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Resume
The purpose of this paper was to determine the usability of unmanned 
hydrographic drones and photogrammetric techniques during the conduct of 
work, the results of which are potentially to serve as navigational materials 
in areas that, due to their characteristics, make it impossible to carry out 
research using crew vessels and direct shoreline determination. In order to 
prepare and carry out the measurement campaign with the greatest possible 
accuracy and safety, the authors of the article decided to determine the 
shoreline of the analyzed reservoir using photogrammetric methods. The 
use of satellite images allowed the border between land and water to be 
identified as precisely as possible, which had a direct impact on the accuracy 
of relating depth data to their location on Earth's globe. Use of unmanned 
vessels and orthophotos can find practical application when navigating 
vessels during maneuvers required high precision.
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vessels. Additionally, the technical characteristics of 
such hydrographic devices also allow for quick launching 
and therefore allow for easy, relatively fast and frequent 
update work.

Hydrographic surveys should not only provide 
adequate accuracy in measuring the depth of the body 
of water being surveyed, but also maintain the required 
positioning accuracy. For that reason, depth sounders, 
such as single beam echo-sounders (SBES) and multi-
beam echo-sounders (MBES), are commonly used when 
conducting bathymetric surveys of marine and inland 
areas [17-20]. In addition, Global Navigation Satellite 
System (GNSS) receivers based on Differential Global 
Positioning System (DGPS) or Real Time Kinematic 
(RTK) solutions are used to determine position 
coordinates [21-25].

Bathymetric maps of ultra-shallow water areas, 
created by unmanned craft, answer the growing accuracy 
requirements of the International Hydrographic 
Organization. Such hydrographic studies also serve to 
supplement surveys made using the manned craft in 
areas that are difficult to reach, as well as operators 
making direct [26]. The accuracy requirements for both 
depth measurements and positioning are described in 
document S-44 issued by the International Hydrographic 
Organization [27].

Despite their small size and high mobility, drones 
have limitations that apply to all the watercraft. The 
fact is that the technical characteristics of this type of 

1	 Introduction

A  significant threat to maritime and inland 
waterway transport is the phenomenon of ships running 
aground [1-2]. The depth of even small water surfaces 
can change dynamically over several meters toward 
shore. Therefore, in order to safely maneuver a  vessel 
on a water reservoir, it is important to know the shape 
of its bottom [3-4]. Depth information is obtained by 
taking hydrographic measurements. Their results allow 
ship captains to plan and execute the course of mooring 
maneuvers in the most optimal way. In addition to high 
accuracy, the actuality of the research is also important. 
Inland reservoirs, as well as small harbor facilities, are 
characterized by relatively high changeability, so it is 
required to update hydrographic studies with adequate 
frequency [5-6].

Manned hydrographic units are used in areas that 
are deeper than 1 meter. Unfortunately, in cases where 
the depth falls below the indicated value, the technical 
specifications of the vessels make it impossible to 
conduct the surveys effectively and safely. Therefore, 
there is a need to improve hydrographic survey methods 
to obtain accurate bathymetric surveys, in areas with 
high variability and low depth values. To fully cover the 
bottom of ultra-shallow water bodies, unmanned craft, 
both floating [7-11] and flying, are increasingly being used 
[12-16]. The construction and size of such drones allow 
surveys to be conducted in areas inaccessible to manned 
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Due to water movement, the shape of the coastline 
may be deformed and movable features such as floating 
platforms may change their position [29]. Such changes 
can affect the accuracy of results and if the differences 
were significant, designing survey profiles based on 
outdated data can even lead to a damage to the unit.  

Due to the above, the aim of this paper was to 
present the results of bathymetric measurements of 
the Wilenska reservoir in Gdansk using the integrated 
hydrographic and photogrammetric methods. The results 
of the work can be used in carrying out measurements 
in similar areas, characterized by shallow depths and 
places inaccessible to other vessels and operators, as 
well as for the development of hydrographic studies. The 
use of hydrographic drones is especially useful when 
surveying such areas as marinas, harbor approach 
lanes, near-shore areas, small inland reservoirs, and 
the immediate surrounding of moored vessels, hydro-
technical structures-such as caps and piers.

