stations are equipped with an
instrument for observing water level fluctuations (staff gauge) or instruments for observing
and recording measurement data (tide gauge) and with survey markers to which the water
level is tied. One of the most commonly used stream gauges is the staff gauge. However,
it is increasingly being replaced by Automatic Telemetric Hydrological Stations (ATHS),
which enable the continuous recording of changes in the water level. ATHSs are equipped
with water level sensors and a General Packet Radio Service (GPRS) or radio modem for
transferring data to IMGW-PIB databases. Thanks to these functions, information on the
current water level is made available on an ongoing basis by the Hydro IMGW-PIB ICT
system in Coordinated Universal Time (UTC) for the last three days. It should be noted that
the above-mentioned methods enable measurement of the water level with an accuracy of
1 cm [77,84].

The water level refers to a height system in force in a particular country. For example,
in Poland, water levels should be reduced according to the PL-EVRF2007-NH height
system, which is made up of normal heights referred to as the mean level of the North Sea,
determined by the tide gauge in Amsterdam (Dutch: Normaal Amsterdams Peil) [85]. Since 1
January 2024, this has been the only height system in which normal heights in Poland are
provided [86].

It should be noted that for non-tidal waterbodies, such as, for e.g., the Baltic Sea,
the differences in water level between successive hours are negligible, amounting to a
maximum of a few centimetres [87]. However, where tidal waterbodies are concerned,
hourly water level recordings may prove insufficient for accurate height determination. In
such a situation, it is necessary to determine the current water level based on the tide table
that is issued annually by the British Admiralty [88].
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When carrying out hydrographic surveys, the determination of the interrelation-
ships between the processes and phenomena occurring in the aquatic environment is
required [89]. In addition to the abovementioned water level measurements, selected
oceanographic parameters should be measured, including the hydrostatic pressure, salinity,
sea currents, surface layer and depth temperatures, as well as wave and wind speed [77].

In the first instance, it is necessary to determine whether the hydrometeorological
conditions prevailing over the waterbody under survey enable the performance of hy-
drographic surveys using a USV. Based on the experience gained, it was found that an
“AutoDron” USV, weighing approx. a dozen kg, was not capable of carrying out bathymetric
measurements in the coastal zone involving small waves (0–1◦ on the Douglas scale) and
low wind (0–1◦ on the Beaufort scale). Winds blowing at higher speeds of 7–11 km/h (2◦

on the Beaufort scale) produce small waves up to 20 cm high. This may adversely affect
the maintenance of a USV along sounding profiles and its stability when carrying out
hydrographic surveys [90]. Therefore, before and during the performance of hydrographic
surveys, it is necessary to check what weather conditions will be prevailing over the wa-
terbody under survey. For this purpose, short-term meteorological forecasts that provide
information on the direction and strength of winds and water levels, such as, for e.g., the
Bałtyk IMGW-PIB website, can be used [91].

After determining advantageous weather conditions from the perspective of the
performance of bathymetric measurements using a USV, it is necessary to determine the
oceanographic parameters (hydrostatic pressure, salinity, temperature), which have a
direct impact on the speed of sound in water. This, in turn, affects the accuracy of depth
measurements recorded by hydroacoustic instruments [92,93]. The speed of sound in water
can be determined in a direct manner using a Sound Velocity Profile (SVP), with an accuracy
of ±0.05 m/s [94,95].

Another method for determining the speed of sound in water is a Conductivity,
Temperature, Depth (CTD) sensor designed for measuring the temperature and salinity
of water and other physical properties in the depths and on the surface of water [96,97].
Based on the physical properties measured by a CTD sensor, the speed of sound in water is
determined. It is most commonly calculated using the empirical formulas by Chen and
Millero [98,99], Del Grosso [100], Mackenzie [101,102], Medwin [103], or Wilson [104].

The most variable parameter, and the one with the greatest influence on the speed of
sound in water, is temperature. The speed of sound in water increases by an average of
4.5 m/s with a temperature increase of 1 ◦C. The second factor that has a moderate effect on
the speed of sound in water is salinity. The speed of sound in water increases by an average
of 1.3 m/s with a salinity increase of 1‰. The third factor, which has a negligible influence
on the speed of sound in water, is hydroacoustic pressure (depth). The speed of sound in
water increases by an average of 1.6 m/s with a depth increase of 100 m. Therefore, it can
be assumed that hydrostatic pressure has practically no effect on the speed of sound in
water when conducting bathymetric measurements in shallow waterbodies.

It should be noted that the speed of sound in water can be significantly affected by
short-term (daily) changes in the water surface temperature caused by the heating of the
water surface layer by the Sun (the afternoon effect) (Figure 10). The range of daily changes
in the speed of sound in water can be as high as 40 m/s during the summer season [96,105].

