OCEAN SOUND FIELD CHARACTERIZATION USING
PROCESSING TECHNIQUES BASED ON NOISE SPATIAL
COHERENCE

by

Najeem Shajahan
Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
at
Dalhousie University

Halifax, NovaScotia
April 2022

O Copyright by Najeem Shajahan, 2022



DEDICATION

To my mother Naseema Beevi



CONTENTS

LISt Of TADIES. .. ..ot e e e e e e e e e e e e e e e
LISt Of FIQUIES ... e et et e e e e et e e e e et e et e e e
F N 015 1 = (o1

List of Abbreviations Used

Acknowledgements.

Chapter 1 INTFOAUCTION ..o e e e e
1.1 Ambient NOISE INthe OCEAN .......c.vii i e e
1.2 Vertical Coherence and Directionality.............ocovviiiiiiie i e

1.3 Research Objectives and Thesis Outline

Chapter 2 Quantifying the contribution of ship noise to the
underwater noise field

2.0 INTrOAUCHION. .. .o e e e e e e e e e e e e,

2.2 Data Collection

2.3Theory

2.3.1 Vertical coherence and Directional Density
] o ) o

2.3.2 Wind Driven Ambient Noise Model........ccooe oo i,
2.3.3 Ship Noise Model

2.4Data and Results

2.4.1 Acoustic Data ANalysSiS.........ccooiiiiiiiie i

2.4.2 Quantifying Ship NOISE........ciiiii e

2 D CONCIUSIONS .. et e e e e e e e e e e e

Chapter 3 Three-dimensional vessel localization with a pair of
vertically spaced, omnidirectional hydrophones......................



1 o To [F o3 1 o] o K PSPPSR .39

3.2 Vertical Noise Coherence in Alvin Canyon...........cccovcveviivieieviiveiieenn. 2 4
.21 STUAY @I a. ... e e e e et e e e e e e 2. 4
3.2.2 Acoustic Data ProCeSSINg.......cuvuuieiie it ie e e ceeieiienenen, 4 4

3.3 Modelling the Image Interference Effect...............cccoi i, 5 4
3.3.1 Homogeneous Hadpace.............ccovoe i e 5. 4
3.3.2 Pekeris Waveguide. ...........ccoiiiiiiiie e it 7. . .4
3.3.3 3D Computational Propagation Modelling.................................48

3.4 Results and DiSCUSSIONS..........cuvuiieiiniieieieniieveiieeeine e e eeeeeneeenne 3
3.4.1 Rang&stimation............coevve i . . 90 L LA
3.4.2 Horizontal RefractierGaussian Canyon Case............................ 55
3.4.3 Bearing EstimatiorAlvin Canyon...............ccoiiiiiiiiiiiiici e e 59

3.5 CONCIUSIONS. . ..ottt e e e e e e e e 2. B

Chapter 4 Mapping of surface gerrated noise coherence for
better signal detection.............coooiiiii i . 5...6

g I | 1 o o 3o ) 5 6
4.2 Theory-Array Gain and Vertical Coherence...................cccoevevieieveeen. 176
4.3 Mapping Ambient Noise Vertical Coherence..................ccecovvvvveiennnn... 0.
4.3.1 3D Ambient Noise Field Modelling..............ccooiiiiiiiii s 70
4.3.2 Environmental Input Parameters.............ccoovcevvvie i 71
433Numeri cal Simul at i ONS
4.4 Results and DISCUSSIONS. ... ...oiuuiieiie it O

4 S CONCIUSIONS ..ottt e e e e e e e 081



Chapter 5 Depth-dependent ambient noise modelling in

ChallengerDeeP ... ...vuiti e e e e e e .3 .. 8
ST A [ o1 (oo (3 Tod 1 o] o AN PP 3 8
5.2 Ambient noise Measureme@hallenger Deep...........cccovvviviieiie i ieiiiiiennns B

52.1Deep Sound and the Deep Acoustbc Land

522The 2014 Expedition ... S
5.2.3 The 2021 Expedition ...........d...

B 3T N B O I Y i e e B

531Threec omponent Noise Coherence M®del ....

532Ambi ent Noise and Sound Propag@&tion M

5.4 Results and DiSCUSSIONS..........cviriieieie e e e e veiieiieieee e ene e A 9
541Acoustic Data Processing ... Ao,

542Noi se Partitioning in Deep Wat é&r
5.5 CONCIUSIONS. . ....eie e e e e e e e e, . 0010
Chapter 6 CONCIUSIONS. ... et e e e e e e e . 8.10

G0 RS YU 1 1010 2P > B A O

6.2 Major CoNtribULIONS. . ... .. e e e e e e e e e 101
6.3 Future Research PrOSPECES. . .......c.viriiiiie it e e e e e e 112
R BB CES .. e e e 6 11

Appendix A Copyright PermisSionS.........c.oiiiiiiiii i i i, . . 128



LIST OF TABLES

Table 1: Test cases and corresponding environmental iINPUIS............cccocvviiiiieieen.

