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Abstract: 

The increase in the use of sea water is the basis for the development of the existing security systems in given areas. 

Monitoring the navigational situation in a given water area is one of the most important tasks aimed at ensuring the 

necessary level of safety in maritime traffic. Marine surveillance systems at sea are used for this purpose. As an 
interesting approach related to the study of the movement of vessels, this paper proposes a method based on the 

measurement of physical field disturbances generated by objects moving in the sea water. These disturbances can be 

referred to the upper (air space) and lower (underwater) hemisphere. In the upper hemisphere the motion of the object 
generates disturbances of the thermal field while in the lower hemisphere disturbances of the acoustic, hydrodynamic, 

magnetic, electric and seismic fields are generated. Detection of the floating objects and determination of movement 

parameters is realized mainly by active systems. There are radiolocation systems in the upper hemisphere (radar 
systems) and echo ranging systems in the lower hemisphere (sonars and echosounders). Monitoring of the upper hem-

isphere of sea vessels traffic is conducted in a comprehensive manner. The lower hemisphere is in the most cases 

omitted. Therefore, it is recommended to develop underwater observation systems as a source of additional infor-
mation about floating objects and thus complement the existing systems used in navigation. However, at present, de-

spite the technological progress, there is a noticeable lack of the comprehensive solutions in the area of monitoring 

the vessels movement in the underwater space. Therefore, appropriate action should be taken to recognize this tech-
nology gap and increasing the safety of vessel traffic. The aim of the article was to present a fully passive, mobile 

underwater observation system that uses a number of sensors to monitor the underwater environment parameters, the 

research methodology and analysis of the obtained results. The method of deploying the measurement system at the 
selected geographical position and the measurement method are described. Based on obtained results, the analysis of 

sound pressure disturbances caused by passing ships was performed. A feature extraction method was developed to 

identify a passing vessel based on low frequency signal parameters. 
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1. Introduction 

The sea area plays an important role in human life. 

The human activities related to the sea include, first 

of all: transport (Önden et al., 2023; Wu et al., 2019), 

energy extraction (Esteban et al., 2020; Klabučar et 

al., 2020; O'Kelly-Lynch et al., 2020), natural re-

sources extraction from the seabed (Blanchard et al., 

2023; Van Elden et al., 2019; Zhang et al., 2019), 

fishing along with fish and shellfish farming (Del-

gado et al., 2018; Leonart 2008; Ruiz-Salmón et al., 

2021; Widyaningrum, Masruroh 2012), naval activ-

ities or recreation (Danzell et al., 2023); Queiroz Pe-

reira, Correia Dantas 2019. Most of the above-men-

tioned activities is concentrated in the coastal zone. 

There is an increased movement of various vessels 

in it. It applies to both small, recreational boats as 

well as to large-size commercial vessels (Gucma, 

Marcjan 2012; Pelot, Plummer 2008). The latter 

move along strictly designated approach lines to the 

civilian harbors. Moreover, increase of people mi-

gration and trade by sea have contributed to substan-

tial increase in traffic on sea lanes. More than 80% 

of the world trade makes use of maritime transport, 

which has become one of the pillars of international 

trade. Apart from many advantages, it is created sev-

eral hazards to safety in maritime transport and to 

natural environment even using the newest technol-

ogy.  

High density of vessels requires detailed and accu-

rate monitoring of the traffic within that area of wa-

ter region. Monitoring of the navigational situation 

in a particular water body is one of the most im-

portant tasks aimed at ensuring the necessary level 

of safety in the sea traffic (Jingxiang et al., 2023; 

Xuri et al., 2023; Mou et al. 2019). For this purpose, 

dedicated systems are used to observe moving float-

ing objects (Fiuk at al., 2022). These systems are still 

dynamically developing, which allows for obtaining 

more complete and accurate spatial information. The 

development of navigation situation monitoring sys-

tems involves both specific operating parameters 

(e.g., the use of high-resolution images in radar sys-

tems (Weimin et al., 2023)), the use of synthetic ap-

erture systems (Pleskachevsky et al., 2022; Ustalli et 

al. 2022), and the introduction of new solutions in 

the form of the use of different methods of filtering 

or coded signal transmission, or neural networks 

(Zhang et al., 2023). 

An object moving in the water depth is a source dis-

turbance of the local physical fields resulting from 

changes in its position. These disturbances can be 

referred to the upper (air space) and lower (under-

water) hemisphere. In the upper hemisphere the mo-

tion of the object generates disturbances of the ther-

mal field (J. J. Holmes 2022; Li et al. 2023) while in 

the lower hemisphere disturbances of the acoustic, 

hydrodynamic, magnetic, electric and seismic fields 

are generated (Wołoszyn et al. 2022; Tarnawski et 

al. 2021; Buszman 2020).  

Detection of the floating objects and determination 

of movement parameters is realized mainly by active 

systems. These are radiolocation systems in the up-

per hemisphere (radar systems (Loran et al. 2023)) 

and echo ranging systems in the lower hemisphere 

(sonars and echosounders (Jeong et al., 2012)). Pas-

sive systems, which include underwater observation 

systems, are less used than airborne systems. 

Navigation of the surface vessels is oriented primar-

ily on acquiring of the necessary information from 

active detection systems of the upper hemisphere. In 

this space, electromagnetic (EM) waves serve as the 

transmission medium. Navigational data acquired 

from the receivers of radionavigation, radar and 

other radio-electronic devices, which are part of the 

vessels on-board navigation systems, are sent to the 

traffic management systems in maritime areas, so 

called VTS (Vessel Traffic Service) (De Bièvre 

1985; Stach et al., 2023). VTS consists of a control 

centre, observation systems, and communications. 

