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Abstract: Pollution in the Port of Gdynia can encompass various types of substances and contaminants
that affect the quality of water and sediment in this region. Ships entering and leaving the port can
release pollutants such as oil, fuel, waste, and chemicals into the water. Controlling and monitoring
these pollutants is a crucial part of environmental stewardship. In recent years, uncrewed units have
been increasingly in use for in situ water and sediment sampling. Boat-based water sampling crews
face significant safety risks at sea. Eliminating the need for a boat-based sampling crew, uncrewed
units allow sampling from locations that are difficult to access by traditional sampling methods. To
validate the HydroDron-1 method, water samples and bottom sediments were collected from five
basins in the Port of Gdynia using the HydroDron-1 method and accredited sampling methods. The
values of measured parameters were similar for both methods. Using the HydroDron-1 method at
the Port of Gdynia has the potential to improve safety while reducing sampling costs and increasing
data collection. The project was implemented as part of the POLNOR 2019 Call program, announced
by the National Center for Research and Development (NCRD): “Marine port surveillance and
observation system using mobile unmanned research units” NOR/POLNOR/MPSS/0037/2019.

Keywords: water pollution; sediment pollution; HydroDron-1; measurement; marine port; GIS

1. Introduction

The Port of Gdynia is one of the most significant Baltic seaports. It is situated in the
central part of the southern Baltic coast, strategically located in the Gulf of Gdańsk and
surrounded by the city center of Gdynia. The port of Gdynia is a part of the goods supply
system necessary for the functioning of the economy and the creation of a sustainable society
as it is a key link in Corridor VI of the Trans-European Transport Network (TEN-T) [1,2]. The
transport of environmentally hazardous products in the Baltic Sea area has increased in recent
years [3].

The main goal of the POLNOR 2019 Call project “Marine port surveillance and obser-
vation system using mobile unmanned research units” (MPSS) is to build an integrated
tool as an IT system providing efficient management of surveillance activities in the Port
of Gdynia. They include real-time monitoring of hydrodynamic conditions, i.e., current
and waves, oil spill detection for the port area and conducting standardized tests of water
quality and bottom sediments for the determination of changes in the content of nutrients,
petroleum substances and persistent organic pollutants in water and port sludge. The
autonomous unit is foreseen for conducting bathymetric measurement cycles to verify the
shape of the ground and the current deposition of sediments, as well as collecting samples
for physicochemical tests with respect to presence of several substances and pollutants.
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Also, the 3D hydrodynamic, water quality and water oil spill model will be utilized to
forecast the ecological status for the Port of Gdynia. One of the main tasks of the project
is the development of the geo-warehouse allowing the storage of the surveillance data,
the analysis of them, and the dissemination of the processing results. The geo-warehouse,
accompanied by a friendly interface containing the Web-GIS component and allowing
comprehensive management of data, will be interoperable across various data models
and sources. Examples of the MPSS system user interface functions are presented in
Figures 1 and 2. Figure 1 shows the form containing the information corresponding to
a given measurement sample and an analysis method, along with the map of the port
area created by the Web-GIS component, presenting the acquisition locations of water and
sediment samples. Figure 2 presents the 3D view of the bathymetry map for the main route
in the Port of Gdynia.
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One of main issues addressed in the MPSS project is the pollution of the Gdynia port
area. Anthropogenic pollution from industry, tourism and shipping has a strong impact on
the coastal zone of the Port of Gdynia. Today, the pollution of the sea by waste, sewage and
emissions from transport has become one of the most important environmental problems.
It is essential to constantly monitor the pollution that occurs in the coastal zone of the
southern Baltic Sea. The port’s shipping traffic is high and is increasing every year [4].
These risks highlight the dangers of working on or near water [5]. Port monitoring is
hampered by the spatial and temporal constraints of collecting individual samples and
transporting them to a laboratory testing. Working in harbors exposes boat-based water and
bottom sediment sampling personnel to deadly hazards. One solution is to use unmanned
surface vehicles (USV) for sampling [6]. USV can be defined as a generic vessel that is
capable of operating without a human operator on board. The definition can be applied
to any type of such vehicle able to operate without a human operator on board, including
airborne, ground and underwater vehicles [6]. Unmanned surface vehicles (USVs) have
become an attractive alternative in a wide range of maritime missions through development
and machine learning [7,8]. USVs are in use in a wide range of research and industrial
applications and will be in demand in the future. In the broadest sense, the applications
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of drones include imaging, geophysics, sampling, harbor patrolling or even search and
rescue (SAR) [9]. Today’s unmanned systems are a viable alternative to traditional marine
mammal survey methods thanks to recent technological developments [10]. Unmanned
and autonomous vehicles for oil spill observation, tracking and damage assessment are
emerging as a powerful tool with strategic potential [11]. They are becoming increasingly
commonplace in various fields of science and business. One of the most important aspects in
developing such a solution is to ensure that the vehicle can navigate autonomously without
having to intervene, or at least to minimize the human intervention that is required [12–14].
There has been some development of unmanned floating platforms in Poland in recent
years. One of them is HydroDron-1, which was built by Marine Technology [6].
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HydroDron-1 is a mobile unit designed to measure and survey the waterborne environ-
ment. Missions are conducted using bathymetric, sonar, LiDAR and other measurements.
The unit can operate in autonomous mode, following the planned trajectory, or in remote
control mode. This is particularly useful in areas difficult for larger manned vessels to
access [6]. Thanks to its versatility, HydroDron-1 has been adapted for the automated
sampling of water and bottom sediments in the port basins of the Port of Gdynia. Sam-
pling using devices installed on board unmanned units allows hard-to-reach places to be
accessed. However, keep in mind that the sampling process is an established procedure.
The sample taken for testing should be representative of the entire installation [15]. During
the sampling process, reference is made to the normative provisions that indicate what
equipment should be used for sampling and what containers should be used for storage.
To be considered reliable, a measured result needs to be presented together with its uncer-
tainty and evaluated according to an appropriate procedure. It is necessary to include the
uncertainty relating to the sampling procedure in the uncertainty-budget calculations. Re-
porting the measurement uncertainty demonstrates that the laboratory operates according
to internationally recognized standards. The total uncertainty of the measurement result
can be significantly influenced by the sampling procedure [16].