Vi

74



LIST OF FIGURES

Figure 2.1: The location of the ambient noise measurement site near Alvin Canyon...... 8.1

Figure 2.2: Spectrogramand windspeed vs PSD correlation.............cccoceviv e e e, 2
Figure 2.3: Thereal and imaginary CONErograml.. .. .........vveiieieee e e i ieieeeee e anas &
Figure 2.4: Model data comparison of COherence.............cooooiiiiiiiiiiiiici e, 31.
Figure 2.5 The absolute coherogram, best fir and the residuals............................. 3. 3
Figure 2.6: Therelative and absolute contribution of shipping.................................. 43

Figure 2.7: Correlation coefficient analysis between wind spgedd | nver t ed 5PSD.
Figure 3.1: The bathymetrpf the noisemeasurement site near Alvin Canyon (white star).43
Figure3.22.ThePSD and coherogram of a ship pashi ng.
Figure 3.3: The estimated vessel rangRAIS data.............coovviii i 2. 5

Figure 3.4: ThePSD, coherogram and estimated range f@@nd closeange ship passings3

Figure 3.5: The ickal Gaussian canyon bathymetry and the Transmission.Loss........... 75
Figure 3.6: TheTL and coherograras a function of range and sensor separation........... 8.5
Figure3.7.Thesound speed profile and acousti &0finger
Figure 3.8: Coherogram comparison between model and data..................................61
Figure 4.1 The real and imaginary coherence of isotropic and Steerman model......... 9. 6
Figure 4.2: Themaps ofenvironmental iNPULS............ovii i e e (2
Figure 4.3: The percentage differenbetween case 1 and.2..............covvvveiie i, 57
Figure 4.4: The percentage differenbetween case 2 and.3.............cccooviiiiiiiiii e, 87
Figure 4.5: The percentage differenbetween case 3and4...........ccocovviiiiiiiiiiiininnnn. 97
Figure 4.6: The two transects algrthe latitude......................c.coei i, 80
Figure 4.7: The Noise Gain estimate for a-#ement hydrophonaray.......................... 81

vii



Figure 5.1: Themeasured sound speed profiles in the Challenger.......................... .5

Figure 5.2: Thereal and imaginary coherogram measured in 2014....................c..... 6 9
Figure53:Ver ti cal <coherence at the sound chrannel
Figure 5.4: Thereal and imaginary coherogram measured in 2021.......................... 8 9
Figure 5.5: Model data comparison of real coherence in 2014..............c.ccooiiiieinnnns 100
Figure 5.6: The relative weight of noise sources in 2014.............c..ccooeiiii i iiinens ro

Figure 5.7: The absolute contribution of noise sources in 2014...............c..ccccovevne. 310
Figure 5.8 Model data comparisoof real coherence in 2021..............cccecveevevveenne... B0

Figure 5.9 The relative weight of noise sources in 2021............c.coovviiiiiiiiiiiienenns “uo

Figure 5.1Q The absolute contribution of noise sources in 2021..............cocevvieennne. 50

viii



ABSTRACT

Thespatial coherence aimbient noisean beused fomoisebased inversion studiesing
appropriate coherence modeisiditionally, the spatial and temporal properties of ocean ambient
noise are importarfactors to considein the design of passive and active acoustic systdrhs.
main findings of this thesis are presented in fchapters. Irchapter2, using a twecomponent
noise coherence model (wind and shipping), an inversion scheme is developed to determine the
relative and absolute contribution of frequengpendent sp noise to the total sound fielhd
demonstrated on a 29 day long ambient noise data sanple model of vertical coherence for a
broadband acoustic source is developethapter3 to understand the characteristics of the sound
field produced by ship at close range The measured coherence of a moving vessel near a
submarine canyon is compared with simulated results to obtain the ohtigevesselA case
study wherehe bearingand rangeof the shipare obtainedy exploiting theasymmetry of the
regionalbathymetry ishown In thefourth chapter, a map oferticalnoise coherence is generated
to study the environmental dependence of vertical coherdiite mesecale. These maps can be
used to design the ideal spacing of malément vertical ydrophone arrays in the continental
shelf and slope regions for signal detection optimization. Finallshapters, a threecomponent
(wind, closerangeshipping, and distant winend shipping) deptkdependent noise coherence
model is developed to idefytiand partition the noise field in deep water. Noise coherence profiles
measuredn Challenger Deeppcated athe southern end of the Mariana Trench, were used to
validate the applicability of the developed theanyl identify two deep water noise sceos: The
methods introduced in this thesis encourageuenf vertical pais of hydrophones in acoustic

monitoring of the ocean for soundscape Esidnd remote sensing.
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CHAPTER 1

INTRODUCTION

1.1 Ambient Noise in the Ocean

Ambient noise is nhormally considered as an interference in signal detection for underwater
acoustic applications such as transmission loss (TL) experimemsrwater communications
marine mammal monitoring, anEhssive and activeonar signal processin§ources of ambient
noise in the ocean can be broadly classified as naiugaithropogenic. Windhduced breaking
waves, rain, and biological sources are common sources of natural ambient noise. Ship traffic,
active sonar operations, and offshore coanstion and explorationare prominent sources of
anthropogenic noise in the ocean. Among these sourcesgeimetatedoiseand distant shipping
noise are omnipresent and the primary contributors to ambient noise in the\Wszan 1962)

The soundprodu@d by these sourcéslocation specific and exhilstoth spatial and temporal
variations depending on the source stresgtid propagation conditions.

The characteristics of ambient noise measured in shallow and deep water are different.
Normally, shalbw water ambient noise exceeds the noise level in deep water due to the proximity
of the seabednd relatively constrained geometry of the environméntshallow water, the
characteristics ofambient noise generated by surfalgtributed sources depend ahe
bathymetry, water column sound spedapthprofile, and sediment geacoustic propertiedn
deep waterboth localy generatedvind-waveand distarly-generated ship and winglavenoise
propagating through th®Ound Fixing and Ranging (SOFAB)annéare the primary influences

on the noise fieldwvith the effecs of sediment typdeingrelatively less. Thus, the prediction of



the noise fieldspatial propertiesequires knowledge about the properties of the propagation
environmentthe type of noise swces, and their spatial and temporal distributions

Secondorder statistics (power spectrum and crggsctrum) are generally used to
characterize ambient noise in the ocean due to the random nature of the signals generated at the
ocean surface. The mogsed metric for noise field characterization is the power or pressure
spectral densitywhich gives the frequency contenttbe received signallhe crosscorrelation
or crossspectrum of ambient noise is determined by analyzing the $ipaeecorrelatio
propertes of noisereceivedby a pair of hydrophonesnd these metrigsrovide the similarity of
signals in the time and frequency domain, respectively, and they are related through an inverse
Fourier Transform. Moreover, the creggectrum also providgenformation about the direction of
arrival and spatial extent dfie acoustic source.