They belong to the group of Vessel Monitoring Sys-

tems (VMS) (Watson 2016). By design, they inte-

grate radioelectronic systems such as: AIS (Auto-

matic Identification System), RADAR with ARPA 

system, VHF, NAVTEX and other subsystems. 

They are used to visualize the navigational situation.  

Monitoring of the selected area requires the integra-

tion of a large amount of data from distributed and 

different observation systems and sensors (Kazimi-

erski at al., 2017; Smirnova 2018). The recorded in-

formation from distributed sources, their imaging 

and supervision translate directly into shortening the 

crew’s reaction time in case of a threat e.g., collision 

(Blok 2018). In such a situation, the time of decision 

making by the watch officer regarding e.g., change 

of the movement direction or speed of the vessel is 

very important (Mironiuk 2015). Thus, the expected 

level of safety at sea must be constantly improved, 

e.g. by developing ship traffic monitoring systems. 

As can be seen from the information described 

above, monitoring of the upper hemisphere in terms 
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of sea vessels traffic is conducted in a comprehen-

sive manner. 

The lower hemisphere is in the most cases omitted, 

what is caused by ranges of underwater systems, es-

pecially based on electromagnetic waves (Aman et 

al., 2022; Aman et al., 2023). Exceptions are sys-

tems that base their operation only on a hydroacous-

tic field, such as gliders (Tessei A. et al. 2015). 

Therefore, it is recommended to develop underwater 

observation systems as a source of additional infor-

mation about floating objects and thus complement 

the existing systems used in navigation. However, at 

present, despite the technological progress, there is 

a noticeable lack of the comprehensive solutions in 

the area of monitoring the vessels movement in the 

underwater space. Which is why, in order to increase 

the safety of ship traffic in the seashore, appropriate 

actions should be taken to recognize this technology 

gap.  

Monitoring of the vessels traffic in the underwater 

space can be conducted through the use of passive 

underwater observation systems. They provide con-

tinuous observation and recognition of the moving 

objects independently of the active systems. Addi-

tionally, they do not emit any signals, which makes 

them undetectable for the other systems, limiting the 

effects of intentional dysfunction. The disadvantage 

of these systems is the limited range of their capabil-

ities. This limitation is due to the actual ranges of the 

devices for the detection of the objects moving 

through the water.  

Passive observation system makes it possible to ac-

quire information about moving floating objects 

based on the measurement of the disturbances of lo-

cal physical fields coming from the lower hemi-

sphere. Measuring the magnitude and nature of these 

disturbances can constitute the complement of the 

available information, e.g., from the VTS system 

discussed above, thus supporting navigation in areas 

of increased vessels traffic.  

Moreover, the need for the development of the pas-

sive underwater observation techniques fits in the di-

rection of current research conducted worldwide es-

pecially since the conflict between Russia and 

Ukraine (Bueger and Liebetrau 2023; Voytyuk 

2022). 

From the point of view of the navigation safety, hav-

ing information about the disturbances of individual 

physical fields it is possible to detect a floating ob-

ject, identify it and determine the direction of its 

movement. 

Therefore, the main goal of the first stage of the 

work was to determine the parameters characteristic 

of the analyzed hydroacoustic signature in a given 

water region using a passive measurement system. 

In order to achieve the aim of the work, it was nec-

essary to analyze disturbances of the physical fields 

generated by the ship, develop a methodology for 

measuring hydroacoustic disturbances, and conduct 

a measurement experiment.  In the next stages, it is 

planned to present the feasibility of short-range dis-

turbance detection sensors for physical fields, i.e. 

magnetic, pressure and electric fields. 
 

2. Physical fields disturbances measurements 

Measurements of physical field disturbances in the 

underwater space are carried out in a specific area 

using a measuring range. The measuring range can 

be a complete stationary (fix) system, the individual 

components of which are placed in specific locations 

relative to each other, or the equivalent in the form 

of a mobile system, set up in a pre-selected location. 

The second solution is more flexible in terms of ap-

plication on any body of water. 

 

2.1. Measurement system description 

Underwater observation of the floating objects is 

usually carried out using passive measurement sys-

tems. The passive measurement systems include sta-

tionary and mobile systems. Stationary systems are 

built based on the sensors placed permanently in 

specific locations in the water body. They are char-

acterized by high accuracy. Unfortunately, such sys-

tems, due to their fixed geographical position, are 

easy to detect and have limited applicability. There-

fore, the scope of their application for military pur-

poses is limited. An alternative solution are mobile 

systems, which can be used anywhere and at any 

time. The constructions of the measuring platforms 

of the above-mentioned systems are adapted to spe-

cific depths of the water body. As a result, the pos-

sibilities of their application are limited to the se-

lected water regions with the required depth. How-

ever, an appropriate configuration of the measure-

ment path can provide comparable technical perfor-

mance to stationary systems.  
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A mobile measurement system was used to measure 

the physical field disturbances. This system was de-

signed and built by a team of Naval Academy em-

ployees. Currently, a comparable mobile underwater 

survey system is not available in Poland. Similar so-

lutions are being developed in other countries, Ger-

many, Spain, Sweden, Norway or the Netherlands, 

however, they are not available due to their military 

application. 

The schematic diagram of the simplified measure-

ment system prepared by the team of  Polish Naval 

Academy is shown in Figure 1. 

The mobile system for measuring physical fields of 

the vessels includes an integrated underwater obser-

vation module and a shore-based control module. 

Both these modules are connected with each other 

by an underwater hybrid cable.  

The basis of the mobile measurement system is an 

integrated underwater observation module (under-

water module). The integrated underwater observa-

tion module shown in Figure 2 is equipped with 

hardware necessary for its correct operation. The de-

sign of the integrated underwater observation mod-

ule is adapted to the hydrological parameters of the 

destination water region. This construction enables 

the underwater module to be placed on the bottom in 

any place of the Gulf of Gdansk and in the coastal 

zone of the Baltic Sea. It ensures tightness during the 

measurements and protects the sensors together with 

the whole equipment against mechanical damage. 

