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Abstract

This study uses passive acoustic monitoring techniques to investigate the potential
of Autonomous Underwater Gliders for assessing and localizing a controlled vessel
through underwater radiated noise. The propagation of noise was investigated through
an advanced propagation loss model utilizing oceanography data collected by the
glider. Comprehensive sea trials were conducted using a Slocum G3 glider equipped
with acoustic capabilities. These trials involved capturing the underwater radiated
noise from a specific vessel while simultaneously collecting oceanographic data. The
first step involved identifying the noise pattern of the target vessel and assessing the
individual noise sources in accordance with ISO standards. Subsequent trials involved
using a glider, a hydrophone array, and a seabed-moored hydrophone to further ana-
lyze vessel noise signatures. The acoustic performance of the glider was compared to
that of other conventional stationary platforms. A study was conducted to evaluate
the self-noise produced by the glider in order to ensure the precision of the acoustic
data. Furthermore, sound propagation loss was studied using the gathered oceanic
data. Propagation loss models were developed in two distinct environmental condi-
tions: 1) a shallow coastal inlet 80 m deep and 2) a deep bay up to 200 m deep during
summer and winter, both in the presence and absence of strong surface stratifica-
tion. A range- and depth-dependent sound speed profile map was created to estimate
propagation loss inside the area covered by the glider. This led to the testing and
improvement of advanced sound propagation models compared to the ISO standard
17208 formulations. The findings demonstrate that the gliders can characterize and
measure ship-based URN and locate the direction of the source relative to the glider,
thereby improving the understanding of the spatial and temporal variability of ocean
sound sources. The study supports the use of AUGs in marine acoustic monitor-
ing, which has implications for environmental policies and the development of quieter
vessels.
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Chapter 1

Introduction

Over the last two decades, human activity levels in the ocean have increased signifi-
cantly, including shipping, fishing, deepwater drilling [Blackwell et al., 2004], and sonar
operations [Miller et al., 2012]. Consequently, anthropogenic underwater noise has in-
creased and maritime vessels contribute significantly to this pollution. In particular,
the worldwide growth in ocean trade and vessel fleets between 1992 and 2021 [Frisk,
2012; United Nations Conference on Trade and Development (UNCTAD), 2023] have
increased the ocean ambient noise levels, especially in the low-frequency range (<150
Hz), as shown through several long-term observations [Andrew et al., 2002; McDonald
et al., 2006; Chapman and Price, 2011; Andrew et al., 2011; Williams et al., 2015;
McWhinnie et al., 2017]. Increasing noise from humans in the ocean harms marine
life, including making them more physically stressed, changing their behavior, and
making it harder for them to communicate using sound [Kraus et al., 2005; Rolland
et al., 2012; de Soto et al., 2013; Williams et al., 2015; Kraus et al., 2016; Erbe et al.,
2019].

In Newfoundland and Labrador (NL), Canada, a wide range of fishing activities
take place. Summer is the primary season for fishing vessel traffic. This period over-
laps with the migration season of marine mammals, such as humpback, pilot, minke,
fin, blue, and killer whales, passing through the St. John’s, NL, region [Benjamins
et al., 2012]. Noise pollution interferes with essential behaviors such as fish and inver-
tebrates’ communication, feeding, and mating processes [Hawkins and Popper, 2016].

Several jurisdictions have started developing new policies and criteria to manage
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ships’ underwater radiated noise (URN) and address this growing threat. Initia-
tives have been organized in several countries, for example, the Quiet Vessel Initia-
tive in Canada [Transport Canada, 2020] and IMO, to bring together stakeholders,
such as ship designers, shipyards, ship owners, classification societies and government
agencies, to develop strategies to mitigate URN emissions. These strategies include
proposing design solutions for new vessels, retrofitting existing vessels, and altering
ship operations in sensitive areas [North Atlantic Treaty Organization (NATO), 2008;
European Union Commission Decision 2017, 2017; United Nations, 2018; Protection
of the Arctic Marine Environment (PAME), 2019; Cominelli et al., 2018; Virto et al.,
2022]. A key aspect of the success of the proposed strategies is the reliability of the
measurement methods and procedures to assess the underwater radiated noise of the
vessels, in addition to the quantification of the uncertainty of the reported URNs.

Government regulations and international agreements play a crucial role in ad-
dressing the issue of URN from ships, particularly from the perspective of vessel design
and operation, to minimize the environmental impact. Government regulations and
international agreements rely on the ship classification societies and scientific research
to address the problem of URN from ships. The valuation of the URN of the vessel
using methods that ensure high accuracy and minimal uncertainty is essential. The
vessel’s URN assessment is primarily determined by criteria curves in one-third octave
bands [American Bureau of Shipping, 2022; DNV GL, 2017; Lloyd’s Register Group
Limited, 2018; Bureau Veritas, 2014]. These curves categorize the URN according
to the purpose of operation, distinguishing between transit, quiet, and research ac-
tivities. The URN must not exceed the criteria curve, and the uncertainty must be
within an acceptable range, such as a maximum of 3 dB, as specified by Lloyd’s Regis-
ter Group Limited [2018]. A vessel may fail to meet the criteria for a specific notation
if there is significant uncertainty across multiple frequency bands. Lower uncertainty
levels indicate higher trust in the URN assessment, ensuring accurate evaluations
without underestimation or overestimation. In order to enable reduced uncertainty
evaluations, it has been proposed to apply ocean gliders as moving, untethered pas-
sive acoustic monitoring (PAM) observers. Research has shown that these devices are
effective in identifying marine mammal presence and behavior, offering essential data
for conservation initiatives.

In the following pages, I will share the story of these quiet submarines, the Au-
tonomous Underwater Glider/Ocean Gliders (AUG), and their incredible journeys
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to investigate passive acoustic monitoring missions regarding vessel noise signature
assessment and detection. AUG(s) extend the knowledge and understanding of how
human activities in the ocean can impact remote ocean ambient noise. Anthropogenic
activities, especially those of vessels, raise ocean noise pollution and threaten Earth’s
ecosystems [Williams et al., 2015; Erbe et al., 2019; Lemos et al., 2022]. Therefore, it
is challenging to precisely monitor and control the increase in ocean ambient noise lev-
els over a massive space where the sound travels fast and to great distances. AUG(s)
reveal the hidden implications of these activities, both in sound recording and in
improving our ability to estimate the impact of marine sound sources in the ocean.
Accordingly, this research investigates the sound propagation behavior in the oceans,
taking advantage of the range- and depth-dependent oceanographic data sampled by
the ocean glider.

An acoustic AUG equipped with a hydrophone is a mobile platform for monitoring
and sampling the ocean soundscape along the water column and over broad areas.
This technology is advantageous due to its silent motion, extended autonomy, low-cost
operation in collecting samples from remote areas, and low energy consumption for
long-endurance missions [Ferguson et al., 2010; Haxel et al., 2019; Testor et al., 2019;
Baumgartner et al., 2020; de Lima et al., 2020]. Their quiet motion and operation
enable the study of ocean ambient noise, making them a valuable source of information
about the ocean’s conditions and processes, either naturally or due to anthropogenic
noise [Jiang et al., 2019]. For example, the International Quiet Ocean Experiment
(IQOE) is a proposed effort to study acoustic environments and marine life on a large
scale, recognizing the challenges of understanding the effects of noise on long-lived,
mobile marine species [Williams et al., 2018].

Ocean glider technology, moreover, can support the estimation of the azimuth an-
gle of underwater sound sources to detect and identify biological or anthropogenic
sources [Jiang et al., 2019]. When working in parallel with other platforms, gliders
can localize cetacean migration. Their accuracy in PAM missions is comparable to
traditional acoustic recording platforms, e.g., bottom anchored or support vessel de-
ployed stationary observers [Matsumoto et al., 2011]. Regarding glider navigation,
OceanGNS is a cloud-based service that helps ocean gliders tolerate currents and
bathymetry, enhancing navigation and operational efficiency. This method calculates
the best routes for the glider to achieve its mission targets using current ocean forecast
models, historical data, and glider information [von Oppeln-Bronikowski et al., 2021].
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Typical fishing vessels were selected for this research study as controlled anthro-
pogenic noise emitters in order to provide a reliable and distinguishable source of
underwater noise for the study, which is essential for precise monitoring and analysis.
Several sea trials were conducted to investigate the noise output of the selected vessel.
A Slocum ocean glider, a surface float-supported hydrophone array, and a bottom-
mounted single hydrophone were the three PAM systems used to monitor the vessel’s
acoustic signature. These initiatives go beyond only evaluating the glider’s efficiency
in vessel noise monitoring and detection; they seek to comprehend the ecological con-
sequences of fishing vessel noise in the waters of Newfoundland on a broader scale.
In addition, the issue of fishing vessels serving as underwater noise sources prompts
engineering questions on mitigation strategies to protect marine life.

1.1 Research problem

Marine vessels have multiple sources contributing to their overall noise signatures
[Ross and Kuperman, 1989; Jiang et al., 2020]. They are distributed in several loca-
tions along the vessel hull structure, generate noise at various frequencies, and have
different directivities [Erbe et al., 2019]. Assessing the noise levels caused by ships
at sea is a difficult research question because there are many factors that can affect
the whole process and make the reported noise levels very uncertain [AQUO, 2014;
ISO-17208/1, 2016; Gaggero et al., 2012; Smith and Rigby, 2022]. The uncertainty
in determining vessel underwater noise may surge due to variations in several fac-
tors: ocean ambient background noise, the determination of range between source
and receiver, sound wave propagation loss (PL), vessel operating conditions, and
post-processing analysis [AQUO, 2014; Zhang et al., 2020]. For proper and rigorous
measures of vessel underwater noise, it is critical to determine and quantify sources
of error that could introduce uncertainties in the evaluation.

Fixed PAM stations are the most commonly used system for analyzing ocean
sound, as noted by [McKenna et al., 2012; Merchant et al., 2012; Haver et al., 2021].
Surface float structures with cable throughout the water column holding the hy-
drophones have been widely used in industry and scientific research. Sources of
uncertainty related to the structure of the PAM observer might be added on top
of the previously mentioned sources. The self-noise of the stationary observer had a
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notable impact on the received sound levels. Current-induced vortices caused cable
vibrations in low-frequency ranges, leading to increased uncertainty in the measured
received sound levels. The mechanical chafing between components, buoy noise, and
free surface impact the received sound as well [ANSI/ASA S12.64-2009/Part 1, 2009;
AQUO, 2014; Zitterbart et al., 2022]. The depth of each hydrophone can change over
time due to the effect of surface waves and ocean current, which can, in turn, affect
the recorded sound data. A difference of only a few metres can move the hydrophone
into a shadow zone, resulting in variations between 1 and 5 dB in the measured sound
levels [AQUO, 2014; Simard et al., 2016].

Bottom-mounted systems are frequently used to assess underwater noise in shal-
low or deep water [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016; DNV
GL, 2017]. The system is submerged and consists of an acoustic release, an anchor,
and floating buoys [Lin et al., 2019]. However, the seafloor topology profile or sed-
iment type may not be suitable for deploying a moored observer anchored to the
seafloor. In this scenario, a drifting surface buoy or a support vessel that holds the
hydrophones by attaching a weight to the end of the cable would be a suitable choice.
If the weather conditions worsen over time, e.g., an increase in wave height or wa-
ter currents, the drift angle of the hydrophones would be a problem that leads to a
change in the hydrophone depth, increasing the measurement uncertainty [ANSI/ASA
S12.64-2009/Part 1, 2009; AQUO, 2014]. Surface buoys provide spatially independent
acoustic data for a particular area. They are also expensive and difficult to deploy in
deep water, make loud noises, and require mooring ropes that might entangle marine
creatures [Kowarski et al., 2020].

Moreover, the sound propagation loss quantity is an essential step in assessing
the vessel noise signature level, which estimates the reduction in the sound inten-
sity level between the source and observer. The PL values were calculated based on
several parameters: source depth, observer depth, the distance between source and
receiver, sound speed profile (SSP), seafloor profile, and seafloor acoustic character-
istics. ANSI/ASA S12.64-2009/Part 1; McKenna et al.; ISO-17208/2; Simard et al.;
Haxel et al., and MacGillivray et al. have introduced a variety of PL models, from
the most direct explicit form to those that solve the sound wave equation numerically.
The simplest model may need only the distance between the source and receiver to
roughly estimate the PL value; however, the more accurate and reliable the PL model
is, the more environmental factors like SSP and the acoustic characteristics and profile
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of the seafloor need to be taken into account [Merchant et al., 2012; Ainslie et al.,
2022].

The SSP data is usually calculated using a single conductivity, temperature, and
density (CTD) sensor cast through the water column. The SSP values may not
represent the sound speed a couple of kilometres from the point of measurement. That
may lead to unrated PL values [Li et al., 2022]. Additional CTD sensor casts can be
performed at different locations to account for variations in sound speed in order to
gather more accurate SSP data. By incorporating these additional measurements,
the prediction accuracy of the PL values can be improved. Collecting SSP profiles
at many points over an area of square kilometres would be cost-effective. However,
with just one deployment, AUGs can collect temporal and spatial CTD data for the
targeted area.

In addition, the seafloor bathymetry is assumed to be flat in many cases for sim-
plicity, even though the seafloor profiles might change the PL values significantly,
specifically in shallow water [Oliveira et al., 2021; MacGillivray et al., 2023]. Com-
bining the actual seafloor bathymetry profile and range/depth-dependent SSP could
enhance the PL models.

Therefore, unconstrained by the limitations of stationary platform structures,
ocean gliders offer a distinct potential to enhance underwater noise measurement
techniques and could be a promising alternative to monitoring ocean sound in that
environment. While ocean gliders may have the potential to improve underwater noise
measurement techniques, they also come with their own set of limitations and uncer-
tainties that need to be addressed before relying on them as a primary monitoring
tool.

1.2 Research aim and objective

The primary aim of this study is to fill the knowledge gap regarding the efficacy
and capability of the autonomous underwater Slocum G3 glider as a mobile observa-
tion platform for characterizing and detecting underwater radiated noise from marine
ships. I also investigated the measurement uncertainty of determining the vessel noise
signature based on the acoustic and oceanographic data captured by the glider. To
achieve this objective, a comparative analysis was performed, comparing the glider’s
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performance as a mobile PAM platform in measuring vessels’ URN with the standard
methodologies using stationary observers as a ground reference through planned and
controlled sea trials in the open seas. In addition, sources of measurement uncertainty
associated with the glider’s observations relative to those of the stationary platforms
were investigated.

To further assess the glider’s capabilities as a PAM platform, its self-noise during a
routine flight in the ocean was investigated and reported, which is crucial in the post-
processing of the acoustic files collected by the glider. Moreover, the ability of the
glider to detect the direction of a moving vessel in relation to the glider is examined.

The second aim of this research is to analyze the oceanographic data (temperature,
salinity, and pressure) collected by the glider to improve the understanding of under-
water sound propagation in a particular region. The goal is to demonstrate differences
in sound propagation loss models, taking into account the range- and depth-dependent
SSP and seabed acoustic characteristics in comparison to the explicit independent
forms. This study also included a comparative analysis of two scenarios: assuming
a flat bathymetry profile and using actual seafloor profile data. Incorporating range-
and depth-dependent SSP into the PL model study facilitates the identification of
potential enhancements by using more precise seafloor profile data along the glider’s
path, as opposed to the previous flat assumption.

In order to reach this goal, the objectives and tasks described in the following
sections were completed.

1.2.1 Underwater noise characterization of a small fishing
vessel

The average length of a fishing vessel in Newfoundland is between 45 and 62 feet,
depending on the fishing activity and type of vessel [DFO, 2022; Burella et al., 2019].
The noise from small vessels typically peaks at a higher frequency than that of large
vessels, potentially up to tens of kHz [Hermannsen et al., 2014; Veirs et al., 2016].
Small vessels may be responsible for a significant portion of the high-frequency noise
(above 1 kHz) in ocean ambient noise. Small vessels, often operating in shallow-water
environments where sound transmission is more efficient above 100 Hz, produce high-
frequency noise due to their high-speed engines. The impact of noise emissions from
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small vessels has not received enough attention [Erbe et al., 2019; Picciulin et al.,
2022; Gaggero et al., 2024].

Noise exposures depend on the vessels’ operating conditions. Unlike other com-
mercial vessels, fishing vessels have a wide range of operational states that depend on
the type of fishing activity and catch [Burella et al., 2021]. A condition of particular
interest is the case of a stationary vessel with the engine running (usual fishing con-
ditions). Therefore, it is crucial to distinguish between the acoustic characterization
of the vessel under sailing and stationary operating conditions.

In this work, I tested a typical small fishing vessel from Newfoundland. I used
this vessel as a case study to evaluate the ocean glider’s performance as a passive
acoustic monitoring system, and the analysis also helped me comprehend its noise
signature. In particular, the first objective aims to measure and characterize the
underwater noise signature. I examine vessel noise using two metrics: underwater
radiated noise and monopole source level (MSL). The study aimed to accurately esti-
mate MSL by considering environmental factors that impact sound propagation and
assessing the vessel noise signature [Chion et al., 2019; Parsons et al., 2021]. This
aspect is not directly considered in URN measurements [ISO-17208/1, 2016]. The
scientific community commonly uses the widely accepted ISO-17208/2 standard for
MSL estimation, which forms the basis of the proposed MSL method. This standard
uses a simplified propagation loss model that may not accurately represent a vessel
noise signature, especially in complex maritime conditions [ISO-17208/2, 2019]. The
full spectrum of noise characteristics might not be captured accurately, in particular
frequencies below 100 Hz, which are related to the machinery and blade passing fre-
quency. Additionally, the standard does not adequately account for influential factors
like seafloor reflections and variations in the SSP, which may impact the accuracy of
the measurement [MacGillivray et al., 2019, 2023]. Therefore, a numerical propaga-
tion loss model was created in this research based on the wave equation solution to
simulate PL, particularly at frequencies below 2 kHz, where the vessel noise level is
high and dominates at low frequencies.

Finally, the structure-borne noise from the diesel engine and its correlation to the
underwater noise were analyzed. I identified the vessel’s noise sources and assessed
their contribution to the overall noise signature during sailing and when stationary
(propeller unclutched). By focusing on this knowledge gap, this work can potentially
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contribute to future efforts to improve fishing vessel design and reduce the impact of
individual noise sources.

The fishing vessel under investigation is 35 feet in overall length (LOA). The
methodology pursued to characterize the vessel’s underwater noise is as follows:

• Using the same boat, two sea trials were conducted in August and December
2021 to measure the vessel’s URN and MSL.

• A floated surface buoy equipped with an array of three hydrophones, in accor-
dance with the standards set by ISO-17208/1 [ISO-17208/1, 2016] and ANSI
2009 [ANSI/ASA S12.64-2009/Part 1, 2009] was used.

• The vessel operated in two conditions: 1) propeller clutched and 2) propeller
unclutched.

• The trial with propeller clutching was performed at three engine speeds: 1400,
1800, and 2200 rpm.

• The trial with propeller unclutching was performed at a 1400 rpm engine speed.

• The structure-borne noise of the vessel hull was measured and correlated with
the underwater noise.

1.2.2 Glider self-noise assessment

Self-noise is a significant limitation encountered by gliders, particularly regarding
the variability of induced self-noise during the intermittent behavior of the glider’s
internal mechanisms and sensors [Schofield et al., 2007; Cauchy et al., 2023; von
Oppeln-Bronikowski et al., 2023]. Therefore, the second objective was to monitor
and assess the glider’s self-noise through two missions in different water depths. The
following tasks were achieved:

• The first sea trial was in Holyrood, Conception Bay, NL. The water depth
was around 70 m. Six complete dives were conducted in decent environmental
conditions (Sea conditions with wave heights under 0.5 meters and winds below
1 knots), with no records of an external source of noise onshore or offshore but
the glider.
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• The second sea trial was in Brigus, Conception Bay, NL. The water depth was
around 210 m. Four dives were conducted in environmental conditions similar
to those of the first trial. The glider was launched with other two PAM systems.

• The self-noise levels were evaluated and categorized for each source of noise
individually.

1.2.3 Passive acoustic monitoring using a glider

Three platforms (acoustic AUG, bottom-mounted hydrophone, and array of three
hydrophones) were deployed in the ocean as a group near Brigus, Conception Bay,
NL, and they were assigned to measure a fishing vessel noise signature following the
ISO-17208 standard. The standard is related to stationary PAM systems. However,
I followed the recommended engineering parameters, e.g., closest point of approach
and data window time, while controlling and post-processing the glider’s data. The
objective has been achieved through the following tasks:

• Deployment of the array of the three hydrophones and the bottom-mounted
hydrophone following the standards [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-
17208/1, 2016]

• The AUG is programmed to fly between two-way points parallel to the vessel’s
trajectory.

• A comparison between the received levels and background levels in the one-thrid
octave band is made to determine the validity of the recordings [Merchant et al.,
2014a; Brooker and Humphrey, 2016; ISO-17208/1, 2016].

• The received levels were normalized to the dipole source level at a distance of
1 m from the source using the spherical geometrical equation to represent the
URN of the vessel, according to [ISO-17208/1, 2016]. The same method was
applied to all three platforms.

• The uncertainty of the vessel noise levels was investigated from the three plat-
forms following the guidelines in [AQUO, 2014].
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1.2.4 Sound propagation loss

The second aspect of assessing the glider is sound propagation loss prediction utilizing
range- and depth-dependent oceanographic data.

PL is commonly estimated using simple spreading laws for convenience (PL =
N log10(R)). R represents the distance from the noise source in metres, while N

is a scaling factor. N ranges from 10 to 20, depending on the source and receiver
distance. Complex environments limit this approach’s ability to construct accurate
predictions. It is most effective in scenarios where the environmental properties are
range-independent. Spreading law models may result in significant errors when ap-
plied to complex coastal and inland water environments [Jensen et al., 2011].

PL models attempt to accurately depict the complex ocean environment by incor-
porating factors such as the average speed of sound in the ocean, the depth of the noise
source, and the way sediments absorb sound on the seafloor [Shaw and Potter, 2015;
Ballard and Lee, 2017; Eamer et al., 2020]. Integrating range- and depth-dependent
SSP with the actual seafloor bathymetry profile can improve the effectiveness of PL
models. The question is, ”Does the glider improve the propagation loss model’s ac-
curacy in estimating the sound attenuation over distance?”

The following tasks were completed:

• Complex mathematical formulas were investigated, such as the Meyer and Au-
doly (M-A) method [Meyer and Audoly, 2020], the Seabed critical angle (SCA)
method [MacGillivray et al., 2023], and the ECHO certification alignment (ECA)
method [Ainslie et al., 2022], which are simplified equations that can estimate
the PL better than a simple spreading law.

• A numerical PL model was used in which Parabolic Equation (PE) and Wavenum-
ber Integration (WNI) were used using the AcTup Toolbox [Duncan and Maggi,
2005]. The numerical models allow for the inclusion of the range- and depth-
dependent SSP, seafloor bathymetry profile, and acoustic characteristics of the
seafloor sediment.

• A comprehensive comparison of the models was performed under different con-
ditions, including scenarios where the SSP and bathymetry were held constant,
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situations where either the SSP or bathymetry was range-dependent, and situ-
ations where both variables were simultaneously range-dependent.

• Finally, the numerical frequency-dependent PL model was used to simulate how
sound travelled in the trial area so that the monopole source of the vessel could
be estimated [MacGillivray et al., 2019; Chion et al., 2019]. The comparison
of results from both methods allows for the evaluation of numerical models’
accuracy and reliability compared to simplified PL models.

Overall, this study contributes to the understanding of the potential advantages
of using autonomous underwater gliders for monitoring and assessing vessel noise
signatures and provides insights into their efficiency and capability in comparison to
conventional monitoring platforms.

1.3 Limitations of the research

The research was carried out with certain limitations. The vessels under measurement
during the experiments were two fishing vessels of nearly identical length, beam, and
propeller type. Hence, the findings may not be generalizable to other categories of ves-
sels. Vessels of varying types may possess unique attributes and operational circum-
stances that may impact their acoustic signature, such as tug boats and icebreakers,
which may vary depending on the operation and environment.

Regarding the AUG, two hydrophones mounted on the glider’s wings were em-
ployed. If the hydrophone location is changed to the glider’s hull, the results provided
in this thesis may change because of the glider’s self-noise.

The self-noise assessment of the glider represented the Slocum gliders from the
Teledyne Webb Research Corporation. The results might differ for the other types of
ocean gliders introduced, such as Seagliders from Kongsberg Underwater Technology
Inc. or Petrel-II, developed by Tianjin University in 2012.

The glider’s inability to provide a seafloor bathymetry profile during the mission
is another limitation. The topology data was collected from previous research using
a sonar topology scanner.
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1.4 Thesis structure

This thesis integrates materials from five papers by the author [Helal and Moro, 2022;
Helal et al., 2024a,b,c]. The research study examines the use of ocean gliders as
passive acoustic observers in marine environments, with a specific focus on detecting
and assessing vessel noise signatures. Chapter 2 uses materials from Helal et al.
[Helal et al., 2024a] and begins with a literature review that examines the use of
ocean gliders in detecting vessel noise signatures and the challenges associated with
measuring underwater radiated noise from vessels. This review offers a thorough
overview of current research and identifies areas that require further investigation.
Chapter 3 explains the methodology used for conducting sea trials and experiments
with an ocean glider and other PAM platforms, where they are appointed from articles
[Helal and Moro, 2022; Helal et al., 2024b,c]. This chapter discusses post-processing
methods used to develop propagation loss models and estimate uncertainties across
different observational platforms.

Chapter 4 presents the results and discussions of the sea trials, from references
[Helal and Moro, 2022; Helal et al., 2024b,c], including a detailed comparison with
previous studies. This comparison highlights the advancements and implications of
the research. Chapter 5 explores the glider’s ability to determine the direction of
moving vessels by analyzing received noise levels. The work is based on Helal et al.
[Helal et al., 2024c] That research critically examines the limitations and suggests
future research directions for optimizing functionality in gliders. Chapter 6 concludes
the thesis by summarizing key findings and providing recommendations to improve
the performance of gliders as passive acoustic platforms. This chapter outlines the
research findings, focusing on their practical implications and potential for future
studies in marine acoustic monitoring.

1.5 List of published articles

1. K. Helal and L. Moro. Assessment of the underwater noise levels from a fishing
vessel using passive acoustic monitoring and structure hull vibration. Canadian
Acoustics, Vol.: 50(3), August 2022.
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Chapter 2

Literature review

This chapter was adapted from the published article Effectiveness of ocean gliders in
monitoring ocean acoustics and anthropogenic noise from ships: A systematic review,
which is published in Ocean Engineering Journal, Vol.: 295 and ISSN : 0029-8018
[Helal et al., 2024a].

2.1 General overview

Passive acoustic monitoring is a standard method to measure ocean noise. It can
be implemented with a single hydrophone or an array of hydrophones that can be
moored to the sea floor (stationary deployment) or installed on a moving platform
(such as autonomous sailboats, surface drifters, and autonomous underwater vehicles).
Stationary deployment systems are the most common method to assess URN from
ships, used in conjunction with automatic identification system (AIS) data [McKenna
et al., 2012; Merchant et al., 2012, 2014b; Jiang et al., 2020; Haver et al., 2021], marine
mammal detection and vocalization [Mellinger et al., 2007; Helble et al., 2013; Charif
et al., 2020], and ocean soundscape monitoring [Sánchez-Gendriz and Padovese, 2016;
Putland et al., 2021].

However, there is a growing interest in the use of autonomous underwater gliders
as a mobile PAM platform in the monitoring of spatial and temporal noise changes in
particular marine environments [Klinck et al., 2012; Haxel et al., 2019; Jiang et al.,
2019; Cauchy et al., 2023]. Buoyancy-driven AUGs are maturing as a component of
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the global ocean observing system as a platform for targeted multi-parameter ocean
measurements [Testor et al., 2019]. The gliders are slow (0.25 m/s), but they offer a
cost-effective means to measure data across nearshore and open ocean regions, carry-
ing a variety of sensing payloads over time spans approaching a year, depending on
configuration [Liu and Xiao, 2017; Wall et al., 2017; Haxel et al., 2019; von Oppeln-
Bronikowski et al., 2023]. Furthermore, AUGs can sample the ocean autonomously in
a three-dimensional pattern, providing improved tempo-spatial coverage that may be
critical in acoustic monitoring. They are often equipped with conductivity, temper-
ature, pressure, and density sensors whose data enhance the accuracy in predicting
the ocean sound propagation behavior, consequently decreasing the uncertainty in the
estimation of the source sound levels [Cauchy et al., 2023; von Oppeln-Bronikowski
et al., 2023].

Increasing the glider’s sensor payload capabilities has broadened its applications
to include passive acoustic monitoring. In Atlantic Canada in particular, the need
for passive acoustic ocean observing monitoring of marine mammals such as North
Atlantic Right whales (NARw) has led to the rapid adaptation of underwater gliders
to track and detect NARw in their natural habitat without disturbing them [Klinck
et al., 2012; Küsel et al., 2017; Gervaise et al., 2021]. Researchers can also use gliders
to assess the ocean soundscape, which contains quantifiable information about the
sources of sound in the marine environment ([Haxel et al., 2019; Wang and Yuan,
2021a]). With their quiet behavior and ability to sample the ocean autonomously,
underwater gliders have become an indispensable tool for oceanographic research and
collecting in-situ environmental data in PAM missions [Testor et al., 2019; Cauchy
et al., 2023; von Oppeln-Bronikowski et al., 2023]. Therefore, the behavior of the
gliders needs to be studied and compared to the traditional fixed PAM platforms
when measuring and evaluating the ship’s noise patterns. By evaluating the gliders’
performance in measuring ship noise, researchers can determine their suitability for
long-term monitoring of acoustic pollution in different marine regions. Additionally,
the data collected by gliders can help identify areas of high ship noise activity and
prioritize conservation efforts in those areas.