In the ocean, theatmalized crosspectrum or coherence of ambient noise due to surface
generated sourcés.g. windgenerated waves$ a stable quantity, independent of source level
anddepends dy on the properties ofthe acoustic environment such #ee sound speed profile
and seabedsediment properties. However, in the presence of a second feuyce passing
vessel) the coheznce may vary depending on the source spectrum and position of the other source
(Deaneet al, 1997 Shajaharet al, 2Q20). The earliest model of noise spatial coherence was
developed by Cron and &man(1962) and comprised @ nearsurface sheet of soees in a
semtinfinite, homogenous, and azimuthally uniform ocganedicting the properties of a strictly
downward propagatingvind-wave generatedhoise field. An isotropic noise modelvas also
proposedwhereit was assumed that the noise fieldlegual intensity at all arrival anglesr a

uniform directionality Even though the CrotSherman model neglected reflection from the



seabed, the simulation results agreed well with deep \iatdr measurementgBarclay and
Buckingham, 2018; Barclay and Buckingham, 2018b

A similarly formulatedmodel ofsurface generated noise correlasionshallow watekvas
developed by Kuperman and Ingen{ft®80), andincluded the source characteristics, water
columnsound speedand seabedsediment acoustic propertieBhe modelled field relies on the
deriviation of normal modes in the waveguidguckingham (1980) derived aclosed form
expression for spatial correlation in shallow water assuming uniform sound spkledvdoss in
the seabed. Aotheranalytical solution for ambient noise vertical coherence based on ray theory
was developed by Harris§gh996)for a range independent environmemhich was later extended
for a rangedependent environment wilnon-uniform source distributio(Harrison 1997)

Carey (1990) estimated the noise spatial coherence for a vertical array in-depagdent
ocean using a Parabolic Equation (PE) model with randomly distributed surface noise sources. As
opposed to thpreviously described models that predict the expectation value of the sedand
statistics of the noise field, the output of the fully computational PE model provides a noise
snapshot. Such snapshots are useful for simulating the performance of cgneoessing
algorithms, such as matched field processing. On the other hand, predictions of expectation values
are straighforward to compare with ensemble averaged values from real measurements and have
been widely used as a tool for determining ocealr@mmental parameters using passive acoustics
(Carboneet al, 1998; Barclaet al, 2019).

Ambient noise data contains information about the environment since the sound interacts
with the ocean boundaries and the water column before reaching the hydsophtomepectral
characteristics of lonterm ambient noise data from a single hydrophone can be used to determine

the wind speed and rainfall raf¢agle et al, 1990; Nystueret al, 1993).Buckingham (1987)



developed a technique to estimate the compreaksound speed of sediment using ambient noise
spatial coherence. Noise can also provide information on the geoacoustic properties of a layered
seabed in shallow watéCarboneet al, 1998) The technique developed by Harrison and Simons
(2002) used nse measured on a vertical hydrophone array to obtain thbastdm profile.
Extraction of timed o mai n Gr een’ s {carelaidniofeambientnoise $ a majoo s s
finding in noisebased inversions with many applications, including passiveriaversal(Sabra
et al, 2005) Temperature and current speed can be inverted using noise measured on horizontally
separated sensof(&odin et al, 2014; Woolfeet al, 2015) Passive fathometer processing is a
technique developed to get the water column deypith subkbottom profile by extracting the
Green's function from a vertical arré§ideriuset al, 2006) Recently, matched field processing
techniques have been developed to obtain seabed reflection loss from ambient n{idezilata
al., 2018) All these applications use either the direct measurement of noise coherence or matched
field processing techniques to study the ocean environment.

Apart fromenvironmental information extraction asdnar performancanalysis ambient
noise data have been widely used to monitor marine animals and determine their acoustic habitat.
In addition, identifying the humageneratedoundsources and quantifying the impact of these
sources on the acoustic habitat is currently a magar af study and application of passive acoustic
monitoring (PAM). Anthropogenic noise, especially ship traffic in the ocean, causes the risk of
masking, distraction, change in behaviour, physiological stress, and injury to aquatic animals
(Merchantet al, 2014).

The ambient soundscape is the combination of all sources present in the environment, and
the existence of multiple sources complicates the interpretation of soundscape using sound

pressure level (SPL) or power spectral density (PSD). Extractbecttbn, and classification of



sound sources present in the environment is possible using advanced processing methods such as
Machine Learning (ML) and Empirical Mode Decomposition (EMD) (Berneaat 2019; Caruso
et al, 2020; Segeet al, 2018). ML tetiniques use seleéarning algorithms to identify sources from
acoustic measurement, but the main limitation is the requirement of an excessive amount of
training datasets (Biancet al, 2019). EMD clearly identifies the sound sources present in the
envirorment by decomposing the time series into a set of modal functions &eajef018).
However, the method is sensitive to ambient noise conditions and the performance of EMD
degrades when the signal contains extreme amplitude such asatigseshippingBecause of the
dynamic nature of the ocean environment and the widely varying structure of ship noise source
signatures, the use of PSD is not adequate for precisely quantifying the anthropogenic contribution
to thenoisefield above the natural backgralimoise (Gibbet al, 2019). Incorporating source
identification and source features is important in comparing the soundscapes of various locations.
Thus, it is essential to use multiple sensors and develop new phgsies processing methods
for soundscap interpretation and source identification which can help to frame mitigation
strategies.