The last oceanographic parameter to be considered before starting to carry out bathy-
metric measurements using a USV are sea currents, which have an effect on the maintenance
of an unmanned surface vehicle along sounding profiles. It should be noted that excessively
strong sea currents may prevent the performance of hydrographic surveys in the coastal
zone. Information on the direction and speed of sea currents can be obtained free of charge
from specialised websites, such as Ocean Motion [106] or SatBałtyk [107]. These websites
provide maps of the distribution of sea currents, presenting graphically the direction of the
water flow (using arrows) and their speed (using a scale included in the diagram) [108].
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Gdańsk Bay [96,105].

3. Results

This chapter presents the stages of bathymetric and photogrammetric measurements
of shallow waterbodies using UAV and USV vehicles in the coastal zone. It should be
noted that as a result of the bathymetric and photogrammetric measurements, geospatial
data will be obtained from the onboard sensors of unmanned measurement platforms,
such as: the echo sounder, GNSS RTK receiver, GNSS/INS system, LiDAR system, and
photogrammetric camera. Then, on the basis of this data, a DTM of the coastal zone area
will be developed.

The methodology for performing photogrammetric surveys using a UAV in the coastal
zone should consist of four stages (Figure 11). First of all, choose a drone that will enable
this type of research to be conducted. When selecting a UAV, the following criteria should
be taken into account:

1. Measurement equipment. To take photos or scans of the studied area, the use of
measurement equipment is necessary, which may include a camera and/or a LiDAR
system integrated with a GNSS/INS system. This setup enables precise georeferencing
of the photos or scans taken, which ultimately allows for the development of a
photogrammetric product;

2. Maximum working load limit and appropriate load space dimensions. These are the
most important parameters that determine whether a UAV can fly safely. The weight
of the measurement modules necessary to carry out photogrammetric surveys ranges
from 2 to 5 kg. The max payload of the drone must be no less than the weight of the
measurement modules;

3. Flight duration. The maximum mission time based on one battery is closely related to
the UAV’s weight criterion. This parameter is important in the context of the flight
duration and whether the mission based on a single battery will be completed in
whole or in part.

Secondly, the photogrammetric flight plan should be prepared containing all the
technical information on the planned flight, as follows:

1. Determination of the type of aerial photos and the method for triggering them. Due to
the orientation of the camera axis, four types of images can be distinguished: vertical,
almost vertical, inclined, and oblique. The choice depends on the purpose of the
aerial photos and the terrain. When it comes to the method for triggering images, a
commonly used solution today is the triggering of the camera’s shutter at pre-planned
locations in space. Aerial photos taken in this way are referred to as targeted images.
Thanks to the GNSS/INS system, it is possible to trigger the camera’s shutter in such
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a manner that the centres of the photos in adjacent rows, as well as the corresponding
stereograms and zones of the triple image coverage, correspond to each other;

2. Calculation of the GSD. The photogrammetric flight plan is mainly designed according
to the ground sampling distance. For the purpose of high-resolution photogrammetric
compilations, it is assumed that the field pixel size should be approx. 2–3 cm;

3. Determination of the flight altitude of a UAV. Typical heights at which photogram-
metric surveys are carried out using drones are in the range 70–120 m;

4. Selection of the longitudinal and transverse coverage of aerial photos. For the purpose
of high-resolution photogrammetric compilations, it is assumed that the longitudinal
coverage of images should be at least 70–90%, while the transverse coverage of photos
cannot be less than 60–80%;

5. Calculation of the minimum distance between flight profiles. Knowing the longitudi-
nal coverage of the photos, the flight altitude, and the selected technical parameters
of the camera (camera sensor size and camera focal length), it is possible to determine
the minimum distance between the flight profiles;

6. Determination of the flight speed of a UAV. Typical speeds at which photogrammetric
surveys are carried out using drones are in the range 20–30 km/h.
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Thirdly, the method for georeferencing aerial photos should be selected:

1. Indirect georeferencing involves an indirect survey of the external orientation of the
camera using photopoints. For this purpose, a photogrammetric control network
should be established to make it possible to geometrically tie aerial photos to the
control network during the aerotriangulation process. The photopoints should be
evenly distributed along the shoreline and appropriately signalled. After creating
the photogrammetric control network, the coordinates of the points in this network
should be determined using geodetic methods;

2. Direct georeferencing involves a direct survey of the external orientation of the camera
without using photopoints. For this purpose, it is ncessary to determine the spatial and
temporal relationships between three devices: the camera, GNSS antennas, and IMU.
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In the fourth and last stage, it is necessary to determine what meteorological con-
ditions prevail in the studied waterbody and whether they enable measurements to be
carried out using a UAV. The main parameters that define the feasibility and quality of
photogrammetric surveys performed with the use of a drone are as follows:

1. Cloud cover and illumination. When taking aerial photos from a low altitude with
a UAV, the height of the Sun above the horizon should be no less than 25◦ and not
more than 60◦. Moreover, it is recommended that there are high clouds when taking
images, which significantly reduces contrasts;

2. Wind speed. Another factor determining the possibility of carrying out an aerial
mission using a UAV is the wind speed. It is recommended that photogrammetric
surveys are performed at wind speeds of approx. 4–14 m/s;

3. Other parameters. Photogrammetric surveys should be carried out when there is
no precipitation (drizzle, rain, or snow). In addition, flights using UAVs should be
performed at positive air temperatures, expressed in degrees Celsius (◦C).

The methodology for performing bathymetric measurements using a USV in the
coastal zone should consist of four stages (Figure 12). First of all, choose an unmanned
vessel that will enable this type of research to be conducted. When selecting a USV, the
following criteria should be taken into account:

1. Draft of a vessel. When carrying out bathymetric measurements in shallow waterbod-
ies, it is recommended to use unmanned vessels with the smallest possible draft in
order to measure as large an area near the shore as possible;

2. Measurement equipment. To conduct bathymetric surveys, the use of measurement
equipment is necessary, which may include a miniature MBES or SBES coupled with
a GNSS/INS system, equipped with a RTK receiver. Such hardware integration
enables precise depth measurement, which ultimately allows for the development of
an accurate bathymetric chart.
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Secondly, the hydrographic survey plan should be prepared containing all the technical
information on the planned route, as follows:

1. Establishment of the IHO order for carrying out hydrographic surveys. From the
point of view of the accuracy of bathymetric measurements in shallow waterbodies, it
seems reasonable to conduct them in accordance with the requirements provided for
the two most stringent IHO orders of hydrographic surveys, namely Exclusive and
Special Orders;
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2. Determination of the seabed coverage with measurements. Depending on the IHO
order of hydrographic surveys, appropriate seabed coverage with measurements
should be ensured. For IHO Exclusive and Special Orders, full bottom coverage by
surveys is required;

3. Planning the shape of sounding profiles and determination of the distance between
them. In order to ensure appropriate seabed coverage with measurements, the dis-
tance between sounding profiles and the direction of their course should be deter-
mined. Bathymetric measurements in shallow waterbodies should be carried out
along the main and control profiles;

4. Assessment of the safe depth of a waterbody. Its value should be greater than the sum
of the USV’s draft and the UKC. Moreover, the isobath should be no less than the
minimum operating range of the MBES or SBES;

5. Determination of the speed of hydrographic surveys using a USV. Typical speeds at
which bathymetric measurements are carried out with the use of USVs amount to
2–5 knots.

Thirdly, it is necessary to determine what measurement conditions prevail in the
studied waterbody and whether they enable surveys to be carried out using a USV. The
main parameters that define the feasibility and quality of bathymetric measurements
performed with the use of an unmanned vessel are as follows:

1. Water level. When carrying out hydrographic surveys, it is necessary to know the
current water level in the area where measurements are to be taken. Thanks to this
information, the measured depths can be reduced to the chart datum;

2. Hydrometeorological conditions. These conditions mainly determine whether hy-
drographic surveys using a USV can take place. It is recommended to carry out
bathymetric measurements in the coastal zone with small waves (0–1◦ on the Douglas
scale) and low wind (0–1◦ on the Beaufort scale);

3. Oceanographic parameters. It is necessary to determine the pressure, salinity, and
temperature, which have a direct impact on the speed of sound in water. This in
turn affects the accuracy of the depth measurements recorded by the echo sounder.
Moreover, before carrying out bathymetric measurements using a USV, it should be
defined whether there are sea currents in the studied waterbody. They have an impact
on the maintenance of an unmanned vessel along sounding profiles.

Due to dynamic changes in the coastal zone topography, it is recommended that bathy-
metric measurements and photogrammetric measurements using UAV and USV vehicles
should be carried out simultaneously, on the same day. Moreover, when choosing the date
for carrying out the research, the vegetation period should be taken into account. Bathy-
metric and photogrammetric surveys should be conducted during the early vegetation
of plants (until mid-May or June), or after the end of plant vegetation (from September).
This is due to the fact that as a result of the intensive growth and development of plants,
water blooms may occur, which makes it impossible to accurately determine the depth of
shallow waterbodies.