The uncertainty of sampling refers to the contribution of sampling errors to the
combined uncertainty associated with the analytical measurement, where the quantity
being measured is the analyte concentration in the sample [17,18]. According to Thompson,
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sampling errors can only be quantified after the sample has been analyzed, so routine
measurement results include both sampling errors and analytical errors. As a result, results
used to estimate sampling uncertainty must come from planned experiments [17].

The experimental method of determining measurement uncertainty allows for a quick
and relatively straightforward assessment of all sources of uncertainty associated with
sample collection [16,19,20]. The application of the sampling procedure twice allows for
checking the precision of sample collection and determining the variance of the entire sam-
ple collection process. In the MPSS project, samples were collected from a given location by
different individuals using different sampling techniques. In this case (according to theory),
the combined uncertainty was determined as the difference between the measurement
results obtained using different techniques by different individuals. Conclusions are drawn
based on variance analysis (ANOVA) [19,21].

In accredited testing laboratories, sampling uncertainty is estimated in a validation
process of a new sampling method. In order to take into account as many variables as
possible, four measurement series in different seasons were performed. Although all
samples’ results should be taken into account during uncertainty estimation, there is no
need to separate results from different measurement seasons.

The innovative aspect of this article is the use of an unmanned platform to collect
samples of water and bottom sediments in port basins. No automatic platform has yet been
accredited for collecting samples of water and bottom sediments in the natural environment,
and the presented research is an initial stage of this process. Currently, unmanned platforms
are most often used only for bottom sonar. In accordance with Polish law (Dz. U. 2022.2556
art. 147a), sampling should be performed by an accredited laboratory. Therefore, the
results of water and bottom sediment samples taken by HydroDron-1 were compared
with the results of samples collected by the crew the IMOS unit. This approach meets
all accreditation requirements. In order to improve the monitoring of water and bottom
sediments in the Port, it is planned to accredit sampling using HydroDron-1 in the future.