Other than soundscape studies, PAM systems can also be used for the detection and
tracking of marine mammals and ships. Most of the PAM systems use single accostierseto
identify vessel activity and the presence of aquatic animals (Klirsd 2020; Sanguinett al,
2021). The limiting challenges for source localization with a single sensor are multipath
interference and low signéb-noise ratio (SNR). Growgn computational power and enhanced
storage capacity facilitates the use of multiple sensors and advanced processing tools for target
classification and localization. Cohereduased detection and tracking is convenient and reliable

since it enhances thégeal and reduces the background noise. This can help in the sustainable



management of the marine environment by implementingiraaldetection of vessels and marine
mammals.

Vertical coherence of ambient noise and its horizontal variation play alcroleian the
design and positioning of hydrophone arrays in acoustic experiments due to its relationship with
the array gain (Urick, 1967). In most of the studies, hydrophone arrays are designed to reduce the
spatial coherence of ambient noise by keepliregelements at halavelength spacing based on
the isotropic noise model (Yangt al 2018). However, the propagation condition of the
measurement location influences the noise coherence function and the array performance.
Moreover, accurate finscale p at i al measurements (resolution
over a large area are difficult to obtain due to high experimental cost motivating a need for
predictive models of noise coherence. Modelling the spatial properties of noise, both the spatial
variability and spatial correlations, is a useful prerequisite for the successful execution of active
and passive acoustic experiments and operations. Predictions of noise correlation may be used to
inform sonar array design (e.g. receive element spacid@perating frequency) while knowledge
of spatial variability may be used to optimally choose the array location.

Long-range acoustic propagation experiments use +aldthent hydrophone arrays to
better understand the basic physics of-fosguency, bradband sound transmission (Mugtkal,
1995; Worcesteet al, 1999; Coloset al, 1999). The main limitation of these experiments is the
signal processing difficulty caused by mesoscale ocean processes and background ambient noise.
The types of noise sowes, spatial distribution, and environmental characteristics are important
factors in signal processing at long ranges. A prerequisite for such experiments is a model of spatial
coherence which can incorporate the source types, propagation conditionsequendy

dependence of background noise. The main drawback of available models -efadeepoise



coherence is the exclusion of sound sources other than surface agitation and sound refraction due
to the environment (Buckingham, 2012; Buckingham, 2013)s;Ttine development of a spatial
coherence model for deep water which can distinguish major sound sources and their
spatiotemporal variation is crucial. The model can be used in the signal processing -of multi
element receivers to improve the efficiency cbastic tomography.

The above limitations in ocean acoustics can be addressed by using coherence as a metric
in the acoustic data processing. Coherence can serve as a tool in source localization, environmental
inversion, hydrophone array design, leragnge acoustic propagation, and source identification
and classification. Coherenb@ased analysis, discussed in this thesis, is capable of separating
source components and identifying the variation of each source with respect to space, time, and
frequency, poviding a new tool for PAM analysis with relevance to bioacoustics and acoustic
ecology. Another advantage of noisased inversion techniques is that they only exploit the
existing sound in the ocean, without introducing additional sound which may harimema
mammals and soniferous fishes. Hydrophone pairs can be easily attached to moorings, drifting
buoys, and profiling floats for large scale ocean monitoring. The scope of two sensor
measurements in ocean monitoring opens new practices for passivecadatastinalysis.

The overall objective of this thesis is to develop coherdased processing techniques
for partitioning the noise field using the relationship between noise directionality and vertical
coherence. The partitioned field can then be aealya better quantify the impact of individual
contributors to thenoise field and to improve models of physical processes contributing to
underwater noise. These models may further be used to estimate ocean and seabed properties.
Thus, noise coherence algrovides an effective tool for monitoring oceanographic and

geoacoustic properties. The relationship betweertical coherence and theoise field



directionality as well as simple analytical models of vertical noise coherence are described in the

next fction.

1.2 Vertical Coherence and Directionality

Let w 0 be the time series of acoustic data measured using a hydrophone. The frequency
content is then given by the Fourier Transform,
Y . woQ Qo (1.1)
where®] is theFourier Transform ofo 0 ,] is the angular frequencgndQ W p. The

PSD of the time series is computed as
o 0 =2 (1.2)
wherethe angle bracke®Cindicate an ensemble averaged T is the observation duratiorin

the case of two separated sensors, the time series of received noise can be represented as

and @ 0O, respectively. Applying Eq. (1.1), the cross spectral density can then be calculated as
gy, o0 &2 O (1.3)

wheredd 7 and® ] are the Fourier transforeof time series received at the two sensansl

* denotes the complex conjugafEhe cross spectrum is a complex quantity where the real part
and imaginary part are the -spectrum and quadrature spectrum, respectively. The real part
representshe inphase signal and imaginary part is the-ofdphase signalJsing Egs. (1.1) and

(1.3), the spatial coherence of noise fluctuations received at two sensors is determined by

normalizing the cross spectral density (CSD) with the individual PSD of each sensor and is given

by

(1.4)



The spatial coherence provides #imilarity of signals received at two sensors in the frequency
domain. In a plane wave noise field, the PSD is independent of its measurement position in the
water column (Buckingham, 1980). Under this assumption of a spatially homogeneous
environment, Cox1973) derived an expression for coherence in terms of the vertical directionality

of noise field
3 ] - "0—1Q OEIQ — (1.5
under the normalization condition
- 'O0—O0EI— p, (1.6)
where"O— is the twadimensional (vertical) directional density function of the total nbedd,
—is the polar angle measured frénezenith andt -, is the time delaywhered is the spacing

between the verticallgeparated sensors aads the local sound speetihe linear relationship

between vertical coherence and directionality is evident in Eq. (1.5). Thehagttside of Eq.