Several authors highlighted how different passive acoustic monitoring systems may
lead to varying estimations of ships’ URN and MSL [McKenna et al., 2012; Simard
et al., 2016; Bagočius and Narščius, 2018; Macgillivray and de Jong, 2021]. Between
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2009 and 2019, the American Standard Institute (ANSI) and the International Stan-
dard Organization (ISO) published standardized procedures to measure ships’ URN
and MSL [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016; ISO-17208/2,
2019; Ainslie et al., 2022]. The proposed procedures establish a measurement method-
ology for data comparison and reporting. The measurement procedures to assess ships’
URN and MSL proposed by the major classification societies build up on the ANSI
and ISO Standards. They are used to grant ships special class notations related to
URN [Bureau Veritas, 2014; American Bureau of Shipping, 2022; Lloyd’s Register
Group Limited, 2018]. While these standards significantly improve URN and MSL
estimations, they still lack specific methodologies to assess ships’ underwater noise
in shallow waters [Jiang et al., 2020] and provide simplified methods to estimate the
sound propagation intensity loss [ISO-17208/2, 2019; DNV GL, 2017]. In addition,
they do not standardize underwater noise measurements performed using autonomous
underwater vehicles, including autonomous underwater gliders.

Self-noise is a significant limitation encountered by gliders, particularly regarding
the variability of induced self-noise during the intermittent behavior of the glider’s
internal mechanisms and sensors [Schofield et al., 2007; Cauchy et al., 2023]. Only a
few published results on the acoustic assessment of buoyancy-driven gliders are avail-
able. Matsumoto et al. excluded recorded data during oil pump operation at turning
depth [Matsumoto et al., 2011]. Liu et al. investigated the Petrel II glider’s self-noise,
and the study revealed that the oil pump produced high noise levels across a broad
frequency range (50 Hz to 4 kHz). In contrast, noise from the rudder and hydro-
dynamics was deemed negligible [Liu et al., 2018]. The self-noise of the Slocum G2
glider was investigated by Haxel et al. in 2019. They determined that the recorded
acoustic data must be eliminated during the oil pump operation. The rudder and
battery-pack noise could be disregarded due to their short duration of fewer than 0.5
seconds [Haxel et al., 2019]. A study by Jiang et al. aimed to compare the efficiency
of gliders and propelled underwater vehicles in detecting sound sources. Due to their
low self-noise, the authors posited that the gliders would demonstrate heightened effi-
ciency in detecting target missions [Jiang et al., 2019]. The Petrel-II glider’s buoyancy
and pitch adjustments generate transient and intense noise interference, which can be
mitigated by regulating the operational duration of the acoustic system. In addition,
the glider went through modifications applying vibration and noise reduction tech-
niques, resulting in an increased range for vessel detection from 5 to 7.7 km using
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the glider [Wang and Yuan, 2021b]. [Kowarski et al., 2020] used the Teledyne Slocum
G3 glider equipped with one hydrophone for marine mammal detection in 2020, but
no self-noise study was conducted. To conclude, the glider’s self-noise should be in-
vestigated and clearly reported because it may impact the assessment of the vessel’s
underwater noise footprint.

This chapter aims to determine the current state of the art on the effectiveness of
moving platforms in collecting acoustic data and assessing underwater ships’ source
levels. The literature review was done by conducting a systematic literature review
(SLR) on ocean underwater noise measurements using passive acoustic, unpropelled
AUVs. Two research questions (RQs) are introduced as support tools to guide the
search. The first research question (RQ1) provides an overview of the current use of
AUGs as platforms for ocean passive acoustic monitoring and the characterization of
ocean acoustic sources. The second research question (RQ2) aims at understanding
measurement uncertainties when using AUGs.

2.2 Gathering documents

The review was conducted in accordance with the Preferred Reporting Items for
Systematic Review and Meta-Analysis (PRISMA) framework [Torres-Carrión et al.,
2018]. This procedure was followed by other authors working in different fields
[Kitchenham and Brereton, 2013; Petersen et al., 2015; Shahin et al., 2017; Lenar-
duzzi et al., 2021]. In particular, the framework was first proposed by Kitchenham
and Charters [Kitchenham and Charters, 2007] and consisted of seven components: i.
research questions; ii. search strategy; iii. selection criteria; and iv. data extraction.
v. quality assessment; vi. data synthesis; and vii. analysis and documentation.

2.2.1 Research questions

The research questions were defined as follows:

• RQ1: What is the contribution of autonomous underwater gliders to ocean
passive acoustic surveys?

• RQ1.1: Have AUGs been used to assess the underwater ship noise signature
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or other ocean sound sources and/or detect them?

• RQ2: What are the uncertainties in estimating underwater sound source levels
using both fixed and mobile acoustic observers?

By answering the first research question (RQ1), an overview of the current use
of the AUGs as passive acoustic monitoring (PAM) systems was illustrated. Sub-
question RQ1.1 was added to see if AUGs have already been used to detect and
characterize ocean sources, including ships.

The second research question, RQ2 provides insights into the uncertainties in the
assessment of underwater noise sources.

2.2.2 Search strategy

A rigorous search strategy was developed to identify relevant literature for the system-
atic search. The digital libraries Scopus and Web of Science were explored using se-
lected keyword strings. Before starting the actual search, I ran a series of trial searches
to test the effectiveness of the search strategy. Therefore, the keyword ”autonomous
underwater vehicle” is added to capture any literature using power-propelled vehicles
for PAM missions. This preliminary search also helped adjust the keyword strings.
The tuned keyword strings obtained after the trial search and used in the first step
of SLR were:

• RQ1: keywords that cover RQ1

– (I) ( ”underwater radiated noise” ) OR ( ”underwater noise” ) OR ( ”under-
water acoustic*” ) AND ( ”glider*” OR ”autonomous underwater vehicle”
) AND ( hydrophone* OR ”passive acoustic* monitor*” )

– (II) ( ”underwater radiated noise” ) OR ( ”underwater noise” ) OR ( ”un-
derwater acoustic*” ) AND ( ( ”glider*” ) OR ( ”autonomous underwater
vehicle” ) ) AND ( hydrophone* OR ”passive acoustic* monitor*” ) AND
( ”ship*” OR ”vessel*” OR ”boat*” )

– (III) ((glider) OR (”autonomous underwater vehicle”) OR (“Autonomous
vehicle”) OR (“moving platform”) OR (“mobile platform”) OR (lagrangian))
AND ((effect) OR (impact)) AND (noise) AND ((“marine mammal”) OR
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(“marine fauna”) OR (whale) OR (dolphin) OR (cetacean) OR (seal) OR
(pinniped) OR (fish))

• RQ2: keywords that cover RQ2

– (I) ( ”underwater radiated noise” OR ”underwater noise” OR ”underwa-
ter acoustic*” ) AND ( hydrophone* OR ”passive acoustic* monitor*” OR
”acoustic observ*” ) AND ( ”measur* uncertaint*” OR ”uncertaint* esti-
mat*” OR ”uncertaint*” ) AND ( sea OR ocean )

The strings hereby presented follow Scopus syntactic rules and were subsequently
adapted for the search on Web of Science. The strings were tailored for each se-
lected digital library to fit the syntax supported by the library. Some characters were
used to increase the search robustness, e.g., double quotes and asterisks, and boolean
operators, which helped integrate the keywords to find the most relevant articles.

In addition to searching for relevant scientific literature, I have reviewed technical
guidelines and standards on underwater radiated noise from ships issued by interna-
tional standards and ship classification societies. The selection of the technical report
is conducted based on the author’s experience and the commonly cited reports by
the scientific community in the field. These sources help us understand the current
state of practice in underwater radiated ship noise measurements using conventional
stationary platforms and assess the passive acoustic AUGs’ capabilities to perform
similar field measurements.

2.2.3 Selection criteria and data extraction

Initially, the duplicate entries were eliminated from the papers acquired throughout
the search process. Then, only peer-reviewed articles from Q1 and Q2 journals were
selected. Finally, I reviewed the titles and abstracts of the resulting papers to exclude
all papers that did not contribute to answering the RQs.

The remaining articles were subjected to a thorough screening by applying the cri-
teria presented in Table 2.1. Different criteria are used for the two research questions:
I1, I2, I4, E1 for RQ1, and I3, E3 for RQ2.

The information extracted from the selected articles and reports was divided into
two categories: i) a graphical representation of the number of published articles per
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Table 2.1: SLR - Inclusion and exclusion criteria applied to the selected articles,
excluding the technical reports

Inclusion criteria

I1 Underwater vehicles are operated as passive acoustic monitoring sys-
tems.

I2 Underwater radiated noise from ships is measured by AUGs.
I3 Investigation on underwater noise measurement uncertainties.
I4 Discussion regarding AUGs’ performance in measuring and detecting

underwater sound sources.

Exclusion criteria

E1 Underwater vehicles are used only for oceanography purposes.
E2 Free-ranging underwater sound sources.
E3 There is not a clear discussion regarding the measurement uncertainties.

year to show how the topic’s interest has risen over time, and ii) the relevant data
extracted to answer and investigate the RQs. With regard to ii), the gathered infor-
mation includes qualitative and quantitative data on methodology, tools, limitations,
and findings from each article. Table 2.2 shows the template followed for the data
extraction.

To conclude, the extracted information is going to be a critical point in investigat-
ing the interpretation of the RQs in how the moving PAM is helpful for underwater
acoustic data collection and assessment, as well as giving us a clear picture of the un-
certainties of the entire assessment process either using stationary or movable PAM
systems. The pinpointed data will assist in extracting data from multidisciplinary
research areas that use the same AUG platform. Moreover, the recommendations and
guidelines by the international organizations and classification societies will complete
the picture between the findings of the research articles and the requirement to update
and start conducting standards for the moving PAM systems.



22

Table 2.2: SLR - Data extraction features from selected articles

Data item Explanation

Measurement aim Underwater sound source assessment, detection or moni-
toring/mapping ocean ambient noise

Observer Specifications of the PAM system

Sound level representa-
tion

Quantitative and graphical representations in Narrow-
band, 1/3 Octave bands or broadband levels

Frequency ranges Frequency bands of interest

Sound wave propagation Propagation loss model types and discussions related to
the features used in developing the model

Measurement limitations
or uncertainties

What was discussed from the point of view of variability
and discrepancies in measurement?

2.3 Number of selected articles

The preliminary search resulted in 2,249 publications. This initial selection was
progressively narrowed down to 21 articles following the process mentioned in Sec-
tion 2.2.3.

Section 2.3 shows the yearly distribution of the papers found with the keyword
search discussed in Section 2.2.2. The figure shows that there is a growing interest in
the study of underwater noise utilizing AUG and in the analysis of the uncertainties in
the identification of the underwater source sound levels (from 1 article, 1979, to more
than 280, 2021). The search provided no articles using power-propelled autonomous
underwater vehicles (AUV) for measuring ship noise. In contrast, some researchers
have used AUGs, which are unpropelled AUVs, as PAM platforms. Thus, the figure
shows an increase in interest in using the AUG for PAM purposes.

Section 2.3 presents the yearly distribution of the 29 papers that were selected
(reduced to 21 based on PRIMSA chart), subdivided into the topics discussed in
Section 2.1. The graph presents the same positive trend. The papers were classified
into three groups based on the RQs, as shown in Section 2.3. Firstly, 7 articles are
selected under the topic of monitoring ocean ambient noise using AUGs. Finally, the
underwater water noise measurement uncertainties include 8 articles to clarify the
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Figure 2.1: Year distribution chart represents the number of unfiltered preliminary
searches in the systematic literature review

topic under RQ2.

The PRISMA flowchart is presented in Section 2.3, providing a concise summary
of the outcomes derived from the search technique that was employed. Firstly, the
identification process resulted in 1,725 and 524 articles in Scopus and Web of Science,
respectively. The screening step started with getting 328 duplicates, which were,
therefore, removed from the search. Applying the inclusion/exclusion criteria further,
1,868 articles were excluded: 726 were not peer-reviewed, and 1,119 articles did not
comply with the inclusion/exclusion criteria. In the eligibility stage, 53 articles went
through the quality assessment process using the data extracted. 24 of these articles
were then excluded as they did not meet at least 6 criteria from Table 2.3, leaving 29
articles for deep reading and analysis.

A final screening on this list of 29 papers is performed, following the criteria
presented in Table 2.3. Detailed information on this phase of the work is illustrated
in Appendix A. Finally, I added to the list of results 6 standards and guidelines from
international organizations and classification societies that were considered relevant
to this research.

2.4 Literature findings

This section is developed as a narrative discussion of the findings from the selected doc-
uments following the SLR criteria, in addition to technical guidelines and reports. The
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Figure 2.2: Years distribution for the selected articles to be reviewed

Table 2.3: SLR - Quality assessment criteria

Quality assessment Criteria

QA1 Are the paper objectives clear?
QA2 Does the study critically present and contextualize the

results?
QA3 Is there a clear statement of the findings?
QA4 Is the study conducted from an actual data set? the

study?
QA5 A clear description of the environment where the mea-

surement was conducted
QA6 A clear description of the methodology of measurement

and used tools
QA7 Is data discussed prominently and adequately?



25

Figure 2.3: PRISMA flowchart
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discussion is divided into two main parts, following the research questions. To answer
RQ1, I explore the use of AUGs as PAM systems in the assessment of ocean ambient
noise, including the detection and characterization of biological sources, specifically
marine mammal detection and shipping radiated noise. Then, to answer RQ2, I look
at the parameters impacting underwater noise measurements, such as types of in-
struments, vessel operation conditions, and environmental effects. Each parameter
contributes a quantity of uncertainty to represent a range of variability in the mea-
sured URN levels. The significance of each parameter will be investigated in relation
to the overall measured sound levels of a target source.

Over the last two decades, the scientific community’s interest in the characteriza-
tion of the ocean soundscape has significantly increased, as shown by the growth in
the number of publications over the years in Section 2.3 and Section 2.3. Underwa-
ter noise sources can be categorized into two categories: (1) natural sources and (2)
anthropogenic sources [Hildebrand, 2009; Radford et al., 2008; Putland et al., 2017].
Natural sounds include marina fauna vocals, wind-surface interaction, internal wave
motion, and geophony. Anthropogenic sources are all linked to human activities, such
as shipping, fishing, and ocean exploration and exploitation.

By comparing Section 2.3 and Section 2.3 with Section 2.4, It was evident that
the number of publications has risen with the growth in international maritime traffic,
fishing, and ocean exploration. This indicates the growing concern about the impact
of URN on marine ecosystems, exacerbated by the ever-increasing size of marine traf-
fic. All categories, with the exception of general cargo carriers, have seen significant
increases in tonnage in recent years. In particular, bulk carriers saw a very quick rise
(41 to 43% of the overall carrying capacity in the last 10 years). At the same time,
oil tankers decreased from 31% to 29%, and general cargo saw a slight decline (5% to
4%) [United Nations Conference on Trade and Development (UNCTAD), 2023].

PAM is a proven methodology employed to survey the ocean soundscape. Given
the complexity of ocean sound, PAM has been used in many applications, including
studying faunal communication and the impact of anthropogenic activities on the
ocean soundscape.

Fixed observatory stations are the most common setup for the analysis of ocean
sound [McKenna et al., 2012; Merchant et al., 2012; Haver et al., 2021]. PAM systems
have been proven to be reliable platforms that allow for long-term recordings that help
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Figure 2.4: World fleet by principal vessel type [United Nations Conference on Trade
and Development (UNCTAD), 2023]

understand the change in ocean soundscapes over time. They consist of hydrophones
moored to the bottom of the ocean or drifting floating stations [ANSI/ASA S12.64-
2009/Part 1, 2009; ISO-17208/1, 2016; American Bureau of Shipping, 2022]. The key
aspects in the selection of the most appropriate system arrangement are i) environ-
mental conditions, ii) bathymetry, iii) seafloor topography, and iv) the duration of the
recording. In the bottom-anchored arrangement, the hydrophone is installed close to
the seafloor, mitigating the waves and weather-induced noise. While this configu-
ration prevents the hydrophone from moving with the ocean currents, the mooring
cable may vibrate at low frequencies (≤ 10 Hz) because of the current-induced vor-
tices, increasing the system’s self-noise. The moored hydrophone can be deployed in
relatively shallow waters as well as in deep water [Lin et al., 2019], but the seafloor
topography plays an essential role in the selection of the most appropriate anchoring
system and may prevent the use of this configuration. An advantage of the moored
hydrophone is its ease of use for extended periods of time. At the same time, the main
drawback of this arrangement is the self-noise coming from components of the system:
the mechanical chafing between the components, which impacts the frequency range
of the measurement [AQUO, 2014; Zitterbart et al., 2022], and the free surface and
buoy noise [ANSI/ASA S12.64-2009/Part 1, 2009; AQUO, 2014; Erbe et al., 2019].



28

Moreover, the depth of each hydrophone may change over time due to the effect of
surface waves and the ocean current, and this may, in turn, affect the recorded sound
data. A difference of only a few metres can move the hydrophone in a shadow zone,
meaning variations between 1 and 5 dB in the measured sound levels [AQUO, 2014;
Simard et al., 2016].

Autonomous underwater vehicles (AUVs) have been introduced as passive acoustic
monitoring systems in order to overcome the limitations of moored hydrophone setups.
Moreover, they allow the researchers to gain additional information on the properties
of the ocean environment with the use of additional sensors, e.g., a CTD device,
that can provide a 3D representation of the water column. The main drawbacks
of traditional AUVs are the effect of the vehicle’s self-noise on the quality of the
measurements and the limited autonomy.

AUGs are a subclass of AUVs that have recently been employed in PAM activities
because they can mitigate some of the drawbacks of traditional AUV systems. For
instance, sampling the ocean vertically and horizontally in order to achieve range-
and depth-dependent acoustic and environmental parameters, in addition to the cost-
effectiveness of monitoring remote oceans with the ability of off-shore real-time com-
munication. However, the literature on the use of AUGs in PAM is still sparse.

2.4.1 Underwater sound measurement using AUG

This section answers the research question (RQ1): What is the contribution of au-
tonomous underwater gliders to ocean passive acoustic surveys?

PAM can provide information on the ocean soundscape, marine fauna’s acoustic
footprint, and anthropogenic noise sources. These data can be used to assess the
variation of noise levels over time, identify ocean wildlife in the marine ecosystem,
and estimate the impact of anthropogenic noise sources on the behavior of the fauna
[Cafaro et al., 2018; Soares et al., 2020; De Clippele and Risch, 2021].

When ocean noise measurements are used to characterize anthropogenic noise
sources, more information is gained through the use of additional data: sound PL
models can be used to assess noise levels at the source, and ships’ AIS provides
information on the detected vessel.
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When noise levels measured in the ocean environment are the object of the anal-
ysis, ocean noise measurements can be used to assess how noise radiated from ships
contributes to and affects the marine ecosystem [Zhu et al., 2022; ZoBell et al., 2021;
Magnier and Gervaise, 2020; MacGillivray et al., 2019; McKenna et al., 2012].

In conclusion, ambient noise levels are an indicator of acoustic pollution, and they
are significantly affected by variations in space, time, and sound propagation charac-
teristics, which require an extended and widespread mapping of the ocean soundscape
[Wenz, 1962; Merchant et al., 2012; Farrokhrooz et al., 2017; Kinda et al., 2017].

Measurement of ocean ambient noise using AUGs

Ocean ambient noise is measured to understand the ecosystem and characterize nat-
ural noise sources. As the selected papers show, AUGs can provide an accurate and
extended characterization of the ocean soundscape. The following paragraphs and
Table A.2 present the information provided by the selected papers to answer RQ1.

• Wang and Yuan (2021) used a Petrel-II glider equipped with an array of acoustic
sensors to monitor the ambient noise levels in the South China Sea. The results
showed the effectiveness of the glider in mapping the ambient noise levels of
the area covered by the glider. The changes in the ambient noise levels were
dependent on frequency and water depth. In addition, the authors showed the
contamination of the ocean noise from a transit vessel passing near the AUG,
which consisted of an increase in the recorded levels in the 63 and 125 Hz 1/3
octave bands. The type of vessel is not identified, nor are the vessels’ speeds
[Wang and Yuan, 2021a].

• Jiang et al. (2019) measured the ambient noise levels in the same location
as Wang and Yuan (2021). The measurements were performed using the same
glider used by Wang and Yuan (2021). They concluded that the glider recordings
show the variation of the noise levels with depth and frequency. Then, they
compared the glider’s self-noise with an AUV’s self-noise. The results show
that the AUG provides better recordings due to the higher signal-to-noise ratio.
The paper also demonstrated the benefits of the glider in detecting underwater
targets compared to the autonomous underwater vehicle. Using sonar equations
at different source depths and over a broad range of frequencies, the authors used



30

broadband and multitone signals to determine the propagation loss between a
known source and the glider. The objective was to determine the deployed
sources’ azimuth angles. The findings show that a glider with two hydrophones
on its wings is capable of determining a ship’s direction of motion. The authors
mentioned that additional research is needed to determine the effectiveness of
extending detection using more than one glider in the form of a sensor network.
[Jiang et al., 2019].

• In 2019, a Slocum G2 glider was equipped with a single hydrophone and deployed
on the U.S. Pacific Northwest coast for a short-term mission to assess the spatial
and temporal changes of the underwater ambient noise [Haxel et al., 2019]. The
analysis of the recordings showed significant changes in the ambient noise levels
throughout the whole mission, where biological, vessel-transit, wind-surface and
air-gun noises were detected in different time series.

• Liu et al. (2018) launched another mission in the China Sea using a Petrel-
II glider. The mission was 33 hours long, and the glider performed 16 dives,
covering 26 km of horizontal distance and 1 km of depth. The ambient noise
levels were presented as a function of depth in one-third octave bands and showed
the dependency of depth and frequency in assessing the noise level [Liu et al.,
2018].

• Matsumoto et al. (2011) used a Slocum G2 glider as a passive acoustic platform
with a hydrophone mounted near the rudder to monitor the activity of the
submarine West Mata volcano in the northern Lau basin. A two-day mission of
13 dives collected sound data from the active volcano and a spatial map grid of
the average spectral levels. The spatial map was created with 50 m and 1 km
resolution for depth and range, respectively. A comparison was performed with
a fixed observer near the volcano. The results show a high correlation between
the data recorded by the glider and a moored hydrophone. [Matsumoto et al.,
2011].

The presented works show that acoustic AUGs have significant advantages in sam-
pling the ocean sound of the water column. AUGs have been used as a mobile platform
to monitor the ocean soundscape because of their quietness, extended autonomy, and
low-cost operation [Ferguson et al., 2010; Haxel et al., 2019; Baumgartner et al., 2020;
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de Lima et al., 2020]. AUGs add the advantage of providing an acoustic sampling of
the water column in a 3D pattern.

The glider’s self-noise is the most considerable limitation highlighted by all the
articles. The glider’s internal mechanism involves moving mechanical parts that gen-
erate sound noise during operations. For example, the self-noise of a Slocum G2
glider includes three components: (A) the glider’s rudder noise, (B) the moving bat-
tery packs, and (C) the buoyancy engine [Teledyne Webb Research, 2017; Liu et al.,
2018; Haxel et al., 2019; Jiang et al., 2019; Lee et al., 2019]. The noise generated by
(B) and (C) is intermittent since these sources operate only when the glider varies its
trim to switch from diving to climbing and vice-versa. Therefore, the data recorded
when (B) and (C) operate should be discarded [Liu et al., 2018; Wang and Yuan,
2021a]. An electronic servo motor controls the glider’s rudder for directional adjust-
ments, which produces a broad-band noise signal at various times and for different
durations. The rudder noise is mainly present at the top of the dives—approximately
in the first 10 metres of the glider dive or climbing—because of the frequent course
corrections due to the stronger currents [Haxel et al., 2019; Jiang et al., 2019].

Acoustic measurement of biological sound sources using AUGs

AUVs have played an important role in monitoring ocean wildlife [Baumgartner et al.,
2020]. In particular, AUGs have been used to explore the marine environment, detect
vocalizations of marine mammals, and investigate oceanographic properties beneficial
for underwater sound propagation modeling [Aniceto et al., 2020].

• Aniceto et al. (2020) investigated the arctic ecosystem along the southern part
of the Lofoten-Vester̊alen region using a Seaglider™and a JASCO Autonomous
Multichannel Acoustic Recorder (AMAR) G4. The article concludes that ocean
gliders are valuable tools for investigating fauna bioacoustics and background
noise while simultaneously recording seawater’s physical properties. The au-
thors did not use the acoustic data to localize the detected cetaceans, as it was
beyond their scope of work. They mentioned that this task would require ei-
ther triangulation or data on the species’ source levels and calculations of sound
propagation [Aniceto et al., 2020].
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• Using previously developed tools [Ryan et al., 2014] to record, detect, and clas-
sify the presence of humpback, fin, sei, and North Atlantic right whales, Baum-
gartner et al. (2020) set out to investigate the performance of a Slocum G2
glider in detecting whales from two deployments in spring 2015 and 2016 in the
Gulf of Maine. The glider was used as a tool to perform near real-time investi-
gations and help estimate the presence of whales using species-specific calls as
proxies [Baumgartner et al., 2020]. Near real-time detections of whales’ vocal-
izations recorded by the glider were compared against acoustic data recorded
by a moored DMON/LFDCS buoy deployed in the same area. The compar-
ison showed a lower false detection from the glider’s data than the moored
hydrophone.

• Fregosi et al. (2020) deployed a Seaglider™model SG607 and two profiling floats
to monitor 20 Hz fin whale calls in the Southern California Bight and to compare
the results to fixed bottom-mounted recorders [Fregosi et al., 2020]. The authors
used the Marine Mammal Monitoring on Navy Ranges system as a fixed array
of 178 cabled, bottom-mounted hydrophones operated by the U.S. Navy [Jarvis
et al., 2014]. Due to adverse weather during the deployment, all instruments
recorded high background noise levels. Flow noise between 12 and 40 Hz was
found, and fin whales’ vocalizations were masked. The authors stated that the
flow noise was due to the glider’s speeds during descents and ascents. The
authors did not highlight any other source of self-noise induced by the glider.

• Burnham et al. (2019) investigated the distributions of cetaceans and their mi-
gration using recordings from three platforms: an Autonomous Multichannel
Acoustic Recorders (AMAR) moored system, a cabled icListen AF hydrophone
controlled from offshore, and a Slocum ocean glider equipped with a DMON
system. The instruments were deployed in the Clayoquot Canyon and detected
sei, sperm, fin, humpback, and blue whales. From their analysis, the authors
showed that the glider is able to detect cetaceans with the same accuracy as
the stationary platforms. They concluded that underwater gliders are promis-
ing acoustic platforms to extend the knowledge of detecting marine mammals’
behavior, but their capability in localizing the cetaceans is limited due to the
small distance between the installed hydrophones [Burnham et al., 2019].
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In conclusion, ocean-glider technology can be used to detect cetaceans and iden-
tify different species. Their accuracy is comparable to that of traditional acoustic
recording systems, with the advantage of scanning larger areas. The latter allows
researchers to extend their studies on cetacean migration. The papers also suggest
that AUGs can be used to localize biological sources when working in parallel with
other platforms. This can be done using an AUG, moored hydrophones, or multiple
AUGs to form a network sensor. A drawback of the glider is its self-noise.

Detection and assessment of the underwater ship noise signature and other
anthropogenic sources using AUGs

This section answers the research questions (RQ1.1): Have AUGs been used to assess
the acoustical power levels of ships or other ocean sound sources and/or detect them?

Ship-radiated noise can be measured for several reasons, including the detection
of marine vessels or their impact on the ecosystem. More recently, researchers have
developed procedures to measure URN or estimate the MSL of ships. [McKenna
et al., 2012; Reis et al., 2019; Jiang et al., 2020]. In 2016, international standards
were published to set procedures to measure vessel radiated noise levels using moored
or floating systems with three or more hydrophones deployed in the water column
[ISO-17208/1, 2016; ISO-17208/2, 2019]. The standards aim to characterize a single
vessel as a noise source rather than monitor the impact of URN in the ecosystem.
High-cost equipment and environmental marine conditions are limitations in applying
the standard’s procedures [Jiang et al., 2020; Virto et al., 2022]. Recently, some
authors have performed exploratory studies on the use of AUGs to record ship noise:

• Wall et al. (2017) studied the soundscape of shelf-edge Atlantic waters in the
southeastern USA using passive acoustic and ocean gliders. The study showed
that AUG is effective for passive acoustic monitoring of marine environments.
The glider’s 29-day mission recorded 8,331 files. The study revealed a significant
increase in boat noise in 25 % of the files recorded during the mission, compared
to only 1.5 % in previous research conducted by the same author in 2013 [Wall
et al., 2013]. They also highlighted that vessel traffic generates high-amplitude
broadband noise that can significantly decrease the range at which biological
sounds can be detected by the glider.
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• Haxel et al. (2019) used a Slocum glider to measure spatial and temporal
patterns in underwater ambient noise. They focused on studying sound levels
between 50 and 100 Hz, which are greatly affected by sounds produced by ships.
The study observed persistently high spectral energy in the ship noise frequency
range during a seismic airgun survey conducted in the area. They presented a
high level of variability in detecting ship noise levels. However, the increased
variability in ship band noise was not accompanied by corresponding changes
in the daily ship track length parameter derived from AIS data. The median
noise levels at 100 Hz are typically around 85 dB re 1 µPa2/Hz estimated using
a propagation loss model (RAM) and the glider-measured sound speed profiles,
local bathymetry, and AIS vessel track information. Therefore, the largest and
loudest vessel can contribute to the noise at distances greater than 10 km. Noise
from smaller vessels is reduced outside this range and has minimal impact on
ambient conditions.

• Stinco et al. (2021) also used a Slocum G2 glider to detect the direction of
motion of known sound sources. One experiment used a workboat and a fishing
vessel as noise sources. Using a new detection technique, the authors utilized
the cavitation noise of the propeller to estimate the azimuth angle of the sound
source at each instant of time. The glider recorded the received levels from
sources of noise different from the two target vessels. The data led to high
accuracy in detecting azimuth angles.

• Wang and Yuan (2021) developed an underwater acoustic glider platform capa-
ble of detecting target direction and observing ambient noise. During a regular
soundscape measurement mission, a Petrel II glider detected a 42-meter-long
vessel travelling at a speed of 8.4 knots. Vessels have a more substantial impact
on ambient noise levels at high-frequency bands above 100 Hz. They high-
lighted that the ambient noise levels decrease by -4 dB to -7 dB per octave at
high-frequency bands above 100 Hz, except for the timing point affected by the
vessel.