The aim of the work presented in this paper was to examine the correctness of the
method of collecting water and sediment samples by the HydroDron-1 unmanned unit
and comparing it with the currently used accredited sampling methodology. Real samples
collected by HydroDron-1 and the standard boat of the IMOS-2 sampling and prepared for
analysis in accordance with the procedure were subject to precision evaluation with the
application of ANOVA analysis of variance.

2. Materials and Methods
2.1. Unmanned Research Platform

HydroDron-1 (Marine Technology, Gdynia, Poland) is a 4 m-long and 2 m-wide double-
hulled catamaran. It is driven by two independent Torqeedo Cruise 4.0 RL electric motors,
each with a power of 4 kW. It weighs approximately 300 kg. The maximum working time
is about 12 h. HydroDron-1 has a maximum speed of 26 km/h. The remote control ranges
up to 40 km, but onboard data transmission is limited to 6 km.

2.2. Boat

IMOS-2 motorboat is a pneumatic hard-bottomed survey boat designed and built for
hydrographic surveying in inland and open sea waters up to 3 nautical miles from the coast.
An additional cabin equipped with brackets allows the installation of measuring equipment.
This unit is used for measurement work at sea in the area of coastal waters up to 5 m deep.
The crew of the motorboat consists of 2 people—the system operator and the helmsman.

2.3. Water Samples

Sampling using both methods was carried out in accordance with the PN-ISO 5667-
9:2005 standard [22]. Physicochemical analysis of all collected water samples was per-
formed in the accredited Laboratory of Environmental Protection of the Maritime Institute,
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Gdynia Maritime University (GMU). The methods presented in Table 1 were used to
measure the parameters of Port Gdynia water (Table 1).

Table 1. Methods used to study the waters.

No. Parameter Methods

1 Temperature PB-36, issue 3 dated 25 February 2021
2 pH PN-EN ISO 10523:2012 [23]
3 Electrical conductivity at 20 ◦C PN-EN 27888:1999 [24]
4 Total organic carbon (TOC) PN-EN 1484:1999 [25]
5 Dissolved oxygen ISO 17289:2014 [26]
6 N-total PB-27, issue 4 dated 25 February 2021
7 Nitrite nitrogen (N-NO2) PB-29, issue 5 dated 25 February 2021
8 Nitrate nitrogen (N-NO3) PB-28, issue 5 dated 25 February 2021
9 Ammoniacal nitrogen (N-NH4) PB-30, issue 4 dated 25 February 2021
10 P-total PB-31, issue 5 dated 25 February 2021
11 Phosphate phosphorus (P-PO4) PB-32, issue 5 dated 25 February 2021
12 Mineral oil index PN-EN ISO 9377–2:2003 [27]
13 Sum of gasolines PB-12, issue 9 dated 5 March 2021

2.4. Sediment Samples

Sediment samples used in the study were collected according to PN-EN ISO 5667-
19:2006 [28]. The methods presented in Table 2 were used to measure the parameters of
Port Gdynia sediments (Table 2).

Table 2. Methods used to study the sediments.

No. Parameter Methods

1 N-total PN-ISO 11261:2002 [29]
2 P-total PB-10, issue 10 dated 5 March 2021
3 Mineral oils PN-EN ISO 16703:2011 [30]

2.5. Location of Sampling Points

Water samples were taken in 2022 at different seasons from the selected locations in
the Port of Gdynia. Four sampling campaigns were carried out in five basins in the port of
Gdynia. The first winter campaign lasted from 28 February to 3 March, the second—spring
campaign—from 16 to 19 May, the third—summer campaign—from 18 to 21 July, and the
fourth—autumn campaign—took place in October from 17 to 20. Sampling sites were
selected on the basis of historical data. They were indicative of the optimal locations for
sampling from the point of view of the objectives of the project. The locations of samples
are presented on the map in Figure 1.