2	 Materials and methods

2.1 	Methodology of conducting bathymetric 
measurements using an USV

Preparing the vessel for the survey was based on 
defining the survey profiles along which the device 
was to move. Motion trajectories can take many forms. 
Depending on the need, trajectories can be used: parallel 
or spirals. A unit moving according to the parallel profiles 
measures from shore to shore, while the spiral lines 
resemble tapering squares. Figure 1 shows examples of 
survey lines [30].

The survey profiles presented above are for 
illustrative purposes only, therefore they may be freely 
modified, depending on the needs of the conducted 

equipment make it possible to perform measurements 
in places that are inaccessible for operators performing 
direct surveys, as well as for the manned units. Even 
so, it is impossible to fully cover the entire surface of 
the water surface where measurements are planned. 
Additional problems are measurement errors and 
vehicle deviations from the planned course. These cause 
that the obtained map of water reservoir is different 
from the actual state. In order to increase the accuracy 
of conducted campaigns, orthophotomaps can be used, 
thanks to which it is possible to obtain an image of the 
entire surface of the examined reservoir. Such a solution, 
thanks to relating objects presented on the photomap 
to localization coordinates, allows to determine the 
course of the coastline exactly on the land-water border. 
Another significant benefit of the photogrammetric 
methods is that they depict all or a  significant area of 
the study area [28]. Consequently, it is possible not only 
to determine the coastline, but to find out if there are 
any other objects or surface elements on the surface 
of the reservoir, as well, that may affect the research 
being conducted. In addition, it is worth noting that 
orthophotos are easily available and provide relatively 
high accuracy. With the use of studies available through 
free programs, it is possible to determine the position of 
the indicated point with an accuracy of several m. These 
advantages make photogrammetric images extremely 
useful and helpful materials during the preparation 
and realization of survey campaigns, even though they 
are not directly used in depth measurements. Despite 
the many advantages of using the satellite imagery in 
coastline determination, attention must be paid to its 
actuality. Due to possible changes that may occur in and 
around the reservoir, before designing the survey lines 
based on orthophotomaps, it is necessary to ensure that 
the images represent the actual status of the reservoir. 

Figure 1 Examples of sounding lines during the bathymetric measurements [30]
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accuracy reached 10 - 20 mm. Another advantage, 
resulting from the use of GNSS systems, was the 
ability to use an average of 16-20 satellites in the real 
time for receiving location data. The echo-sounder and 
satellite receiver were configured with a  controller 
before the measurements were made. The transducer 
was connected to the echo sounder using a waterproof 
cable with IP67 protection class. The receiver and echo 
sounder with the controller were connected to each other 
via a Bluetooth system. In addition to manual control, 
3DR’s PiXHawk autopilot was used during research. 
To make the autonomous system usable, modifications 
had to be made. Before the rebuild, each float operated 
independently, which made it impossible to use an 
autonomous system [32]. The accuracy parameters 
given above fulfill the International Hydrographic 
Organization (IHO) standards as described in document 
S-44. When measurements were conducted, 1500 m/s 
was taken as the speed of sound in water. This 
value was not determined experimentally because the 
maximum depth of the studied water area was 1.5 m, so 
the measurement error was a few m. Carrying out the 
survey work took about 2 hours. Due to the minimal 
operating range of the echo sounder, the smallest 
measured depth value was 200 mm. To enable the 
collection of location data it was necessary to connect 
with the reference station in Gdansk. For this purpose, 
a commercial real-time RTK service was used, provided 
by VRSNet.pl company. The connection was made using 
the General Packet Radio Service (GPRS) cell phone 
network, and the data from the measurements were 
recorded on a memory card installed in the receiver in 
a file with the extension job.