4. Discussion

Although bathymetric and topographic monitoring in the coastal zone is becoming
more and more popular, there are no publications that describe in detail how to conduct
this type of research using UAV and USV vehicles.

The closest resources in this respect are the guidelines created by the NOAA [109],
which describe the methodology for performing photogrammetric surveys, the aim of
which is to develop a bathymetric chart for a shallow waterbody based on a UAV point
cloud, generated using the SfM technique. The Authors of this publication determined
what measurement equipment is necessary to carry out bathymetric and photogrammetric
measurements, as well as which parameters have a decisive impact on the success of
an aerial mission. When choosing a drone, the following criteria should be taken into
account: the method of georeferencing aerial photos, flight duration, takeoff and landing
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requirements, the method of conducting a flight mission, airframe size and weight, battery
capacity, as well as wind and weather resistance, etc. In addition, the technical parameters
that should be taken into account when choosing a photogrammetric camera are speci-
fied. The most important of parameters include timestamping, the camera sensor size and
type, camera shutter, camera lens, and camera cycle rate, as well as gimbal and vibration
damping. The measurement conditions under which it is recommended to conduct bathy-
metric measurements using a UAV are also defined. The following factors influence the
success of such research: water clarity, bottom texture, wave conditions, tides and wind
conditions. Moreover, it was shown how to plan and execute photogrammetric surveys
using a drone in the coastal zone. When planning a flight mission, the following aspects
must be performed or specified: the area of interest size, takeoff and landing location, flight
line overlap/sidelap, altitude, water surface reflections, GCP locations, and instantaneous
water level, etc.

Specht et al. [77] proposed an effective and optimal method for performing bathymetric
measurements to enable territorial sea baseline determination in selected waterbodies in
Poland. Such research presents a method for planning hydrographic surveys using both
manned and unmanned vessels, defines the oceanographic parameters that should be
determined before and during bathymetric measurements, as well as a method of choosing
the measurement equipment used in hydrographic surveys involving shallow waters.
Research has shown that using an unmanned vessel, on which a multi-GNSS receiver and
a miniature MBES or SBES can be installed, is currently the optimum and most effective
method for determining the territorial sea baseline.

In other publications, such as [90,110,111], the aim of which was not to present the
methodology for performing bathymetric and photogrammetric measurements in the
coastal zone, the general method for conducting this type of research was presented.

5. Conclusions

The aim of this review was to develop a methodology for performing bathymetric
and photogrammetric measurements using UAV and USV vehicles in the coastal zone.
As can be seen, the proposed methodology is a complex process and depends on many
interacting factors. Correct conduct of the research will affect the accuracy of the obtained
measurement results, based on which a DTM of the coastal zone is developed.

The methodology for performing photogrammetric surveys using a UAV in the coastal
zone should consist of four stages. First of all, choose a drone that will enable this type of
research to be conducted. When selecting a UAV, the following criteria should be taken
into account: the measurement equipment, maximum working load limit, appropriate load
space dimensions, and flight duration. Secondly, a photogrammetric flight plan should
be prepared containing all the technical information on the planned flight: determination
of the type of aerial photos and the method for triggering them, calculation of the GSD,
determination of the flight altitude of a UAV, selection of the longitudinal and transverse
coverage of aerial photos, calculation of the minimum distance between flight profiles, as
well as determination of the flight speed of a UAV. Thirdly, the method for georeferencing
aerial photos should be determined. In the fourth and last stage, it should be specified
whether there are meteorological conditions in the studied area that enable the implemen-
tation of an aerial mission with the use of a drone. The main parameters that define the
feasibility and quality of photogrammetric surveys performed using a UAV are: cloud
cover and illumination, wind speed, as well as other parameters, such as air temperature
and precipitation.

The methodology for performing bathymetric measurements using a USV in the
coastal zone should consist of four stages. First of all, choose an unmanned vessel that will
enable this type of research to be conducted. When selecting a USV, the following criteria
should be taken into account: draft of a vessel and the measurement equipment. Secondly,
a hydrographic survey plan should be prepared containing all the technical information
on the planned route: establishment of the IHO order for carrying out hydrographic
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surveys, determination of the seabed coverage with measurements, planning the shape
of sounding profiles and determination of the distance between them, assessment of
the safe depth of a waterbody, as well as determination of the speed of hydrographic
surveys with the use of an unmanned vessel. Thirdly, it is necessary to determine what
measurement conditions prevail in the studied waterbody and whether they enable surveys
to be carried out using a USV. The main parameters that define the feasibility and quality of
bathymetric measurements performed with the use of an unmanned vessel are: the water
level, hydrometeorological conditions, as well as other oceanographic parameters, such as
pressure, salinity, temperature, and sea currents.
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