2.6. Validation of the Unmanned Unit HydroDron-1

To validate the unmanned unit sampling method, the HydroDron-1 method was com-
pared to manned IMOS-2 sampling (Figure 3). Both units have a bathometer system for
collecting water samples and a Van Veen grab sampler for collecting sediments samples. The
bathometer is an upright water sampler. It is widely used in marine water sampling. It
consists of a tube with a diameter of 20 cm with rubber caps covering both ends, which are
internally connected by a strong elastic cord. The caps are attached to a trigger in the ‘open’
position. A messenger is used to trigger the bathometer to close when it reaches a target
bottom. Van Veen grab is used for collecting bottom sediments for biological, geochemical
and environmental studies. It is made of stainless steel. In low wind conditions with a smooth
water surface, experience has shown the HydroDron-1 method to be reliable and useful. Very
strong winds can push the drone, making it difficult for sampling and causing damage to
the installed equipment. Vertical and horizontal drift can cause errors with sampling at a
given bottom. HydroDron-1 uses an on-board global positioning system (GPS) to maintain
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a constant horizontal position. This can minimize errors associated with horizontal drift.
Sampling by boat is also subject to both vertical and horizontal drift. The IMOS-2 drifted
during sampling, but it was repositioned using a handheld GPS before the next sample was
taken. IMOS-2 and HydroDron-1 were not at exactly the same place on one sampling site.
There was a maximum distance of 10 m between vessels at a sampling site in the study.
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2.7. Method for HydroDron-1 Sampling

While one team member set up the drone, a second team member calibrated the SVP
Base X2 sonic velocity profiler (manufactured by AML) to measure temperature, electrical
conductivity and pH. HydroDron-1 is designed to collect water and sediment samples
and measure physical water parameters in the water column. The system consists of a
winch-lowered probe that measures physical water parameters. A bathometer or grab can
be connected to the lift to collect water or sediment samples at various selectable levels.
The drone returned to the staging area where bottles were filled.

2.8. Method for IMOS-2 Sampling

Manual sampling from the IMOS-2 boat was performed by employees from the
accredited Environmental Protection Laboratory of the Maritime Institute, Gdynia Maritime
University (GMU). Seawater samples were collected using a bathometer according to PN-
EN ISO 5667-9:2005 [22], while sediment samples were collected using a Van Veen sampler
according to PN-EN ISO 5667-19:2006 [28]. Seawater samples were taken manually. They
were then bottled directly on the ship. Sediment samples were taken manually, averaged
directly on board and transferred to glass vessels.

2.9. Statistical Analyses

Sampling was planned following the Eurachem/CITAC guide on measurement uncer-
tainty arising from sampling: a guide to methods and approaches [19–21,31]. An analysis
of variance (ANOVA) statistical technique is applied to the resulting data and has been
used to estimate uncertainty and its components. Comparison of the data was performed
using a statistical significance test: pairwise comparison of values [32].

3. Results
3.1. Assessment of Duplicate Sample Collection

Over the course of the project, we collected a total of 112 water samples and 56 samples
of the bottom sediments from 7 locations in the Port of Gdynia. Original measurement
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data, including all parameters, are contained in spreadsheet files water_sampling_data.xlsx
and sediment_sampling_data.xlsx published as the Supplementary Materials of this article.

Precision was used to assess the quality of sampling water and sediments by HydroDron-
1 relative to sampling by people on the boat IMOS-2. The relative percentage difference (RPD)
was calculated in accordance with the guidelines recommended by the US Environmental
Protection Agency. The acceptance criterion for a duplicate sample is a maximum of 20%
(35% for solid samples) (United State Agency Environmental Protection 1994). The relative
percentage difference (RPD) calculated for selected analytes is shown in Table 3.

Table 3. The relative percentage difference between sample collection by HydroDron-1 relative to
sampling by people on the boat IMOS-2.

Parameter
Water Surface Location (%) Water Bottom Location (%)