(1.5) can be expanded into real and i maginary
to the reabnd imaginary parts of the noise coherence. Since the noise directionality is necessarily

real, the real part of coherence is then an even function about the horizental , which

indicates a symmetry of the noise directionality about the horizdntabntrast, themaginary
component is an odd functiafout the horizontalnd describes tressymmetic component of the
noise directionality

With the aid of C o ximpte amalgtioah modetsnof npigegspatiall 1 . 5)
coherencean be derivé First, @nsiderthe simple case @& plane wave striking two vertically
oriented sensors separated by a distah@leng the zaxis (Jenseret al, 2011) Theimpinging

soundat these two sensors can be represented as



€ 0Q ande 0Q , 1.7
where A is the amplitude andk ¢“j_is the wavenumberand _ is the wavelengthThe

normalized crosspectrunof the sound wave is

If the noise is coming from the horizontal directier “j ¢ , the spatial correlation is 1
for all values ofd. If the noise is directly coming from above- 11, the real coherence is a
cosine curve withihefirst zerocrossinglocatedat’Q _j 1. As —increases from zero, the first
zerocrossing appears atvalusfsl _j t  &hwherem & _ 18Thus,apositive value for
coherence for a vertically oriented sensor can be interpret@gregcoming from horizontal or
nearhorizontal direction.

In the case of ansotropic noise modelthe noisefield is assumed to benade up of a
superposition of plane waves distributed uniformly over all directions. The spatial correlation for
such a noise field is determined by computing the coherence for a simgenalae between two
points and then averaging over the polaiand azimuthal angles , respectively

3 Q Qe 0 OB —
3 Q —F. 2.9

Since the noise fieldlirectionality is symmetricabout the horizontafor the isotropic
model,only the real part of coherence exists, Hr@imaginary component is zerbhis simplified
model is often the basis for sensor spacing selection in array design. EQ. 1.9 hasr@szerg
at’Q _j ¢, implying that the noisearrelation between sensors is zero at the design frequency

corresponding to an element spacing of a-ialfelength. Such an element spacing allows noise

gain to be minimized across the array under this specific noise condition.

10



A more realistic model cfpatial coherence is the surface noise model of Cron and Sherman
(1962)wherethe noise sourcemeuniformly distributedn a horizontal plane immediately below
the ocearsurface The ocean is assumed to be a serinite homogeneous ha#fpace with a
pressure release boundarkzimuthal uniformity of the noise field with only downward
propagating noise is considered. Each noise source at the surface has a corresponding image source
placed across the boundary, and the pair act as a dipole. Integkegiragl ranges, the directional
density function for such a noise field can be give(Baskingham2011)
00— T1AT-6 1 — “jg¢ (1.10)
T “jg — "
The vertical coherence in terms of wavenumber catiebiged by substituting Eq. (1.10) into Eq.

(1.5), giving
s 1 ¢ @ Al -@Ed—

q ¢Q— —. (1.1)

This function is the Crosherman formula for ambient noise coherence in deep water. Eq. (1.9)
is a real valued function and Eqg. (1.11) is a complex function. Since the noise field has only a
downward traveling component, the noise directionality is amipimt, and the result is@mplex
coherence functiorhus, he anisotropic nature of noise field cansbhediedusingambient noise

coherence measurements.

1.3 Research Objectives and Thesis Outline

The purpose of this thesis iscombinesignalprocessing and noise modelling methods to
better understand tremposition, time variability, and spatial structure of slseannoisefield.

Ambient noise measurementnd appropriate noise coherence models are used for the

11



implementation of each method@he objective, approach and application of each technique
developed in this thesis distedbelow.
1. Quantify the contribution of ship noise to the underwater noise field.
A two-componenthoisemodel of vertical coheren@®nsisting ofwind-driven wave nise
and distant or close ship noise is developmda shallow water environment (Chap. 2n
inversion scheme is established to determine the relative and absolute contribution of frequency
dependent ship noise to the tataisefield and applied to a onth-long dataset collected on the
New England shelfThis processing technique has the advantagpianhtifying the impact of
anthropogenic noise in the ocean without prior knowledge of environmental information such as
wind speed and ship distribution.
2. Determine the range and bearing of a broadband acoustic source using vertical coherence.
In Chap. 3 a simple model of vertical coherence for a broadband acoustic source is
developed. This model can be used to understand the characteristics of the $dyommddieed
by ships at close range 10 km) The measured coherence of a moving vessel near a submarine
canyon is comparetb simulated results to obtain the range of the sitge the bearing of the
shipcanbe determined using al3 sound propagation model by exploiting tamyonbathymetry.
Coherencébased range estiniah shows highreliakility because ofts wideband nature and
insensitivity to signato-noise ratio (SNR) effects
3. Noise coherence mapping
A map of wind-generatednoise coherence is developed to study the environmental
dependence of coherenceeolarge (mesoscalggreas A PE sound propagation model based on
reciprocity theory is used for the simulation of noise field and spatial cohdiarotay and Lin.,

2019) Sound speed profile, sediment type and spatial variatiotha@rbathymetry are the

12



environmental parameters used for the simulation of the noise coherencEhmagsults of this
analysis can be used as a reference in planningsdhar, PAM and other passive acoustic
experiments in regions with insufficient environmental information available for array design.

4. Depth-dependent noise coherence model for deep water.

In Chap. 5 a threecomponent noise coherence modemprised ofocally generated wind
wave noisecloserangevesselsandcombineddistant windandshipping as the major sources is
developedThe model isused as the basis for an inversion tool on heise coherence profde
fromtheChallenger Deep, Mariana Trendtis methods used to partition and extract the depth
dependent contribution of natural and anthropogenic soasce®ll as local and SOFAR channel
propagating sources deep water.

The rest of this thesis is organized as follows:

Chapter 2 presents thibeory, numerical results, and experimental validation of the noise
partitioningtechnique. The source localization method using vertical coherence is described in
chapter 3. The analysis to study the spatial variation in noise coherence is presemgden4
The theory and experimental verification of the thteenponent noise coherence model for deep
water applications are shownghapter 5. Finally, a summary of the thesis, major contributions
and future work prospects are discussechapter 6.