The measurement sensors are mounted so that the 

design does not interfere with their operation. 

The performance of the mobile measurement system 

was comprehensively tested at the laboratory tests 

stage. Two gel batteries are placed inside the under-

water module. One is the power source for the mod-

ule, the other acts as an energy buffer recharged dur-

ing the operation of the underwater module by the 

shore-based control module. The batteries were se-

lected based on the calculated energy balance shown 

in Table 1.

 

 
Fig. 1. Schematic diagram of the mobile physical field measurement system 

 

Table 1. Energy balance of the integrated underwater observation module 

No. Receiver of the energy 
Power consumption during 

standby phase [W] 

Power consumption during 

recording phase [W] 

1. Recorder 9.60 18.00 

2. Hydrophone 0.25 0.25 

3. Magnetometer 0.00 0.36 

4. Hydrodynamic pressure sensor 0.00 0.24 

5. Gradiometer 0.00 2.60 

6. Sound velocity sounder with hydrostatic 

pressure sensor 
0.00 0.35 

7. Inclinometer with compass 0.00 0.26 

 Total 9.85 22.06 
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Based on the results of the presented energy balance, 

the capacity of the batteries located inside the under-

water module was selected to be 100 Ah. This ca-

pacity of the batteries ensures the module’s opera-

tion time maximum up to 50 h without charging.  A 

rule of thumb was used to select the battery capacity 

for a specific supply voltage (12 VDC for this sys-

tem) and the maximum current consumption of the 

system (< 2 A for this system), with the assumption 

that the capacity should be up to 10% higher than the 

calculated one. 

The sensors located outside of the underwater mod-

ule are protected from mechanical damage by a 

welded frame made of aluminum tubes. 

The heart of the underwater module is the recorder. 

It is an industrial computer with a real-time operat-

ing system. The computer has an integrated circuit 

consisting of a Field-Programmable Gate Array 

(FPGA). The use of an FPGA allows the implemen-

tation of the algorithms to process signals recorded 

by sensors directly on the integrated circuit. The 

computer design is equipped with a number of input 

and output interfaces to which various types of sen-

sors are connected. The built-in precision clock al-

lows for time synchronization of signals from all 

measurement inputs. This results in simultaneous 

start of measurement on each channel, both analogue 

and digital. The diagram of the integrated underwa-

ter observation module is shown in Figure 3. 

Set of the sensors of the integrated underwater ob-

servation module is adapted to the requirements and 

assumptions of the mobile measurement system. 

The ranges of the measured physical quantities were 

selected to match the environmental parameters of 

the Baltic Sea and other water regions with depths 

up to 100 m. The first sensor described is the Reson 

TC-4032 hydrophone with high sensitivity used to 

measure the hydroacoustic field. The selected sen-

sors meet the assumptions in terms of hydrophone 

voltage sensitivity ( > -170 dB re 1 V/μPa) and re-

sistance to conditions for depths above 100 m. The 

hydrophones belong to the measuring class of equip-

ment, which also includes Bruel & Kjaer sensors, 

which are much more expensive, why the Reson 

product was chosen. 

The Reson TC-4032 hydrophone has a flat fre-

quency response over a wide bandwidth. The fre-

quency bandwidth of the hydrophone is from 5 Hz 

to 120 kHz. The linear frequency range is within the 

range of 15 Hz to 40 kHz with a maximum deviation 

of ±2 dB and within the range of 10 Hz to 80 kHz 

with a deviation of ±2.5 dB. The Reson TC-4032 hy-

drophone is powered by 12 VDC. The analogue out-

put signal of the hydrophone is differentially con-

nected to the underwater measurement module, 

which provides this way receiving efficiency of -164 

dB re 1V/μPa. The described hydrophone is charac-

terized by an omnidirectional horizontal directional 

characteristic and a vertical directional characteristic 

of 270°. The hydrophone uses a preamplifier with a 

gain of 10 dB, which enables the recording of a low-

level signal corresponding to the zero state of the 

sea. This feature allows us to record and later extract 

useful signals which are in the background of an am-

bient noise. 

 

 
Fig. 2. Integrated underwater observation module 

with listed components: (1 – aluminum 

frame, 2 – hydrophones, 3 – magnetometer 

and inclinometer with compass in one hous-

ing, 4 – hydrodynamic pressure sensor, 5 – 

sound velocity sounder with hydrostatic 

pressure sensor, 6 – gradiometer, 7 – under-

water hybrid cable 
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Fig. 3. Diagram of the integrated underwater observation module 

 

The integrated underwater module was equipped 

with the sensors shown in the block diagram of Fig-

ure 3. Due to the hydroacoustic field analyses and 

the possibility as an application to classify the meas-

ured vessels, the data from the other sensors will not 

be discussed in this paper. Information obtained 

from the sensors described above is supplemented 

with data from auxiliary sensors. An inclinometer 

with a compass Honeywell HMR3300  was used to 

measure the tilt and the position of the underwater 

measuring module relative to the North. 

The described sensor has a built-in RS-232 serial in-

terface for digital communication and data ex-

change. Direction relative to North is measured by 

means of a built-in compass within the range from 0 

to 360˚, with resolution of 0.1˚ and accuracy of 1˚. 

Inclinometer is responsible for the measurement of 

a tilt in the range between -60 to 60˚. The measure-

ment is carried out with a resolution of 0.1˚ and an 

accuracy of 0.4˚ in the range between -30 to 30˚ and 

1˚ in the range between -60 to -30˚ and between 30 

to 60˚. 

Another auxiliary tool of the measurement system is 

a sounder to measure the velocity of sound in water. 