2.3	 Determination of the shoreline of a retention 
reservoir using the photogrammetric method

In order to carry out the measurements that 
were the objective of this research, the coastline of 
the retention reservoir at Wilenska Street in Gdansk 
Morena was measured. Due to the characteristics of the 
study area, photogrammetric images taken by a satellite 
were used to determine the shoreline. It was done by 
using the free computer program Google Earth Pro. 
Using the tool: Add Marked Sites; the border of surveyed 
water area was determined. This activity consisted of 
manually marking the contour of the water reservoir 
using points marks. These points had to be made with 
appropriate density and taking into consideration where 
the shoreline was more diverse. A satellite image, taken 
on 30/05/2018, was used to determine the shoreline. This 
image was taken by the Landsat 8 satellite, which is 
used by Google Earth when capturing satellite images. 
The use of Landsat 8 satellite enables the collection of 
images with a  resolution of 15 m per pixel [33]. Data 
about the reservoir was exported from Google Earth Pro 
and entered into the Trimble Business Center software, 

measurements. Another aspect, regarding the use of 
unmanned vessel for bathymetric surveys, is the need 
to consider the weather conditions in the area where 
the surveys are to take place. Due to the small size 
of a  device there is a  risk that its trajectory may be 
modified by waves or wind. Due to that, measurements 
should be made at the lowest possible values of the 
Douglas and Beaufort scales [30]. Other factors that 
may influence the measurement result are: the speed 
of sound propagation in water (fluctuation may be daily 
or seasonal) and the current water level [30].  After 
taking into account the above mentioned factors, as well 
as determining the water conditions, it is necessary to 
carry out a calibration of the equipment used, which can 
be divided into activities related to preparation of the 
echo sounder and the GNSS receiver [31]:

Preparing the echo sounder to take measurements 
involves the following steps: 
•	 calibration (taring) of the vertical echo sounder
•	 measuring the speed of sound propagation in water;
•	 measuring the depth at which the sonar transducer 

is located;
Preparing a satellite receiver requires:

•	 inclinometer calibration;
•	 magnetometer calibration.

A manned base unit should also be used during the 
hydrographic surveys. Besides taking measurements 
in open areas, it also acts as a  safety backup for the 
unmanned vehicle. When conducting measurements 
in a  small water area, it is enough for the operator to 
monitor the drone from the shore position [31].

2.2	 Bathymetric measurements  
of the retention reservoir bottom shape using 
the hydrographic method

The device used to perform the measurements 
described in this article was a  HyDrone catamaran 
made by Seafloor System Inc. The basic element of the 
drone’s construction are two floats made of the high-
density polyethylene (HDPE), which is resistant to 
environmental conditions and mechanical factors [32]. 
The floats are connected by an H-shaped frame made 
of aluminum. The unit has the following dimensions: 
length 1.1 m, width 0.7 m, draft about 100 mm. The mass 
of the unit is approximately 25 kg. 

A  SonarMite v2.1 vertical echo-sounder was used 
for the measurements. The sonar operated at 200 kHz 
and the minimum depth that could be measured was 
300 mm. When it is necessary to take measurements 
in shallower areas, it is recommended to use the 
direct method. Measurement uncertainty during sonar 
operation was 10 mm ±0.5 % of the depth. The Trimble 
R10 GNSS receiver and the Trimble TSC3 controller 
were used to determine the position of the entire set. 
The satellite receiver provided reception of all GNSS 
global navigation satellite systems, so the positioning 
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processing of the obtained data took place, according to 
the parameters shown in Table 1.

Using the above parameters, World Geodetic System 
1984 (WGS-84) ellipsoidal coordinates were transformed 
to plane coordinates in the PL-2000 system. Based 
on the available material, a  bathymetric map was 
created and exported to .kmz format. This extension 
is supported by the Google Earth Pro, which was 
used because of its universality, intuitive interface and 
simplicity of data representation. The result of the study 
is shown in Figure 3.

The measurements made it possible to determine the 
size of the reservoir, as well as to create a bathymetric 
map and a  model with isobaths. As per the results, 
the reservoir has a size of 1.19 ha, its maximum depth 

providing the reservoir shoreline. The result of the work 
is shown in Figure 2.