Four manuscripts are prepared based on the research results of this thesis. Chapter 2 was
published in theJournal of Acoustical Society of American d e r the title * Qu

contribution of ship noise to 2020)e under water

13



CHAPTER 2

QUANTIFYING THE CONTRIBUTION OF SHIP NOISE
TO THE UNDERWATER NOISE FIELD

2.1 Introduction

Thenoiseof surface distributed sources such as breaking waves and rainfiaildjuitous
i n the woandndisegene@teddhy ships is detectable in nearly every ocean(ldéesinz,
1962) The increase in commercial ship traffic is responsible for an incredses éfequency
(0.2-1 kHz) noise by about 3 dB/decade since 1960 due tgltiml economic growthwith a
flattening in recent yea(®IcDonaldet al, 2006; Chapman and Price, 201liskr2012; Miksis
Olds and Nichols, 2016; Harrt al, 2019) Noise produced by vessel traffic dominates the
typical deep ocean spectrum below 1 kHz, while aboveulat the noiseof wind-generated
breaking wavegrevails. The resultant ambient noise field at low frequencies depends on ship
traffic density and ship source spectrum level and can be as much as 40 dB higher than the typical
wind noise levels in the same bafWales and Heitmeyer, 2002)increases in anthropogenic
noise due to shipping can mask the effective communication range, alter habitat use, impact
behavior, and increase stress among marine speciear@adyrowing concern foresearchers
working in marine ecologye.g. Rollandet al, 2012; Popper and Hawkins, 2016; Putlabdl,
2018) As a result, Passive Acoustic Monitoring (PAM) has become widely used in ocean
monitoring and longerm ambient sound recordings have been used with Automatic Identification
System (AIS) data and sound propagation models to study anchmappgact of ship traffic on
the marine habitgErbeet al, 2012; Merchanet al, 2012; Gervaiset al, 2015; Aulanieet al,

2017) These approaches use metrics derived from power or pressure spectral density to study the
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marine soundscape and the potential impacts of anthropag@aesources on the overall noise
field and marine animals. However, because of the dynamic n&netucal ambient noise driven
by wind speed and direction, searface roughness, bathymetry, fefelgleet al, 1990) surface
current speed and direction, and rainfallystuenet al, 1993) quantifying the contribution of
anthropogenic sources above the changing background level is challengings Ghapter a
method of source separation based on the lingationshipof the directionality and vertical
coherence of surfaegenerated and distant and cloaage vesseajenerated noise is used to
guantify the time series of the relative and absaatgribution of shipping activity to the undersea
soundscape in a montbng data set.

In shallow water the spatial properties of the ambient noise generated by surface
distributed sources, including the directionality, depend on the bathymetry, watemcsbund
speed, and sediment gaooustic properties. In the case of the seabed with a sound speed faster
than that in the water, the critical angle can be measured and used to estimate the value of the
compressional sound speed in the sedirfiguntkingham and Jones, 1987he normalized cross
spectral density, or the vertical noise coheresclrectly related to the directionali(Cox, 1973)
and can be used to infer the geoacoustic properties in a Pekeris (fwie)gwidgDeaneet al,

1997) a shallow water elastic waagriide (Carboneet al, 1998) and a multilayered seabed
(Barclay et al, 2019) Direct measurements of noise directionality, coherence, and- cross
correlation using beamformed vertical line arrays and rabdséd matched field processing
techniques have beesad to invert highresolution bottom reflection loss coefficiei&deriuset

al., 2013; Muziet al, 2015; Muziet al, 2016 Muzi et al, 2018) and to passively detect the sea

floor depth and subottom layering(Sideriuset al, 2006) It has been shown that the water
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column sound speed profile and attenuation in the deep ocean can be inverted using the vertical
coherence of amhn noise(Barclay and Buckingham, 2013a; Buckingham, 2013)

The noise coherence is a normalized quantity, independent of theamneg frequency
depenént power spectral density typically observed in ocean noise. It is insensitive to source
strength and the slope and spectral shape of the background noise which can vary from site to site
in shallow watefIngenito and Wolf, 1989) In inversion applications, the stability and wideband
nature of the vertical noiseoherence function allows estimates of seabed bottom loss and sub
bottom structuréSideriuset al, 2006)

In general, the vertical directional density function changes depending on the distribution
of sources and their relative dominance. When surface noise sources-arefaon, for instance
during a finitesize rain storm, the noise coherence will reflect the location and size of the storm,
and rate of the rainfa{Barclay and Buckingham, 2013biror an individual source, such as a ship,
conventional propag@n modelling methods can be used to predict the phase interference, or
crossspectral density, across an array. Broadband matched field processing on a vertical line array
has been proven an effective technique for source ranging with many appdi¢Baggeroeiet
al., 1988; Brienzo and Hodgkiss, 1993)hough the majoritpf matched field processing studie
rely on coherent processing across large aperture arrays, these modelling techniques are also well
suited for predicting the coherence of ship noise on aetement vertical array. In the case of
distantly generated ship noise, which may originate fsomumber of vessels, the addition of the
first few normal modes to the noise field has been shown as an accurate model of the vertical
coherence in a shallow water wavegu{@eaneet al, 1997) In this chapter, ¥ treating the
pressure time series on a pair of vertical receivers as a linear combination of two processes, wind

driven wave noise and distant or close ship noise, the relative and absoluteutiontob each
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field to the overalhoise fieldarecomputed. This is particularly useful in the context of PAM,
where metrics include the sound pressure level (SPL) and sound exposure level (SEL) computed
over various time intervals and frequency bafiMartin et al, 2019) By first carrying out the
source separation described here, tt@mputing these metrics, the contribution of ship noise to
SPL and SEL, in absence of any contribution from the natural background noise, may be uniquely
determined and exactly quantified.