1 2 3 4 5 6 7 1 2 3 4 5 6 7

Temperature 3.0 2.9 4.5 13.4 8.6 4.0 3.2 6.9 5.3 9.3 7.4 7.1 3.0 5.8
pH 0.2 1.4 1.4 0.8 1.1 1.4 0.7 0.3 0.8 1.5 0.8 0.8 1.2 1.1
EC 0.2 0.1 0.1 0.3 0.2 0.1 0.1 0.5 0.6 0.7 0.5 0.5 0.3 0.7
TOC 3.6 2.7 7.0 2.8 2.8 5.4 2.6 1.9 3.2 2.3 0.3 3.1 3.0 2.7
DO 5.3 3.2 5.1 3.4 2.0 3.4 2.1 6.3 2.1 1.2 4.8 7.1 2.4 6.6
N-total 8.6 5.4 19.2 3.5 7.7 9.4 6.5 6.6 5.8 8.0 7.4 5.2 27.7 7.5
N-NO2 1.9 11.7 4.5 15.5 2.0 16.7 2.2 20.2 16.7 23.2 9.1 3.8 20.8 2.2
N-NO3 3.6 3.4 17.9 6.9 23.2 2.5 29.2 7.5 7.8 4.5 8.9 5.2 10.4 8.7
N-NH4 19.7 25.2 21.7 5.2 34.1 19.5 33.0 21.1 16.8 6.4 20.8 16.9 43.1 33.9
P-total 0.9 10.4 7.7 6.1 6.3 3.8 5.2 13.8 23.9 4.2 7.2 14.5 27.4 7.3
P-PO4 3.7 9.0 7.0 7.0 7.0 2.8 7.8 5.0 28.5 7.0 7.6 14.1 32.4 10.7
Mineral oils 13.3 7.4 16.7 50.0 21.4 0.0 46.7 30.0 42.9 0.0 44.4 33.3 30.0 16.7
Gasoline 66.1 65.3 0.0 22.2 0.0 28.3 56.1 65.2 0.0 0.0 0.0 66.1 30.6 79.3

Sediment Location (%)

1 2 3 4 5 6 7

N-total 36.6 41.9 61.3 43.3 16.8 21.8 39.0
P-total 22.9 25.3 17.3 16.1 18.4 7.7 11.2
Mineral oils 62.2 44.6 50.3 27.9 21.7 19.6 26.3

The basic equation for RPD is

RPD =
|IM − H|(
|IM+H|

2

) × 100 (1)

where

IM—results of samples collected by IMOS-2;
H—results of samples collected by HydroDron-1.

The water sample meets the requirements using the strict criteria, assuming the
duplicate sampling procedure was correct. Our results show that there is a degree of
agreement between the analysis obtained from drone and boat samples. The relative
percentage difference of the analytical results was less than ±20% for most parameters. The
increased RDP values result from the fact that concentration results were compared at low
levels. In such a situation, a small value of the concentration difference generates a high
RDP value. The results of mineral oils and the sum of gasoline were often below the limit of
quantification or at its limit. Thus, the HydroDron-1 sampling method provided chemical
data equivalent to those collected by the people on the IMOS-2 boat under EPA guidelines.
The surface samples showed the lowest relative percentage differences. For the sediment
samples, differences between samples were observed. Sediment sampling is subject to
greater error. This is due to the specificity of the study area and increased anthropogenic
activity. Differences between the two samples may be greater. Our results show that the
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relative percentage difference of the sediment sample collected by HydroDron-1 and the
samples collected by the people on the IMOS-2 boat is a little higher regarding the criteria.

3.2. Results of Sample Comparisons

The sampling HydroDron-1 gathered in situ profiles of temperature, electrical conduc-
tivity, and pH using SVP Base X2 sonic. The samples collected by the people on the IMOS-2
boat crew were measured in according to the methods in Table 1.

The larger values of the relative percentage difference were observed for the samples
taken at the bottom. This difference is due to the fact that the samples from SVP Base X2
sonic measure in situ profiles of the temperature, electrical conductivity and pH of the
water. People on the IMOS-2 boat measured temperature, electrical conductivity and water
pH on land. All these parameters are characterized by high seasonal variability. The results
obtained are consistent with the published monitoring data on port water quality on the
Port of Gdynia website. These differences are not significant. The results are shown in
Figures 4–7, namely, for conductance (Figure 4), temperature (Figure 5), pH (Figure 6), and
N-total (Figure 7). Figure 8 presents the results of N-total sediment samples.