3 	 Results

In order to process the data, a  measurement 
campaign was used that was carried out on 03.09.2016 
Its aim was to create a numerical model of the bottom 
on the TIN triangular grid and a  bathymetric map of 
the studied reservoir [32]. The campaign consisted of 
2222 measurement points, which were acquired by an 
unmanned unit operating in both manual and automatic 
mode. In order to process the measurement points 
Trimble Business Center software was used, where the 

Figure 2 Mapped shoreline using the “Google Earth Pro” software

Table 1 Data processing parameters during reservoir shoreline measurements [32]

Parameter Data
Country Poland
System/zone 2000/18
Reference ellipsoid WGS 84
Ellipsoid semi-major axis 6378137 [m]
Ellipsoid flattening 0.00335281067183 
Projection Gauss-Kruger
Latitude of origin 0
Central meridian 18
False Northing 0
False Easting 6 500 000
Scale factor 0.999923
Azimuth North
Grid orientation Rising northeast
Transformation of elevation Geoid
Geoid model PL-geoid-2011
Reference system Kronstad
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4	 Discussion

Due to the low level of seaworthiness of the vessel 
used during the survey campaign, special attention 
should be paid during the planning of bathymetric 
surveys. Because of the technical limitations of the 
vessel used, the tests should be carried out in the as 
windless weather as possible and with the lowest waves 
of water. Therefore, the date of the survey cannot be 
chosen randomly, but has to consider weather forecasts 
and there is still a risk that the survey work will have to 
be postponed or cancelled.  Another important aspect of 
planning and execution of the surveys is to ensure that 
the satellite images used for the sounding profiles are 
as up-to-date as possible and correspond with the actual 

reaches 1.57 m and its length is 525 m. A characteristic 
feature of the investigated artificial reservoir is its 
steepness, which causes that in the distance of 4-8 m 
from the shore a suddenly increased depth to the value 
of 1.4 m can be observed. Upon reaching this value, 
the tank bottom assumes a  flat characteristic.  In the 
area of the bottom flattens, the depth of the water body 
oscillates between 1.4 and 1.57 m, this range represents 
50.29 % of the surveyed area. This specification of the 
reservoir bottom regarding its steepness is an example 
of how important it is to conduct the bathymetric 
measurements in shallow water areas. Due to the 
significant change in depth, maneuvering vessels in such 
waters may be associated with a risk of damage. Figure 
4. shows the map with the isobaths applied.

Figure 3 Isobaths applied to satellite image in Google Earth Pro with depth interpretation

Figure 4 Bathymetric (contour) map of the retention reservoir at Wilenska Street, in the 2000 layout
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5	 Conclusions

The use of such units, as the unmanned hydrographic 
drone described in this article, significantly contribute to 
increasing the detail of mapping and other bathymetric 
studies. Due to the unit’s shallow draft, it was possible 
to collect depth data, with values of less than 1 m, and 
represent them on the Earth’s surface. The acquired 
data were used to create maps whose depth level is 
currently unattainable for any institution involved in 
bathymetric measurements in Poland. 

The results obtained during the measurement 
campaign ranged from 300 to 1570 mm. Such detailed 
maps significantly reduce navigators’ uncertainty when 
guiding vessels in areas where accurate determination 
of the water supply under the keel is critical. During 
the ship mooring in port and other such maneuvering 
operations, the draft value often closely approximates 
the depth in a  given area. For this reason, from 
the navigator’s perspective, it is necessary that the 
information about the depth at which he operates is 
reliable and allows for safe operation of the vessel. 
Therefore, the use of unmanned hydrographic drones 
increases safety and reduces the time needed to plan 
and execute maneuvers in closed waters and activities 
related to port entry. Despite the fact that the crew of 
vessels in many cases has a  depth sounder on board, 
the use of a  map in which the smallest depth values 
occurring in a given area are included allows for more 
efficient, faster and safer planning of the vessel’s course. 