The presented papers show that AUGs can be equipped with an acoustic observer
system of one or more hydrophones. AUGs can be used to monitor the global impact
of vessel traffic on the ocean soundscape, as they are able to detect multiple noise
sources simultaneously [Jiang et al., 2019]. Moreover, by focusing on a single ship,
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they can estimate the URN and MSL of that noise source. Still, for this purpose,
further studies are required to understand the effect of different PL models on the
uncertainty of the calculated vessel sound signature levels. The three-dimensional
motion of the glider in collecting the acoustic and oceanographic data can increase
the accuracy of PL models and decrease the uncertainties in estimating the source
sound levels of a target [Silva et al., 2013; Haxel et al., 2019]. In addition, AUGs can
perform long-term missions (six months or more), allowing us to monitor temporal
changes over an extended area. As reported in Section 2.4.1, the gliders’ self-noise may
be a limiting factor when the signal-to-noise ratio is low. Ocean gliders produce noise
during manoeuvres, interactions with the environment, and from collecting scientific
data. This noise may interfere with ambient noise and ship noise measurements
[Cauchy et al., 2023].

2.4.2 Potential sources of error in PAM

This section answers the research questions (RQ2): What are the uncertainties in
estimating underwater sound source levels using fixed and mobile acoustic observers?

A key aspect of mitigating shipping noise is estimating the ships’ source levels
(URN or MSL) with high accuracy and identifying the measurement uncertainties.
This estimation uses passive acoustic data of a vessel’s radiated noise and propaga-
tion loss models. The variation in quantifying the ship noise levels has to be clearly
stated. It is not only affected by the vessel itself, but geographical and environmental
aspects also need to be considered. Therefore, it is crucial to evaluate the measure-
ment uncertainties for obtaining highly accurate data on ship noise and implementing
effective shipping noise reduction strategies. To answer the research question RQ2, I
have reviewed the selected articles and international standards and guidelines for as-
sessing ship noise. The review includes the uncertainties that may impact ship noise
assessment using traditional (fixed) passive acoustic monitoring systems and from
AUGs’ (mobile platform) measurements. Additionally, the investigation will involve
an analysis of the quantification of measurement uncertainties. This will highlight the
difficulties in obtaining precise and reliable estimates of ship source levels.
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Selected articles

The selected articles from the RQ2 search discuss the sources of uncertainties in mea-
suring ship noise levels. I have identified 8 relevant articles (Table A.3), highlighting
the importance of understanding and managing these parameters. The review exam-
ined the factors contributing to the development of uncertainties in estimating ship
noise levels and the methods used to mitigate such uncertainties. The quantification
of measurement uncertainties will also be investigated to highlight the difficulties of
obtaining reliable estimates of ship source levels.

• McKenna et al. (2012) conducted a study where they measured the under-
water radiated noise produced by seven different types of modern commercial
ships under normal operating conditions. The study indicates that the source
level estimates presented in this research were dependent on precise character-
izations of the acoustic environment. It was anticipated that there would be
some degree of variability due to variations in water column properties observed
during each passage of the ship. In order to mitigate potential sources of error
in the measurements, a standardized approach was employed, whereby all ships
were measured during a consistent time of year and with the use of identical
instrumentation. The variations in CPA distances exhibited minimal differences
using, for example, AIS, leading to negligible fluctuations in transmission loss,
measuring less than 3 decibels. The authors propose that implementing stan-
dardized measurement protocols and data reporting may mitigate this problem
and enhance the comparability of ship noise data [McKenna et al., 2012].

• Merchant et al. (2012) proposed a methodology for characterizing sound expo-
sure resulting from shipping activities by integrating continuous PAM with AIS
shipping data. They highlighted the importance of measuring the background
noise in the area of interest, where the sound pressure levels in the study were
affected by the presence of both intermittent noises from small local vessels and
ambient noise from distant shipping. They also showed high variability in esti-
mating the source level in shallow water (≤ 150m) due to high attenuation of
sound at both high and low frequencies, as noted by [Jensen et al., 2011]. The
authors pointed out that the reflections from the seabed need to be corrected,
similar to the sea surface, as also discussed by Magnier and Gervaise in 2020
[Magnier and Gervaise, 2020]. The study only uses a single hydrophone, which
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may not provide a comprehensive picture of the acoustic environment in the
study area. [Merchant et al., 2012].

• Simard et al. (2016) presented an analysis and modeling of ship source lev-
els (SSLs) of 255 merchant ships measured along the St. Lawrence Seaway in
eastern Canada. The study examined the SSLs variability of ships from a di-
verse merchant fleet based on source characteristics and estimated multivariate
the SSLs models. The authors suggested that the variability in estimated SSLs
arises from both source characteristics and measurement errors. The paper il-
lustrated statistically that the SSLs did not show a strong correlation with any
of these ship characteristics. This suggests that other factors, such as environ-
mental conditions and measurement setups, may have a greater impact on SSL
variability. In addition, the estimated SSLs were sensitive to the propagation
loss model, which depends on geographic and geoacoustic characteristics. Also,
they mentioned that the geometrical spreading would overestimate the radiated
noise levels and suggested that a more representative propagation loss model,
e.g., RAM or Wavenumber, is required to estimate SSLs accurately [Simard
et al., 2016].

• Peng et al. (2018) proposed a model that utilizes the Finite Element Method
and Ray Tracing to predict the URN of a fishing boat. This model takes into
account realistic environmental parameters in situ. This study emphasized the
significance of accounting for various factors, such as sea surface, bottom reflec-
tions, source depth, and seabed sediment type, when analyzing propagation loss
in shallow water environments (87 m). This consideration is particularly cru-
cial for low frequencies below 100 Hz. To conclude, the paper mentions several
factors or parameters that can affect the measurement of boat or ship noise,
including water depth, sea surface and bottom reflections, the vessel speed and
length, the type of noise, e.g., non-cavitation and cavitation propellers, and
mechanical noise (engines and generators) [Peng et al., 2018].

• Jaing et al. (2020) highlighted the parameters that may increase the uncertainty
of ship noise measurement. The experiments were conducted in shallow water
(≤ 150 m). The authors mentioned that the distance between the hydrophone
and the ship may impact the accuracy of the measurement. Also, they suggested
that to mitigate the impact of uncertainties in source depth on the propagation
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loss model’s sensitivity, a vertical distribution of sources was implemented as
an alternative to a single-point source. Finally, the author also pointed out
the importance of accurately measuring the background noise to increase the
confidence level of the ship noise measurement [Jiang et al., 2020].

• In 2021, ZoBell et al. and Haver et al. discussed the factors affecting source
level estimation during long-term missions. The seasonal differences, averaging
data, and propagation loss model were the significant parameters that should
be considered carefully. In addition, the uncertainty in determining the source
depth, Lloyd’s mirror, and distance from the source to the receiver at the clos-
est point of approach significantly impacted the assessment of the vessel noise
signature and its uncertainty [ZoBell et al., 2021; Haver et al., 2021].

Therefore, uncertainty quantification must be explicitly reported as a combined
standard error for the significant factors affecting the ship noise level estimation.
The measurement repeatability and uncertainty can be minimized based on what
was introduced in the literature. High-quality and precision devices will drive high
measurement accuracy and a lower standard error. The sea trial should be conducted
in good weather conditions (less than sea state 2); the better the weather window
selected, the less uncertain it is to evaluate the source noise levels. The significant
problems with the environment’s impact on sound propagation between the acoustic
source and the detection equipment [Merchant et al., 2012; ISO-17208/1, 2016; AQUO,
2014]. The propagation loss model has to be accurate by increasing the certainty of
parameters used in developing the model, e.g., source depth, seabed characteristics,
and sound speed profile. Other environmental factors, like currents, wind, etc., will
interfere with the equipment’s deployment and cause self-noise in the hydrophones,
adding error in the actual distance between the acoustic source and the detection
devices [AQUO, 2014]. The vessel itself is a considerable source of uncertainty; the
measured URN is varied with vessel speed, type, length, and operating condition
[McKenna et al., 2012; Veirs et al., 2016; ZoBell et al., 2021; McIntyre et al., 2021;
Virto et al., 2022].

In the post-processing procedures, the received level averaged over a number of the
hydrophones through the water column decreases the uncertainty of the interference
patterns [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016]. ISO-17208/1
defines deep water as the most efficient measurement environment for monitoring
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sound sources compared to shallow water. The shallow water limits the frequencies
below the cut-off frequency, which can be adjusted by increasing the ratio between
range and water depth [Council, 2003; AQUO, 2014; Hermannsen et al., 2019]. In
addition, more runs for the same operating condition will decrease the estimated
source level uncertainty [ANSI/ASA S12.64-2009/Part 1, 2009; AQUO, 2014; Brooker
and Humphrey, 2016]. Furthermore, the source can be represented as a single-point
source instead of a dipole source when the closest point of approach is far from the
observer compared to the water depth or the ratio between the vessel’s overall length,
and water depth is significantly small [AQUO, 2014]. However, this assumption is a
loose approximation because of the contribution to the underwater noise signature of
multiple complex sources. This methodology is valid only for far-field measurements
(when the directivity of the source is not significant) or in the assessment of retrofit-
induced changes and noise reduction studies [Chion et al., 2019; ZoBell et al., 2023].

International standards and classification societies

As stated by classification societies, international standards, and guidelines, the un-
certainty in the measurement process of a vessel radiated noise has to be quanti-
fied and reported. The standard error in the measurement is categorized into two
types: measurement uncertainty and measurement repeatability (see, for example,
[ANSI/ASA S12.64-2009/Part 1, 2009], [ISO-17208/1, 2016], [AQUO, 2014], [Bureau
Veritas, 2014], and [Bosschers, 2017]). Repeatability analysis is the study of the sys-
tematic error in measuring sound levels from the same vessel under the same ship
operation and environment conditions within a set confidence interval [AQUO, 2014;
ISO-17208/1, 2016]. For instance, Humphrey et al., in 2015, investigated the repeata-
bility of noise level measurement from a single hydrophone over several runs with a
repeatability of 1 and 2 dB [Humphrey et al., 2015]. At the same time, the assess-
ment of general uncertainty means identifying and quantifying the random error in the
source levels based on the uncertainty of the used devices, environment, vessel, and
post-processing. The uncertainty in URN assessment under the American National
Standard [ANSI/ASA S12.64-2009/Part 1, 2009] and International Standard Orga-
nization [ISO-17208/1, 2016] procedures was quantified as combined standard error
values and varied based on either the frequency range or measurement grade. A collec-
tive summary in Table A.4 of what was presented in the standards and classification
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societies is as follows:

• ANSI/ASA addressed the sound pressure level uncertainty derived from errors
in calibration, sensitivity, data processing, and amplifier gains of the measuring
devices. The total combined uncertainty is 1.3 dB. The URN level variability
was about 1.5 to 2 dB, including an error in the horizontal range and depth
between source and receiver, acoustic center and sound speed profile gradient.
They introduced three grades of measurement (A, B, and C). The uncertainty
in grade B is less than in grade C but higher than in grade A. For example,
Lloyd’s mirror effect affects grade C more highly than grades A and B. For the
grades, the average over the runs minimizes the repeatability and uncertainty
of SPL.

• In 2016 and 2019, ISO-17208/1 and ISO-17208/2 were published. As shown
in Table A.4, combined values of uncertainty in measuring URN levels were 5
dB for frequencies below 100 Hz, 3 dB for 125 to 16000 Hz, and 4 dB above
20000 Hz. The vessel condition and sea state control the levels of measurement
repeatability, which are estimated by 3 dB for frequencies below 100 Hz and
1 dB for high frequencies. At the same time, the uncertainty in the sound
pressure level is affected by the hydrophone characteristics uncertainties, post-
processing frequency domain conversion, and averaging SPL over time. The
uncertainty is counted by 1.5 dB and 3.5 dB for low and high frequencies. Lastly,
the conversion to received noise level (RL) adds uncertainty because of the
variability in the ship-to-hydrophone horizontal distance calculation (e.g., GPS)
and the hydrophone depth (e.g., title angle in the cable). Furthermore, the
interference patterns from the multipath sound waves developed by the direct
and the water-air surface reflections lead to increased RL uncertainty that is
frequency-dependent. However, the average SPL over the data window length
and the three hydrophones minimize Lloyd’s mirror effect.

Table A.4 illustrates the requirements to measure underwater radiated noise from
ships and the measurement uncertainties prescribed by four of the leading classifica-
tion societies. The table compares the classification societies’ requirements with the
ISO and ANSI/ASA standards and highlights similarities and differences. There is
an explicit agreement between the published scientific articles and the standards and
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classification societies in assessing vessel noise levels. For instance, BV recommended
following ANSI/ASA and ISO-17208/1 to grant silence notation. However, modifica-
tions in the BV report reduce the measurement uncertainty compared to ISO-17208/1
[Bureau Veritas, 2014]. ABS published guidelines to measure ship noise levels regard-
ing commercial and research vessels to approve a class notation. The measurement
requirements follow the ANSI/ASA and ISO-17208/1 as well [American Bureau of
Shipping, 2022]. Lloyd’s Register (LR) recommends ANSI/ASA and ISO-17208/1 in
all the measurement and post-processing procedures to approve the class notation,
for example, transit or quiet notation. However, they added some calculations for
the monopole source in shallow water that were not mentioned by the standard. The
calculation minimizes the uncertainty of the interference patterns developed by the
mirror effect [Lloyd’s Register Group Limited, 2018]. DNV GL published measure-
ment procedures for classed vessels to be approved for silent notation. The procedures
almost drifted from the previous standards and guidelines without uncertainty quan-
tification, as shown in Table A.4 [DNV GL, 2017].

Sources of uncertainty based on the platform type

In general, any type of PAM observer is impacted by the sources of uncertainty.
Firstly, the propagation loss model estimates the intensity level losses caused by
the sound waves between the source and receiver. The uncertainty of determining
the propagation loss is crucial to consider. The model may consist of the following
components: source depth, receiver depth, the distance between source and receiver,
seafloor characteristics, and sound speed profile. The model might be developed using
different methods. Using the spherical spreading model to estimate the drop in sound
wave intensity to the range [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016;
Simard et al., 2016; Haxel et al., 2019], in contrast, a numerical model can be created
associated with environmental factors instead of the range for precise propagation loss
prediction [Merchant et al., 2012; Ainslie et al., 2022]. For both methods, the overall
uncertainty of the propagation loss model depends on the uncertainty in estimating
each parameter.

Background noise is the second element to consider in the assessment of underwater
sound sources, and it depends on the frequency of interest. The background noise can
be defined as the sounds that are not interesting to the measurement objective. It
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should be recorded in the absence of the target ship by at least 2 km from the observer
[ISO-17208/1, 2016]. Finally, the vessel speed, length, and directionality contributed
to the total uncertainty assessment.

The multipath of sound due to the sea surface and seabed reflection is important
to consider. The interference of sound waves may cause overestimating or underesti-
mating the source levels as a function of frequency. It is crucial to correct the RSL:
ISO 17028-1 recommended that the power average between the three hydrophone
readings might decrease the mirror effect phenomenon [ISO-17208/1, 2016; American
Bureau of Shipping, 2022; Lloyd’s Register Group Limited, 2018]. The water depth
also plays a key role in the frequency range of the measurement. There is a cutoff
frequency where the sound waves at specific water depths can be propagated [Urick,
1983; Jensen et al., 2011].

Based on the selected PAM observer, some parameters may add more uncertainty
to the measurement of the ship noise and are discussed as follows:

Fixed platform uncertainties The self-noise of the PAM system adds more energy
to the received sound. Cable vibrations and mechanical chafing between components
induce self-noise. The hydrophone movement either tilts or, with depth due to the
internal current, changes the slant range between the noise source and the hydrophone,
which increases the propagation loss uncertainty [AQUO, 2014].

Mobile platform uncertainties The use of AUGs instead of conventional PAM
systems decreases the factors that may negatively impact the uncertainties of recorded
ship noise levels, such as no cables or mechanical chafing. However, the AUG may
introduce uncertainties due to its motion. The flow noise caused by glider motion can
be ignored due to its low speed of less than 0.25 knots [Aniceto et al., 2020; Cauchy
et al., 2023]. However, it may affect the received sound levels for frequencies below 20
Hz. Additionally, gliders generate noise during manoeuvres, which can interfere with
the measurements of underwater noise [Dassatti et al., 2011].

The brushless DC motor of the oil pump is the dominant source of self-noise for
the glider. The pump has intermittent behavior and operates for 20 to 26 seconds
at the maximum water depth the glider reaches and then turns off [Schofield et al.,
2007; Cauchy et al., 2023]. Therefore, gliders are capable of acquiring acoustic data
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with a high signal-to-noise ratio during their descent and ascent while simultaneously
discarding data that has been contaminated by the noise emitted from the oil pump.
The noise levels of the rudder and fin remained consistent and had a minimal impact
on the overall background noise. They could be disregarded due to their short duration
of fewer than 0.5 seconds [Haxel et al., 2019].

Lastly, the accuracy of determining the AUG position underwater impacts the
propagation loss between the glider and the noise source. The glider tracking position
is uncertain and can be calculated based on the glider flight data and environmental
measurements. AUGs primarily estimate their position by assuming velocities using
a flight model. Using a model-based approach is essential for tracking the subsurface
position of the glider. Challenges arise in energetic tidal basins due to unresolved
depth-dependent flow, which can lead to the accumulation of position errors on top
of an assumed depth-averaged current. Recent studies have utilized high-resolution
acoustic tracking ranges to enhance accuracy by limiting positional inaccuracies and
minimizing uncertainties associated with the flight-model approach [Bennett et al.,
2021; Cauchy et al., 2023].

2.5 Summary

The use of AUGs for passive acoustic monitoring missions presents various advan-
tages and prospects for enhancing the awareness of the propagation of ship noise in
the ocean environment. Acoustic AUGs are versatile tools that can conduct various
PAM missions, including monitoring ocean soundscapes, detecting and characteriz-
ing marine species, and measuring underwater noise from vessels. The understanding
of oceanographic characteristics and underwater noise levels can also be expanded
by deploying AUGs, which allows us to collect helpful information autonomously on
temporal and spatial changes in large areas of the ocean.

AUGs, unlike conventional fixed PAM systems, operate as quiet platforms, thereby
reducing disruptions to aquatic life. This facilitates the acquisition of detailed and
extensive data regarding marine mammal populations and behavior. Moreover, AUGs
can work simultaneously with other PAM systems to create a network of sensors to
localize and track marine mammals.

Additionally, AUGs have the ability to collect oceanography samples from the
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surface to the seafloor autonomously. This enables us to investigate the changes in
sound speed across distances, both horizontally and throughout the water column. If
the acoustic properties and topography of the seafloor were combined with the range-
and water column-dependent oceanography data gathered by the glider, the impact
of the sea surface and seafloor reflections on sound propagation would be noticeable.
This would be advantageous, especially in shallow water environments with a depth
of 150 metres, where the impact of reflections is substantial. The understanding of
the behavior of sound propagation in remote areas can be improved after integrating
the oceanography and PAM data collected by the glider in order to not overestimate
or underestimate marine sound levels, for example, ship noise signature levels.

In order to use AUGs for PAM missions, it is necessary to estimate the measure-
ment uncertainties of the data acquired with the AUG and compare them with the
uncertainties of the reference platform. This is currently an open problem, and fur-
ther studies are needed to develop a procedure to quantify measurement uncertainties
in PAM systems. A comprehensive method for the assessment of measurement un-
certainties would make it possible to compare and generalize the results of existing
studies on passive acoustic monitoring in the ocean environment.

Currently, a comprehensive methodology to estimate and report uncertainties in
passive acoustic monitoring of underwater noise is still missing. This methodology
needs to consider the contribution of a large number of sources of error. This requires
a broader body of data that includes measurements performed with different PAM
systems, analyzed comparatively, a wide range of water depths, and several weather
and environmental conditions. Due to the large number of factors to consider, it is
not feasible to extend the existing procedures for the assessment of measurement un-
certainties presented in different ISO standards and classification societies’ guidelines
to a more general situation.



Chapter 3

Methodology

This chapter outlines the methodology used to address the research questions stated
in the previous chapters. This section aims to provide a comprehensive description of
the research methodology, including the justification for the selection and implemen-
tation of particular investigative methods and analytical instruments. A quantitative
approach was employed to evaluate the performance of ocean gliders as a passive
acoustic monitoring platform, particularly in measuring and characterizing underwa-
ter ship noise signatures. This approach allows for a reliable and reproducible data
collection and analysis framework.

This chapter organizes the methodology based on the two main sites used in the
research. The first site is Petty Harbour-Maddox Cove, where only a fixed buoy is
utilized to characterize ship underwater noise. Conception Bay is the second main
site where the ocean glider was deployed to complete the research.

The contents of this chapter are based on three published articles:

• Assessment of the underwater noise levels from a fishing vessel using passive
acoustic monitoring and structure hull vibration, which is published in Canadian
Acoustics, Vol.: 50(3) [Helal and Moro, 2022].

• Underwater noise characterization of a typical fishing vessel from Atlantic Canada,
which is published in Ocean Engineering Journal, Vol.: 299 and ISSN : 0029-8018
[Helal et al., 2024b].

• Advancing Glider-based Measurements of Underwater-Radiated Ship Noise, which
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is under review in The Journal of the Acoustical Society of America, Vol.: 156(4)
and ISSN : 0001-4966 [Helal et al., 2024c].

3.1 Vessel operations

This section discusses the operational conditions of the vessels, such as specifications
and sailing speeds, used to achieve the research objectives.

3.1.1 Petty Harbour-Maddox Cove

In 2021, two sea trials were performed in August and December to thoroughly as-
sess and document the noise characteristics of the fishing vessel. The trials focused
on isolating and analyzing the sources of noise contributing to the vessel’s acoustic
footprint. The sea trials aimed to identify the noise sources in the fishing vessel and
measure the extent to which each source contributes to the vessel’s acoustic footprint.
They took place off the coast of Petty Harbour-Maddox Cove, Newfoundland and
Labrador (NL), Canada.

The vessel used in this research trial is a small fishing vessel (see Figure 3.1), and
the propulsion system is a diesel engine. The vessel features a 4-blade fixed-pitch
propeller. Table 3.1 summarizes the main characteristics of the vessel.

Figure 3.1: Fishing vessel under testing in Petty Harbour-Maddox Cove trials

The tested fishing vessel was set up to operate at prescribed engine speeds (RPM)
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and propeller clutch scenarios. Two testing scenarios were recorded for the aforemen-
tioned fishing vessel. Scenario 1 involves recording underwater radiated noise and
onboard vibration at different RPMs. Scenario 2 records the same measurements
while the propeller is unclutched.

Table 3.1: Main specifications of the fishing vessel under testing in Petty Harbour-
Maddox Cove trials

Parameter Value Unit

Length OA 10.3 [m]
Beam 3.3 [m]
Maximum ground speed 9− 10 [knots]
Maximum engine speed 2400 [RPM]
Propeller blade number 4 [−]
Engine cylinders 6 [−]
Gearbox ratio 2.4 [−]

In scenario 1, the vessel was running at three distinct engine RPMs: 1400, 1800,
and 2200. The vessel noise signature at each RPM was measured and recorded fol-
lowing [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016]. The vessel ran
between two waypoints parallel to the PAM observer. Following the completion of
these measurements, we conducted measurements for scenario 2. In the second sce-
nario, the vessel was positioned at the closest point of approach (CPA), ensuring it
was at least 100 m away from the observer. The propeller-driven shaft was discon-
nected from the engine, and the engine kept running at 1400 rpm; this trial was titled
the ”unclutched-propeller” scenario in stationary mode. Table 3.3 illustrates the trial
time sequence, where the two scenarios were performed twice in August and Decem-
ber. Each single-speed experiment was repeated two times to capture vessel noise
from the port and starboard sides.

The vessel’s geocoordinates were recorded relative to the observer using a built-in
GPS device. The vessel’s engine speed was monitored manually through analogue
gauges on the dashboard.

3.1.2 Conception Bay

In 2022 and 2023, I conducted two experiments in Conception Bay, NL, using a
glider with wing-mounted hydrophones in order to characterize the underwater sound
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signatures of a moving vessel. The experiment followed procedures according to [ISO-
17208/1, 2016], except for standard use of a fixed station of an array of three hy-
drophones, which was replaced with a glider.

The first experiment was performed to assess the acoustic self-noise signature of the
Slocum glider. It was conducted in relatively shallow water (60–90 m) (Figure 3.5a).
In the second experiment, the glider was used to measure the underwater ship noise
of the target vessel in the form of a URN value and compared against fixed PAM
observers (see Figure 3.4). It was conducted at depths of around 120–300 m, 14 km
away from the first experiment. Assessing the glider’s performance as an alternative to
fixed platforms would be beneficial in determining its suitability as a PAM observer.
In the following text, these sites will be referred to as the shallow and deep water
experiments, respectively, noting that the reference to shallow and deep is relative to
the selected sites.

Figure 3.2: Fishing vessel under testing in Conception Bay trials

Table 3.2: Main specifications of the fishing vessel under testing in Conception Bay
trials

Parameter Value Unit

Length OA 11.9 [m]
Beam 4.57 [m]
Maximum ground speed 11− 12 [knots]
Maximum engine speed 2800 [RPM]
Propeller blade number 4 [−]
Engine cylinders 6 [−]
Gearbox ratio 2.98 [−]
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At the deep-water site, a fibreglass vessel (Figure 3.2) measuring 11.9 x 4.57 m,
powered by a six-cylinder diesel engine and featuring a four-blade propeller system,
was employed as a moving noise source. The vessel was set up to navigate between two
waypoints, back and forth, parallel to the PAM platforms’ locations (see Figure 3.4).
At engine speeds of 1500 and 2000 rpm, four runs each were conducted, with a constant
vessel velocity for each engine speed throughout their 4 runs [ISO-17208/1, 2016].
Maintaining a consistent distance between the vessel’s path and all platforms was
challenging due to operational constraints such as currents, drift, and human error in
piloting the vessel.

3.2 Sites and trials information

In this section, the site information regarding the geolocation, water depths, and
weather conditions is discussed. In addition, a detailed illustration of the experimental
set-up of the sea trials is presented.

3.2.1 Petty Harbour-Maddox Cove

The August trials focused on two main experiments, as described in Table 3.3. One
experiment involved maintaining a constant vessel speed at an engine speed of 2200
rpm, while the other examined engine noise at 1400 rpm without the propeller en-
gaged. The December trials extended the scope of the study by conducting four
comprehensive experiments at different operational speeds.

Figure 3.3 shows the experimental site location, located approximately 8 km away
from the coastline. This area was chosen for the study because it provides ideal
conditions for acquiring underwater acoustic data and is far from any shipping traffic.
The water depth in the region varies between 120 and 140 metres. The seafloor
displays considerable variation in terms of thickness and composition of glacial till,
cohesive clay, and gravel, indicating a rocky seabed composition mixed with sand and
mud [Shaw and Potter, 2015].

The site area was carefully chosen within a 10 km2 area across Petty Harbour-
Maddox Cove, focusing on seafloor topology with minimum variance. The buoy ob-
server’s location was at 47°27'14.28''N and 52°36'7.5''W.
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Table 3.3: Operating conditions and sequence of the fishing vessel in Petty Harbour-
Maddox Cove trials

# Experiment sequence

Sea trial 1 (August)

1 Sailing at an engine speed of 2200 rpm
2 Stationary vessel ”unclutched-propeller” and engine run at 1400 rpm
Sea trial 1 (December)

1 Sailing at an engine speed of 1400 rpm
2 Sailing at an engine speed of 1800 rpm
3 Sailing at an engine speed of 2200 rpm
4 Stationary vessel ”unclutched-propeller” and engine run at 1400 rpm

Figure 3.3: Petty Harbour-Maddox Cove site map and deployment area

Environmental conditions were carefully monitored prior to the trials. The weather
conditions were aligned on both dates with the standard recommendations for con-
ducting the experiments [ISO-17208/1, 2016]. Table 3.4 presents the parameters of
wind speed, current speed, and wave height. The environmental parameters are pub-
licly available on the Smart Atlantic website [The Fisheries and Marine Institute of
Memorial University of Newfoundland’s Centre for Applied Ocean Technology (CTec)
and the Centre for Ocean Ventures and Entrepreneurship (COVE) of Halifax, 2021].
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Table 3.4: Weather conditions during the Petty Harbour-Maddox Cove trials
Parameter August December

Wind speed [m/s] 3.6± 1.2 6± 1
Wave height [m] 0.41± 0.1 3.5± 0.7
Current speed [mm/s] 24± 15 152± 70

3.2.2 Conception Bay

As described in Section 3.1.2, the Conception Bay experiments were related to the
ocean glider acting as a PAM observer to measure and characterize vessel noise sig-
natures. The glider followed a prescribed route between programmed waypoints and
performed several dives and climbs at regular intervals. Holyrood Bay, at the head of
Conception Bay, hosted the glider’s initial tests on July 22, 2022, near 47.4156 N and
53.1331 W. The glider completed six dive and climb cycles (1 dive and climb cycle =
1 yo) profiles at this shallow water location at a water depth of 60 m (Figure 3.5a). In
the subsequent deployment in Conception Bay on January 13, 2023 (47.5333 N and
53.1583 W), the glider completed 4 additional yos, diving to 190-200 m. The glider
inflection dive depth changed with bathymetry (10 m above the seafloor) between yos,
see Figure 3.5b.

Figure 3.4: Map of the site where the two sea trials were conducted. A drifting buoy
and moored systems were used in Conception Bay with the glider. In Holyrood Bay,
there was an additional trial by the glider in shallow water
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Figure 3.5: At both the shallow (a-Holyrood) and deep experiment sites (b-Conception
Bay), the glider’s observer’s sound spectrogram overlapped with the glider depth. Red
boxes indicate periods when the observer did not log data. The black box displays
underwater sounds from the vessel being tested. In the green box, dolphins’ biological
sounds near sea paths are displayed. Orange circles indicate the glider’s oil pump at
its maximum depth. When the rudder was moving, the blue square box indicated
radiated noise.