Figure 5 clearly shows that in the first campaign, the response measured by the
HydroDron-1 instrument underestimates the pH values (both surface and bottom). Dur-
ing the second campaign, measurements were carried out in parallel with GMU staff
from Marine Technology. The reason for the irregularity was incorrect calibration of the
HydroDron-1 measuring equipment. The HydroDron-1 operator made a mistake by not
waiting for the result to stabilize and removing the electrode too early. At each depth, the
sensors typically require a minimum of 2 min to stabilize. We have avoided this mistake
in subsequent campaigns. The average total nitrogen concentration in water samples
collected in the port of Gdynia was similar throughout the monitoring period [33]. The
highest concentrations of total nitrogen were observed during the winter campaign. This
is probably due to an increase in organic matter. Individual results deviating from this
parameter, independent of the sampling method, are related to site specificity. They may
be related to increased vessel traffic and marina activities (Figure 7).

Water 2024, 16, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 4. Results of electrical conductivity (mS/cm) in surface and bottom water samples collected 
by HydroDron-1 and the IMOS-2 boat during four campaigns. 

 
Figure 5. Results of temperature (°C) in surface and bottom water samples collected by HydroDron-
1 and the IMOS-2 boat during four campaigns. 

Winter Spring Summer Autumn

10.4
10.6
10.8

11
11.2
11.4
11.6
11.8

12

W
-1

W
-3

W
-5

W
-7

Sp
-1

Sp
-3

Sp
-5

Sp
-7

Sm
-1

Sm
-3

Sm
-5

Sm
-7 A-
1

A-
3

A-
5

A-
7

El
ec

tr
ica

l c
on

du
ct

iv
ity

 [m
S/

cm
]

Location during a season

IMOS-2 Surface HydroDron-1 Surface

IMOS-2 Depth HydroDron-1 Depth

Winter Spring Summer Autumn

0

5

10

15

20

25

W
-1

W
-3

W
-5

W
-7

Sp
-1

Sp
-3

Sp
-5

Sp
-7

Sm
-1

Sm
-3

Sm
-5

Sm
-7 A-
1

A-
3

A-
5

A-
7

Te
m

pe
ra

tu
re

 [o C
]

Location during a season

IMOS-2 Surface HydroDron-1 Surface

IMOS-2 Depth HydroDron-1 Depth

Figure 4. Results of electrical conductivity (mS/cm) in surface and bottom water samples collected
by HydroDron-1 and the IMOS-2 boat during four campaigns.



Water 2024, 16, 252 9 of 16

Water 2024, 16, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 4. Results of electrical conductivity (mS/cm) in surface and bottom water samples collected 
by HydroDron-1 and the IMOS-2 boat during four campaigns. 

 
Figure 5. Results of temperature (°C) in surface and bottom water samples collected by HydroDron-
1 and the IMOS-2 boat during four campaigns. 

Winter Spring Summer Autumn

10.4
10.6
10.8

11
11.2
11.4
11.6
11.8

12

W
-1

W
-3

W
-5

W
-7

Sp
-1

Sp
-3

Sp
-5

Sp
-7

Sm
-1

Sm
-3

Sm
-5

Sm
-7 A-
1

A-
3

A-
5

A-
7

El
ec

tr
ica

l c
on

du
ct

iv
ity

 [m
S/

cm
]

Location during a season

IMOS-2 Surface HydroDron-1 Surface

IMOS-2 Depth HydroDron-1 Depth

Winter Spring Summer Autumn

0

5

10

15

20

25
W

-1

W
-3

W
-5

W
-7

Sp
-1

Sp
-3

Sp
-5

Sp
-7

Sm
-1

Sm
-3

Sm
-5

Sm
-7 A-
1

A-
3

A-
5

A-
7

Te
m

pe
ra

tu
re

 [o C
]

Location during a season

IMOS-2 Surface HydroDron-1 Surface

IMOS-2 Depth HydroDron-1 Depth

Figure 5. Results of temperature (◦C) in surface and bottom water samples collected by HydroDron-1
and the IMOS-2 boat during four campaigns.
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Figure 6. Results of pH in surface and bottom water samples collected by HydroDron-1 and the
IMOS-2 boat during four campaigns.