Usage of unmanned watercraft significantly increases 
cognitive capabilities when conducting bathymetric work 
in ultra-shallow waters. As a  result of technological 
development, depth measurements are becoming more 
and more precise, therefore it is reasonable to increase 
the accuracy of the other acquired data, having a direct 
or indirect impact on the final effect of the studies 
created based on the conducted measurements. Due to 
increasing opportunities for depth measurements in the 
immediate nearshore and shallow areas of the reservoir, 
increasing the precision of the shoreline delineation is 
complementary to the depth and positioning results 
obtained. In order to determine the borders of the 
measured reservoir as precisely as possible, the authors 
of the paper decided to use orthophotomaps. A significant 
advantage of this method is the ability to obtain an 
image of the entire water body, resulting in the ability 
to quickly determine the border of the entire water 
area. Current satellite systems used to create this 
type of study provide a  high degree of accuracy in 
determining the coastline (several tenths of a  mm). 
However, the usefulness of photometric systems depends 
on their actuality. To make their use possible during the 
planning and realization of measurement campaigns, it 
is necessary for orthophotomaps to present the actual 
condition of the reservoir, as well as the equipment and 
infrastructure located on it. Special attention should be 
paid to items that may change their position. 

condition of the water surface. Attention should be paid 
to the shape of the shoreline, as well as the presence of 
various elements on and below the water surface, such 
as piers, ships and underwater elements of the quay 
structure. In the case of using outdated photos, there is 
a risk that due to the planning of the survey trajectory 
on their base, the unit may be damaged by terrain 
obstacles and in the worst case - completely broken. 
This is especially important in areas such as harbors 
and marinas where there are many moving parts, 
such as floating piers. The solution to this problem is 
to go to the place of measurement and directly verify 
the validity of available satellite images. In addition, 
the autopilot that was planned to be used to guide the 
vessel during the survey was not designed to operate in 
water conditions, due to which rounding of the sounding 
profiles occurred. In addition, the GPS receiver showed 
an inaccurate position with an error of several meters. 
The reason for this problem was the dedicated modem 
used for the pixhawk autopilot. Despite the difficulties 
mentioned, the measurements were carried out with 
acceptable accuracy. It is also worth noting that within 
2 hours it was possible to measure an area of 1.17 ha. 
Therefore, it would take just over 3 hours to survey 
the entire area of a  yacht marina like Puck. During 
the preparation, implementation and development of 
measurements, document S-44 was adopted as the 
document standardizing the methodology and accuracy 
of surveying [IHO, 2020]. Although this document 
does not include standards for performing this type of 
work in inland waters, it is the most widely used and 
internationally recognized document in the context of 
bathymetric surveying. Considering that potentially 
this drone is to be used in areas that are under IHO 
recommendations, the inclusion of the S-44 standard, 
in the research presented above will enable future use 
of the device to make measurements where the specific 
accuracy will be required. In the context of further 
development of the described device, it should also be 
noted that the values obtained above cover depths of 
less than 1 m. Research work in such shallow waters is 
significantly complicated by the construction of classical 
survey vessels. However, due to its low draft, as well as 
its small size, the unmanned hydrographic drone used 
for the purpose of this research works well in areas 
inaccessible to other crafts. The fact that the work was 
conducted in an area characterized by shallow depths 
makes the accuracy of the data obtained extremely 
important. When creating such accurate maps, even 
small differences between the actual state and the 
value obtained through measurements can affect the 
usefulness of such studies, as well as the safety of 
navigation. Bathymetric studies of ultra-shallow waters 
can become outdated relatively quickly due to wave 
motion and movement of the surface layer of the bottom, 
such as sand. In order to maintain the use value of this 
type of study, control measurements should be taken 
relatively frequently.  
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a  solution for measurements in areas inaccessible to 
conventional vessels, their size, maneuverability and 
easiness of operation make it possible to measure in 
shallow and inaccessible areas. In addition, use of 
the photogrammetric systems allows, when the study 
area is extended to include the ultra-shallow places, to 
increase accuracy of the shoreline and other parts of 
the studied body of water determination.
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To ensure that the bathymetric studies, created 
using a  hydrographic drone, maintain the required 
level of map coverage with the actual condition of the 
water bottom, care must be taken to systematically 
work on updating the results. This fact causes that 
the most frequent updating works are recommended, 
nevertheless that their frequency depends on technical 
possibilities, needs, and the type of measured reservoir 
and its bottom, as well. Due to the small size of 
these units, their easy launch and ability to work 
in autonomous mode, measurement campaigns 
can be carried out in a  relatively short time. The 
use of autonomous units is a  good supplement to 
data collected by the conventional manned water 
vehicles. Therefore, the hydrographic drones provide 
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