The glider dive and climb angles were set to 26◦ for the shallow water trial and
20◦ for the trials in deep water. In both missions, the glider dynamically adjusted
the battery pitch pack position to maintain even climb and dive angles, as well as
the automatic buoyancy pump trim (auto ballast) to maintain even vertical speeds of
around 10–12 cm/s. In shallow water, the glider surfaced after every single dive and
climb cycle, while in the Conception Bay sites, the glider performed several dives and
climbs between surfacings, as in the 2nd and 3rd yo’s presented in Figure 3.5(b). Due
to the currents in Holyrood, the glider was pushed backwards between subsequent
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Table 3.5: Weather conditions in both Holyrood Bay on July 29th, 2022, and Concep-
tion Bay on January 13th, 2023

Parameter Shallow-water site Deep-water site

wind speed [m/s] 2.1± 0.5 2.6± 0.8
wave height [m] < 0.5± 0.1 < 1± 0.1
current speed [mm/s] 77.1± 12 102.9± 56

surfacings, leading to an adjacent set of glider profiles oriented alongside the central
axis of the bay.

The weather conditions on both days were calm, with states below Sea State
2 observed throughout the duration of the trials [ANSI/ASA S12.64-2009/Part 1,
2009; ISO-17208/1, 2016]. Table 3.5 provides approximate oceanic and atmospheric
conditions during the tests based on data provided by a Smart Atlantic buoy near the
entrance to the Holyrood Bay area [The Fisheries and Marine Institute of Memorial
University of Newfoundland’s Centre for Applied Ocean Technology (CTec) and the
Centre for Ocean Ventures and Entrepreneurship (COVE) of Halifax, 2021].

3.3 Passive acoustic platforms

This section presents the passive acoustic sensor types and their configurations, in
addition to the platforms that carry those sensors. Also, the glider’s specifications
are illustrated.

3.3.1 Petty Harbour-Maddox Cove

The experiment employed a three-hydrophone array supported by a coastal acoustic
drifting buoy and a ballast drop weight model BOS-W manufactured by Ocean Sonics
[Ocean Sonics, 2021a], as represented in Figure 3.6. The three hydrophones were at-
tached to 100-meter cables at designated depths of ”Shallow”, ”Middle”, and ”Deep”
located at distances of 32, 63, and 94 metres from the sea surface [ANSI/ASA S12.64-
2009/Part 1, 2009; ISO-17208/1, 2016]. The buoy included a data control logger,
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lithium batteries, a radiofrequency sender, and a GPS module. The GPS module en-
abled the geolocation of the buoy and synchronized the hydrophones with Coordinated
Universal Time (UTC). The buoy facilitated the adjustment of hydrophone settings
pre- and post-deployment and provided supplementary power to the hydrophones as
needed.

Figure 3.6: Drifting buoy with an array of three icListen hydrophone configurations.
The hydrophones’ depths are 32, 63, and 94 m from the water surface. In addition,
the SBE 25plus CTD profiler was used in the trials.

The hydrophone system is a digital standalone marine acoustic sensor by Ocean
Sonics icListen (RB9-HF models) [Ocean Sonics, 2021b]. Each hydrophone includes
a data logger, data memory, and an internal lithium battery. The hydrophones were
adjusted to sample at a 64 kS/s sampling rate and a 24-bit waveform, enabling the
measurement of frequencies up to 25 kHz. The hydrophones are characterized by
a flattened sensitivity between 10 Hz and 64 kHz, and their nominal value is equal
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to -176.9 dB re V/µPa. They were programmed to record continuously during the
mission, and the resulting acoustic files were obtained when retrieving the platform
at the end of the experiment.

3.3.2 Conception Bay

The Slocum glider, manufactured by Teledyne Webb Research [Teledyne Webb Re-
search, 2017] is one of the most prolific buoyancy-driven underwater glider platforms
in use by the ocean research community. The glider was equipped with an RBR
Legato CTD. The tested glider featured a 350 m ”high-displacement” (HD) oil pump
(450 cm3). The glider was ballasted and prepared for deployment at the Memorial
University glider facility in a large tank, following standard manufacturer recommen-
dations. Baird [2007] provides a basic outline of the procedure.

The glider was equipped with two HTI Ltd. [High Tech, INC., Accessed: 2021]
wing-mounted hydrophones, which have consistent sensitivity from 50 to 10,000 Hz
with a minimal uncertainty of ± 0.9 dB. An OceanObserver extended payload with
16 acoustic channels up to 8–512 kS/sec by a JASCO Ltd. manufactured OceanOb-
server multi-channel PAM recording system was attached to the glider where the two
hydrophones connected [JASCO Applied Science, 2021]. The OceanObserver was re-
sponsible for logging data with 1 TB of internal memory. The glider was configured
with an extended energy bay with rechargeable batteries to support the hydrophones
and the OceanObserver power consumption. All glider science payload sensor times-
tamps were synchronized to the glider science data-logging computer.

The port and starboard wing-mounted hydrophones were configured to record
acoustic signals at a frequency of 32 kHz using 24-bit quantization, providing a dy-
namic range of 147 dB between the overload signal and the quantization noise. The
hydrophones on the drifting and moored platforms were set to sample at the same
rate. The start-up time of the OceanObserver on the glider is around 60–120 s, re-
sulting in the glider recording being restricted to 10 metres below the surface on the
first glider dive segment only but continuously thereafter.

The glider served as the primary PAM platform for the shallow water (Holyrood
site) trial. This configuration, which did not include the drifting hydrophone array and
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bottom-mounted hydrophone that were employed in other trials, enabled the evalua-
tion of the glider’s acoustic performance without interference from other measurement
systems.

In the deep water tests (Conception Bay), the hydrophone array and the bottom-
mounted hydrophone were deployed with the glider (Figure 3.4). The buoy had the
full-length hydrophone array set at fixed depths of 32, 63, and 94 m [Ocean Sonics,
2021a], as well as a deep-depth mooring with a single Ocean Sonics icListen RB9-HF
hydrophone 45 m above the seafloor [Ocean Sonics, 2021b]. The moored platform
was fully immersed in the water and consisted of a float array, battery pack, acoustic
release, and an anchor, as shown in Figure 3.4. The noise levels were evaluated and
classified from each PAM platform separately as a stand-alone observer for comparison
purposes.

Table 3.6 summarises the sea trials information conducted to achieve the research
objectives.

Table 3.6: Sea trials summary
Seat Trial 1 Sea Trial 2

Location Petty Harbour-Maddox Cove Conception Bay

Water depth 120 m Shallow: 60 m
Deep: 190 m

Weather <Sea state 2 <Sea state 2

PAM observer
Array of three hydrophones

Glider
Array of three hydrophones

Bottom-mounted hydrophone

Vessel type Fishing vessel (LOA 10.3 m) Fishing vessel (LOA 11.9 m)

Operating speed 1400 rpm 1500 rpm
1800 rpm 2000 rpm
2200 rpm
stationary
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3.4 Acoustic files data processing

The acoustic files were processed using Equation (3.1) and Matlab® software with
full-scale normalized values (x[n]) ranging from -1.00 to 1.00; thus, the number of
bits (N) equals 1. When using native values instead of normalized, the N would
equal the number of sampling bits. Sensitivity values throughout the dynamic range
and an analog-to-digital converter peak-to-peak voltage were then used to apply the
conversion to sound pressure values in Pascal units P [n]. Finally, the sound pressure
levels (SPL) were computed using the Matlab Signal Processing Toolbox and presented
in a narrowband with a resolution of 1 Hz and a one-third octave band.

P [n] = x[n]× Vpp

2 ×
1

2N−1 ×
1

10 sensitivity
20

× 10−6 [Pa] (3.1)

Pre-processing the raw acoustic files required sensitivity, an analog-to-digital con-
verter peak-to-peak voltage, and the dynamic frequency range as illustrated in Ta-
ble 3.7. These prompted the conversion to sound pressure values in Pascal units P[n]
using Equation (3.1). Finally, the Matlab Signal Processing Toolbox was used to
figure out the SPL of any desired acoustic window, and the results were presented in
two narrowband frequency domains: one with a resolution of 1 Hz and the other with
a resolution of one-third of an octave. This style of sound-level presentation was used
throughout the thesis results.

Table 3.7: Pre-processing information of each hydrophone type used in the trials
Parameter icListen-HF HTI-99

Sensitivity [dB re 1 V/µPa] −176.9± 1.1 −164.5± 0.9
Vpp [volts] 6 9
Frequency range [Hz] 10− 100k 20− 16k

3.4.1 Desired acoustic window extraction

Spectral analysis can be used to isolate and determine the relative sound amplitudes of
sound sources in acoustic recordings [Jiang et al., 2019; Cauchy et al., 2023]. Figure 3.7
presents the spectrogram of the sea trials conducted in Petty Harbour-Maddox Cove
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and is similar to Figure 3.5, which represents the spectrogram of the recorded sound
by the glider in the Conception Bay trials. In order to determine the vessel under
test noise, the CPA was identified with the aid of the mission time stamp of each
trial. Figure 3.7 is an example of the CPA location, labeled with a dotted black line.
The acoustic data was cropped to a window size of 30 to 45 seconds, where the CPA
centred the extracted windowed acoustic file for the post-processing analysis.

Figure 3.7: Spectrogram of the RL by the fishing vessel at 1400, 1800, and 2200 RPM
trials in Petty Harbour-Maddox Cove trials

In Conception Bay, the spectrogram (Figure 3.5) of the hydrophones, notes from
the field tests, and the glider flight data help us figure out when noise sources like
vessel noise or biological sounds are present. Moreover, by carefully reviewing the
glider flight record, it is possible to determine the timing and noise levels of specific
glider moving components in preparation for subsequent analysis. Also, acoustic
windows with low noise intensity were used to calculate the background noise, which
occurred when the vessel was 2 km away from the observers. The data logging paused
either when the glider approached or reached the surface, as indicated by the red boxes
on the spectrogram (Figure 3.5). Orange dots illustrate the noise levels produced by
the glider’s buoyancy engine and battery pack. Blue squares indicate noise levels due
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to the use of the rudder. Also, marine mammals (dolphins and minke whales) were
sighted and identified during the deep experiment (highlighted with green boxes).

3.5 Glider self-noise

The glider was placed in the shallow-water site to assess its self-noise in a sheltered
and quiet environment and in the absence of any externally controlled sound sources.

Several methods of self-noise assessment exist. Tesei et al. used a single hy-
drophone to measure the self-noise of the Slocum glider in a water tank. The water
tank may overestimate the self-noise levels because of wall reflections, as noted by
[Tesei et al., 2019]. [Cauchy et al., 2023; Haxel et al., 2019; Jiang et al., 2019] also
used mounted hydrophones, which were attached to the glider at the front and/or
tail in the open-field ocean. The mission flight data files were used to identify dive
phases, transitions, and the duration of each phase. Time-frequency analysis is used
to characterize different types of self-noise, specifically ambient noise, rudder noise,
and pump motor noise. These characteristics are measured during an ordinary dive
[Cauchy et al., 2023; Haxel et al., 2019; Jiang et al., 2019]. I followed the same
procedures to determine the self-noise of the Slocum glider.

The glider continuously records acoustic data during its flight, from the surface to
the deepest point. By superimposing the flight data with the corresponding acoustic
files, I can derive time-series signal windows that effectively represent the occurrence
of each noise source, such as buoyancy pumps, rudders, and the pitch motor. Using
the same time windows, the acoustic file segments were analyzed to estimate the
acoustic signature for every state of the different motors in the glider. An analysis was
performed on the port and starboard hydrophones to take into account the directional
characteristics of the self-noise. A comparative analysis, in narrowband and one-third
octave bands, was conducted between the resultant noise levels and the ambient noise
of the ocean. Spectral analysis techniques are used to identify the characteristic
frequencies and intensity of noise each moving component produces.

In shallow water trials, the ocean was subject to contamination from diverse
sources of acoustic interference. Thus, the sixth dive was selected for the purpose
of analyzing the acoustic signature of different motors. Figure 3.5b shows that the
first dive in the deep water trial had less background noise than the others, making
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it the practical choice for investigating the self-noise signature.

3.6 Vessel noise signature

This section outlines the methodology used to analyze the underwater noise signature
of the vessels under test. In Sections 3.1 and 3.2, the experimental framework was
implemented in two separate locations, where a series of comprehensive sea trials
were conducted. Three PAM observation systems were utilized to gather acoustic
data, with variations in their deployment across different sites. The methodology for
identifying the vessel’s noise signature was consistent in all experiments. However, the
analysis methods varied based on the observation system and operational conditions
under examination, such as CPA and sound propagation loss, as discussed in the
following section 3.7. This methodology facilitated a comprehensive evaluation of
the ship’s acoustic emissions, enabling a comprehensive understanding of its noise
characteristics in different environmental and operational conditions.

The fishing vessel noise signature assessment is a combination of sequential pro-
cesses. The ISO and the ANSI have rules and guidelines for reporting a ship’s un-
derwater radiated noise in certain situations, such as the depth of the water, how
the measurement equipment is set up, how the ship is being used, and how the data
is processed afterwards [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016;
ISO-17208/2, 2019]. ANSI presents three measurement grades, which control the
uncertainties and variability of the measurement. This study followed Grade B to
measure and assess the fishing boat URN, which is similar to ISO-17208/1. The lim-
itation of the water depth led to the use of Grade B, whereas Grade A needs at least
300 m of water depth.

3.6.1 Closest point of approach

If you do a normal vessel transect, as discussed in Section 3.1, the fishing vessel
noise levels would be highest where the observed hydrophone was the CPA. That
assumption may not work with large vessels, where the highest noise can be captured
after the vessel passes the CPA.
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Figure 3.8: CPA measurement layout

The CPA, in metres, between the vessel and the hydrophone array was calcu-
lated directly based on the actual latitudes (λ) and longitudes (φ) recorded from an
attached GPS device in the vessel and the PAM observer for each trial using Equa-
tion (3.2) [Jiang et al., 2020]. Then, the actual slant range (DSln) between the fishing
boat and each hydrophone was computed by considering the CPA and the depth of
each hydrophone, using Pythagoras’ theorem. Figure 3.6 shows the CPA and each
hydrophone depth with the slant range in the hypotenuse of the right-angle trian-
gle. This method is followed for all PAM platforms’ hydrophones, utilizing the actual
distances.

CPA = 1852 × 60 × cos (φ0) | (λ2 − λ1)(φ1 − φ0)− (λ1 − λ0)(φ1 − φ2) |√
(λ2 − λ1)2 cos2 (φ0) + (φ1 − φ2)2

(3.2)

where λ0 and φ0 are the latitudes and longitudes of the surface buoy, and λ1, φ1

and λ2, φ2 are the latitudes and longitudes of two points on the vessel’s trajectory as
shown in Figure 3.8. During the tests, the vessel maintained a constant velocity; thus,
the two points were equidistant from the CPA point for the same time period.
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The glider’s GPS coordinates were determined using the glider’s flight computer.
This system compensates for glider drift by providing GPS coordinates projected onto
the water surface during its motion. Thus, CPA was calculated using the corrected
GPS from the glider and the vessel. Then, the slant range between the glider and the
vessel was calculated by integrating depth readings obtained from the altimeter.

3.6.2 Background noise assessment

During the sea trials, background noise sources were carefully considered to ensure
precise measurements of the vessel under testing. The selected sites were more than 10
km away from the nearest primary route for commercial ships, providing an environ-
ment with minimal direct sound source contamination. No offshore operations were
observed during the missions. Therefore, the anticipated ocean ambient noise levels
were mainly impacted by the vessel being tested, environmental noise, and marine
fauna.

Our approach consisted of assessing the background noise levels (BNL) of all the
PAM observers used during any sea trial simultaneously at the beginning of the ex-
periment. Afterwards, the sound received by a particular platform is adjusted using
the BNL measured by the same platform.

For each sea trial, I systematically recorded background noise levels over a total
interval of four minutes, capturing two minutes before and after the planned exper-
iments. The BNL measurements were made when the vessel under testing was at a
distance of approximately 2 km from the acoustic observer and its diesel engine was
turned off [ISO-17208/1, 2016]. All other sound sources, except the vessel that was
under testing, were considered background noise sources. This ensured an accurate
representation of the ocean ambient noise for each sea trial through background noise
recordings, which allowed for a reliable assessment of the vessel noise signature from
different PAM observers, as in our case.

The received sound level (RL) captured by each hydrophone is recorded for a
duration of tDW , which is a function of the vessel speed and CPA, and calculated
using Equation (3.3) [ANSI/ASA S12.64-2009/Part 1, 2009; ISO-17208/1, 2016]:

tDW = 2 × CPA tan(30)
v

(3.3)
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where v is the advance speed of the vessel for a particular trial. Table 3.8 shows
the vessel speeds recorded using the GPS attached to the vessel. The variation is
calculated based on the differences in speeds when the engine speed remains constant.
Figures 3.5 and 3.7 illustrate the RL by each hydrophone, and the CPA location can
be recognized.

Table 3.8: The vessel advanced speed during the Petty Harbour-Maddox Cove sea
trials

Trials #
Nominal

engine speed
[RPM]

Advanced speed
at CPA
[konts]

Averaged
speed
[konts]

Speed
variation

[konts]

August 1 2200 9.40 9.25 ±0.77

December 1 1400 6.00 6.30 ±0.35
2 1800 7.80 7.60 ±0.48
3 2200 9.30 9.10 ±0.68

A comparison between the RL and BNL in One-Third Octave Band (OTOB)
is made for each hydrophone individually according to its depth to determine the
validity of the recordings [Merchant et al., 2014a; Brooker and Humphrey, 2016] as
shown below:

• No background correction is needed if the difference between the RL and BNL
is greater than 10 dB.

• If the difference ranges between 3 and 10 dB, the BNL must be subtracted from
the RL.

• If the difference is less than 3 dB, the recorded data will be discarded in that
frequency band.

If the correction is needed, Equation (3.4) (Ln)is used to subtract the background
noise levels at specific frequency bands (fi).

RLc = 10× log10(10
RL(f)

10 − 10
BNLn(f)

10 ) [dB re 1µPa] (3.4)

In the ocean glider trials, as detailed in Section 3.5, there was a potential for
ambient noise contamination by the glider’s internal mechanisms. An acoustic window
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was carefully selected for BNL analysis to prevent interference from the glider’s motors
or the vessel under testing. The Conception Bay trials identified the glider’s final
ascent in shallow waters and initial descent in deeper waters as optimal segments for
evaluating ocean background noise without interference from glider self-noise. The
glider’s BNL data was averaged across these segments, beginning with the initial dive
post-oil pump deactivation and concluding prior to the pump reactivation for ascent.
During these recording intervals, the research vessel stopped engine operation and
kept a distance of around 2 km from the glider to further decrease noise interference.

3.6.3 Underwater radiated noise

The URN parameter plays a crucial role in achieving the paper’s first objective be-
cause it is widely acknowledged and utilized by classification societies and scientific
committees. The calculation of URN is facilitated by applying the geometric spread-
ing law, which is primarily dependent on the spatial separation between the vessel
and the hydrophone, thus simplifying the acoustic propagation model [ISO-17208/1,
2016; ANSI/ASA S12.64-2009/Part 1, 2009]. The calculation process begins with the
processing of the received sound levels by each hydrophone with the background noise.

To derive the corrected received noise level (RLc), I first applied a BNL correction.
To find the vessel dipole source level, or URN, at a distance of 1 m from the source, the
geometrical spreading of sound loss was used to make a normalized distance correc-
tion. For each vessel operation, this correction was applied using the CPA measured
during that particular run, ensuring consistent URN measurements. Consequently,
the geometrical spreading loss correction was applied for every measurement taken
on each PAM platform, referencing the actual latitudes and longitudes recorded from
the vessel and the respective platform [Jiang et al., 2020]. This process is detailed
in Equation (3.5). To comprehensively evaluate the URN, it was averaged across all
frequency bands for the n number of hydrophones, as outlined in Equation (3.6).

URN(n) = RLc + 20× log10(DSln) dB re 1µPa at 1m (3.5)
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URNT OT = 10× log10

(
10

URN1(fi)
10 + 10

URN2(fi)
10 + 10

URN3(fi)
10

)
dB re 1µPa at 1m

(3.6)

If a frequency band is disregarded after BNL comparison, the URN can be com-
puted from one or both of the remaining hydrophones; if not, the band level will be
NaN . This method ensures that the mean URN values are obtained from a com-
prehensive dataset, considering any discrepancies in data availability between the
hydrophones.

Following the procedures outlined in Section 3.2, the vessel under testing con-
ducted each experiment at a specific speed for two to four runs. In order to gain a
precise understanding of the URN emitted by the vessel, a calculation was made to
determine the average URN for each speed. This was achieved by taking the arith-
metic mean of the URN values obtained from each individual run and subsequently
dividing this sum by the total number of runs conducted at that particular speed.
The averaging approach in this study complies with the guidelines outlined in the
corresponding ISO standard [ISO-17208/1, 2016].

3.7 Sound propagation loss models

The empirical PL values, which describe how the sound intensity attenuates due to
traveling through the water, are not available in this study to precisely characterize
the vessel noise signature. Therefore, the article also aims to show the help of using
range-dependent oceanography data (temperature, salinity, and density) of the ocean
in characterizing the propagation loss of sound compared to use of range-independent
parameters. How can the changes in SSP get different PL values, particularly in
shallow water? It is well known that there is no standardized method of determining
the propagation loss that accounts for the environment uncertainty. Because of that,
we used several existing models from previous studies for our comparison.

Propagation loss is commonly estimated using simple spreading laws, see Equa-
tion (3.7), as utilized in the previous section, to correct the measured received sound
level of a sound source due to the sound intensity attenuation with distance. R rep-
resents the distance to the noise source in metres, while N is a scaling factor. N
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ranges from 10 to 20, depending on the distance between the sound source and the
observer. This approach is limited in constructing accurate predictions in complex
environments. It is most effective in scenarios where the environment’s properties
are range-independent. Spreading law models may result in significant errors when
applied to complex coastal and inland water environments [Jensen et al., 2011]. There-
fore, the study focused on frequency-dependent numerical PL models that can include
marine environmental parameters.

PL = N log10(R) dB re 1µPa (3.7)

The goal of numerical PL models is to accurately show the complex ocean environ-
ment. These models depend on many factors, including the average sound speed in
the ocean, the depth of the sound source, and the characteristics of sediment absorp-
tion on the seafloor [Ballard and Lee, 2017; Yang et al., 2018]. However, integrating
sound speed profiles (SSPs) throughout the water column, in addition to the seafloor
topology profile, can improve the effectiveness of PL models in predicting sound atten-
uation. Wavenumber integration (WNI) and the parabolic equation approach (PE)
are two numerical methods that use SSPs to accurately model how sound travels
through the ocean layers horizontally and vertically [MacGillivray et al., 2023; Jensen
et al., 2011]. Some limitations were reported for wavenumber integration, which is
typically frequency-dependent, which means they may not accurately represent the
behavior of sound at different frequencies and may not be suitable for more complex
environments, such as those with strong bottom interaction or in-homogeneous media
[Liu et al., 2021]. The parabolic equation approach is based on the assumption of
a slowly varying sound field in the horizontal direction. This assumption may not
hold in some situations, leading to inaccurate results [Oliveira et al., 2021]. However,
these techniques can represent the sound propagation behavior in the complex ocean
environment compared to the explicit equations.

Alternatively, previous research has presented modified simple techniques appli-
cable to shallow and deep waters. These methods do not require extensive numerical
computation. Among these techniques are the ISO-17208/2 standard [ISO-17208/2,
2019], the Meyer and Audoly (M-A) method [Meyer and Audoly, 2020], the Seabed
Critical Angle (SCA) method [MacGillivray et al., 2023], and the ECHO Certification
Alignment (ECA) method [Ainslie et al., 2022], which are simplified equations that
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can estimate the PL better than a simple spreading law. The ECA and ISO-17208/2
methods primarily focus on surface reflection, whereas the SCA and M-A approaches
take into account both surface and seafloor reflections. They are sensitive to the ac-
curacy of seabed properties. These models require less computation effort compared
to the numerical PL models.

3.7.1 Petty Harbour-Maddox Cove

An SBE 25plus Sealogger CTD profiler was used in these sea trials (August and
December trials) to collect oceanographic data, specifically temperature, salinity, and
pressure. The profiling began on the ocean surface and extended to the seabed, which
represents range-independent oceanography data. Data processing took place after the
completion of all planned experimental trials. The CTD profiler collected data with
a resolution of 50 samples per meter, allowing for precise vertical profiles of the water
column. The Gibbs-SeaWater (GSW) Oceanographic Toolbox, a well-known tool
in marine science for precise thermodynamic calculations, obtained the SSP, which
is necessary for accurate estimates of underwater source levels [MacGillivray et al.,
2023]. Figure 3.9 displays the changes in temperature, salinity, density, and sound
speed observed during the two trials. These changes provide important information
about the current oceanographic conditions at those times.

ISO 17208-2

After collecting SSP in the area of experiments, two methodologies were used for
estimating the MSL, which differed from each other for the implemented PL models.
First, I used the formulation presented in [ISO-17208/2, 2019], which considers the
impact of reflections from the sea surface. The model estimates a propagation loss
correction factor (PLISO) using Equation (3.8). The calculation is based on the
source’s depth and the depression angle between the noise source and the hydrophone’s
depth. It is evident that the sound speed does not contribute to the PL correction.

The PLISO is calculated thusly:

PLISO = 10× log10

(
1
2 + 1

4K2d2
s sinα2

)
(3.8)
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Figure 3.9: Temperature, salinity, density profiles and the calculated sound speed
profile in August and December trials in Petty Harbour-Maddox Cove

where K is the wavenumber, ds is the source depth, and α is the angle between the
horizontal surface and each hydrophone.

This approach does not account for diverse environmental parameters, such as the
sound velocity profile and seabed interaction, which may affect the PL [MacGillivray
et al., 2023]. In addition, PLISO calculated as per Equation (3.8) is valid for deep
water, defined in the Standard as 150 m in depth or more.
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Numerical propagation loss model

Currently, no benchmarked PL model can sufficiently address the diversity of the
ocean environment in modeling sound propagation. This section investigates models
that aim to solve the wave equation numerically, specifically those that view the
ocean as a deterministic environment where the speed of sound varies based on spatial
coordinates. In addition, the models account for the impact of the ocean bottom by
assigning a reflection loss based on the grazing angle. There are two main categories
of models: range-independent and range-dependent [DiNapoli and Deavenport, 1980;
Oliveira et al., 2021].

As specified in the studies [Peng et al., 2018; MacGillivray et al., 2019; Chion
et al., 2019; MacGillivray et al., 2023], and in the technical guidelines [Lloyd’s Register
Group Limited, 2018; Bureau Veritas, 2014], a frequency-dependent PL model that
accounts for the ocean’s environmental parameters should be implemented to decrease
the uncertainty in the MSL estimation when oceanographic data within the area of
trials are available. Considering that the water depth during the sea trials ranged
between 120 m and 140 m, the collected CTD data along with data of the seabed
characteristics (Table 3.9) retrieved from relevant literature [Shaw and Potter, 2015;
Ballard and Lee, 2017; Eamer et al., 2020; Dall’Osto and Tang, 2022] were utilized to
implement three propagation loss models. Each model is based on a different technique
to solve the acoustic wave equation: i) Parabolic Equation (PE), ii) WaveNumber
Integration (WNI), and iii) Finite Element Method (FEM).

The PE method simulates propagation loss by solving a reduced Helmholtz equa-
tion for ocean sound propagation, which was developed to solve range-dependent
problems. The method is particularly suited for frequencies below 1 kHz [Bureau
Veritas, 2014; MacGillivray et al., 2019]. It handles complex refraction and diffrac-
tion phenomena where the wavelength is comparable to or larger than ocean features
[DiNapoli and Deavenport, 1980]. The PE method disregards the effects of back-
scattered sound, which is considered insignificant by the majority of ocean-acoustic
propagation models [Lin, 2019]. At low frequencies, sound waves propagate over
longer distances with significant bending due to the speed of sound variations in the
water, which the PE method can accurately simulate. However, the PE method’s
assumptions and approximations become inaccurate at higher frequencies, making it
less effective than approaches that handle shorter wavelengths with the environment,
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such as the ray tracing method [Collins, 1993].

The WNI techniques have been widely used to simulate sound propagation in strat-
ified media and have been proven effective in simulating sound wave propagation in
shallow waters [Erbe et al., 2022]. This approach enables precise modeling of complex
environments, capturing the interactions between sound waves and the layered struc-
ture of the ocean [Jensen et al., 2011] at frequencies lower than 4 kHz [MacGillivray
et al., 2019, 2023]. However, the study [MacGillivray et al., 2023] discussed the lack
of the WNI method in estimating consistent source levels below 1 kHz at different
CPAs.

Finally, an FE model of a section of the water column was used to estimate the
sound PL. The FE method is not widely used in ocean acoustics since the large propa-
gation domain normally investigated results in computationally intensive simulations.
On the other hand, when the simulations are focused on short-range low-frequency
problems, the FE method has been proven efficient [Jensen et al., 2011]. Given the
relatively shallow water problem, the area surrounding the buoy and the ship at the
CPA was modeled using unstructured quadrilateral elements of 0.25 m to simulate
sound waves up to 2 kHz. The boundary conditions of the model are as follows: the
water-air interface is considered a soft boundary with pressure equal to zero (pres-
sure release) to account for the mismatched impedance between the air and water
[Gong et al., 2023]. The seabed was modeled as an impedance boundary using den-
sity and compressional sound speed in Table 3.9. The two sides of the model were
simulated free-field conditions using a perfectly matched layer, which truncates the
computational domain of the open region.

Given the wide frequency range investigated in this study, I performed simulations
using the discussed methods and a combination of the resulting PL models over the
frequency range of interest, similar to an investigation by [MacGillivray et al., 2019,
2023]. This is discussed in the results section of this thesis.

3.7.2 Conception Bay

The glider covered distances of 550 metres at the shallow water site and 1,500 metres
at the deep water site. The glider collected conductivity, temperature, and pressure
data using an onboard CTD payload. The data was sampled at a rate of 0.5 Hz to
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Table 3.9: Environmental parameters used for PL numerical models for Petty
Harbour-Maddox Cove sea trials

Parameter Value

Source depth [m] 1.2
Water column depth [m] 160
Model range [m] 500
Sediment density [kg/m3] 2100
Compressional sound speed [m/s] 1950
Compressional wave absorption [dB/λ] 0.4

calculate the SSP. Figure 3.10 illustrates the SSP for each half-yo motion by the glider
and the average value.