The rest of thehaptens organized as follows: Secti@2 descibes measuraentdetails
and auxiliary data used for the analysis. SectihB shows the linearelationshipof vertical
coherence and directionality and descsiblee method to determine the relative and absolute
contributions of separate sources to ttaltfield. Vertical noise coherence models of ward/en
ambient noise and ship generated noise are presented in SB@&ioim Section2.4, the
experimental results are described and the implementation of the analysis technique using the
coherence modke is shown. Sectio.5 discusses the application of coherebased ambient

noise data analysis for quantifying the contribution of anthropogenic noise.
2.2 Data Collection

The acoustic data used in this analysis were collected on a verticadepiayed near the
head of Alvin Canyonlocateds out h of Martha’'s Vineyard, Ma s s
propagation and ambient sound monitoring experiment. The array was deployed from the R/V Nell
Armstrong on the final leg of the scientific verdion cruise from Fairfax, Virginia to its home
port, Woods Hol e, Massachusetts. The | ocation
32.94° W, and 241s The watemcolumn deptk at theimoering location is 350 m.
29 days of contiuous sound pressure time series data were recorded from April 6th td"May 4

2016 wusing Woods Hole Oceanographic I nstitute
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(SHRU) configured as a Vertical Line Array (VLA) on a ssdrface mooring. The SHRU VLA

consisted of four hydrophones with the4opst sensor (channel 0) positioned at 211.05 m below

the surface, and the remaining sensors at depths of 219.03 m (channel 1), 219.87 m (channel 2),

and 220.55 m (channel 3).

The hydrophones used in this stedy ehannels 1 and 3,

corresponding to an interelement spacing of 1.52 Al. four channels were simultaneously

sampled at 9765.625 Hz and subjected to a-pags filter giving an acoustic bandwidth from 10

- 4880 Hz. The receive sensitivity of the onaiiectional hydrophones was reported by the

manufacturer asl70dBrep &I* 0.0
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Figure 2.1 The location of the ambient noise measurement site near Alvin Canyon (red star) and the

offshore surface mooring of Pioneer Array Network (black star).
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Temperature and pressure sensors were attached along the mooring and recorded the water
column temperature and mooring tilt and sampled every 30 secoidsd speeddatawere
coll ected from the Centr al Surface bbovatory ng ( C
network known as the Ocean Observatories Initiative Pioneer Array. The surface mooring,
carrying a full meteorology sensor package, provides wind speed adjusted to a height of 10 m
above the seaurface and is located approximately 30 km froenadboustic receiver, at39 6 . 2 2’
N, 70° 52.62W, shown in Figure 1. The data were accessed via the Ocean Observatories Initiative
data portalNSF Ocean Observatories Initiative Data Portdheoacoustic seabed properties at
the expemnent site were determined using US Geological Survey data which reported a

compressional sound speed of 1620 (Risidet al, 2005)

2.3 Theory

2.3.1 Vertical Coherence and Directional Density Function

The underwater ambient sound field may be comprised of a linear superposition of two or
more noise generating processes provided they are uncorrelated. In the case presentéskhere,
produced bywindgener at ed waves breaking at the ocean’
vessels are considered as the primary contributions to the ambisafield measured on two
vertically-separated receivers. The acoustic pressure time series at the twallyesijcarated
receivers are given by

wo U O UL O (2.1)
and
wo L o U o, (2.2)
where0 0 is due to breaking surface waves and is due to vessels on tiwth hydrophone.

The two terms on the rigiitand side in each equari are uncorrelated, while bath 6 andv 0
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have some spatial correlation across the two hydrophones. Thepeassal density between two
sensors,Y is given by

oy, o 22° 23)

where X; is the Fourier transform af, 7 is the angular frequency, * denotes the complex
conjugatethe angle bracke®QOndicate an ensemble averagedT is the observation duration.
Wheni=j, Eg. @.3) describes the power spectral density. Combiningakogns(2.1) —(2.3) and
noting thatthe ensemble averages of uncorrelated terms go to zero, thespgeassl density

becomes
oY1 O — (2.4)
whereW andV; are the Fourier transforms wf andv; respectively and their dependence on the
angular frequencywy, isimplied.
Assuming that both the wave and vessel generated fields are spatially homogenous away
from the ocean boundariesd for small receiver separatio(Buckingham, 1980), the power

spectral density of the total received signal, as well as its campgrare independent of receiver

position, thus

oY O 0Y Q (25)
w w0 w w'Q (2.6)

and
o w0 w wo (27)

The normalized crosspectral density, or coherence, given by

(2.8)

can then be found hbgsertingEg. 2.4) into 2.8) and exploiting Eqs2(5) — (2.7), giving
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(2.9)

The denominator in both terms on the rigland side is the total received power on either sensor,
while the numerators atbe crossspectral densities of the wagenerated noise in the first term
and vessegenerated noise in the second.

To further simplify Eq. 2.9), we define the frequency dependent fraction of total noise

power due to vessels as

6 0°0
5 0’

[

(2.10)

while the fraction of the noise field due to wayenerated sound is then be given by 1
With a few algebraic manipulations Eq2.9) and 2.10) can be combined to give the vertical

noise coherence of the total noise field as

(2.11)

ala
O | -O
|0
ala

or
3 ] p T 31 13 1. (212)
The form shown in Eq2(12) is particularly convenient, as it shows that the second order statistics
of the total ambiennoisefield are indeed a weighted linear combination of the two independent
fields. Inthe case of a normalized statistic, such as the coherence, the weights must sum to unity.
This same property is true for the directional noise density function providethénoise
field may be represented by a summation of plane waves and that it is azimuthally symmetric. In
this case, the directional noise dens(Coxy is r