Information about the velocity of sound in water is 

important for measuring the hydroacoustic field in 

the water regions with varying salinity and water 

temperature because of the effects of salinity, tem-

perature, and pressure on the velocity of sound prop-

agation Valeport mini SVS sounder was used for di-

rect measure of sound velocity in the water. 

The velocity of sound is being done by measuring 

the pulse transit time between the transmitter and re-

ceiver, which are at a fixed distance from each other. 

The sounder has a built-in RS-485 serial interface 

for digital communication. The sounder can measure 

the velocity of sound in the range between 1375 to 

1900 m/s, with a resolution of 0.001 m/s and an ac-

curacy of ±0.02 m/s. 

The last of the auxiliary sensors used is the hydro-

static pressure sensor which used for the measuring 

the depth at which the underwater module is located. 

This sensor is located in the housing of the sound 

velocity sounder. The hydrostatic pressure value is 

sent to the recorder via RS-485 serial interface. Hy-

drostatic pressure measurement is carried out in the 

range up to 10 Mpa. The measurement resolution is 

10 Pa and the accuracy is 20 Pa. 

All of the sensors mentioned above are connected to 

a computer enclosed in a sealed capsule which rec-

ords the received signals. They constitute the under-

water module of the mobile measurement system. 
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The operation of this module is managed by the 

shore-based control module, the diagram of which is 

shown in Figure 4. 

The shore-based control module provides adequate 

power supply to the integrated underwater observa-

tion module and communication between the under-

water and shore-based parts of the measurement sys-

tem. The shore-based control module allows record-

ing of the measured physical fields on the non-vola-

tile memory. An additional function of the module 

is to preview the values of the currently measured 

physical quantities. The shore-based control module 

consists of:  

− Communication and power supply assembly, 

− Operator panel. 

The communication and power assembly is an inter-

mediate element between the underwater observa-

tion module and the operator panel. The communi-

cation and power supply assembly consists of: pro-

grammable DC power supply, set of batteries with 

pulse charger, Ethernet switch and optical-Ethernet 

converter. Such built assembly provides two-way 

communication between the underwater and shore-

based parts of the measurement system. The second 

function of the shore-based control module is to turn 

on the power to the underwater module and to 

charge the batteries inside the underwater module. 

The batteries are charged via an underwater hybrid 

cable. The charging process is controlled by a pro-

grammable DC power supply. The power supply is 

located inside the communication and power assem-

bly.  

It also contains a set of batteries enabling operation 

of the underwater module without external power 

supply. The control of the communication and 

power supply assembly is performed from the oper-

ator panel. 

The operator panel is a Dell OptiPlex computer with 

software for complex control of the measuring sys-

tem operation. The software installed on the com-

puter is responsible for management of the measure-

ment process and control of power supply to the un-

derwater module. The whole system works simulta-

neously ensuring the consistency of the measure-

ment process. 

An important element necessary for the operation of 

the mobile measurement system is an underwater 

hybrid cable. For the measurements was used a 1 km 

long cable, consisting of four optical fibers protected 

by a stainless-steel tube and a copper-steel braid. 

The tube together with the braid acts as power sup-

ply cables for the underwater module separated by 

insulation. The described cable construction ensures 

trouble-free communication between the underwater 

module and the shore-based control module.  

The mobile measurement system presented above 

was used to study the physical fields of vessels nav-

igating in the Gulf of Gdansk area. 

 

2.2. Description of the measurements conducting 

methodology 

Conducting of the measurements of the physical 

fields of the vessels required the development of an 

appropriate methodology. It involved the prepara-

tion phase of measuring equipment, during which 

the measurement system was calibrated. Then the 

survey area was to be planned, the location for the 

placement of the measuring system on the bottom of 

the basin was to be selected, and the routes of pas-

sage of vessels and their speed were to be developed. 

After conclusion of the preliminary activities, it was 

possible to proceed to the recording of the parame-

ters of selected physical fields of the ship. The last 

step of the methodology was the development and 

analysis of the obtained measurement results. 

 

 
Fig. 4. Diagram of the shore-based control module 
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2.2.1. Measurement system calibration 

The calibration process of the measurement system 

included a complete measurement path for sound 

pressure. For this purpose, the integrated underwater 

observation module was connected, via an underwa-

ter hybrid cable, to the shore-based control module. 

During first step, the measurement sensors had to be 

calibrated. To calibrate the hydrophone, a vibration 

exciter was used which, when placed on the hydro-

phone, generated an acoustic pressure of constant 

frequency and amplitude values specified in the ex-

citer's catalogue note. Based on this value, the pres-

sure value recorded by the measuring system was re-

calculated. The resulting correction was entered into 

the software. After calibration, the measurement 

system was ready to perform measurements in actual 

conditions. 

 

2.2.2. Setup of the measuring system on the bot-

tom of the water body 

Before starting the measurements in actual condi-

tions, the elements of the measuring system had to 

be transported to the predetermined geographical 

positions using small hybrid boat. 

Before lowering the underwater module, the under-

water connector of the hybrid cable located on the 

reel was connected to the module. Then the module 

was deployed on the bottom at 20 m depth and its 

geographical position was recorded using a hand-

held GPS receiver. Once the geographic position of 

the underwater module was determined, the hybrid 

boat was moved to the base vessel where the shore-

based control module was placed. As the boat was 

being moved, the underwater hybrid cable was un-

wound from the reel. The length of used cable was 1 

km. Upon reaching the anchored base vessel, the reel 

with the underwater hybrid cable was transferred to 

the deck of the unit. The cable was then connected 

to the communication and power unit of the shore-

based control unit. During the first start-up of the 

measuring system, the value of the tilt angles of the 

underwater module is recorded and its tightness is 

verified by means of water level sensors placed in-

side the module. 

In the next phase of preparation, the geographical 

position and the position of the module is verified. 