The PL of sound was investigated at the two sites. In total, six PL models were
created using the ISO, PE, WNI, ECHO, SCA, and M-A methods for both shallow and
deep water. A comprehensive comparison and analysis of the discrepancies between
the models’ outcomes was conducted. The models addressed 100 m and 500 m ranges,
including multiple receiver points at various depths: 20, 30, 40, 50, 60, and 70 metres
for the shallow-water site, and 30, 60, 90, 120, and 150 metres for the deep-water site.
The sound source was consistently positioned at a depth of 2 metres and applied to all
the models. This approach allows for a detailed study of propagation loss variations
in different water depths with dramatic SSP changes, which is important for precise
acoustic modeling and analysis.

In terms of the PE and WNI models, the AcTup toolbox [Duncan and Maggi,
2005] was used to implement both models for a frequency range of 10 Hz to 160 Hz
and 200 Hz to 4 kHz. The numerical solution had a boundary condition starting at
1 wavelength to avoid a singularity at the source location. The depth resolution was
a function of the frequency and is equal to 0.25× wavelength. The horizontal range
resolution was 1m step. The vessel draft (source depth), SSP, seafloor bathymetry, and
acoustic characteristics of the seafloor sediment were used as inputs to the models.
The source depth and the seabed acoustic characteristics are kept the same, while
the SSP and seabed bathymetry change by changing the location where the PL was
calculated (range-dependent).

Sound waves in shallow water environments often interact with the seafloor because
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Figure 3.10: Sound speed profiles were calculated from the glider temperature and
salinity data. The black line refers to the average sound speed profile at the Brigus
site; on the other hand, the blue color is for the Holyrood site. The faded lines are
the glider’s profiles collected during each single dive.

of the limited depth [MacGillivray et al., 2023]. This interaction results in reflection,
refraction, and absorption of the sound waves that are impacted by the composition of
the sediment. For example, sandy sediments generally have higher sound speeds than
muddy sediments. The speed of sound in sediments varies with frequency, impacting
the strength of reflected waves. Furthermore, sediment density is an important factor
in determining acoustic impedance and attenuation coefficients Dall’Osto and Tang
[2022]. The limitation in the PL calculation was the ability to determine the sediment
layer thickness or how many layers were under the seafloor. We treated the seafloor
as a halfspace, which is characterized by constant acoustic properties and that might
have a negative impact on lower frequencies below 20 Hz in 60 m water depth. In deep
water, the interaction of the seabed is less important; however, the sediment acoustic
characteristics are used to keep only the SSP as the only changing parameter. As
stated in the introduction, the SSP presented in this study is both a range-dependent
profile (from the glider) and a range-independent profile. This method helped us
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understand how the glider contributes to the performance of the PL models.

Given the challenges in accurately estimating seabed acoustic properties at the
selected site from the acoustic data, SSP, and bathymetry profile, I relied on verified
data from the scientific community to ensure robust results in the numerical propa-
gation loss models. Table 3.10 displays the acoustic properties of the sediment found
on the seabed, containing a central layer of mud and a dispersion of sand and gravel
[Shaw and Potter, 2015; Ballard and Lee, 2017; Dall’Osto and Tang, 2022].

Table 3.10: Conception Bay seafloor acoustic characteristics for shallow and deep
water

Parameter Shallow water Deep water

Source depth [m] - 2
Water column depth [m] 60 205
Model range [m] 550 1500
Sediment density [kg/m3] 1600 1600
Compressional sound speed [m/s] 1650 1500
Compressional wave absorption [dB/λ] 0.002 0.0006

3.8 Monopole source levels

This section discusses the methodology used to calculate the MSL of the vessel be-
ing tested. The MSL plays an important role in analyzing the vessel’s underwater
noise signature. This method assumes the vessel is a point source of sound placed
in a hypothetical infinite lossless medium, leading us to measure its source level at a
standardized distance of 1 m [Chion et al., 2019]. They are also used to quantify the
noise generated by ships, particularly in the low-frequency band, and are crucial for
evaluating the impact of vessel noise on marine ecosystems [Chion et al., 2019; ZoBell
et al., 2023].

The recognition of MSL is crucial for developing procedures to minimize the effects
of vessel noise on marine life and for designing ships with reduced noise emissions. A
study was conducted to investigate the impact of retrofitting on the radiated noise and
MSL of container ships. The results revealed an interesting reduction in MSL in the
low-frequency range after retrofitting, suggesting that modifications in vessel design
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have the potential to decrease noise levels [ZoBell et al., 2023]. In addition, MSL en-
compasses the consideration of environmental factors that impact sound propagation
in the ocean. The calculated MSL not only offers clarification into the vessel’s acoustic
impact but also enables a comparative analysis of the variations between the different
propagation loss models used. The performance of the glider can be investigated to
characterize the vessel noise and its impact on the ambient noise of the ocean.

As discussed in Section 3.7, various propagation loss models have been applied to
the dipole source level/URN obtained from Section 3.6.3 to be converted to the MSL
of the vessel under testing.

3.8.1 Engine contribution to the vessel noise signature

MSL data acquired from December trials 1 and 4 were used to evaluate the engine’s
contribution to the overall URN by comparing the spectra obtained when the vessel
is stationary at the CPA with engine speed 1400 rpm (propeller unclutched) with the
data acquired while the vessel is advancing with engine speed 1400 rpm and propeller
clutched.

The overall vessel noise was split into two sources: the engine and the propeller.
The energy spectrum for each frequency band is computed under both clutched and
unclutched conditions. The clutched propeller scenario was used as a reference, where
the noise was higher compared to the unclutched scenario. The energy spectrum
is simply the area under each OTOB band, which is calculated as the product of
the squaring amplitude and the width of the band [Rao, 2016]. Then, the difference
in noise level for each band was used to represent the percentage of the propeller
contribution. Accordingly, two noise level values were obtained for the engine and
propeller, expressed as percentages of the overall URN. This comparison allowed for a
clear understanding of the impact of the propeller on the overall underwater radiated
noise. The data obtained provides valuable insights into the noise distribution between
the engine and propeller under different operating conditions.
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3.9 Structure-borne noise

During the December trials in Petty Harbour-Maddox Cove, structure-borne noise
measurements were taken onboard to investigate the structure vibration velocity level
corresponding to the underwater radiated noise. The impact of the engine and the
propeller on the structure-borne noise of the fishing vessel was analyzed and compared
simultaneously with the off-board URN measurement. For safety reasons, the vessel
operator refrained from repeating these experiments in the Conception Bay trials.
Onboard accelerometer sensors were installed on the engine foundation to capture
the engine velocity vibration, as shown in Figure 3.11. A Data Acquisition Hard-
ware multi-channel NI CDAQ chassis with NI-9234 modules was utilized, setting the
sampling rate at 8 kHz (Nyquist frequency: 4 kHz).

Figure 3.11: Accelerometers location inside the engine room during Petty Harbour-
Maddox Cove trials

Acceleration data was recorded for a duration of 300 seconds for each engine speed,
for both clutched and unclutched propeller conditions, while the engine speed was 1400
rpm, as discussed in Section 3.1.1. In each scenario, two 60-s window data intervals
were selected and averaged to represent the engine vibration. At the same time, URN
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measurements were taken off-board, as described in Section 3.6.

The acceleration was converted to velocity in the frequency domain. These mea-
surements were used for a comprehensive comparison between the structure’s velocity
level and underwater radiated noise levels in narrowband and OTOB. The fundamen-
tal frequencies that are present in structure-borne noise were identified. Based on
the operational characteristics of the engine and propeller, I proceeded to establish
a correlation between these frequencies. The results section also discusses a correla-
tion between underwater noise levels and vibration levels using the average quadratic
velocity method (AQV) [Cintosun and Gilroy, 2021].

3.10 Measurement uncertainties

The measurement uncertainties were analyzed to complete the analysis of the effec-
tiveness of ocean gliders in assessing ships’ URN. The uncertainty analysis was con-
ducted for Conception Bay trials only, where three PAM platforms—i.e. ocean glider,
hydrophone array, and seabed-moored hydrophone—were used at the same time to
measure the ship noise, as discussed in Section 3.3.2. Following the steps outlined in
Section 3.6, the noise signature of the ship (see Figure 3.2) was determined from the
three platforms. Next, the measurement uncertainties were calculated separately for
each platform. The lower the uncertainty, the more reliable the measurement results
will be.

Based on the literature discussed in Section 2.4.2, the sources of uncertainty were
identified and assessed for each platform. This process included computing the stan-
dard uncertainty of the mean of the vessel’s URN measurements for each platform
[AQUO, 2014; Keizer et al., 2022]. The standard uncertainty of the mean is a statis-
tical measure that quantifies the expected variance of measured underwater radiated
noise levels [Korean register, 2021; Farrance and Frenkel, 2012]. Therefore, this study
introduced an approach for quantifying uncertainties in glider-based assessments of
underwater source noise, filling a gap in the existing literature. The outlined approach
enables a comparative analysis of uncertainties in the glider system and traditional
fixed PAM platforms.



77

3.10.1 Standard uncertainty

The focus in this part of the study is specifically on measurement uncertainty, which
differs from measurement error. Measurement error refers to the difference between
measured and true values, which have been adjusted based on the calibration certifi-
cates of each instrument used in the measurement process. Measurement uncertainty
refers to the built-in doubt surrounding measurement errors, which are unknown and
should be minimized in order to improve the measurement quality. This uncertainty
is converted to statistical quantities called standard uncertainty, expressed as an in-
terval, and defined by a confidence level following the systematic approach discussed
below.

First, the sources of measurement uncertainty need to be identified, which will be
shown in the next section. Next, the uncertainty value induced by each parameter
involved in calculating the vessel’s URN is estimated. This estimation is performed
using two different methods: one for estimating Type A (random error) uncertainties
and the other for Type B (systemic error) uncertainties [Taylor, Barray N. and Kuyatt,
Chris E., 1994; ISO/IEC Guide 98-3, 2008].

The evaluation of Type A standard uncertainty (uA) relies on statistical tech-
niques, typically derived from repeated measurements, to show the random effect. It
includes the mean and the estimated standard deviation (std) under the assumption
of normally distributed data. The calculation is conducted for repeated measurements
at individual engine speeds and can be calculated using Equation (3.9) [Taylor, Barray
N. and Kuyatt, Chris E., 1994; ISO/IEC Guide 98-3, 2008].

uA = std√
n

(3.9)

where n is the number of measurement sets.

Type B evaluations include multiple sources of information, including past expe-
riences, calibration certificates, manufacturers’ specifications, calculations, published
data, and common sense. Type B uncertainty (uB) assumes a rectangular or uniform
probability distribution of every estimated measurement outcome. In this case, you
may only be able to estimate the upper and lower limits of the uncertainty. Under
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such circumstances, it is typically assumed that the value is equally likely to fall any-
where within this range. Equation (3.10) shows the calculation of Type B uncertainty,
where a is the half-width between the upper and lower limits [Taylor, Barray N. and
Kuyatt, Chris E., 1994; ISO/IEC Guide 98-3, 2008].

uB = a√
3

(3.10)

The law of the propagation of uncertainty combines the standard uncertainties
from Type A and B evaluations with negligible covariance between the standard un-
certainty components. The root-sum of squares (RSS) is used, which requires squaring
individual standard uncertainties, summing the squared values, and subsequently tak-
ing the square root of the sum to determine the combined standard uncertainty (uC).
The RSS consistently provides lower total uncertainty compared to a simple summa-
tion. Consider a scenario where one measurement component has a low uncertainty
range while another has a high range. These inaccuracies would cancel out each other
when combined. Finally, to determine the total uncertainty (U) at a 95% confidence
level, the coverage factor (k) is employed. Generally, a value of k is selected for a 95%
confidence level, usually using the standard normal distribution. It is expected to use
k = 2 [Taylor, Barray N. and Kuyatt, Chris E., 1994; ISO/IEC Guide 98-3, 2008].

U = kuc = k

√∑
u2

A +
∑

u2
B (3.11)

3.10.2 Parameters to calculate uncertainties

This study focused on the main sources of error that significantly impact the assess-
ment of vessel noise signatures. They are the distances between the vessel and the
observer, hydrophone depth changes due to array line inclination, background noise
variation, vessel noise directivity, frequency response, and source depth (vessel draft).

Distance to the CPA

The distance measurement uncertainty is the key parameter in the overall quantifi-
cation of the uncertainty. It was divided into two items, one associated with the ac-
curacy of the GPS used and the other associated with the uncertainty caused by the
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hydrophone line inclination with the fixed PAM platforms. The number of satellites
in the measurement area primarily determined the accuracy of the GPS device [Oxley,
2017]. All experiments connected an average of 8 to 12 satellites to the GPS. That
leads to accuracy within a 4.9-meter radius under the open sky with a 95% confidence
level [van Diggelen and Enge, 2015]. As a result, the GPS uncertainty is classified
as Type B uncertainty, which is a systematic error and is normally distributed. The
4.9 m radius was converted to standard uncertainty at the coverage factor (k = 1) by
dividing by 2 to represent the half-width between the upper limit (4.9 m) and lower
limit (0 m) for a normal distribution of 66% confidence level. The average CPA in
Conception Bay trials was 180 m; therefore, the GPS standard uncertainty (uGP S) is
calculated using Equation (3.12).

uGP S = 20 log10(CPA+ 4.9
2 )− 20 log10(CPA) [dB] (3.12)

Array line titling

Regarding the hydrophone line angle in the drifting buoy system and seabed-moored
hydrophone, the tilt angle (denoted as β) is defined as the angle between the vertical
axis and the line created by the cable supporting the hydrophones. The icListen
hydrophones, equipped with a magnetometer and accelerometer, provide data on their
orientation and heading relative to the positive y-axis. A vertically upward orientation
of the hydrophone corresponds to an orientation reading of 0◦s. The hydrophones
attached to the drifting buoy line are positioned in a downward orientation with
a nominal angle of 180◦. However, in practice, the measured tilt angles for these
hydrophones varied between 167◦ and 171◦.

Conversely, the seabed-moored hydrophone, facing upwards, has a nominal angle
of 0◦, with actual measurements ranging from 6◦ to 13◦. These variations in tilt
angle lead to changes in the slant range (δD) between the hydrophone and the vessel,
calculated using Equation (3.13). The standard uncertainty in hydrophone inclination,
represented as uT ilt, is treated as a Type B uncertainty with a uniform distribution
due to the unknown uncertainty in the magnetometer and accelerometer’s readings
within the hydrophone.
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δD =
√

(Hdpt sin β)2 + (Hdpt −Hdpt cos β)2 [m] (3.13)

The hydrophone depth (Hdpt) is measured from the water surface for the drifting
buoy and from the seabed for the moored platform.

uT ilt = 20 log10(DSln + δD√
3

)− 20 log10(DSln) [dB] (3.14)

Background noise

The background noise variability during the trials was also included in the uncertainty
analysis, which impacts the uncertainty of the vessel noise levels at broadband fre-
quencies. The variation of background noise is estimated as the difference between its
level at the beginning and end of the sea trial. The difference between the two mea-
surements is considered the standard deviation in the background noise levels. The
standard uncertainty of the background noise is calculated by dividing the variation
by 2, assuming a normal distribution.

Vessel directivity

The vessel noise directivity significantly impacts the measurement process of the vessel
noise signature. Each transect run assumes that the vessel under testing is a single-
point sound source. The sound emissions from the port and starboard sides do not
align at the same speed. Therefore, we use the measured URN variation between the
port and starboard to illustrate the directivity of the vessel’s underwater noise at the
same speed and conditions. This variation is called directivity standard uncertainty,
and it is frequency-dependent. The undefined process of the vessel manufacturer leads
to the classification of the directivity standard uncertainty as Type A uncertainty,
which follows a normal distribution to account for the random error resulting from
the repeatability of runs at each speed and the number of hydrophones capturing data.
The directivity standard uncertainty is calculated from the mean of the available data.
The number of available data varies depending on the observed platforms. The drifting
buoy has 3 hydrophones. As a result, three times the number of runs are available
to be averaged, and there are 12 available data points for each speed. However, the
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glider and bottom-mounted systems had fewer hydrophones, resulting in a reduction
of the averaged data to 8 and 4 available, respectively.

The analysis of the vessel’s directivity includes the uncertainty of the vessel’s
operational speed, as the vessel did not run at exactly the same speed for each run.
The vessel operation speed uncertainty is embedded in the directionality uncertainty
values.

Frequency response

The frequency response of the hydrophones has a significant impact on the measured
acoustic files, particularly for the high frequencies above 10 kHz [Hayman et al.,
2013]. At low frequencies, when the acoustic wavelength is significantly larger than
the radius, the frequency response of a hydrophone remains flat, with a slow rise in
response as the frequency increases [Cotter et al., 2019]. In Section 3.3.2, the icListen
hydrophones used in the drifting buoy and seabed moored system have a frequency
response variation between 0.7 and 2.1 dB in the range of 10 Hz to 64 kHz. The
HTI-99-HF hydrophone mounted on the glider has 1.1 dB of variability from 1 Hz to
64 kHz. The standard uncertainty is considered Type B and is normally distributed
because the information is provided in the calibration certificate of the hydrophones.

Source depth

Finally, the uncertainty of the propagation loss model greatly affects the calculation
of the MSL of the vessel. The depth of the source and the variability in the SSP
are the two main determinants of the MSL’s standard uncertainty. While accurate
measurements of the vessel’s draft variability were not accessible, it was observed that
the wave height on the day of the trial was below 0.3 metres. Therefore, the variation
in source depth is assumed to be 0.3 metres. This assumption is considered a Type B
standard uncertainty, which follows a uniform distribution, reflecting the lack of direct
measurement data and relying on observed environmental conditions to estimate the
variation. The sound speed profile was measured using the glider CTD, as discussed
in Section 3.7. The difference between estimating the MSL using the average and
range-dependent SSP was considered a representation of the uncertainty.
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3.11 Conclusion

The methodology used in our study was described in this chapter, with a particular
focus on two major open-water sea trials. These experiments collected acoustic data
using a glider, a bottom-mounted hydrophone, and an array of three hydrophones.
There were two hydrophones mounted on the glider’s wings. The main source of noise
was a fishing boat, and the underwater noise signature of the vessel was carefully
described. I created propagation loss models to estimate source levels using the CTD
data collected from the glider. The measurement uncertainty for each PAM observer
was estimated, which enabled us to gain a thorough comprehension of the data’s
reliability and potential variability.

The characterization of vessel noise took place in deep water. The sources of
noise in the vessel were evaluated at different operating conditions for clutched and
unclutched propeller. This comprehensive analysis allowed us to understand how
various operational states of the vessel contribute to its overall acoustic signature,
providing valuable insights into the complexity of underwater noise sources.

The glider’s self-noise was assessed in shallow and deep dives. The source of
the noise has been determined. This evaluation of the glider’s acoustic footprint
was crucial for distinguishing between ambient noise, vessel noise, and any potential
interference from the measurement platform itself. By characterizing the glider’s self-
noise across different dive profiles, we enhanced our ability to isolate and analyze the
target acoustic signals accurately.

In addition, the oceanography data, such as temperature, salinity, and density, was
collected from the glider and CTD profiler to be used in developing the PL models.
By including environmental variables in our propagation loss models, we were able to
get a better sense of how sound waves move through the water column when the SSP
changes over range.



Chapter 4

Results & Discussion

This chapter examines experimental data on vessel-generated underwater noise with,
a focus on acoustic signatures and the primary sources of noise using an ocean glider.
This study’s findings contribute to the knowledge of underwater acoustics and have
implications for the effectiveness of ocean gliders as platforms for passive acoustic
monitoring. The findings could be applied to the observation of ocean ambient noise
and the assessment of vessel noise signatures.

The materials in the chapter are based on three published articles:

• Assessment of the underwater noise levels from a fishing vessel using passive
acoustic monitoring and structure hull vibration, which is published in Canadian
Acoustics, Vol.: 50 (3)[Helal and Moro, 2022].

• Underwater noise characterization of a typical fishing vessel from Atlantic Canada,
which is published in Ocean Engineering Journal, Vol.: 299 and ISSN : 0029-8018
[Helal et al., 2024b].

• Advancing Glider-based Measurements of Underwater-Radiated Ship Noise, which
is under review in The Journal of the Acoustical Society of America, Vol.: 156(4)
and ISSN : 0001-4966 [Helal et al., 2024c].
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4.1 Vessel noise characterization

That section presents the results of Petty Harbour-Maddox Cove sea trials to charac-
terize the underwater noise of a fishing vessel. Only the measurement systems drifting
buoy and accelerometers were used, as detailed in Section 3.3.1.

4.1.1 Background noise levels

Before each trial in Petty Harbour-Maddox Cove, assessments of BNL were carried
out. Figure 4.1 plots the apparent trends in the frequency and depth-dependent
BNL among the three hydrophone receivers using a dotted black line. The deepest
hydrophone always had a higher BNL than the mid-depth and shallow hydrophones,
especially for frequencies below 250 Hz. There was a noticeable difference of 8 to
10 dB in the BNL measurements before each run. The finding aligns with [Brooker
and Humphrey, 2016], where the measured vessel noise was higher at the deepest
hydrophone than the shallower ones at low frequencies. Furthermore, in all trials,
the deepest hydrophone consistently showed higher background noise levels below 50
Hz. The hydrophone was located near the deep-sound channel and may capture noise
from great distances [Merchant et al., 2014a; Erbe et al., 2019]. The deep-sound
channel depth is determined from the measured sound speed profile and located at
the minimum sound speed value. As shown in Figure 3.9 (d), the deep-sound channel
was between 100 m and 110 m deep.

Table 4.1 presents the BNL broadband levels obtained across various frequency
ranges. The present study reveals a notable consistency in the BNL across the 10
Hz to 10 kHz frequency range between the August and December trials. The 63 and
125 Hz bands are useful indicators for evaluating potential ship noise contamination
far from the experiment site [Merchant et al., 2014a; European Union Commission
Decision 2017, 2017; De Clippele and Risch, 2021], and they were also comparable
throughout all the experiments. The BNLs at the low-frequency indicators (≤ 1 kHz)
were comparable, which led to reliable measurements of the vessel noise characteristics
according to the standards. However, the December trial observed more ambient noise
between 2 and 8 kHz, potentially due to environmental factors such as wind, wave
height, or internal currents. Overall, these fluctuations in the BNL fall within the
uncertainty ranges defined in [ISO-17208/1, 2016].
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Figure 4.1: The received levels of the port and starboard sides of the fishing vessel were
compared to the background noise levels in OTOB. December trials: (1a) shallow-
hydrophone at 1400 rpm engine speed, (1b) mid-hydrophone at 1400 rpm engine
speed, (1c) deep-hydrophone at 1400 rpm engine speed, (2a) shallow-hydrophone at
1800 rpm engine speed, (2b) mid-hydrophone at 1800 rpm engine speed, (2c) deep-
hydrophone at 1800 rpm engine speed, (3a) shallow-hydrophone at 2200 rpm engine
speed, (3b) mid-hydrophone at 2200 rpm engine speed, and (3c) deep-hydrophone at
2200 rpm engine speed. August trial: (4a) shallow-hydrophone at 2200 rpm engine
speed, (4b) mid-hydrophone at 2200 rpm engine speed, and (4c) deep-hydrophone at
2200 rpm engine speed.

When evaluating underwater radiated noise, the background noise fluctuations
at low frequencies (below 2 kHz) remain relatively stable throughout a single day.
This stability allows us to take a single measurement at the beginning and end of
the measurement process on the same day. Beyond 2 kHz, background noise can
fluctuate rapidly due to environmental factors such as wind, current speed, and rain.
As a result, it is necessary to conduct repeated measurements for trials that span
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multiple days.

Table 4.1: The number of repeated measurements of the background noise levels in
broadband representation (dB re 1µPa at 1m). The data were collected on the days of
the trials in August and December 2021 at the same location (Petty Harbour-Maddox
Cove)

# 63 125 250 0.5k-1k 2k-8k 0.01k-10k 0.01k-25k

August

1 97.77 96.78 93.75 86.33 82.10 98.14 N/A

December

1 99.00 99.10 86.97 87.51 84.04 98.32 97.80
2 96.84 93.91 91.23 91.84 87.25 97.50 96.98
3 98.77 97.82 86.15 88.40 84.50 99.58 99.05

4.1.2 Received noise levels

Figure 4.1 shows the RL at each hydrophone of the array at the CPA between the
vessel and the observed buoy, along with the BNL measured before each trial. RL

presents similar patterns for the port or starboard sides. The plots show that RL did
not increase during the trials compared to the BNL at frequencies lower than 25 Hz.
Additionally, it is evident that the hydrophone with the most extended depth shows
higher BNL. This is probably due to the fact that this hydrophone is located in the
deep sound channel and may capture sources of noise from a considerable distance
(Figure 4.1 1c and 3c).

Figure 4.2 shows the RLc OTOB spectra calculated as discussed in Section 3.6.2.
The discontinuity in RLc presented in Figure 4.2(d) is because the corresponding RL
was less than 3 dB higher than the BNL. The plots show that RLc generally increases
with the vessel’s engine speed. Specifically, in the 160, 200, and 250 Hz bands, an
8 dB difference was observed between 1400 and 2200 rpm. The difference between
the corrected RLc values for the same engine speed shown in Figure 4.2(c and d)
is because of the variation of CPA between the two trials. Thus, the geometrical
spreading was applied for the purpose of reasonable comparison.
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Figure 4.2: Corrected RLc presented for port and starboard in OTOB (Petty Harbour-
Maddox Cove): a) 1400 rpm in December (CPA = 224m), b) 1800 rpm in December
(CPA = 137m), c) 2200 rpm in December (CPA = 166m), and d) 2200 rpm in August
(CPA = 240m)

The current RLc data is insufficient for conclusive assessments of underwater radi-
ated noise levels. Until the final step of the analysis, there was no proof that the two
sides of the vessel had differing noise levels. Background correction and application
of the spherical spreading loss model are essential to modifying the RLc. Figure 4.2
shows the RLc following [ISO-17208/1, 2016]. The RLc values shown in Figure 4.2 are
the power-averaged sound pressures from the shallowest, middle-depth, and deepest
hydrophones. RLc bands that were eliminated when the RLc was less than 3 dB
from the BNL are indicated by discontinuities in Figure 4.2(d). The RLc showed a
positive correlation with the vessel’s engine speed. Specifically, in the 160, 200, and
250 Hz bands, an 8 dB difference was observed between 1400 and 2200 rpm. Next,
the normalized distance between the vessel and buoy at CPA was utilized to estimate
the underwater radiated noise of the fishing vessel.
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4.1.3 Underwater radiated noise

Maintaining a consistent CPA distance, as prescribed in [ISO-17208/1, 2016], was
challenging due to the buoy’s drift and the need for manual navigation of the vessel,
and some variability in the CPA distance was expected due to the operating conditions
[McKenna et al., 2012; MacGillivray et al., 2019]. The measured CPA was 185 metres,
with a deviation of less than 30 metres across all runs.

Figure 4.3 shows that the URN levels displayed consistent patterns at various
engine speeds, with minor amplitude differences between the port and starboard sides.
The noise from the port and starboard sides of the vessel follows the same trend, and
the differences between the two sides fall within 3 dB (Figure 4.3). However, some
discrepancies are evident at lower frequencies (below 125 Hz), particularly in the 1400
rpm trial, with higher noise on the port side.

The fluctuation of the BNL values causes a noticeable variation in URN below
100 Hz. At low engine speeds (1400 rpm), the URN levels were comparable on both
sides above 100 Hz. At 1800 rpm, the port side shows a URN level 3 dB higher than
the starboard side above 100 Hz. In contrast, the URN levels were higher on the
starboard side than on the port side at 2200 rpm, as shown in Figure 4.3(c). Both the
speed and direction of water currents during each trial may have caused URN level
variations on both sides. Figure 4.3 provides a comprehensive depiction of the overall
URN of the vessel, highlighting its URN signature at various sailing speeds.

The URN of the vessel exhibited a unique noise pattern with tonal peaks ranging
from 20 to 315 Hz in OTOB. The article [Picciulin et al., 2022] displays the narrowband
and OTOB of small fishing boats, revealing fundamental peaks primarily from the
diesel engine below 500 Hz. The low-frequency noise (below 150 Hz) detected in
the URN coincides with the fundamental frequencies and harmonics produced by the
engine and the blade passing frequency (BPF). Figure 4.3(a) illustrates that the URN
levels are lower at low speeds (1400 rpm) above 500 Hz. In Figure 4.3 (b and c), an
increase in URN levels is observed with the increase in vessel speed, indicating that
the initiation of cavitation is usually related to increased hydrodynamic noise levels.

The broadband URN levels, ranging from 10 Hz to 25 kHz, were examined and
presented in Table 4.3. An increase in cruise engine speed led to a corresponding
increase in broadband URN levels, except for the frequency range of 500 to 1 kHz.
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Figure 4.3: Underwater radiated noise levels presented in OTOB port and starboard
sides of the vessel: a) 1400 rpm in December, b) 1800 rpm in December, c) 2200 rpm
in December, and d) 2200 rpm in August (Petty Harbour-Maddox Cove).

The levels in the low-frequency bands of 63, 125, and 250 Hz experienced significant
increases of 18 dB, 20 dB, and 10 dB, respectively. In contrast, the mid-band range
of 2 to 8 kHz only doubled between the low and high engine speeds. The fishing
vessel noise signature levels are aligned with previous review research [Parsons et al.,
2021]; the vessel noise levels ranged from 145 to 195 dB re 1µPa @ 1m. These
findings highlight the dependence of URN levels on engine speed and frequency bands,
providing valuable insights into the acoustic characteristics of the fishing vessel during
its operations.