The obtained test results for total nitrogen in sediments are at a similar level regardless
of the collection method. The only exception is the point located in the marina area (Figure 8).
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Figure 7. Results of N-total (mg/dm3) in surface and bottom water samples collected by HydroDron-1
and the IMOS-2 boat during four campaigns.
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3.3. Spatial Interpolation of Measured Values

In addition, with an aid of QGIS v. 3.22.11 [34] and SAGA-GIS v. 7.8.2 [35] open
software, spatial interpolations of the parameters presented above obtained for seven
locations has been performed along with their approximation for the entire target area
containing the water zone of the port. As an example, the results obtained for N-total, for
both HydroDron-1 and IMOS-2 boat and for four campaigns, are presented in the form of
maps in Figure 9 (surface water samples), Figure 10 (bottom water samples) and Figure 11
(sediment samples). The multilevel B-spline interpolation algorithm was used [36].
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It may be noted that spatial interpolation allows the results to be presented in a clearer
way and enables a broader interpretation of the obtained data. For both water and sediment,
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the results from both collection methods were at a similar level. However, as a result of the
use of spatial interpolation, seasonal changes and outliers become more visible.

3.4. Pairwise Comparison of Values

Analysis of samples using two methods provides a number of pairs of results. To
determine whether two methods are significantly different, we can look at the differences in
the results within each pair. These differences within pairs will either be due to the presence
of random errors only or will indicate a systematic error in one of the methods. Comparison
of the data was performed using a statistical significance test: pairwise comparison of
values [32]. The null hypothesis of this test is that two methods do not differ significantly
in the value of intermediate precision of the determinations. The null hypothesis is rejected
when the critical value of the t critical parameter (±95% confidence limits) is not less than
the t experimental value. The test results are shown in Table 4.

Table 4. Test results, pairwise comparison of values. A—acceptable (when texperimental < tcritical),
UA—unacceptable (when texperimental > tcritical).

No. Parameter Surface Bottom Sediments

1 Temperature A A -
2 pH A UA -
3 Electrical conductivity at 20 ◦C A A -
4 Total organic carbon (TOC) A A -
5 Dissolved oxygen A UA -
6 N-total A A A
7 Nitrite nitrogen (N-NO2) A A -
8 Nitrate nitrogen (N-NO3) A A -
9 Ammoniacal nitrogen (N-NH4) A A -
10 P-total UA A A
11 Phosphate phosphorus (P-PO4) A A -
12 Mineral oil index/Mineral oil A A A
13 Sum of gasolines A A -

In the study carried out using the test method, it was found that the results of the
analyses were not significantly different for the two sampling methods. Exceptions are
parameters such as pH and dissolved oxygen in the bottom layer and total phosphorus
in the surface layer. The failure to comply may be explained by the fact that all these
parameters are characterized by temporal and spatial variability, sensitivity to temperature
and seasonality. Seawater pH and dissolved oxygen decrease with depth, an effect which
is linked to photosynthetic processes. There is therefore a correlation between oxygen
concentration and pH. The occurrence of random errors is very likely due to the fact that
some of the parameters determined were measured in situ and some were measured after
the sample was brought ashore.

3.5. Sampling Uncertainty

The characteristics of samples collected manually and from an unmanned platform
are comparable, and the uncertainty of the sampling process remains without significant
differences at the maximum level for the most variable parameter: for sea waters—20%
(nitrogen compounds), and for surface bottom sediments—30% (phosphorus compounds)
(Table 5). The composite uncertainty of the sampling process was calculated by analyzing
the differences between the results of measurements made using different techniques by
different people for different parameters in an experiment involving sample replication.
Conclusions are drawn based on analysis of variance (ANOVA).
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Table 5. Uncertainty of sampling for sea waters and bottom sediments.

No. Parameter Surface Sediments

1 pH 0.2 -
2 Electrical conductivity at 20 ◦C 0.5 -
3 Total organic carbon (TOC) 5 -
4 Dissolved oxygen 12 -
5 N-total 18 29
6 Nitrite nitrogen (N-NO2) 17 -
7 Nitrate nitrogen (N-NO3) 20 -
8 P-total 20 30