For this purpose, a diver was transported to the po-

sition recorded during lowering of the integrated un-

derwater observation module. The diver’s task was 

to correct the position of the module according to the 

geographical North. After the correction was made, 

the final geographical position of the module was 

recorded with DGPS correction accuracy. 

 

2.2.3. Conducting of the measurements of the 

physical fields of the vessels 

Measurements of the physical field disturbances 

caused by the vessels in real conditions were carried 

out for two types of objects. The first of them was a 

buoy tender and an ocean-going tugboat. The vessels 

were moving according to a predetermined plan, i.e., 

with a given speed and heading. During the individ-

ual passes, the motion parameters and the geograph-

ical position were obtained from the on-board satel-

lite navigation system were recorded. 

The vessels passed at different distances from the 

position of the underwater module in order to obtain 

spatial distributions of the disturbances of the tested 

physical fields. 

The second type of floating objects were random 

vessels entering and leaving the Gdynia harbor. The 

vessels were moving at different times, therefore, 

continuous observation of the situation in the area of 

the Gulf of Gdansk was required. For this purpose, 

an additional on-board AIS system located on the 

base vessel was used. Uninterrupted observation at 

the electronic chart was conducted by a person who 

simultaneously provided information about the be-

ginning and the end of the measurement. Each meas-

urement started when the vessel crossed the line 

marked on the map, located 400 m before the geo-

graphical position of the underwater observation in-

tegrated module. The measurement was finished 

when the observed vessel crossed the line marked on 

the map, which was 400 m behind the geographical 

position of the underwater observation integrated 

module. 

Recording of the measurement data was conducted 

during the passage of the object in the area where the 

underwater observation integrated module was 

placed according to the diagram shown in Figure 5. 

The movement of the vessel for which the physical 

fields were measured was in the East-West direction 

and vice versa. According to the previous assump-

tions, the results of the hydroacoustic field measure-

ment were analyzed in detail. During real tests this 

field was measured continuously. It means that un-

interrupted watch with the use of the hydrophone 

was conducted. Such an approach to tests was nec-

essary to determine the level of background noise, 
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which is variable in the real water environment. 

Knowledge of the noise value variations is the basis 

for determining the average background noise level 

Lt [dB re 1 μPa]. The value Lt was calculated from 

the relation as follows: 
 

𝐿𝑡 = √
1

𝑁
∑ |𝑋𝑛|2𝑁

𝑛=1   (1) 

 

where: 

𝐿𝑡 is the RMS value of the hydroacoustic ambient 

signal occurring in the measurement window from 

N the samples corresponding to the signal duration 

time which is equal to 5 min, 

𝑋𝑛 is the hydroacoustic ambient signal. 

This value is required for further analysis of the 

floating object hydroacoustic data. The average 

background noise level of the water body Lt was de-

termined 5 minutes prior to the start of the measure-

ment in frequency range from 3 Hz to 25 kHz, which 

was determined by frequency sampling of ADC. 

This allowed us to determine the actual conditions in 

the area during the measurements.   

Analysis of hydroacoustic data of a floating object 

was performed for the time when the level of sound 

pressure exceeded the value L_t+10 dB re 1 μPa. 

The value 10 dB re 1 μPa was determined on the ba-

sis of long-term analyses for the background noise 

in the Gulf of Gdansk region. 

3. Results of the hydroacoustic field measure-

ments 

This caption presents the results of hydroacoustic 

field measurements in the form of SPL (Sound Pres-

sure Level). SPL curves for different vessels and for 

different moving speeds of the same vessel are com-

pared. In the following section, an algorithm to track 

the moving sound source is presented. In the final 

part of the chapter are shown parameters describing 

the SPL curve used in the ship classification process. 

Disturbances of the hydroacoustic field caused by a 

vessel were analyzed in the time domain. The results 

of the sound pressure measurements for the selected 

vessel were related to the actual geographical posi-

tion of the underwater module while simultaneously 

taking into account the vessel speed. This way, spa-

tial distribution of sound pressure level changes was 

obtained, which is shown in Figure 6. 

The spatial distribution of sound pressure level 

changes shown in the figure above is the result of 

noise measurements from a vessel moving in the 

North direction. The area for which the distribution 

is colored in red corresponds to the highest value of 

the sound pressure level, i.e., 152 dB re 1 μPa. This 

level decreases to the value below 120 dB re 1 μPa 

as the distance of the moving vessel from the under-

water module increases. 

 

 

 
Fig. 5. Diagram of the start and the end of the measurement 
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Fig. 6. Example of the spatial distribution of sound pressure level induced by the passing vessel 

 

In the further part of the analysis of the conducted 

research, the change of the sound pressure level for 

the selected vessels is presented (Buszman, Gloza 

2020). The fairway along which the surveyed ob-

jects moved was about 30 m away from the geo-

graphical position of the underwater measuring 

module. Whereas, the speed of the vessels was con-

stant and it was about 8 m/s. The results of the rec-

orded measurements are shown in Figure 7. 

Figure 7 shows a summary of the curves of sound 

pressure level changes over time for 3 different ves-

sels. These vessels were moving with the same 

speed and course and the same distance to the meas-

uring system. The background noise level were com-

parable. The highest average sound pressure level 

was recorded for the Ro-Ro vessel. In comparison, 

the smallest noise was generated by the passenger 

ferry, which is the smallest of the vessels tested. 

Whereas, the sound pressure distribution for the 

buoy tender showed the highest dynamics of change 

of the examined parameter in time. It means that the 

value of sound pressure increases rapidly when the 

object approaches the geographical position of the 

underwater measuring module and decreases rapidly 

when it moves away from the measuring position. 

The analysis of changes in the sound pressure level 

curve showed that its shape depends on the type of 

vessel. The time for which the tested vessels passed 

closest to the geographic position of the underwater 

measuring module corresponds to the time of eight-

ieth-eighth second on the time line in Figure 7.  