4.1.4 Propagation loss model

The energy loss of the sound waves was calculated using the PL models described in
Section 3.7.1. In Figure 4.4(a), the PE model values matched with ISO 17208-2 below
125 Hz, while the WNI showed agreement in the mid-frequency range of 160 Hz to 2
kHz. The FEM showed a deviation in all bands of about 5 to 6 dB. This was probably
because of the computational complexity and sensitivity to mesh quality, and it was
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Figure 4.4: (a) Propagation loss values using the ISO 17208-2, Parabolic equation,
Wavenumber integration and Finite element method from December trials (b) En-
velope around the maximum and minimum value among the 5 PL models for each
frequency band

not possible to set accurate boundary conditions, especially for large domains and
higher frequencies.

The agreement in the results of the PE and WNI is between 160 Hz and 2 kHz.
As discussed in [MacGillivray et al., 2019], the average between PE and WNI is used
below 4 kHz, and [Meyer and Audoly, 2020] used WNI for frequencies below 1 kHz and
not for higher bands. MacGillivray et al. studied a hybrid PL model between WNI
and beam tracing up to 4 kHz. This model produced an accurate representation of
the reference levels above 1 kHz; however, the authors found difficulties in estimating
source levels below 1 kHz. Accordingly, a fifth PL model based on the average of
the PE and WNI between 10 Hz and 2 kHz (PE+WNI) was included in the results
[MacGillivray et al., 2023].

A PL model defined as the average of the five models: ISO, PE, WNI, FEM, and
PE+WNI from 10 Hz to 2000 kHz is plotted in Figure 4.4(b) (Averaged PL). For each
frequency band, the maximum and minimum values are evaluated between all of the
5 PL models (ISO, PE, WNI, FEM, and PE+WNI) and drawn the envelope around
the datasets. The envelope width is obviously larger at low frequencies and decreases
at higher frequencies.
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The frequency range below 2.5 kHz was split into two zones at 160 Hz, where
a significant decrease in the envelope area occurred, as seen in the dashed line in
Figure 4.4(b). Zone 1 is for the frequency range of 10-125 Hz, while the second
zone goes from 160 Hz to 2 kHz. The 2 kHz limit is chosen as the end of zone 2.
Beyond this threshold, the wavelength becomes smaller, and numerical models are
not efficient to model those frequencies. The ISO standard form can be an acceptable
representation of the higher frequencies, as the measurements are conducted at a
water depth marginally near the deep water definition.

Returning to the individual results from each PL model, a broadband PL value is
computed by the five PL models for each zone, as shown in Table 4.2. The broadband
values revealed notable differences in zone (1) among the five models, with envelope
area equal to 182.36 [dB re 1 µPa.Hz]. Consequently, the low frequencies (zone 1) are
sensitive to the employed PL model and might influence the MSL calculation with
significant uncertainty. Therefore, based on the literature, the PE model was selected
to represent the PL model in Zone 1, as it aligns with the [MacGillivray et al., 2019]
discussion and recommendations by [Bureau Veritas, 2014; Lloyd’s Register Group
Limited, 2018].

Conversely, the area of the envelope in zone 2 is much smaller (43.30 [dB re 1
µPa.Hz]), indicating that the mid-frequency range can be accurately estimated using
any of the models suggested in Table 4.2. However, following the literature, an average
of PE and WNI (PE + WNI) was selected to model this area [MacGillivray et al.,
2019].

Figure 4.5 shows the hybrid PL model used in the study to estimate the MSL
of the vessel under test. The similarity between the results of the hybrid PL model
and ISO 17208-2 comes from the fact that the water depth is close to the deep-water
threshold defined in the Standard.

4.1.5 Monopole source level

The effectiveness of the hybrid PL model is determined by its thorough consider-
ation of environmental factors, which are critical for accurately understanding the
complexity of underwater acoustic propagation. Although useful for comparison, the
ISO model has a narrow focus and cannot fully consider the diverse environmental
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Table 4.2: Broadband values representing
each proposed PL model are used to describe
zones (1) and (2).

PL model Zone (1) Zone (2)

ISO1 65.40 45.80
PE1 65.77 47.75
WNI1 50.80 46.05
FEM1 61.70 48.72
PE+WNI1 58.28 46.90

Envelope Area2 182.36 43.30

1 dB re 1µ Pa
2 dB re 1µPa*Hz
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Figure 4.5: The hybrid PL model that was used to estimate the MSL
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Table 4.3: The fishing vessel source levels are represented in URN and MSL (dB re
1µPa at 1m) in several frequency bands. The MSL is estimated using two methods:
(a) PLH hybrid PL model of PE and WNI; (b) PLISO is ISO 17208 form. The levels
pertain to the December trial, encompassing three engine speeds of 1400, 1800, and
2200 rpm.

Band [Hz]
1400 RPM 1800 RPM 2200 RPM

BNLURN MSL URN MSL URN MSL
PLH PLISO PLH PLISO PLH PLISO

63 146 159 158 149 162 161 164 177 177 98
125 149 158 156 160 168 167 170 178 177 97
250 164 163 165 167 167 169 173 172 174 86
500 - 1k 164 161 160 163 161 1597 164 150 160 88
2k - 8k 156 153 152 158 155 155 162 15 159 84
10 - 10k 160 175 175 161 174 174 166 177 176 99
10 - 25k 159 174 174 161 173 173 166 176 176 99

influences on MSL at different frequencies. The differences between the two estimated
MSLs, as shown in Figure 4.6 illustrate the environmental impact on some frequency
bands that the simplified model might overestimate or underestimate. As a result,
the understanding of MSL becomes more representative of the vessel noise signature.

Figure 4.6 illustrates the comparison of MSL and URN at the sailing conditions
at the three designated engine speeds. The MSL has been computed using the hybrid
PL model and ISO 17208-2 form, where broadband data is presented in Table 4.3.
In the frequency range below 315 Hz, the MSL showed a significant difference (ap-
proximately 20 dB) compared to the URN, it showed a smaller difference of around
3-4 dB. Detecting low-frequency sound signals with long wavelengths was challenging
because of the small distance between the vessel and the observer. However, the PL
model can correct the received noise levels with the use of a magnification factor for
the energy in the low-frequency bands, as illustrated in Figure 4.6. As a result, the
MSL allows the vessel noise signature to be decoupled from the environmental effect
on sound propagation.

The engine significantly contributes to the overall induced noise within the fishing
vessel. Figure 4.7 displays the MSL and URN of the vessel at 1400 rpm engine
speed, considering both clutched and unclutched propeller scenarios. The engine
significantly contributes to the ambient noise in the ocean at frequencies below 500
Hz; in particular, Figure 4.7 (b) removes the contribution of the propeller to the URN,
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Figure 4.6: Monopole source levels are compared with the dipole source levels. The
simple form ISO 17208-2 and the hybrid PE and WNI models are used to estimate
the levels of monopole sources. a) 1400 rpm trial in December; b) 1800 rpm trial in
December; c) 2200 rpm trial in December; d) 2200 rpm trial in August.
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Figure 4.7: Monopole source levels and underwater radiated noise at 1400 rpm. a)
Propeller clutched. and b) Propeller unclutched.

highlighting the primary effect of the engine. Table 4.4 presents the broadband levels
for both operating conditions. Figure 4.8 shows the vessel noise signature in both
operating conditions: clutched and unclutched propeller overlapping for comparison.

The analysis of URN introduces uncertainties in determining the vessel’s induced
noise, especially at frequencies below 250 Hz, as highlighted by Figure 4.6. A signif-
icant difference of approximately 18 dB is observed between the URN and MSL at
frequencies of 63 Hz and 125 Hz. The discrepancy may lead to underestimating the
vessel noise levels in these particular frequency ranges. Also, there is a significant
difference of around 14 to 16 dB between the broadband MSL value and the corre-
sponding URN of the vessel in the frequency range of 10 Hz to 25 kHz. This mismatch
emphasizes the need for a precise estimation of the MSL, taking environmental factors
into account via robust propagation loss models, in order to thoroughly evaluate the
effect of fishing boats on ocean noise levels.

Last but not least, the fishing vessel under testing has a noise signature similar
to that of larger vessels. The MSL can be compared with the results of previous
studies. [MacGillivray et al., 2023] acquired a total of 12,079 MSL values measured
on 1,880 vessels. The MSL levels peaked between 60 and 90 Hz, with an average of 190
dB. URN of 57 merchant ships was measured in the East China Sea by [Peng et al.,
2018]. They used the Normal Modes model, combined with geoacoustic parameters,
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Figure 4.8: The vessel noise signature during clutched and unclutched propeller. a)
Monopole source level, b) Underwater radiated noise.

to model the PL of transiting ships. The averaged MSL varied between 172 dB at 50
Hz and 130 dB at 1 kHz. The study [Simard et al., 2016] measured 255 MSL values
of merchant ships in the St. Lawrence Seaway. The estimated MSLs showed high
variability and were sensitive to the PL model employed. The average MSL of all
ships was 197.2 dB in broadband (for comparison, the fishing vessel in this study had
a 175 dB broadband MSL).

Engine contribution to the vessel URN

The acoustic data analysis presented in this section highlights the contribution of
the engine and the propeller to the total underwater noise signature of the fishing
vessel. Figure 4.9 shows how these sources contribute to the overall vessel noise
spectrum. The engine contributed more than 60% at low frequencies (below 15 Hz)
and in specific bands (63 Hz, 100 Hz, and 250 Hz), with values surpassing 70%. The
propeller substantially contributed more to the URN at frequencies ranging from 16 Hz
to 50 Hz and mid-frequency between 400 Hz and 4000 Hz. At frequencies above 4000
Hz, similar contributions were detected from the engine and propeller. The engine is
the second contributor to the MSL of the vessel behind the propeller, especially in the
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Table 4.4: Broadband levels of the monopole source level and underwater radiated
noise level (URN) (dB re 1 µPa at 1m) of the fishing vessel are represented at some
of the interested frequency bands. The levels in the table are measured at an engine
speed of 1400 rpm for both the clutched and the unclutched propeller from the engine.
PLH hybrid PL model of PE and WNI, while PLISO ISO 17208 form.

Band [Hz]
Clutched Unclutched

BNLURN MSL URN MSL
PLH PLISO PLH PLISO

63 146 159 158 139 158 158 98
125 149 158 156 150 164 162 97
250 163 163 165 156 161 163 86
500 - 1k 164 161 160 147 151 150 88
2k - 8k 156 153 153 142 145 145 84
10 - 10k 160 175 175 149 165 164 99
10 - 25k 159 174 175 148 164 163 99

63 Hz band. At higher frequencies (above 2 kHz), the propeller’s role increases due
to cavitation effects, but the engine still contributes significantly to the ambient noise
in all frequency bands. This conclusion is consistent with the results of the paper
[McKenna et al., 2013] (focused on the noise footprint of container vessels). In that
work, the effect of the engine is significantly below 1 kHz. The fact that the fishing
vessel under testing is smaller and moves more quickly in this instance justifies the
higher threshold (2 kHz).

4.1.6 Diesel engine’s structure-borne noise

The measurement of onboard structure-borne velocity accurately captured the engine
firing frequency per cylinder (FFPC), the total firing frequency (TFF), and the main
shaft speed (RPS). Table 4.5 shows the rotational frequencies of the engine during
the sailing experiments at 1400, 1800, and 2200 rpm. The FFPC was the dominant
frequency associated with harmonics. The first harmonic was the rotational speed of
the driver shaft of the engine (RPS = 2 × FFPC), and the sixth harmonic was the
TFF (6×FFPC).

The OTOB of the structure-borne velocities showed a decreasing pattern with
decreasing engine speed. The velocity levels reduced sharply above 2.5 kHz, as illus-
trated in Figure 4.10, and the MSL values remained consistent at high engine speed,
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as in Figure 4.10(b and d). A significant change was noticed when the engine speed
was decreased to 1400 rpm; the MSL showed a decreasing trend above 2.5 kHz, as in
Figure 4.10(f). At this frequency, the propeller’s contribution to the higher frequency
(≥ 2.5 kHz) was not discernible in the structure-borne noise data.

By comparing Figure 4.10(f) and (h) at 1400 rpm, the structure velocity patterns
were almost similar for both clutched and unclutched propeller conditions. How-
ever, a significant reduction in MSL was observed above 315 Hz, attributable to the
diminished propeller effect, while at lower frequencies, the levels remained relatively
unchanged. In the narrowband analysis, the frequencies were the same in the clutched
and unclutched conditions (FFPC = 11.9 Hz, TFF = 71 Hz, and RPS = 23 Hz). In the
clutched regime, the propeller frequency was not clearly identified by the structure-
borne noise; however, it was recognized by the received sound levels, which peaked at
around 39 Hz, as shown in Figure 4.10(g).

Table 4.5: Fishing vessel operating conditions are presented from the linear narrow-
band analysis of the structure-borne and radiated noise recorded at the same time.
(a) is the engine’s nominal value. (b) are the engine’s actual recorded values. (c) is
the propeller frequencies.

Parameter 1400 RPM 1800 RPM 2200 RPM

a b c a b c a b c

RPM1 1400 1435.3 - 1800 1728 - 2200 2022 -
RPS2 23.33 23.92 9.71 30 28.8 12.1 36.67 33.7 13.9
FFPC3 11.67 11.96 - 15 14.4 - 18.33 16.85 -
TFF4 70 71.8 - 90 86.4 - 110 101.1 -
BPF5 - - 39.18 - - 48.1 - - 55.6
1 Engine revolution per minute
2 Engine shaft revolution per second and first harmonic of the firing frequency per cylinder
3 Engine firing frequency per cylinder
4 Engine total firing frequency
5 Blade passing frequency

The narrowband linear analysis of RL showed apparent tonal frequencies at 9.65
Hz, 19.4 Hz, 29.3 Hz, and 38.7 Hz with the propeller clutched to the engine. The
frequencies observed were those of the primary blade frequency and its harmonics.
Moreover, the URN highlighted the distinct engine harmonics. The URN showed the
contribution of the engine cylinder firing frequency and its harmonics up to 40 times
the fundamental frequency in the unclutched state. Overall, the tonal frequencies in
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Figure 4.10: Narrowband and OTOB velocity analyses of vessel noise: Black dots
indicate cylinder firing and harmonic frequency, yellow for shaft RPS, green for blade
passing frequencies, blue for engine’s total firing frequency, and purple for peaks from
engine and transmission shafts when the propeller is disengaged
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the URN and structure-borne noise are matched with slight shifts due to the gearbox
ratio.

4.1.7 Correlation of onboard vibration levels with underwa-
ter radiated noise

Noise levels measured underwater can be related to onboard vibrations. This yields
a frequency-dependent correlation between underwater SPL and structure-borne ve-
locity levels, measured in an array of locations in the engine room.

Analogous to what is presented in [Cintosun and Gilroy, 2021], velocity levels are
averaged across the measurement points to calculate the AQV.

Sound pressure levels are plotted against AQV values, with one point for each
engine speed. These curves are plotted for each third-octave frequency band in Fig-
ure 4.11.

The plotted curves highlight the monotonic relationship between AQV and SPL,
which can be used to build a statistical predictive model that relates onboard vibration
levels to underwater radiation, similar to what is done in [Cintosun and Gilroy, 2021].
However, the plot doesn’t exhibit the linear relationship between velocity levels and
acoustic source levels described in [Cintosun and Gilroy, 2021].

More factors should be considered in this correlation: the study [Deeb and Seto,
2022] performed a similar analysis, using a neural network to build a transfer function
between onboard vibration levels and underwater sound pressure, with an average
error of 6.63 dB re 1 µPa at 1 m. However, the results of the analysis are limited
to a small vessel class, a calm sea state, and a small number of operating conditions.
The authors note that the sensitivity of the transfer function to a large number of
environmental features should be investigated.

To conclude, the potential effects of fishing vessel noise on marine species and the
broader ecosystem in Newfoundland still need to be more adequately understood. In
addition, the issue of fishing vessels as underwater noise sources prompts engineering
questions on mitigation strategies. This problem needs to be addressed starting from
the design phase. While larger vessels can rely on advanced design techniques and
custom solutions, for smaller fishing vessels, designers and owner-operators need to



102

10
-1

2

10
-8

10
-4

10
0

AQV [m/s]

0.1

0.2

0.3

0.4

S
P

L 
[P

a]

1000
1250
1600
2000
2500
3150
4000

Frequency [Hz]

Figure 4.11: Relation between AQV and SPL for different frequency bands



103

be provided with a set of techniques focused on reducing noise transmission from
the most relevant onboard sources. Indeed, a dedicated study to reduce noise from
every single vessel would be an unbearable cost for small fishing enterprises, which
could instead benefit from guidelines and general mitigation principles on reduction
techniques for different fishing vessel categories [Burella and Moro, 2021]. Any study
to propose mitigation strategies to control underwater noise from vessels has to start
with assessing the underwater radiated noise and characterizing the main sources
contributing to it.

4.2 Acoustic glider performance

4.2.1 Glider flight description

Glider flight data was evaluated using the glider onboard flight computer to recon-
struct the glider behavior in depth, time, and space. The glider made a series of
consistent six V-shaped dives to a maximum depth of 60 metres at the shallow water
location (Holyrood Bay). The glider did four dives at the deeper-water site in Con-
ception Bay, and the depth it went to was very variable between dives, as shown in
Figure 4.12. The glider made a single V-shaped dive to a depth of around 200 metres
during the initial dive. The second and third dives were completed in a continuous
flight, with no surface in between, and reached depths of 195 and 170 metres, re-
spectively. During these two dives, the glider’s trajectory isolates the recordings from
potential noise caused by the hull interacting with the water surface. This approach
maintains data integrity and reduces disturbances during dive sequences, which may
lead to discarding more windows of the recorded noise. The latest dive was another
single V-shaped dive profile, with the glider diving to about 160 metres before return-
ing to the surface.

The oceanography data collected by gliders during sea trials in Holyrood Bay and
Conception Bay provides insightful visualizations of temperature and salinity profiles
across various water columns, as depicted in Figure 4.13. This figure illustrates signif-
icant disparities in temperature gradients from the surface to the seafloor. Notably,
there is a stark temperature change of approximately 13 ◦C in shallow water areas,
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Figure 4.12: The glider’s flight depths are illustrated in red for both the shallow and
deep water sites, while its internal mechanisms are represented in black and overlapped
in a single plot. (a) shows the flight patterns recorded during the Holyrood/Shallow
water site trial, while (b) shows the flight patterns recorded during the Conception
Bay (Deep Water) site trial. Each column displays a set of three plots, providing a
comprehensive overview of the glider’s internal mechanisms at both trials.

in contrast to a more subdued 3 ◦C variation observed in deeper waters.

Panel (a1) of Figure 4.13 delineates these temperature shifts, capturing the thermal
dynamics of different marine zones. In terms of salinity, Conception Bay’s deeper
waters exhibit higher salinity levels, around 33, which gradually decrease to 31 near
the seafloor, as indicated in Panel (a2). Conversely, Holyrood Bay demonstrates a
relatively stable salinity profile, with variations less than 1 between the surface and
the seafloor, as evidenced in Panels (b1 and b2).

These observed changes in temperature and salinity are not merely numerical
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values; they significantly impact the sound speed profile, influencing the sound prop-
agation in water.
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Figure 4.13: Temperature and salinity collected by the glider in (a) Holyrood Bay
and (b) Conception Bay trials as a function of mission depth.

Holyrood Bay

The glider’s buoyancy engine operated during the sea trials, resulting in a steady
26-second period of pumping for approximately 300 to -200 cc at both the top and
bottom of each dive. The distinctive behavior of the pump occurred when the glider
began to descend or climb, with the engine remaining inactive for the remainder of the
dive. However, at a depth of approximately 22 metres, while the glider was heading
toward the surface, the engine was restarted briefly for less than three seconds to
pump another 50 cc to the bladder. This process was repeated similarly for all six
flight trials.
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Furthermore, the battery pack shifting motor was also in use during the sea trials.
The motor moved the mass by 1 inch while returning to surface. The mass position
varied multiple times between 0.1 and -0.3 inches when the glider was about to reach
its maximum depth, and it continued at the beginning of the climb. The glider
performed this process almost identically throughout the six dives.

On the other hand, the motor controller that manages the glider’s fin to maintain
heading also observed notable changes throughout the water trials. The peak of
steering input was reached at the mid-dive and mid-climb. The fin adjustments ranged
from -12 degrees to -25 degrees, and a predictable pattern was consistently observed
to maintain heading as a result of currents and density gradients.

Conception Bay

The oil pump of the glider was limited to operating at the top and bottom of the
dives, making no adjustments during the process of ascending or descending. The
pump performed an apparent trend comparable to a square wave with uniform am-
plitude and duration. The duration of buoyancy adjustment was estimated to be 28
seconds, during which the oil was filled and pumped out, resulting in a volume change
equivalent to that observed during the shallow water trial.

The glider maintained a fixed position of the center of mass, which was identified
as the battery pack, at -0.15 inches and 0.45 inches during its second and third dives,
respectively. In contrast, the first and fourth dives involved an adjustment of the mass
position by roughly 0.15 inches at the midpoint of the ascent and descent. The data
is illustrated in the supplementary materials.

The glider’s heading went through multiple adjustments throughout its vertical
trajectory, with short operational intervals. During the initial stages of the dives, the
rudder angle underwent a transition from 20 degrees to -25 degrees. Subsequently,
the alterations made during the process of ascending or descending were observed to
be within the range of 15 to -10 degrees. The rudder exhibited a response time of
fewer than 0.2 seconds per alteration.

Slocum gliders, with the total buoyancy drive available, can typically achieve max-
imum forward speeds of 0.25 m/s or 22 km/day in still water. In the deep water site,
ocean currents were negligible, and the glider achieved average forward speeds of 0.23
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m/s. Using uncertainty estimates in Claus and Bachmayer [2015], the glider position
accuracy in the trials was accurate to within 50 m since the average dive interval was
less than 40 min and currents were less than 5 cm/s.

In shallow water, the glider stayed on the surface for a long period of time after
diving. Thus, Figure 3.4 shows a drift before each dive. While this drift could be a
concern in some scenarios, it didn’t compromise our study. We focused on evaluating
the glider’s self-noise on a dive-by-dive basis.

4.2.2 Glider self-noise assessment

Applying the time-frequency analysis to the glider acoustic data, revealed that the
brushless DC motor of the oil pump is the dominant source of self-noise for the glider,
with its levels notably higher than those of the rudder and background noise across
the measured frequency spectrum. In the shallow water trial, it emitted a tonal peak
at 16 Hz (960 rpm) along with harmonics up to 1 kHz (Figures 4.14a & 4.14b). The
pitch motor noise was included in the oil pump analysis as both occurred at the same
time, see Figure 4.12 plots of the glider’s internal mechanisms operation with respect
to the glider depth. The comparison between port (Figure 4.14a) and starboard
(Figure 4.14b) indicates a slightly higher intensity of noise on the starboard, especially
in the low-frequency range, hinting at possible asymmetries in glider noise emissions
between the two sides. The starboard hydrophone recorded a peak noise level of 135
dB at 48 Hz, while the port hydrophone recorded 125 dB. According to Table 4.6, the
broadband noise levels differed by about 9 dB, with the starboard side being noisier.
The Slocum glider’s 350 m HD pump pumps oil faster than its 1000 m HD pump.
This may cause random noise fluctuations changing port vs. starboard when the
glider pump is activated. There is no one-sided spinning mechanical component that
causes this effect. Since this is only a feature while the pump is on, it does not affect
the rest of the findings and only changes the uncertainty in self-noise when comparing
hydrophones.

The time-frequency analysis and the flight data were applied to the recorded acous-
tic data. In the shallow water trial, the analysis revealed that the brushless DC motor
of the oil pump is the dominant source of self-noise for the glider, with its levels no-
tably higher than those of the rudder and background noise across the measured
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frequency spectrum. It emitted a tonal peak at 16 Hz (960 rpm), along with harmon-
ics up to 1 kHz (Figures 4.14a & 4.14b). The pitch motor noise was included in the oil
pump analysis as both occurred at the same time; see Figure 4.12. The comparison
between port (Figure 4.14a) and starboard (Figure 4.14b) indicates a slightly higher
intensity of noise on the starboard, especially in the low-frequency range, hinting at
possible asymmetries in glider noise emissions between the two sides. The starboard
hydrophone recorded a peak noise level of 135 dB at 48 Hz, while the port hydrophone
recorded 125 dB. According to Table 4.6, there was a difference in broadband noise
levels of about 9 dB, with the starboard side being noisier.

In contrast, the rudder noise is evenly distributed across frequencies, with mod-
erate peaks, and consistently goes above the background noise level, which remains
steady across frequencies. The rudder’s noise added 6 to 13 dB over the ambient noise
across a wide frequency range from 25 Hz to 10 kHz. This is consistent with [Jiang
et al., 2019] findings. The noise levels recorded by both hydrophones were found to
be comparable during the rudder motion, as the difference is less than 1 dB, as shown
in Table 4.6.

During the deep water trial, background noise levels were 8 dB higher compared
to shallow water (see Table 4.6). The oil pump noise profile exhibits decreased sound
levels compared to the shallow water trial. The oil pump’s noise signature was charac-
terized by a tonal peak at 14 Hz (840 rpm), with a maximum level of approximately
127 dB at 44 Hz (Figures 4.14c & 4.14d). Starboard hydrophone noise levels ex-
ceeded the port side by approximately 4 dB. The rudder noise was observed several
times during the glider’s descent and ascent phases. The rudder produced more fre-
quent movement, resulting in a wide-band noise generating a broad-spectrum signal
with amplified harmonic energy between 100 Hz and 10 kHz, consistent with [Liu
et al., 2018] and [Haxel et al., 2019] findings. Its noise remains recognizable from
the background noise, with fewer peaks and a smoother distribution across the fre-
quency spectrum. The noise output on the starboard side (Figure 4.14d) was slightly
higher than on the port (Figure 4.14c), which could indicate consistent side-dependent
self-noise characteristics, and the self-noise is characterized as directional noise.

According to the final analysis, the oil pump performed at a higher operational
speed in the shallow water experiment of 960 rpm compared to 840 rpm in deep water,
leading to an increased level of self-noise, as shown in Table 4.6. This observation



109

101 102 103 104

Frequency (Hz)

20

40

60

80

100

120

140

S
ou

nd
 P

re
ss

ur
e 

Le
ve

ls
 (

dB
 r

e 
1

P
a)

b - STBD (Shallow water)

Oil Pump
Rudder
Background

101 102 103 104

Frequency (Hz)

20

40

60

80

100

120

140
S

ou
nd

 P
re

ss
ur

e 
Le

ve
ls

 (
dB

 r
e 

1
P

a)

a - PORT (Shallow water)

101 102 103 104

Frequency (Hz)

20

40

60

80

100

120

140

S
ou

nd
 P

re
ss

ur
e 

Le
ve

ls
 (

dB
 r

e 
1

P
a)

d - STBD (Deep water)

101 102 103 104

Frequency (Hz)

20

40

60

80

100

120

140

S
ou

nd
 P

re
ss

ur
e 

Le
ve

ls
 (

dB
 r

e 
1

P
a)

c - PORT (Deep water)

Figure 4.14: Glider self-noise is presented in a narrowband of 1 Hz resolution. The
figure shows the oil pump and rudder noise compared to the recorded background
noise during the trials. The straight dotted lines represent the one-third octave band
analysis for each source of noise. (a) The self-noise was observed during the Holyrood
sea trial in shallow water, and (b) during the Conception Bay trial in deep water.

suggests that the glider’s propulsion system operates differently at different water
depths. Furthermore, the rudder showed greater variability in its movements in deep
water compared to the consistent and predictable patterns observed in shallow wa-
ter. These inconsistencies in deep water led to shorter, less detectable rudder noise
durations compared to the longer, more apparent durations seen in shallow water
trials. This suggests that the glider’s self-noise emissions were affected by the ocean
environment in which the rudder tried to keep the glider heading on track.
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Table 4.6: Broadband self-noise levels of sources of noise in the glider are up to 10,000
Hz [dB re 1µPa]. The results are compared to the ocean background noise.

Direction Oil pump Rudder BNLShallow Deep Shallow Deep

Port 125.25 125.18 92.45 93.40 80.00
Starboard 134.70 129.00 91.32 94.40 88.15

4.2.3 Underwater radiated noise

This section presents the results of the vessel noise signature campaign that was
conducted in Conception Bay. The glider, array of three hydrophones, and bottom-
moored hydrophone were deployed simultaneously at a certain distance from the vessel
under test.

The background noise levels measured by the three platforms are presented in
Figure 4.15. The RNL of the vessel showed disagreement between the platforms due
to the variation in the CPA between the vessel and each observer in each trial. The
BNL was below the sound received by the hydrophones, making the measurement
reliable and comparable.

Using the spherical spreading loss method from the literature, it was clear that
the 1/3 octave band URN measured by the three PAM observers are generally similar
across wide bands but with some variations at specific frequencies in the 1500 rpm
trial. Figure 4.16a shows that at 2000 rpm engine speed, the UNR levels from all
platforms displayed prominent peaks in the lower frequency range, followed by a
gradual decrease as the frequency increased. In contrast, Figure 4.16b illustrates the
1500 rpm engine speed trial, which exhibits a less noticeable peak in the low-frequency
range and a gradual decrease in the noise levels. The peaks below 100 Hz represent
the fundamental frequencies of the propeller and the engine of the vessel.

Comparing the two experiments, the total vessel noise signature across most fre-
quencies from all observer platforms was higher in the 2000 rpm experiment than in
the 1500 rpm trial. Furthermore, the 2000 rpm trial typically has a more significant
standard error. The URN changed from 157 to 165 dB as an overall noise by increas-
ing the engine speed. The noise results were aligned with the findings of small vessels
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Figure 4.15: Received sound levels (RNL) and background noise level (BNL) measured
by the three platforms.

studied by [Wladichuk, 2019]. The buoy and the glider measured similar URN levels
across the frequency range except at the 2 kHz band, where the noise levels tended
to lower during the 1500 rpm experiment. The moored hydrophone was almost lo-
cated in the deep sound channel. The deep sound channel acts as a waveguide for
sound waves, which means that sound waves travel from long distances captured by
the moored hydrophone [Gassmann et al., 2017]. Therefore, the URN levels were the
highest over the glider and the drifting buoy.