4. Discussion
4.1. Methods for Estimating Sampling Uncertainty

Choosing the method for determining the main sources of sampling uncertainty leads
to different methods for estimating them. Uncertainty estimation can be of two types:
experimental and modelling. The experimental method involves multiple repetitions of the
whole measurement, allowing the uncertainty of the final measurement to be estimated.
The experimental conclusions are presented based on the results of the analysis of variance
(ANOVA) [15,19,20,31]. Our project involved different people collecting samples from a
site using different sampling techniques. To eliminate the effect of analytical bias between
participants, all chemical analyses were performed within one laboratory. The sources of
variation include temporal variation, spatial variation and variation between samplers.
This represents the variability likely to be encountered in routine sampling. The known
precision and uncertainty of the results of the determinations we obtained shall be used for
the evaluation of the quality of the sampling procedure. Based on the experimental results,
we performed a one-way ANOVA to determine the sampling uncertainty of HydroDron-1.
Sampling uncertainty calculated by ANOVA at the maximum level for the most variable
parameter is as follows: for marine waters—20%, and for surface bottom sediments—30%.
A similar experiment was carried out as part of the German Marine Monitoring Programme
for the North Sea and the Baltic Sea. In these studies, test ANOVA was also performed, and
the combined sampling and analytical uncertainties accounted for up to 15% of the total
variance [37]. However, it should be borne in mind that these calculations are based on the
results of one research campaign and one season. Some of the parameters they considered
were characterized by seasonal variability and some were stable over time, which affects
the sampling uncertainty. Similar studies using the Matrice-HydraSleeve and boat-based
methods were carried out on water samples collected from the Dillon Reservoir in Colorado,
USA. Matrice-HydraSleeve connects an unmanned aircraft system to a commercial water
sampler. There was less than 20% relative difference for Ca, Na, K, HCO3, SO4, Cl and Zn.
In this case, the variability between parallel samples was also satisfactory [5]. However, the
uncertainty of the download was not calculated in this example.

4.2. Others Unmanned Surface Vehicle

New technologies need to be developed to sample the water and sediment. Remotely
operated water samplers on an unmanned surface vehicle (USV) are used to collect samples
at multiple locations and depths. Traditional water sampling is correct but time consuming
and dangerous [8,38,39]. USVs can take samples in remote locations, operate out of sight and
collect samples without human intervention [40]. The results in that publication suggest that
the two methods used to collect the data give comparable results. Other drones that came
with the download were also tested successfully. In a freshwater lake in Virginia, USA, a
remotely operated water sampling system on board a USV was used to collect and charac-
terize microbes [41]. The Surveying Coastal Ocean Autonomous Profiler (SCOAP) is a large
catamaran Marine Autonomous Surface Craft (MASC) for unattended, week-long, spatially
explicit, multidisciplinary oceanographic water column profiling in coastal/estuarine waters.
A first SCOAP trial at the Narragansett Bay estuary achieved success [42]. The University
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of South Florida’s unmanned surface vehicle with an underwater mass spectrometer was
originally developed as an alternative for testing and deploying environmental and oceano-
graphic instruments [9]. The prototype USV was also tested to perform unmanned water
quality measurements using the re-inputted route, which showed good results in navigating
and transmitting data. The USV can be used in stand-alone mode on bodies of still water
such as lakes and rivers [43]. The growth in acceptance of unmanned systems has opened
up the field for the use of USVs as a tool for environmental and ocean science. To improve
our understanding of ecosystem change and the accuracy of our long-term predictions, such
operations are needed in aquatic environments.

5. Conclusions

This paper discusses a water and sediment sampling method by HydroDron-1 that
improves safety by eliminating the need for humans to access the water surface sample.
Concentrations of different types of pollutants in water and sediments and physical wa-
ter parameters were measured during sampling campaigns. Samples were collected by
HydroDron-1 and the traditional boat of the IMOS-2 sampling. This body of work demon-
strated that drone sampling can be used to collect surface water samples with a quality
similar to those contained using boat-based sampling methods for lower cost and higher
safety, mainly when applied in remote locations. It should be remembered that the need for
human control of the operation of the sensors mounted on the platform and their systematic
calibration is a limitation of automated methods.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16020252/s1, spreadsheets: water_sampling_data.xlsx and sedi-
ment_sampling_data.xlsx containing original measurement data on water sampling and sediment
sampling respectively.
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29. PN-ISO 11261:2002; Jakość Qleby. Oznaczenie Azotu Ogólnego. Zmodyfikowana Metoda Kjeldahla. Available online: https:
//sklep.pkn.pl/pn-iso-11261-2002p.html (accessed on 6 January 2024).
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