Due to the nature of the hydroacoustic field and the 

water environment, sound propagation is accom-

plished by transmitting vibrations from the source to 

the water in which the underwater portion of the hull 

is located. The main source of noise on a vessel is 

the ship’s equipment mounted inside. An example 

diagram of such equipment is shown in Figure 8. 

The hydroacoustic disturbance is generated by the 

working propulsion system and by the noise associ-

ated with the flow of water around the hull. During 

operation, the propulsion system generates hull vi-

brations of various frequencies. These vibrations re-

sult primarily from the rotational speed of individual 

marine machines and devices (Łosiewicz at al., 

2022). In addition, the ship's hull moving in the wa-

ter generates noise caused by the turbulent flow of 

water around the hull. 

The value of these vibrations influences the level of 

generated sound pressure and the range of propa-

gated elastic wave (Klusek at al., 2015). The 

knowledge of the characteristic frequency compo-

nents for a given type of ship and her working ma-

chinery provides the required information about 

their source. This knowledge allows us to develop 

the acoustic characteristics of a given type of the 
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ship, which can be used to determine the direction of 

her movement. Knowledge of the acoustic charac-

teristics of individual types of ships allows them to 

be identified, tracked and thus affects the safety of 

maritime transport. 

In the next step, the effect of vessel speed on the 

level of generated underwater noise is presented. For 

this purpose, sound pressure measurements were 

conducted for 3 different speeds of a selected type 

of the vessel. The distances of the vessel transitions 

from the geographical position of the underwater 

module were less than 10 m. In order to compare the 

effect of vessel speed on the sound pressure level, a 

summary of the results is presented in Figure 9. 

 

 
Fig. 7. Summary of sound pressure level results for different types of vessels (vessel 1 – 37 m long passenger 

ferry, vessel 2 – 160 m long Ro-Ro vessel, vessel 3 – 60 m long buoy tender) 

 

 
Fig. 8. Diagram of vibration and noise sources of the exemplary vessel 
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Fig. 9. Summary of the sound pressure level results at different speeds (v1 = 3 m/s, v2 = 4,5 m/s and v3 = 6  m/s) 

for the same object 

 

From the sound pressure variation curves shown in 

Figure 9, it is evident that the sound pressure level 

increases as the vessel speed increases. The nature 

of the changes shows similarity for all three speeds. 

It is observed that for 2 times increase in speed (from 

3 m/s to 6 m/s), the maximum sound pressure level 

increased by 4 dB re 1 μPa. This means that as the 

vessel speed increases, the sound pressure value in-

creases. 

The movement of the vessel is the result of the pro-

pulsion system operation, whose parameters directly 

affect the speed of the vessel. An increase in the ves-

sel’s speed is the result of an increase in the rota-

tional speed of the individual machinery which con-

stitutes propulsion system. As a result, the overall 

noise and vibration level of the vessel increases, 

which consequently corresponds to an increase in 

the sound pressure measured at a certain distance 

from the source. 

Analyzing the data presented in the above graphs, 

the dependence of the shape of the curve of sound 

pressure changes in time on the type of the tested 

vessel (Figure 7) and on the motion parameters of 

the selected vessel (Figure 9) is clearly visible. The 

course of changes in the sound pressure level de-

pends on the parameters which are related to the size 

and shape of the object, and the speed of the object 

movement. Detailed analysis of the above graphs 

and many others obtained during the research will 

allow to describe the changes of sound pressure val-

ues in time by means of a set of parameters, 

the selection of which is described in the following 

part. 
 

3.1. Tracking of a moving object 

Tracking of a floating object was realized using 

analysis of signals from 4 hydrophones in tetrahe-

dral configuration (Gloza at al., 2013; Buszman 

2018). Hydrophones were placed on the tetrahedron 

vertices with a distance of 0.25 m between sensors. 

The positions of the 6 virtual hydrophones were ge-

ometrically determined at the centres of each tetra-

hedron edge. Connecting the centre of the edge on 

which the selected hydrophone pair was located to 

the centre of the edge for the remaining pair obtained 

one of the 3 axes of the Cartesian coordinate system. 

Performing the operation for the remaining 2 com-

binations of hydrophone pairs resulted in a complete 

Cartesian coordinate system, what is presented in 

Figure 10. 

The X axis is determined by the virtual hydrophones 

V2 and V4, where the signal V2 takes the mean 

value of the hydrophone signals H2 and H3. The V4 

signal was determined from the signals of hydro-

phones H1 and H4. Y axis is determined by virtual 

hydrophones V5 and V6. Signal V5 takes the aver-

age of the signals from hydrophones H1 and H3, and 

signal V6 takes the average of the signals from hy-

drophones H2 and H4. The Z axis is determined by 

virtual hydrophones V1 and V3. Signal V1 takes the 

average of the signals from hydrophones H1 and H2, 

and signal V3 takes the average of the signals from 

hydrophones H3 and H4. 
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Fig. 10. Tetrahedral configuration of hydrophones (H1 – H4) with virtual points (V1 – V6)  
 

To determine the signal for the selected virtual sen-

sor, the time delay between the signals for the corre-

sponding pair of hydrophones was determined. For 

signal V1, the autocorrelation function of the signal 

from sensor H1 was determined according to the for-

mulas as follows (Gloza at al., 2013): 
 

𝑅𝐻1(𝜏) = ∫ 𝐻1(𝑡) ∗ 𝐻1(𝑡 − 𝜏)𝑑𝑡
∞

−∞
  (2) 

 

In the next step, the cross-correlation function of the 

signals from H1 and H2 sensors was determined 

based on the relation (Gloza at al. 2013): 
 

𝑅𝐻1𝐻2(𝜏) = ∫ 𝐻1(𝑡) ∗ 𝐻2(𝑡 − 𝜏)𝑑𝑡
∞

−∞
  (3) 

 

Based on the obtained results, the maximum of the 

autocorrelation and cross-correlation functions is 

found. The delay τ is determined, based on which the 

signal from the sensor H2 is shifted in phase with the 

signal from the sensor H1. 
 