The glider exhibited remarkable performance by producing comparable uncer-
tainty values in the URN measurements, reaching ± 2 dB at frequencies between
250 and 630 Hz. The glider demonstrated reduced uncertainty levels in all frequency
bands, except for the 125 Hz band, compared to the single-moored hydrophone plat-
form and competitive uncertainties with the drifting buoy. The absence of long cables
and floats in the glider system reduces uncertainties, while the glider’s rudder and hy-
drodynamic flow may introduce some uncertainties. The rudder noise was centered in
the 100 and 125 Hz bands, as discussed in the previous section, and that was reflected
at the URN, as seen in Figure 4.16a.

At 1500 rpm vessel engine speed, the glider depth was 18 m below the water’s
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Figure 4.16: Underwater radiated noise levels of the vessel under testing by the three
platforms at two engine speeds. The panels show the estimated standard error of the
URN by each platform.

surface and above the mixed layers. A notable URN discrepancy was observed, par-
ticularly at frequencies above 2 kHz compared to the other two platforms Figure 4.16b.
At that depth, the propagation of the high frequencies near the surface attenuates sig-
nificantly due to the positive gradient of the sound speed profile, which can cause the
sound waves to propagate away from the hydrophone [Garrett, 2020]. Thus, above
2 kHz, the recorded sound integrity where the glider is about to reach the surface
needs to be investigated. The drifting buoy showed promising uncertainty values that
match ISO 17208-1 [ISO-17208/1, 2016]. Due to the random motion of the rudder, the
glider exhibited favorable uncertainty values, except for the 125 Hz band. The results
emphasize the glider’s potential as a dependable instrument for reliable underwater
radiated noise evaluation for vessels.

It will be important to further assess and validate these results against longer
deployments under different ocean conditions. The absence of long cables and floats,
compared to the mooring and drifting buoy contributed to the reduced sound measure-
ment uncertainties of the glider. In contrast, previous research showed that bottom-
moored systems generally have lower levels of uncertainty. I acknowledge that some
circumstances may have contributed to the glider’s impressive performance: (1) Depth
Variability: The glider’s ability to change depth enabled sampling of various places
within the water column, potentially mitigating noise fluctuations that depend on
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Table 4.7: Broadband levels of the underwater radiated noise level
(URN) (dB re 1 µPa at 1m) of the fishing vessel were measured by
the three platforms during Conception Bay trials. The data are rep-
resented in some of the interested frequency bands. The levels in the
table are measured at an engine speed of 1500 and 2000 rpm.

Band [Hz] 1500 rpm 2000 rpm
Glider1 Buoy2 Mooring3 Gider1 Buoy2 Mooring3

63 144 138 141 147 141 140
125 153 150 155 165 163 165
250 160 158 162 160 160 161
500 - 1k 154 154 156 158 157 158
2k - 8k 148 150 152 156 155 155
10 - 10k 153 152 155 160 158 159
1 Slocum glider with two mounted-wing hydrophones
2 Array of three hydrophones attached to a surface buoy
3 Bottom-mounted hydrophone

depth. (2) Location of the moored system: the hydrophone, which is anchored at a
single location near the deep sound channel, recorded distant sources of noise during
trials, with a particular impact on low frequencies. (3) Cable-Induced Noise: The
vibrations and chafing caused by the cables created low-frequency self-noise that was
unique to the particular configuration. Although cable-induced noise is not present
in all moored systems, it helped the glider perform with less uncertainty across most
frequency bands than the single-moored hydrophone platform.

4.2.4 Propagation loss of sound

Using the methodology described in Section 3.7, I involved six propagation loss models
to determine PL values at distances of 100 and 500 metres from the sound source
in both shallow and deep water environments. The Holyrood trial (shallow water)
showed that the simplified models ECHO, SCA, and M-A produced similar estimations
of PL at a distance of 100 metres from the sound source. However, as traveling deeper
into the ocean, the differences between these models became increasingly apparent.
The PE model showed a significant deviation from the other models below 200 Hz,
leading to higher PL values, as shown in Figure 4.17. When considering the seafloor
bathymetry profile that the glider passed over during the mission into the PE model,
PL values increased, particularly in frequency bands below 100 Hz. The 250 Hz band
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was where all the models almost matched; as shown, the gray envelope thickness
decreased until half the water depth. This highlights the important role of bathymetry
in shallow-water situations. When the sound wavelength is much larger than the ocean
depth, the ocean acts as a high-pass filter for sound waves.
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Figure 4.17: PL models were measured at six points through the water column 100 m
apart from the source at the Holyrood site (shallow water). (R/D) range-dependent
SSP. (R/I) range-independent SSP. (R-B/D) range-dependent SSP and bathymetry

Increasing the horizontal distance between the measurement point and the sound
source to 500 meters revealed expected behavior within the simplified models due to
the more interactions between the sound and the environment boundaries. The gray
envelope’s width increased, resulting in an unpromising representation of the PL using
the simplified models. The convergence of the ISO 17208-2 and ECHO models with
the PE model can be seen in Figure 4.18, regardless of whether the bathymetry is flat
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or not, significantly below 100 Hz. However, the models differed significantly as the
depth of the water increased for frequencies above 250 Hz. Figure B.1 visually shows
the inconsistencies or absolute errors between ISO standard 17208-2 and the other
models. The significant deviation of the numerical PE model at frequencies below
250 Hz, compared to other models, is obvious. The error increased as the model
approached the seafloor. The other models showed good agreement at low frequencies
with ISO standard 17208-2, indicating their difficulty in predicting PL values in this
frequency range. This could potentially lead to an underestimation of the vessel noise
signature at low frequencies. Overall, discrepancies between PE (R/D) and (R/I),
assuming flat bottom, and PE (R-B/D), actual bathymetry, in Figure 4.19 suggested
that the bathymetry is critical for predicting PL at the shallow water site, which
implies the importance of the seabed geoacoustic properties to the PL prediction.
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Figure 4.18: PL models were measured at six points through the water column 500 m
apart from the source at the Holyrood site (shallow water). (R/D) range-dependent
SSP. (R/I) range-independent SSP. (R-B/D) range-dependent SSP and bathymetery
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In the deep water trial, a significant deviation with the M-A model was observed,
especially above 200 Hz. Therefore, I chose not to include the M-A model in the gray
envelope to represent the critical frequency bands while estimating the PL values.
The PE model showed a similar pattern, particularly in representing high PL values
between 30 and 150 Hz. Actual bathymetry data had a more minor effect on the PE
model than the flat assumption, as shown in Figure 4.19. At 250 Hz, the grey envelope
narrowed near the water’s surface and shifted towards the 200 Hz band closer to the
seafloor. In Figures B.1 and B.2 from rows 4 to 8, all simplified models, including the
WNI model, showed significant alignment below 500 Hz at the 100 m range.
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Figure 4.19: PL models were measured at six points through the water column 100 m
apart from the source in the Brigus site (Deepwater). (R/D) range-dependent SSP.
(R/I) range-independent SSP. (R-B/D) range-dependent SSP and bathymetry
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At 500 meters from the sound source, simplified models showed more noticeable
differences in estimating the PL values near the water surface (30 m) and all agreed
when going deeper (120 m), as shown in Figure 4.20. However, the PE model consis-
tently agreed with the simplified models in estimating the PL values throughout the
water column except for between 30 and 100 Hz, where high PL values were observed.
The WNI model demonstrates strong agreement with simpler models at frequencies
above 250 Hz, in both shallow and deep water, for short ranges. Figure 1 highlights
the notable difference between the PE model and ISO 17208-2 in estimating PL val-
ues at low frequencies. The grey envelope in Figure 4.20 showed that the simplified
equations (e.g., ISO 17208-2) accurately estimated the PL values in deep water, as it
had small thicknesses across most frequency bands. However, the envelope thickness
near the surface suggests that predicting the PL values near the water surface using
simplified equations is complex. These findings provide valuable insight into the com-
plexities of underwater sound propagation by highlighting the intricate variances in
model behavior and their sensitivity to water depth.

These findings reveal the complex relationship between model choice, sound speed
profile, and bathymetry in shaping the understanding of underwater sound propaga-
tion. The study found that simplified models such as ECHO, SCA, and M-A show
close agreement in predicting propagation loss values at a 100-meter range in shallow
water. However, as the depth increases, the deviations between the models become
more noticeable. The inclusion of bathymetry data in the PE model results in higher
PL values below 200 Hz, highlighting the importance of bathymetry in the filtration
of sound waves by shallow waters. At a distance of 500 metres, the accuracy of the
simplified models is compromised across a wide frequency range in deeper waters.
The variability observed in the grey envelope suggests that using simplified models
for estimating PL may be challenging due to underlying environmental complexities.
Therefore, the numerical PE model with the range-dependent SSP and the bathymetry
profile is crucial to determining PL values. In deep water, the simplified models are
acceptable for representing the PL values. Consequently, the glider added more un-
derstanding about how a source of noise contributes to the ocean ambient noise by
accurately estimating the sound propagation loss value using the range-dependent
sound speed profile. The apparent agreement among the vessel’s URN obtained from
the three platforms shown in Figure 4.16 indicates that the geometrical spreading
model law is acceptable for deep-water conditions due to the minimal interaction of
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Figure 4.20: PL models were measured at six points through the water column 100 m
apart from the source in the Brigus site (Deepwater). (R/D) range-dependent SSP.
(R/I) range-independent SSP. (R-B/D) range-dependent SSP and bathymetry

the seabed.

The experimental data from this study showed that no single PL metric performed
best in all water depths, array geometries, CPA distances, and frequency ranges.
However, a robust metric should perform well over a wide range of measurement
conditions and not just over a narrow range of conditions. This is particularly true
when uncertainty in seabed geoacoustic properties is concerned, as these are difficult
to measure reliably without considerable effort. Robustness across CPA ranges is also
desirable in shallow water because the bathymetry profile restricts the distances at
which hydrophones can be positioned to measure specific receiver angles. Generally,
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standards, such as ISO-17208/1, ensure reproducibility by limiting allowable CPA
distances to an optimal range during URN measurements.

4.2.5 Monopole source level

The MSL represents the vessel in the 1500 and 2000 rpm trials, and the URN is
presented in Figure 4.21. The MSL below 100 Hz that was picked up by all three
platforms went up after the environmental-driven PL correction that was found using
the PE (R-B/D) model at each CPA point was applied. Ideally, this correction would
result in the same MSL being recorded on the different recording platforms. This close
alignment suggests that the model accurately compensates for environmental factors,
confirming the PL model reliability and overall good performance Figure 4.16.
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Figure 4.21: Monopole source levels of the vessel under testing by the three platforms
at two engine speeds. The PL model used is PE (R-B/I).

4.3 Measurement uncertainty

Table 4.8 presents the parameters involved in the process of estimating the uncertainty
in measuring the vessel noise signature. The study found that GPS-induced distance
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uncertainty was 0.12 dB for an average CPA of 180 m, which was slightly lower
than previous research by Keizer et al. in 2022. The study determined that the
uncertainty in the distance between the vessel and the hydrophone was 0.2 dB at a
66% confidence level, without mentioning the specific methodology used [Keizer et al.,
2022]. In summary, the accuracy of the CPA calculation is dependent on the precision
of the measuring equipment. GPS technology plays a crucial role in enhancing this
accuracy by reducing uncertainty in the measurement of CPA distance; consequently,
reporting the CPA uncertainty is not common in research articles.

Table 4.8: The uncertainty value of each selected factor

Source of uncer-
tainty Value ± Probability

distribution Divisor Standard un-
certainty [dB]

GPS1,2,3 4.9 m Normal 2 0.12

Tilt angle2 13◦ Rectangular
√

3 0.36

Tilt angle3 9◦ Rectangular
√

3 0.22

Background
noise

1.2, 0.3, 0.81 [dB] 1

1.3, 0.8, 0.84 [dB] 2

0.5, 1.5, 1 [dB] 3

Normal 2 OTOB

Vessel
directivity

0.7, 0.6, 0.5 [dB] 1

1.2, 0.7, 0.4 [dB] 2

1.6, 1.2, 0.8 [dB] 3

Normal 1 OTOB

Frequency
response

0.37, 0.30, 0.48 [dB] 1

0.4, 0.3, 1.1 [dB] 2,3
Normal 2

0.18, 0.15, 0.24

0.2, 0.15, 0.55

Source depth1,2,3 0.4 [m] Rectangular
√

3 0.2

1 Ocean glider.
2 Drifting buoy with an array of three hydrophones.
3 Bottom-mounted hydrophone platform.
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The built-in sensors inside the hydrophones recorded the tilt angles to be an av-
erage of 13◦ and 9.5◦ for the drifting buoy hydrophones and the seabed-mounted
hydrophone, respectively. The inclination of the hydrophones led to a change in the
slant range between the hydrophone and the vessel under testing to 0.36 dB and
0.22 dB of uncertainty in the assessed noise levels. According to ANSI/ASA, if the
hydrophone orientation angle is greater than 5◦, it will have a significant impact on
the slant range. The ISO-17208/1 report also mentioned that the uncertainty of the
GPS-induced distance and the movement of the hydrophone was 0.5 dB for all OTOB
bands with a 66% confidence level, which matched the results.
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Figure 4.22: Standard uncertainty of vessel directivity at engine speed = 1500 rpm.
The repeated runs represent the uncertainty on the port, starboard sides, and total.
Three panels are for the three observer platforms in Conception Bay
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Figures 4.22 and 4.23 provide crucial information regarding the standard uncer-
tainty of vessel noise measurement at 1500 RPM and 2000 RPM engine speeds, respec-
tively. The level of uncertainty is more significant at lower frequencies (specifically
below 125 Hz), peaking at around 5 dB from the port side while the engine is run-
ning at 1500 RPM and 5.5 dB at 2000 RPM. The seabed-moored hydrophone had a
noticeable discrepancy in the measured noise pattern between the port and starboard
sides below 160 Hz, in comparison with the drifting buoy and ocean glider. This dis-
crepancy leads to a significant standard uncertainty difference of 4 dB at 1500 RPM.
The standard uncertainty, at 2000 rpm, is more closely matched between the port and
starboard sides, except for a distinct 2.5 dB variation below 100 Hz that is recorded
by the seabed-moored hydrophone. The total standard uncertainty of the directivity
showed a noticeable pattern that is high at low frequencies and gradually decreases at
high frequencies. Generally, as the engine speed is increased, there is a slight increase
in the standard uncertainty by 0.5 dB, especially in the frequency band below 125 Hz.

In the comparative analysis illustrated in Figure 4.24, the three platforms have
distinct capabilities in assessing underwater vessel noise, each with its own unique
directivity standard uncertainty profile. The drifting buoy and seabed-moored hy-
drophone displayed similar patterns of uncertainty but with distinct variations across
the spectrum. At 2000 RPM, the seabed-moored hydrophone showed greater standard
uncertainty above 125 Hz than the drifting buoy, while their performance is compara-
ble at 1500 RPM. The ocean glider had an interesting standard uncertainty pattern,
specifically at frequencies exceeding 500 Hz in the 1500 RPM trials. Increased uncer-
tainty results from surface noise contamination in the measurements when the glider
approaches the water’s surface during 1500 RPM trials. In contrast, when the glider
reached a depth of approximately 85 m at 2000 RPM trials, it exhibited reduced un-
certainty at lower frequencies compared to both the drifting buoy and seabed-moored
hydrophone, aligning closely with the drifting buoy at higher frequencies.

Figure 4.25 illustrates notable fluctuations in background noise across various time
intervals throughout the trials. The observations from the three platforms—the ocean
glider, the drifting buoy, and the seabed-moored hydrophone—showed multiple pat-
terns of standard uncertainty. The drifting buoy and glider presented comparable
uncertainty throughout most of the spectrum, with a deviation of approximately 1
dB occurring only above 1 kHz. In contrast, the seabed-moored hydrophone had a
lower uncertainty of 0.5 dB below 100 Hz but increased significantly to 3.3 dB at
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Figure 4.23: Standard uncertainty of vessel directivity at engine speed = 2000 rpm.
The repeated runs depict the uncertainty on the port, starboard, and total sides of
the vessel. Three panels are for the three observer platforms in Conception Bay

higher frequencies. The similarity in standard uncertainty between the drifting buoy
and ocean glider can be attributed to their similar methods of averaging for back-
ground noise measurement. Both platforms conduct averaging at different depths in
the water column, both prior to and following the experiments, in contrast to the
seabed-moored hydrophone, which involved averaging at a fixed received point over
the two same time periods.
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Figure 4.24: Comparison between the total vessel directivity calculated for the drifting
buoy, seabed-moored, and the glider for the two engine speeds 1500 and 2000 rpm
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Figure 4.25: Background noise and frequency response standard uncertainty of the
three PAM platforms

4.4 Conclusion

This study has yielded extensive insights into the characterization and measurement
techniques of underwater vessel noise. The study investigated the URN of a fishing
vessel through sea trials carried out in Petty Harbour-Maddox Cove and Conception
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(a) Drifting Buoy
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(c) Seabed-moored
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(e) Ocean glider
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(b) Drifting Buoy
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(d) Seabed-moored
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(f) Ocean glider
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Figure 4.26: URN of the vessel under testing with the uncertainty limits. Two speeds
are observed using the drifting buoy (a and b), seabed-moored (c and d), and ocean
glider (e and f). The total uncertainty is represented in a small panel associated with
each URN.

Bay, utilizing various platforms such as a glider, an array of hydrophones, and a
bottom-mounted hydrophone.

The study assessed the effectiveness of an ocean glider as a platform for passive
acoustic monitoring. The glider showed performance that was either comparable to
or exceeded that of traditional platforms in assessing vessel noise, while also achieving
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lower measurement uncertainties across the majority of frequency bands. The inves-
tigation highlighted the significance of taking into account environmental elements,
including sound speed profiles and bathymetry, for precise estimation of monopole
source levels.

The experimental data from this study showed that no single SL metric performed
best over all of the water depths, array geometries, CPA distances, and frequency
ranges. However, a robust metric should perform well over a wide range of measure-
ment conditions and not just over a narrow range of conditions. This is particularly
true when uncertainty in seabed geoacoustic properties is concerned, as these are diffi-
cult to measure reliably without considerable effort. Robustness across CPA ranges is
also desirable in shallow water because bathymetry restricts the distances at which hy-
drophones can be positioned to measure specific receiver angles. Generally, standards,
such as ISO-17208/1, ensure reproducibility by limiting allowable CPA distances to
an optimal range during URN measurements.

The investigation demonstrated that the engine plays a substantial role in the
vessel’s noise profile, especially at frequencies under 500 Hz, whereas the contribu-
tion of the propeller becomes more pronounced at elevated frequencies as a result of
cavitation phenomena.

Though marine vessels have various sources that contribute to their overall noise
signature, they can be assumed to be a single sound source point. This assumption is
a loose approximation because of the contribution to the underwater noise signature
of multiple complex sources. The methodology in this chapter is valid only for far-
field measurements (when the directivity of the source is not significant) or in the
assessment of retrofit-induced changes and noise reduction studies.



Chapter 5

Discussion: Direction of arrival
using a glider

This chapter is based on the published article:

• Advancing Glider-based Measurements of Underwater-Radiated Ship Noise, which
is under review in The Journal of the Acoustical Society of America, Vol.: 156(4)
and ISSN : 0001-4966 [Helal et al., 2024c].

5.1 Overview

One key motivation for PAM-type glider missions is not only to measure sound am-
plitudes or identify the source, but also to localize them [Jiang et al., 2019; Kowarski
et al., 2020; Stinco et al., 2021; Wang and Yuan, 2021a]. In general, locating a sound
source requires information on the time delay of receiving a signal between at least
three hydrophones required to identify an omnidirectional sound source. Processing
these time delays can be used to calculate the relative angle of the sound source to
the receiver (hydrophones), referred to in the literature as Direction of Arrival (DOA)
[Zhang and Rao, 2009; Yang et al., 2017; Li et al., 2019; Tokgöz et al., 2020]. For the
case of only two hydrophones, the time-delay information produced a mirror result,
allowing two possible sets of angles where the source (vessel) could be on the port or
starboard side of the glider. There has been some work with sound data to compute
DOA from a set of only two hydrophones to a moving sound target [Yang et al., 2017;
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Li et al., 2019]. Here, I attempted a different approach, utilizing the directional sensi-
tivity of the glider’s HTI hydrophones and showing an accurate estimation of DOA to
a moving sound source relative to the glider in two cases: (i) the vessel and glider have
the same heading; (ii) the glider and vessel have the opposite heading. This approach
is simple and can be used on platforms where both hydrophones are pointed in the
same direction. In addition, the limitations of this approach have been discussed.

0 1000 2000 3000 4000 5000
Frequency (Hz)

0

0.1

0.2

0.3

0.4

0.5

0.6

T
im

e 
D

el
ay

 (
m

se
c)

78
0 

H
z

88
0 

H
z

Figure 5.1: Time delay estimation at different frequency 1/3 octave bands

5.2 Time delay

The ocean glider was equipped with only two hydrophones, placed at a fixed distance
of 0.9 metres on the port and starboard wings. Orienting the hydrophones pointing
to the glider’s aft resulted in significant directional sensitivity to sound waves coming
from the glider’s back. The signal-to-noise ratio (SNR), the distance between the two
hydrophones (dH), and the characteristics of the sound source influence the frequency
range of the DOA estimate [Tokgöz et al., 2020; Stinco et al., 2021]. Time delay
was plotted against frequency, and the effective frequency range of DOA estimation
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in the study was between 790 and 820 Hz (see Figure 5.1), where the sound wave-
length is precisely twice the hydrophone separation distance [Zhang and Rao, 2009;
Chen et al., 2023]. The DOA depends mainly on the time delay (τ) between the two
signals received by the hydrophones. The zero time delay means that the source is
located precisely at 0◦ in the north direction. The time delay is calculated using the
cross-spectrum method [Tachioka et al., 2012; Chen et al., 2023]. The maximum pos-
sible time delay can be approximately 0.6 milliseconds, calculated as the relationship
between dH and the average sound speed (cw). Figure 5.1 illustrates an extended
analysis of the received sound levels that represents the change in time delay in the
frequency domain and reveals the distinct effective frequency range to estimate DOA.
The time delay was about to hit 0.6 ms at a frequency range between 780 and 880
Hz, which aligns with the theoretical estimation using the half-wavelength principle.

DOA = sin−1(τ.cw

dH

) (5.1)

5.3 Source heading relative to the glider

The glider’s pitch angle had a minimal variation during diving and climbing, less than
±1.2◦, which had negligible impact on sound arrival to the hydrophones. A 360-degree
view around the glider was considered to determine the vessel’s position relative to
the glider. The time delay sign was critical in determining the vessel’s position within
a semicircle. That analysis showed a negative sign indicating that the vessel was
located on the port side of the glider in both trials, and this is consistent with the
actual recorded geographic data during the sea trials. After identifying the semicircle,
the direction angle was reduced from 360 degrees to a range of 180 degrees. An
essential question at this point pertained to the vessel’s movement, precisely whether
it was aligned with or opposed to the glider’s heading direction. The received sound
pressure level was utilized to address the question. As a result, the received sound
level increased when the vessel was positioned behind the glider but lowered once the
vessel had passed the glider, as shown in Figure 5.2 a and b. This comparison is
feasible when the selected points are equidistant from the CPA.

Therefore, six points were selected prior to and after the CPA between the vessel
and the glider. The points shown in Figure 5.2 were approximately equal distances
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Figure 5.2: The received sound levels by the glider for six vessel locations before and
after passing the glider. The zero point is at the CPA. (a) The vessel and glider have
the opposite heading. (c) Show the received sound levels when both have the same
heading. (b & d) illustrate the mean and standard deviation of the received sound
levels at six locations before and after passing the glider

from the CPA (point ”0”). The received sound levels were measured at all 12 locations
of the vessel. The direction of the ship was determined by comparing the sound
levels received before and after the ship passed the glider at the corresponding points.
An increase in the average mean of received sound after the vessel passes the glider
suggests that the vessel is likely following a similar heading angle as the glider. In
contrast, a decrease in the average mean after passing the glider indicates that the
vessel is moving in the opposite direction of the glider. This allowed for precise
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identification of the vessel’s movement in relation to the glider’s trajectory.

The HTI hydrophones have consistent sensitivity from 50 to 10,000 Hz, with a
minimal uncertainty of ±0.1dB. Figure 5.2(b and d) display the mean and standard
deviation values for the received sound levels measured at six equidistant points before
and after the vessel passage of the glider. The standard deviation was evaluated to
represent the uncertainty in DOA, as it is a simple metric of variance in sound levels
received during the vessel’s approach and departure from the glider. This variation
is caused by the changing distance between the sound source and the receiver, as the
sound transmission is significantly affected by this distance.
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Figure 5.3: The DOA of the vessel relative to the glider is represented in black arrows.
Two trials represent the same and opposite headings between the vessel and the glider.

5.4 Angle correction

The DOA values were corrected after determining the vessel’s relative movement di-
rection to the glider. Figure 5.3(a) represents a trial in which the glider and the vessel
(9 knots) had the same heading, and the estimated DOA obviously pointed towards
the direction of the vessel at each point of motion. Figure 5.3(b) shows the opposite
heading between the glider and the vessel. The vessel was sailing at a lower speed
of 6 knots. Thus, the glider with two hydrophones successfully estimated the angle
of any sound source emitting a frequency above 800 Hz. However, the system is not
sufficient in getting the elevation angle because of one-dimensional spatial information
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using only two hydrophones. Additional experiments are necessary to improve the un-
derstanding of the glider’s ability to detect DOA under different operating conditions
and in lower signal-to-noise ratio (SNR) scenarios, such as sea trials during sea-state
3 or more. These experiments will provide insights into the glider’s reliability in prac-
tical scenarios. It is essential to acknowledge that the glider’s ability to determine
the distance of the source was limited by the number of hydrophones used. A third
hydrophone would need to be attached to estimate the distance from the glider to
the source. This would also enhance and verify the method used to estimate DOA.
In future trials with this glider, I intend to equip it with an additional hydrophone to
further evaluate this method.



Chapter 6

Conclusion

This research has successfully addressed the main research questions concerning the
performance of autonomous underwater gliders in monitoring and assessing vessels’
noise signature levels. The research questions were answered by studying the under-
water noise of a fishing vessel in Newfoundland and Labrador, Canada.

6.1 Sources of noise in a fishing vessel

Firstly, the overall results of underwater radiated noise have shed light on the signifi-
cant role of fishing vessels in contributing to the overall spectrum of oceanic ambient
noise, either while sailing or stationary. Specifically, the study highlights the sub-
stantial impact of fishing vessel engines on acoustic energy emissions, particularly
at frequencies of 63 and 125 Hz. Furthermore, the rotation of propellers induces
additional disturbances, notably at frequencies exceeding 250 Hz, primarily due to
cavitation events. The engine contributed more than 60% at low frequencies (below
250 Hz) and in specific bands (63 Hz, 100 Hz, and 250 Hz), with values surpassing
70%. The propeller substantially contributed more to the URN at frequencies ranging
from 16 Hz to 50 Hz and at mid-frequencies between 400 Hz and 4000 Hz.

These findings underscore the importance of comprehending and mitigating the
noise emissions of fishing vessels to safeguard marine ecosystems and minimize po-
tential adverse effects on aquatic life. To conclude, the first study was important for
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identifying the sources of noise on the fishing vessel being measured and determin-
ing its noise signature levels. This information was essential for involving the AUG in
conducting a similar investigation and investigating its performance in PAM missions.

6.2 Glider self-noise

The first topic of investigation was the gliders’ self-noise. This is a significant limita-
tion in their use for PAM missions. The self-noise was assessed through several dives
in shallow (< 70 m) and deep (< 210 m) water. The sources of self-noise were found
to be the actuated motors of the glider buoyancy engine, pitch battery-pack, and fin,
and the hydrodynamic noise was negligible due to its slow speed (< 0.4 m/sec). The
buoyancy pump created broadband noise between 10 Hz and 12.5 kHz for 26 seconds
during the first part of the dive. Before the glider reached the maximum depth, the fin
noise could be eliminated by averaging the sound level along the water column due to
its intermittent small intervals (< 0.5 sec). Thus, the gliders are capable of acquiring
acoustic data with a high signal-to-noise ratio during their descent and ascent while
simultaneously discarding data that has been contaminated by the noise emitted from
the oil pump.

In conclusion, the AUG is a quiet platform, and its use in passive acoustic moni-
toring missions presents numerous advantages and promising prospects for advancing
the understanding of the ocean environment. AUGs are versatile tools capable of
conducting various passive acoustic monitoring missions, including the measurement
of underwater noise generated by vessels and improved post-processing of source level
estimation. AUGs also allow us to collect extensive, autonomous data on temporal
and spatial variations across vast ocean areas, enhancing our grasp of oceanographic
characteristics and underwater noise levels.

6.3 Glider performance in PAM

Acoustic AUGs are versatile tools that can conduct various PAM missions, includ-
ing monitoring ocean soundscapes, detecting and characterizing marine species, and
measuring underwater noise from vessels. The understanding of oceanographic char-
acteristics and underwater noise levels can also be expanded by deploying AUGs,
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which allows us to collect helpful information autonomously on temporal and spatial
changes in large areas of the ocean.

In Conception Bay, the autonomous underwater glider was utilized to assess the
underwater noise signature of a fishing vessel similar to the one used in the early trial
in Petty Harbour-Maddox Cove with only the array of three hydrophones. A simulta-
neous comparison with two other fixed platforms was conducted. The findings show
that the glider’s data closely matches the data from other platforms, with an approx-
imate error range of 1 to 2 dB. The glider has a lower standard deviation between
repetitions than the hydrophone array at mid-frequencies (200–2000 Hz), indicating
its effectiveness in collecting acoustic data. The observations suggest that the glider’s
operating depth significantly impacts data quality. In one trial at 1500 RPM engine
speed, the glider almost reached the seafloor, causing increased uncertainty at low fre-
quencies due to the effect of long-distance low-frequency noise. I suggest conducting
multiple vessel runs (at least 5 or 6) at the same engine speed when measuring with
an AUG to minimize potential disturbances caused by the seafloor or water surface.

Moreover, due to the increase in glider position uncertainty in rough environmental
situations, acoustic gliders are unsuitable for quantifying the source level of ship noise
in harsh environmental conditions, despite their potential for URN monitoring and
identification.