𝐻2′(𝑡) = 𝐻2(𝑡 ± 𝜏)  (4) 
 

The resultant signal is determined according to the 

formula: 
 

𝑉1′(𝑡) =
𝐻1(𝑡)+𝐻2′(𝑡)

2
  (5) 

 

Finally obtaining the signal after the phase shift: 
 

𝑉1(𝑡) = 𝑉1
′(𝑡∓

𝜏

2
)
   (6) 

The x, y and z components of the sound intensity 

were calculated from the following equations (Fahy 

1995; Gloza 2002): 
 

𝐼𝑥 =  −
𝐼𝑚{𝐺𝑉4𝑉2}

2𝜌ωx
  (7) 

 

𝐼𝑦 =  −
𝐼𝑚{𝐺𝑉5𝑉6}

2𝜌ωx
  (8) 

 

𝐼𝑧 =  −
𝐼𝑚{𝐺𝑉1𝑉3}

2𝜌ωx
  (9) 

 

where: 

𝜌 is water density, 

ω = 2πf is pulsation of the analyzed signal, 

2x = d/21/2 is the distance between virtual hydro-

phones, 

Im{GVAVB} is the cross spectrum imaginary part. 

Knowing the intensity components Ix, Iy and Iz it 

was possible to determine the bearing on the noise 

source according to the formulas (Gloza at al., 

2013): 
 

𝜑 = arctan (
𝐼𝑦

𝐼𝑥
)  (10) 

 

𝜃 = arccos (
𝐼𝑧

𝐼
)  (11) 

 

where: 
 

𝐼 =  √𝐼𝑥2 + 𝐼𝑦2 + 𝐼𝑧2  (12) 
 

Based on the instantaneous position of the moving 

object in space and the change of position in time, it 
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is possible to determine the parameters in the time 

domain. Additionally, it is possible to determine the 

speed of the analysed object. 
 

3.2. Selection of hydroacoustic field parameters 

with respect to the time domain 

Parameters related to the shape of the sound pressure 

level change curve are used to describe the hydroa-

coustic field (Buszman 2016). The selected parame-

ters in the time domain are shown in Figure 11. 

The first parameter chosen to describe the hydroa-

coustic field is the duration of the disturbance t [s]. 

This is the time calculated from the moment when 

the average background noise level 𝐿𝑡 is exceeded 

by 10 dB re 1 μPa until the measured sound pressure 

level decreases to 𝐿𝑡+10 dB re 1 μPa. 

The next selected parameter is the maximum level 

of the sound pressure 𝐿𝑚𝑎𝑥 [dB re 1 μPa]. It is de-

termined for the interval of one second duration dur-

ing which the tested source generated the largest dis-

turbance. The value of this parameter was deter-

mined from the relation for the effective value of the 

RMS signal (Root Mean Square): 
 

𝑈𝑅𝑀𝑆 = √
1

𝑁
∑ |𝑋𝑛|2𝑁

𝑛=1   (13) 

 

where: 

𝑈𝑅𝑀𝑆 is the RMS value of the hydroacoustic signal 

occurring in the measurement window from N the 

samples corresponding to the signal duration time 

which is equal to 1 s, 

𝑋𝑛 is the hydroacoustic signal analysed. 

The next parameter is 𝑡𝑚𝑎𝑥 [s] designating the time 

for which the interference source generated 

the highest level of sound pressure described by the 

maximum signal level 𝐿𝑚𝑎𝑥. This time is measured 

from the moment of crossing the threshold of the av-

erage background noise level by 10 dB re 1 μPa.  

The last parameter is the area of the figure bounded 

by the curve of the averaged sound pressure level 

and a line representing the average background 

noise level augmented by 10 dB re 1 μPa marked by 

the symbol 𝑆𝑝 [(dB re 1 μPa)∙s]. 

 

3.3. Methodology for analyzing measurement 

results 

The parameters presented in the previous section 

were analyzed to search for correlations between 

them and their sources in the form of vessels. One of 

the K-NN (K - Nearest Neighbors) classification 

methods was used, which uses the Euclidean dis-

tances between individual results on the x-y plane. 

In order to obtain suitable input data for this method, 

selected parameters were normalized according to 

the relation (Horzyk A. and Starzyk J. A. 2019): 

 

𝑥𝑖
′ =

𝑥𝑖−𝑥𝑚𝑖𝑛

𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
  (14) 

 

where: 

𝑥𝑖
′ – resulting parameter value after normalization, 

𝑥𝑖 – value of the tested parameter, 

𝑥𝑚𝑖𝑛  – the smallest value of the parameter of all 

tested objects, 

𝑥𝑚𝑎𝑥  – the highest value of the parameter of all 

tested objects.  

The normalization resulted in SpN, LmaxN, tmaxN 

and tN, corresponding to the parameters shown in 

Figure 11. 

During the measurements, dozens of ship transitions 

were recorded and grouped as follows: 

− S1 – dedicated vessel 1 moving at a short dis-

tance from the measurement module (up to 

10 m),  

− S1-1 – dedicated vessel 1 moving at a greater 

distance from the measurement module (further 

than 15 m), 

− S2 – dedicated vessel 2 moving at a short dis-

tance from the measurement module (up to 

20 m), 

− S2-1 – dedicated vessel 2 moving at a greater 

distance from the measurement module (further 

than 25 m), 

− S3 – passenger ferries with a value of 

GT > 20000, 

− S4 – container ships with a value of 

GT > 10000. 