6.4 Sound propagation loss

The second goal of this study is to investigate the ability of AUGs to improve sound
propagation loss models by using the oceanographic samples collected across the wa-
ter column. The advantage of this data holds the potential to shed light on sound
speed variations across horizontal distances and throughout the water column. By
integrating range- and depth-dependent oceanography data with seafloor acoustic
characteristics and its bathymetry profile, a more comprehensive understanding of
sound propagation behavior can be achieved in remote areas. This integrated ap-
proach is particularly valuable in shallow water environments, where reflections from
the sea surface and seafloor can significantly impact sound propagation. The combi-
nation of oceanography and PAM data collected by the glider promises to improve the
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understanding of sound propagation in a remote area without significant discrepan-
cies in the reported noise levels and the influence of diminishing over long distances,
particularly the low frequencies emitted from marine vessels.

The study used six propagation loss models to determine PL values at distances of
100 and 500 metres from the sound source in shallow and deep water environments.
The Holyrood trial showed that the simplified models ECHO, SCA, and M-A pro-
duced similar estimates of PL at 100 metres. However, as the distance increased, the
differences between models became more apparent. The PE model showed a signifi-
cant deviation from the other models below 200 Hz, leading to higher PL values. The
M-A model showed a significant deviation in the deep water trial, significantly above
200 Hz. The PE model showed a similar pattern, particularly in representing high
PL values between 30 and 150 Hz. Actual bathymetry data had a more minor effect
on the PE model than the flat assumption. These findings reveal the complex rela-
tionship between model choice, sound speed profile, and bathymetry in shaping the
understanding of underwater sound propagation. The agreement between PE models
below 250 Hz and the accurate representation of PL values above 250 Hz by the WNI
or simplified models with range-dependent SSP is significant.

6.5 Overall comments and recommendations

Despite these significant achievements, it is important to acknowledge certain limita-
tions in this research. The scope of this study focused primarily on fishing vessels and
their underwater noise emissions, with the potential for broader applications to other
vessel types. Methodological considerations regarding the estimation of measurement
uncertainties in passive acoustic monitoring data, particularly when comparing data
from different platforms, water depths, and environmental conditions, remain an on-
going challenge. A comprehensive methodology for estimating and reporting uncer-
tainties in passive acoustic monitoring of underwater noise is still under development
and requires further investigation.

In the Petty Harbour-Maddox Cove trials, the study employed a propagation loss
model that assumed a flat seafloor topology, as precise bathymetry data for the area
was unavailable. The previously mentioned assumption has the potential to introduce
a few uncertainties in the evaluation of sound propagation, which may impact the
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precision of the outcomes. Acquiring bathymetry data with greater precision for the
study area might improve the accuracy of the propagation loss model, as explained by
the Conception Bay trials where the seabed profile was available. Additionally, it is
crucial to validate the numerical PL models experimentally. A calibrated underwater
sound source and receiver should be deployed in the area of the sea trials, ensuring
the distance between them is aligned with the CPA values between the vessel and the
PAM system.

In conclusion, this study has provided valuable insights into glider self-noise and
sound propagation loss in shallow water environments. These insights hold consider-
able importance for researchers and marine scientists engaged in passive acoustic mon-
itoring and underwater acoustics, facilitating more accurate interpretation of acoustic
data and improved assessment of noise source impacts on marine ecosystems. Further-
more, the quest to establish a comprehensive methodology for estimating uncertainties
in passive acoustic monitoring remains an ongoing pursuit with the potential to en-
hance the reliability and comparability of PAM data in various oceanic conditions.

The use of AUGs for PAM missions leverages their mobility, endurance, and ability
to collect comprehensive acoustic data, making them a valuable tool for improving the
knowledge of marine ecosystems and informing conservation and management efforts.

6.6 Future work

Improvements to the study could expand our understanding of acoustic measurements
using gliders.

Increasing the number of hydrophones on the glider’s wings from two to three
would yield more extensive data. Relocating hydrophones to the glider’s hull may
influence results because of the glider’s self-noise and requires careful consideration.

Additional measurements in shallow waters (less than 150 m deep) are necessary
for a more accurate assessment of glider performance. Incorporating more categories
of vessel types operating under various conditions would produce more generic data.

To ensure accuracy, it is essential to experimentally validate the PL model using
a known sound source, especially in shallow water environments. That would help to
understand the impact of parameters on developing numerical PL models.
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Characterization of the underwater noise produced by recreational and small fishing
boats (¡14 m) in the shallow-water of the Cres-Lošinj Natura 2000 SCI. Marine
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C. Soares, A. Pacheco, F. Zabel, E. González-Goberña, and C. Sequeira. Baseline
assessment of underwater noise in the Ria Formosa. Marine Pollution Bulletin,
2020. doi: 10.1016/j.marpolbul.2019.110731.

Laurence H. De Clippele and Denise Risch. Measuring Sound at a Cold-Water Coral
Reef to Assess the Impact of COVID-19 on Noise Pollution. Frontiers in Marine
Science, 2021. doi: 10.3389/fmars.2021.674702.

Chenyang Zhu, Tomaso Gaggero, Nicholas C. Makris, and Purnima Ratilal. Under-
water Sound Characteristics of a Ship with Controllable Pitch Propeller. Journal
of Marine Science and Engineering, 2022. doi: 10.3390/jmse10030328.

Vanessa M. ZoBell, Kaitlin E. Frasier, Jessica A. Morten, Sean P. Hastings, Lind-
sey E. Peavey Reeves, Sean M. Wiggins, and John A. Hildebrand. Underwater
noise mitigation in the Santa Barbara Channel through incentive-based vessel speed
reduction. Scientific Reports, 2021. doi: 10.1038/s41598-021-96506-1.

Caroline Magnier and Cédric Gervaise. Acoustic and photographic monitoring of
coastal maritime traffic: Influence on the soundscape. The Journal of the Acoustical
Society of America, 2020. doi: 10.1121/10.0001321.

Gordon M. Wenz. Acoustic ambient noise in the ocean: Spectra and sources. The
Journal of the Acoustical Society of America, 1962. doi: 10.1121/1.1909155.

Mehdi Farrokhrooz, Kathleen E. Wage, Matthew A. Dzieciuch, and Peter F. Worces-
ter. Vertical line array measurements of ambient noise in the North Pacific. The
Journal of the Acoustical Society of America, 2017. doi: 10.1121/1.4976706.

G. Bazile Kinda, Florent Le Courtois, and Yann Stéphan. Ambient noise dynamics in
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Appendix A

Appendix A: Supplementary
information related to the
systematic literature review

The information extracted from the papers includes the scope and findings of the
presented research, the equipment used, the post-processing technique, and how the
study relates to the previous research. Table A.1 summarizes the key points of the
29 articles selected. A final screening was performed using the criteria presented in
Table 2.1. Eight articles were removed for the reasons explained in Table A.1.
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Table A.1: The selected articles in the systematic literature
review

# Author-
Date

Title State Reason

RQ1: Ocean source sound and/or Ship noise monitoring and assessment using ocean glider

1 Stinco et
al.,
(2021)

Detection of envelope modulation and
direction of arrival estimation of multi-
ple noise sources with an acoustic vec-
tor sensor

Included • Autonomous underwater glider used
as passive acoustic monitoring
• Self-noise of the glider was investi-
gated
• The glider detected the underwater
radiated noise of two types of a vessel
using cavitation-induced noise

2 Wang and
Yuan,
(2021)

Research on the ambient noise observa-
tion technology based on the underwa-
ter glider

Included • Autonomous underwater glider used
as passive acoustic monitoring
• Self-noise of the glider was investi-
gated
• Ocean ambient noise was monitored
by the glider
• The glider measured a passing vessel
noise
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# Author-
Date

Title State Reason

3 Gervaise et
al.,
(2021)

Optimizing passive acoustic systems
for marine mammal detection and lo-
calization: Application to real-time
monitoring North Atlantic right whales
in the Gulf of St. Lawrence

Excluded • Focus on determining the optimal
design of passive acoustic monitoring
systems
• Self-noise of the glider was not in-
vestigated

4 Tesei et al.,
(2020)

Tracking of multiple surface vessels
based on passive acoustic underwater
arrays

Excluded • Used wave-glider in measuring and
tracking radiated boat noise
• There is no presentation to the URN
of the boats, e.g., spectrogram or power
spectrum

5 Aniceto et
al.,
(2020)

Arctic marine data collection using
oceanic gliders: providing ecological
context to cetacean vocalizations

Included • Comprehensive study of oceano-
graphic variables and background noise
together with marine mammals detec-
tion

• Connection marine mammals-
ecosystem
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# Author-
Date

Title State Reason

6 Fregosi et
al.,
(2020)

Detections of whale vocalizations by si-
multaneously deployed bottom-moored
and deep-water mobile autonomous hy-
drophones

Included • Glider was used as passive acoustic
monitoring in detecting whales
• Representation of detecting data by
both the glider and a mooring system
• Self-noise of the glider was investi-
gated, especially the flow-induced noise

7 Baumgartner
et al.,
(2020)

Slocum gliders provide accurate near
real-time estimates of baleen whale
presence from human-reviewed passive
acoustic detection information

Included • Glider was used as passive acoustic
monitoring in detecting whales
• Self-noise of the glider was investi-
gated

8 Fregosi et
al.,
(2020)

Comparison of fin whale 20 Hz call
detections by deep-water mobile au-
tonomous and stationary recorders

Included • Glider was used as passive acoustic
monitoring in detecting fin whales
• Representation of detecting data by
both the glider and a mooring system

9 Cauchy et
al.,
(2020)

Sperm whale presence observed using
passive acoustic monitoring from glid-
ers of opportunity

Excluded • Free ranging marine mammals
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# Author-
Date

Title State Reason

10 Jiang et al.,
(2019)

The use of underwater gliders as acous-
tic sensing platforms

Included • Petrel II glider used as passive acous-
tic monitoring
• Self-noise of the glider was investi-
gated
• The glider used to detect underwater
noise sound sources
• Discussed the factors that affect
the measurement uncertainty using the
glider

11 Haxel et al.,
(2019)

Ocean sound levels in the northeast Pa-
cific recorded from an autonomous un-
derwater glider

Included • Slocum glider G2 used as passive
acoustic monitoring
• Self-noise of the glider was investi-
gated
• Representation of ocean ambient
noise levels collected by both the glider
and a long-term mooring data
• The glider detected vessel noise, and
Automatic Identification System (AIS)
data is used
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# Author-
Date

Title State Reason

12 Burnham et
al.,
(2019)

The presence of large whale species in
Clayoquot Sound and its offshore wa-
ters

Included • Glider was used as passive acoustic
monitoring in detecting large whales
• Representation of detecting data by
both the glider and a mooring system

13 Silva et al.,
(2019)

Temporal and spatial distributions of
delphinid species in Massachusetts Bay
(USA) using passive acoustics from
ocean gliders

Excluded • Self-noise of the glider was not in-
vestigated
• Free ranging marine mammals

14 Liu et al.,
(2018)

Using Petrel II Glider to analyze under-
water noise spectrogram in the South
China Sea

Included • Petrel II glider used as passive acous-
tic monitoring
• Self-noise of the glider was investi-
gated
• Glider used to assess ocean ambient
noise as a function of the water column
and different location

15 Bittencourt
et al.,
(2018)

Mapping cetacean sounds using a pas-
sive acoustic monitoring system towed
by an autonomous Wave Glider in the
Southwestern Atlantic Ocean

Excluded • Using surface glider instead of au-
tonomous underwater glider
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# Author-
Date

Title State Reason

16 Wall et al.,
(2017)

Mapping the soundscape of the South-
eastern USA by using passive acoustic
glider technology

Included • Slocum glider G2 was used as passive
acoustic monitoring
• Monitoring underwater ambient

noise for 29 days of recordings
• Marine fauna and vessels’ noise were
detected and classified by frequencies

17 Cazau et
al.,
(2017)

Measuring the marine soundscape of
the Indian Ocean with southern ele-
phant seals used as acoustic gliders of
opportunity

Excluded • Using animals as an acoustic glider
to map the soundscape

18 Wall et al.,
(2017)

Mapping the soundscape of the south-
eastern USA by using passive acoustic
glider technology

Excluded • Mapping soundscape
• Free ranging marine mammals

19 Suberg.et
al.,
(2014)

Assessing the potential of autonomous
submarine gliders for ecosystem mon-
itoring across multiple trophic levels
(plankton to cetaceans) and pollutants
in shallow shelf seas

Excluded • Ecosystem monitoring and pollutant
• Free ranging marine mammals
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# Author-
Date

Title State Reason

20 Matsumoto
et al.,
(2011)

Mapping the sound field of an erupt-
ing submarine volcano using an acous-
tic glider

Included • Slocum glider G2 was used as passive
acoustic monitoring
• Oceangraphy data collected by the
glider and aided to estimated propaga-
tion loss model
• Representation of volcano noise lev-
els collected by both the glider and a
mooring system

RQ2: Underwater ship noise measurement uncertainties in general

1 ZoBell et
al.,
(2021)

Underwater noise mitigation in the
Santa Barbara Channel through
incentive-based vessel speed reduction

Included • Investigated the effect of reducing
vessel speed on its underwater radiated
noise
• Discussed several factors that af-
fect the URN uncertainty, e.g., Lloyd’s
mirror, hydrophone depths, and power
averaging

2 Haver et al.,
(2021)

Large vessel activity and low-frequency
underwater sound benchmarks in
United States waters

Included • Investigated the seasonal changes
that impact the measured ship noise
levels
• Variability in measured ship noise
categorized by vessel types
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# Author-
Date

Title State Reason

3 Macgillivray
and Jong -
(2021)

A reference spectrum model for esti-
mating source levels of marine shipping
based on automated identification sys-
tem data

Excluded • No discussion for the uncertainties
of estimating source levels

4 Jiang et al.,
(2020)

Source spectrum model for merchant
ship radiated noise in the Yellow Sea
of China

Included • Shallow water measurement of mer-
chant ships
• Discussed the effect of the back-
ground noise levels on certainty
• Discussed the effect of range on un-
certainty

• Discussed the variability in ship noise
levels by vessel category

5 Magnier
and Ger-
vaise,
(2020)

Acoustic and photographic monitoring
of coastal maritime traffic: Influence on
the soundscape

Included • Monitored small boats in shallow
water using a moored hydrophone
• Discussed some the factor that im-
pacts the boat noise uncertainties
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# Author-
Date

Title State Reason

6 Peng et al.,
(2018)

Assessment on source levels of mer-
chant ships observed in the East China
Sea

Included • Shallow water measurements con-
ducted using moored hydrophones
• Presented the factors impact the
underwater radiated noise uncertainty
in shallow water

• Illustrated the significant parameters
that affect the numerical propagation
loss model

7 Simard et
al.,
(2016)

Analysis and modeling of 255 source
levels of merchant ships from an acous-
tic observatory along St. Lawrence
Seaway

Included • Investigated the ship source level
uncertainty for different vessel type
• Discussed the effect of the vessel’s
speed on radiated noise levels in low
frequencies (≤ 100Hz)
• Showed the importance of having
an accurate propagation loss model in
case of using only a single hydrophone
instead of three

8 Merchant
et al.,
(2012)

Assessing sound exposure from ship-
ping in coastal waters using a single hy-
drophone and AIS data

Included • Investigated the propagation loss
model uncertainty
• The effect of the untraceable small
vessels in mapping underwater radiated
noise was discussed
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# Author-
Date

Title State Reason

9 McKenna
et al.,
(2012)

Underwater radiated noise from mod-
ern commercial ships

Included • Discussed the uncertainty of under-
water radiated noise measurement of
large vessels
• Investigated the effect of the prop-
agation loss model in estimating ship
noise levels
• Recommended to categorize the

vessel by their type while processing
and reporting the underwater radiated
noise
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Table A.2: Summary to the selected articles related to the
use of the AUG with ocean ambient noise assessment

Author
(Year)

Mobile Platform Fixed
Plat-
form

Study Aim Mission Dura-
tion/Covered
Distance

Propagation
Loss Model

Data Representation

Wang and
Yuan
(2021)

• Petrel-II Glider
• Dive Depth: 1200 m
• Water Depth: 1600m

Not
specified

• Underwater
Ambient Noise as-
sessment
• One vessel de-
tected

7 h of record-
ing/5.2 km
(Straight line
operation)

Not Mentioned • 1/3 octave power spectrum
density (PSD) vs. depth and
time
• Frequency range: 63 Hz-
3.15 kHz

Jiang et al.
(2019)

• Petrel-II Glider
• First Dive Depth: 800
m
• Second Dive Depth:
1 Km
• Water Depth: 1400m

Not
specified

• Underwater
Ambient Noise as-
sessment
• Target Detec-
tion (azimuth an-
gle)

• First Dive: 55
h
• Second Dive:
92 h

• Used a known
sound source and
Sonar equation.

• Compared
to the cylindri-
cal and spherical
spreading.

• 1/3 octave p vs. Depth
• Spectrogram and PSD for
the glider self-noise
• PL Estimation vs. Range
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Author
(Year)

Mobile Platform Fixed
Plat-
form

Study Aim Mission Dura-
tion/Covered
Distance

Propagation
Loss Model

Data Representation

Haxel et al.
(2019)

• Slocum Glider
(G2 - 1000 m)
• Dive Depth:
Avg 625 m
• Water Depth:
<1000m

Yes • Underwater
Ambient Noise as-
sessment
• Comparison

with a fixed hy-
drophone

18-days/458 km
(Straight line mis-
sion)

• Cylindrical
Propagation Loss:
PL = 15 log(r)

• Range de-
pendent Acoustic
Model (RAM)
propagation
model using
measured sound
speed profile

• Frequency range: 10 Hz-4.4
kHz
• PSD and Spectrogram of
the whole mission
• Spectral Probability Distri-
butions vs. Depth (1st, 50th
and 99th percentile)
• 2-D scatter maps for am-
bient noise (Depth vs. Dis-
tance) in two frequency ranges
(1-1.05 kHz and 50 - 100 Hz)
• Spectrogram of Bioacoustic
signals

Liu et al.
(2018)

• Petrel-II Glider
• Dive depth: <1036 m
• Water Depth: 1100
m

Not
specified

Analyzing and
monitoring un-
derwater noise
spectrogram in
the South China
Sea.

26 km in 3 h
(Straight line mis-
sion)

Not Mentioned • Frequency range: 10 Hz-
3.15 kHz
• Frequency-Depth plot
• Spectrogram and Spectrum
level of the glider’s self-noise
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Author
(Year)

Mobile Platform Fixed
Plat-
form

Study Aim Mission Dura-
tion/Covered
Distance

Propagation
Loss Model

Data Representation

Matsumoto
et al.
(2011)

• Slocum Glider
(G2-1000 m)
• Dive Depth:
<950 m
• Water Depth:
1500 m-2500 m

Yes • Investigate
the ability of the
glider in volcano-
acoustic monitor-
ing.
• Comparison

with a moored
autonomous
hydrophone.

40 km in 2 days
(Straight line mis-
sion)

RAM-
propagation
model

• Frequency range: 10-860
Hz
• Received sound levels map
• propagation loss map
• Source level map
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Table A.3: Summary of measurement uncertainty by the se-
lected articles

Authors Method of measure-
ment

Vessels Source levels represen-
tation

Uncertainties

Mckenna et
al. (2012)

• One hydrophone
• Bottom-mounted system
• Hydrophone depth: 580
m
• water depth: 590 to 600
m

29 vessels • Broadband source level
(20-1000 Hz)
• One and One-third oc-
tave bands
• Versus ship speed

• Speed over ground ad-
justment
• Source depth
• Season
• Closest point of ap-

proach

Merchant
et al.
(2012)

• One hydrophone
• Bottom-mounted system
• Water Depth: 30 m

46 vessels were uniquely
identified by the AIS dur-
ing the measurement

• Broadband sound pres-
sure level (1 Hz-1kHz)
• Sound exposure levels

• Background assessment
• Ship density (non-AIS
vessels)
• Closet point of approach
• Propagation loss in shal-
low water
• Wind speed (variation
up to 20 dB)
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Authors Method of measure-
ment

Vessels Source levels represen-
tation

Uncertainties

Simard et
al. (2016)

• Three hydrophones
(ANSI/S12.64)
• Bottom-mounted system
• Hydrophones’ depths:
62, 161 and 288 m
• Water depth: 350 m

255 ships • OTOB source level
• Broadband source level
( 20-500 Hz)

• Source of noise directiv-
ity
• Tilt angle and its effect
on CPA precision (±1dB)
• Interference with other
sources of noise
• propagation loss using
spherical spreading

Peng et al.
(2018)

• One hydrophone
(ANSI/S12.64)
• A bottom-mounted sys-
tem with surface AIS buoy
• Water depth: 24 m

57 vessels (Container and
Bulk cargo ships)

• OTOB source sound
level
• Uncertainty statistical
analysis with the parame-
ters under investigation

• Background noise
changes over time
• Closest point of ap-

proach
• Source depth
• Receiver depth
• Bathymetry type
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Authors Method of measure-
ment

Vessels Source levels represen-
tation

Uncertainties

Magnier
and Ger-
vaise (2020)

• One hydrophone
• Bottom-mounted system
• Water depth: 50 m

Non-AIS vessels (more
than 550 boats)

• OTOB sound pressure
level
• Broadband (100 Hz-30
kHz) sound pressure level

• Spearman correla-
tion between sound pres-
sure and both distance and
vessel number

• Frequency range of in-
terest (shallow water low-
frequency attenuation)
• Closest point of ap-

proach (¡ 1.2 dB)
• vessel density (absence
of AIS)

Jaing et al.
(2020)

• one hydrophone
• Bottom-mounted system
• Water depth: 30 m

27 vessels (container,
cargo, and tankers)

• 20-1000 Hz broadband
noise

• Closest point of ap-
proach

• Background noise assess-
ment
• Source depth
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Table A.4: Standards and classification societies ship noise
measurement requirements

Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Source levels Measurement variability

Uncertainty • G-A: 1.5 dB
• G-B: 3 dB
• G-C: 4 dB

• -5 dB (10-100 Hz)
• -3 dB (125 Hz-16
kHz)
• -4 dB (>=20 kHz)

• ±4 dB for shallow
water
• ±3.5 dB for deep
water

• ISO-
17208/1/2

• ISO-
17208/1/2

Not specified

Repeatability• G-A: ± 1 dB
• G-B: ± 2 dB
• G-C: ± 3 dB

• -3 dB (10-100 Hz)
• -1 dB (125 Hz-16
kHz)
• -1 dB (>=20 kHz)

• ± 4 dB for shallow
water
• ± 3.5 dB for deep
water

• ISO-
17208/1/2

• ISO-
17208/1/2

Not specified

Instruments Specification

Frequency
range

• G-A: 10 Hz-50 kHz
• G-B: 20 Hz-25 kHz
• G-C: 50 Hz-10 kHz

• 10 Hz-20 kHz ± 2
dB

• 10 Hz - 50 kHz • Commercial
vessels (10 Hz-
50 kHz)

• Research ves-
sels (10 Hz-100
kHz)

• ISO-17208/1 • 10 Hz-50 kHz

Bandwidth • OTOB
• Narrowband for G-A
and G-B

• OTOB • OTOB • OTOB
• Narrowband
• Broadband

• ISO-17208/1 • 1/3 octave
band
• Narrowband
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Range Er-
ror

• ±10% • ±10 m • ISO-17208/1 • ISO-17208/1 • ±5 m Not specified

Tilt
(floating
devices)

Not specified • Not exceed 5◦ Not specified • ISO-17208/1 • ISO-17208/1 Not specified

CPA • Which is large be-
tween 100 m or 1 x
overall ship length

• Which is large
between 100 m or 1
x overall ship length
(<10 %)

• 200 ±10 m or 1x
ship length

• 100 ±10 m or
1x ship length in the
presence of anticipated
background noise

• 100 ±10%
m or 1x ship
length

• ISO-17208/1 • 100 m to 200
m

Hydrophones
Number

• G-A: Three
• G-B: Three
• G-C: One

• Three • Three • Three • One

Directivity • Omnidirectional • Omnidirectional • ISO-17208/1 • ISO-17208/1 • ISO-17208/1
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Hydrophones
Depth

• 15, 30 and 45 depres-
sion angles between
the water surface
and source-receiver
distance as function
in CPA (Pythagorean
Theorem)

• 20 ±5 depression an-
gle for Grade C

• 15, 30 and 45 depres-
sion angles between
the water surface
and source-receiver
distance as function
in CPA (Pythagorean
Theorem)

• Shallow: Bottom-
mounted (the distance
between hydrophones
is 15 m to 20 m, and
the deepest one should
be above the seafloor
by 3m - 5m)

• Deep :Floating
line where the distance
between hydrophones
is >30 m, and the
deepest one should be
above the seafloor by
(depth/2) m

• 15, 30
and 45 depres-
sion angles
between the
water surface
and source-
receiver dis-
tance as func-
tion in CPA
(Pythagorean
Theorem)

• Shallow:
-H1: 1/10 wa-
ter depth
-H2: 1/2 water
depth
-H3: 5 m above
the seabed
• Deep: ISO-
17208/1/2

• Hydrophone
bottom-
mounted 0.2
m above the
seabed

Underwater Environment Factors
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Water
Depth

• G-A: 300 m or 3x
overall ship length
• G-B: 150 m or 1.5x
overall ship length
• G-C: 75 m or 1x
overall ship length

• Shallow: Not spec-
ified
• Deep:
@ 150 m
@ or 1.5x overall ship
length

• Shallow:
@ >= 60 m
@ or 0.3x(vessel
speed)2

• Deep:
@ > 200 m
@ or 2x vessel’s length
@ or 1.5x vessel’s
length if ship >than
200 m

• Shallow:
@ > 60 m
@ or
0.3x(vessel
speed) 2

• Deep:
@ 150 m
@ or 1.5x over-
all ship length

• Shallow:
@ >= 60 m
@ or
0.3x(vessel
speed) 2

• Deep:
@ ISO-
17208/1/2

• Minimum
water depth:
0.6x(vessel
speed) 2

Mirror
effect
correction

• Interference pat-
terns are less in G-A
and increased in G-B
and G-C

• Smoothed by av-
eraging over the time
(Data window length)
and the hydrophones
• Linear correction for
Monopole source level

• Low-frequency cor-
rection term
• Smoothed by av-
eraging over time the
period and the hy-
drophones

• ISO-17208/1 • Shallow wa-
ter:
@ specify a
correction for
the Monopole
source level
• Deep wa-
ter:
@ ISO-
17208/1/2

• Correction of
(-5dB)
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Seabed
correction

• Directly propor-
tional with the dis-
tance to bottom-depth
ratio

Not specified • Seabed characteris-
tics must be known for
the propagation loss
model

• 5 dB reduc-
tion in SPL, if
the hydrophone
is less than 0.2
m above the sea
floor

• ISO-
17208/1/2

• Not specified
except the rec-
ommendation of
sloping seabed

Wind/
Sea state

• <=20 knots and de-
cent weather condition

• <=20 knots and de-
cent weather condition

• Not during a rainy
day
• Beaufort 2, floating
line hydrophone
• Beaufort 3, bottom
mounted hydrophone

• Sea State
<=3
• Maximum

wind speed <=
20 kt (Beaufort
4)

• Sea state 2
• Beaufort 4

• Sea state
3 can be ac-
cepted in con-
dition cases

• Sea state 3
• Beaufort 4

Propagation
loss model

• Spherical spreading
propagation loss equa-
tion (Normalized dis-
tance)

• Spherical spreading
propagation loss equa-
tion (Normalized dis-
tance)

• Numerical modeling
(less uncertainty)
• Simple equation

based on water depth
(high uncertainty)

• ISO-
17208/1/2

• ISO-
17208/1/2

• Distance
correction: 18
log(Range)
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Background
noise
correction

• A window of 30 sec-
onds
• Recorded at 2 km
apart from the PAM
• Recorded at the be-
ginning and the end

• A window of 30 sec-
onds
• At least 2 km apart
from the PAM

• A window of 2 min-
utes
• At least 2 miles

apart from the PAM

• ISO-17208/1 • ISO-17208/1 • ISO-17208/1

Vessel Operating Conditions

Speed • Maximum 50 knots
• Constant speed dur-
ing the measurement
window

• Constant speed dur-
ing the measurement
window
• Straight line

• Constant speed dur-
ing the measurement
window
• Straight line

• Constant
speed without
excessive rud-
der action
• Straight line

• ISO-17208/1 • <= 5 knots
• Straight line

• Constant
speed

Length • All surface vessels,
either manned or un-
manned

• All surface vessels,
either manned or un-
manned

• Any self-propelled
ships

• Self-
propelled
commercial
and research
vessels

• ISO-17208/1 • Any vessel
classed
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Parameters ANSI/ASA S12.64 ISO-17208/1/2 BV (2018) ABS (2018) LR DNV GL

Number
of runs

• G-A: 3 port / 3 star-
board
• G-B: 2 port / 2 star-
board
• G-C: 1 port / 1 star-
board

• Four runs in total
@ 2 runs for Port
@ 2 runs for Starboard

• Six runs in total
@ 2 runs at CPA
@ 2 runs at 1.5 CPA
@ 2 runs at 2 CPA
if ship GT>10000, 2
runs are accepted or
one run in a condi-
tion of using two hy-
drophone lines

• Four runs
in total
@ 2 runs for
Port
@ 2 runs for
Starboard

• ISO-17208/1 2 runs

Data
window

• ± 30◦ • ± 30◦ • ± 45◦ (step of 5◦) • ISO-17208/1 • ISO-17208/1 Not specified



Appendix B

Appendix B: The error between
the proposed numerical PL
compared to the ISO Standard in
Conception Bay trials
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Figure B.1: Error between the ISO 17208-2 and the other models at 100 m. The rows are representing the models as
follows: PE(R/I), PE(R/D), PE(R-B/D), WNI(R/I), WNI(R/D), ECHO, SCA, and M-A.
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Figure B.2: Error between the ISO 17208-2 and the other models at 500 m. The rows are representing the models as
follows: PE(R/I), PE(R/D), PE(R-B/D), WNI(R/I), WNI(R/D), ECHO, SCA, and M-A.
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