The normalized parameters were placed in pairs on 

a common plane with grouping. The pair 𝑆𝑝𝑁 and 

𝐿𝑚𝑎𝑥𝑁 is shown in figure 12, and the pair 𝑡𝑚𝑎𝑥𝑁 

and 𝑡𝑁 is shown in figure 13. 

Comparing the figures, one can observe a clustering 

of results for the first pair of parameters (𝑆𝑝𝑁 and 

𝐿𝑚𝑎𝑥𝑁), as opposed to the other pair (𝑡𝑚𝑎𝑥𝑁 and 

𝑡𝑁). The analysis for the other 4 pairs was carried 

out in a similar manner, i.e.:𝐿𝑚𝑎𝑥𝑁 with 𝑡𝑁, 𝐿𝑚𝑎𝑥𝑁 

with 𝑡𝑚𝑎𝑥𝑁, 𝑆𝑝𝑁 with 𝑡𝑁 i 𝑆𝑝𝑁 with 𝑡𝑚𝑎𝑥𝑁. 

The next step was to determine the Euclidean dis-

tance for the extreme points of each set. The value 
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of the Euclidean distance determines the degree of 

clustering of the elements of the set. This value de-

creases as the clustering of the elements of the set 

increases. To determine the Euclidean distance, the 

relationship shown below was used: 

 

𝑑(𝑥, 𝑦) = √(𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)2 + (𝑦𝑚𝑎𝑥 − 𝑦𝑚𝑖𝑛)2  (13) 

 

where: 

𝑥𝑚𝑖𝑛  i 𝑥𝑚𝑎𝑥  – the smallest and largest parameter 

value of a given set of elements represented by the 

x-coordinate, 

𝑦𝑚𝑖𝑛 i 𝑦𝑚𝑎𝑥 – the smallest and largest value of the 

second parameter of the same set of elements repre-

sented by the y-coordinate.  
The average value of the Euclidean distances of each 

combination of parameter pairs was determined. The 

results obtained are presented in the form of a col-

ored matrix (figure 14). 

The fields with the darkest color correspond to the 

smallest Euclidean distances, i.e. the largest cluster-

ing of the collection. Based on the above analysis, a 

pair of hydroacoustic field parameters was selected 

𝑆𝑝𝑁 and 𝐿𝑚𝑎𝑥𝑁, showing the highest concentration 

of the set of elements. 
 

 
Fig. 11. Parameters related to the hydroacoustic pressure level 
 

 
Fig. 12. Representation of normalized parameter pairs 𝑆𝑝𝑁 i 𝐿𝑚𝑎𝑥𝑁 
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Fig. 13. Representation of normalized parameter pairs 𝑡𝑁 i 𝑡𝑚𝑎𝑥𝑁 

 

 
Fig. 14. Color matrix of average values of Euclidean distances 

 

The parameters described above can be used to par-

ametrize the hydroacoustic field what will be the 

next phase of research. Based on these parameters, 

it will be possible to carry out a classification of ves-

sels taking into account their speed and distance 

from the geographical position of the underwater 

module. In addition, long-term underwater situation 

surveillance will allow the development of a data-

base of the vessels operating in a given location 

along with the determination of the characteristics of 
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the noise they generate. This aspect can be used for 

critical infrastructure protection as well as for noise 

monitoring in a selected water region. Underwater 

observation of the movement of vessels in a given 

sea area will additionally increase the safety of mar-

itime transport. 

 

4. Discussion 

The analysis of research on disturbances in the hy-

drostatic field caused by floating objects using an 

underwater measurement module, carried out in the 

article, provided the basis for justifying the need to 

extend the monitoring of ship traffic to the lower 

hemisphere. A review of available systems support-

ing the navigation process indicated a clear techno-

logical gap in the field of underwater observation. 

The information obtained about the physical signa-

ture of ships, and in particular about the hydroacous-

tic field, increases the possibilities of monitoring 

ship traffic in the area of strategic infrastructure fa-

cilities. Additional data about ships generating un-

derwater noise may supplement, and in some cases 

even replace, data recorded by subsystems included 

in the currently operating maritime traffic safety sys-

tem VTS. 

Presented method of conducting measurements of 

physical fields of the vessels demonstrated the pos-

sibility of using a mobile measurement system for 

this purpose. The mobile measurement system de-

veloped by the Naval Academy in the presented con-

figuration can be used in any water region where 

depth does not exceed 50 m. The indicated areas 

concern the offshore zone and harbor approach fair-

ways.  

The presented research results and analysis of meas-

urements of hydroacoustic field disturbances carried 

out in real navigation conditions showed the distin-

guishability of vessels (i.e. type, application) with 

various motion parameters based on the size and 

shape of the noises recorded by the measurement 

system. It was also checked whether there is a rela-

tionship between the level of noise generated and the 

speed of movement of a given ship. Dedicated ships 

used for this purpose facilitated the development of 

a method for parameterizing hydroacoustic field dis-

turbances. 

By examining the possibilities of analyzing signals 

obtained from individual sensors measuring disturb-

ances in the hydroacoustic field, some parameters in 

the time domain were obtained. For this reason, 

qualitative and quantitative verification of individ-

ual parameters was required. For this purpose, a pa-

rameter selection method was developed using the 

values of Euclidean distances between individual 

pairs of parameters. In order to conduct an analysis 

verifying the parameters in terms of determining 

their quality, normalization was used. The normali-

zation of physical quantities, taking values from var-

ious ranges and physical units, made it possible to 

present every possible combination of pairs of pa-

rameters on the plane. The use of a two-stage analy-

sis of pairs of normalized parameters allowed for the 

determination of parameter selection criteria. 

These data can serve as a basis for the movement of 

vessels in the analyzed area and directly increase the 

level of navigation and maritime safety in the sea 

area of strategic infrastructures. 
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