1973)
3 ] - "0—0Q OEIQ— (2.13)

under the normalization condition
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-, "o—O&d—p, (214)
where"O— is the twadimensional (verticalilirectional density function of the total noiseld,
—is the polar angle measured from zeriih, I p, andt is the time delayheredis the spacing
between the verticallgeparated sensors aads the local sound speethe directional density
function of the total noise field with vertical coherence given by E¢2] may be expressed as a
weighted sum of the uncorrelated noise fields directionalifes, 1973)

O— p 1T O— 10—, (2.15)
where 'O — and 'O — are the directionalities of the breaking wagenerated and vessel
generated noise fields respectivelijhe form of Eqs.4.12) and 2.15) are particularly convenient,
as experimentally validated analytical models of wivalse driven vertical coherence and
directionality are available and straightforward to analytically compute in the deep(Grean
and Sherman, 1962; Barclay and Buckingham, 2048d)in a shallovwvater Pekeris waveguide
(Buckingham, 1980; Kuperman and Ingenito, 1980; Harrison, 1996; [2¢ahel997) including
those with a multlayered seabefCarboneet al, 1998; Barclayet al, 2019) In more complex
bathymetries, including those where lzortal seabed reflection and refraction are important to
include, computational models may be used to determine the spatial col&amtay and Lin,
2019)

Whent =0, the noise field coherence and directionality cardétermined by theoise
generated by surfadaeaking waves the absence of all other sources such as rain and biological
sources It should be noted that since the coherence is a normalized quantity, it does not depend
on any factor related to the spectral density, such as the effective source lesttésead wind
speed) or the frequency dependence of the wiade generatedurface noise, provided there is

some acoustic energy in the band of interest. To first order, only the local sound speed, the
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bathymetry, and the effective (bulk) geoacoustic properties of the seabed must be known. The
water column sound speed profilaymplay a second order effect, apparent in the precise location

of the zerecrossings in the real part of the coherence c{Bagclay and Buckingham, 2013a)
Wind-genera@éd ambient noise coherence in shallow waters is a stablejnii®pendent noise
propertyprovided sufficient time averaging to include enough souf€asner and Vagle, 1988;
Deaneet al, 1997; Carbonet al, 1998)

When a contribution to the ambiembisefield from distant shipping is apparent ¢0),
the resultant change in coherence can also be seen in the directionality. The component of vessel
generated noise which propagates long distances (> 10 km) is characterizedraguewcy (<
1 kHz) and cataining loworder modegJensen, 1994)and can be modeled accordingly. A
careful examinat i o rml3) Shows ahat'the rea paut aftthie oamse isE q . (
related to the symmetrical component of the noise directionality about the horizontal, while the
imaginary part is related only to the asymmetrical component. Since distant vessel noise is best
modeled as a summation of lawder modes;O — is predominantly symmetrical about the
horizontal and ship noise will contribute primarily to the real part of the vertical coherence.

From Egs. 2.12) and 2.15), it is clear that to partition the energy in the measured spectral
power density between wagenerated noise and vessel noise, the coeffitieftvnust be
estimated. In genera, 7 is computed from the measured data,] is modelled and held
constant over the observation period as wjederated ambient noise coherence can be considered
as timeindependent (Deane et al., 1997; Carbone et al., 1898). can be modelled taking into
account the sound propagation environment and the effective range to the ship. Sdlving for
then allows the spectral power due to vessel noise teteengined from Eq.210). The absolute

power of received ship noise (RL) in dB reR&/Hz can be found by computing
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Y O pratdY 1 @1 (2.16)
while the relative contribution of the vessel noise (VN) in dB above the natural bacgrose

can simply be expressed as
w 0] pTEGOE ©O— . (2.17)

The estimation of the timdependent parameters RL and VN in lahgation passive
acoustic monitoring data sets allows the sound exposure of the receiver teyeessated oise
to be quantified and compared against the same metric from the natural ambient soumtiscape.
method does not include other types of noise sources such as pile driving, dredging and soniferous
aguatic animalslhe theoretical formulas describing tnrealytical models of wingdvave generated

noise and vessel noise used in this study are described in the followiagciams.
2.3.2Wind Driven Ambient Noise Model

The analytical model of the vertical noise coherence function in an isovelocity fluid layer
over an elastic bottom hatpace is developed in this section with monopole sources randomly
distributed on a plane just below the pressure release surface lazgdegtsuming azimuthal
symmetry in a cylindrical coordinate systénz, ), the cross spectral density for a single source
can be expressed interms ofthedaptbtpendent Green’s function

"Y1 b OiRfeh Oihamh (2.18)
whereQ is the source strength, the source dépi r is the horizontal range between the source

and the receiver, amd(.)ar e Green’s functions between the
depthsz; andz. Egq. @.18) can therbe integrated for the distribution of sources over all azimuth

and range to find the crospectral density, giving

Y ™ O Oilhh Cikhah i Qi (2.19
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wherev is the mean rate of wave breaking events per unit area, andthal symmetry has been
assumed The Green’'s function solution for the n
modes(Worzel et al, 1948) For an isovelocity profile, the normal mode decomposition of the
Green’ s functions f o ssy &lasticlhalfpate witlaasseficientlydseow o v e r
shear speed can be computed using the complex effective depth ap{@ioach and Tindle,
1993) where the mode functions become trigonometric functions and the modal eigenvalues ca
be efficiently and exactly computé@hapmanet al, 1989) The Green’s funct
modal sum
ik QB 0 OFTa OETa O i, (2.20)
wheref is the vertical wavenumbaen,is the mode number, affd 8 is the zeroth order Hankel
function of the first kind which depends on the modal eigenv&uand the range. The mode
amplitude 0 , which depends on seabed reflection loss and a practical upper limit to the sum in
Eq. 2.20) for long distance propagating modes can be obtained by following the complex effective
depth approacizhang and Tindle, 1993By substi tuting the modal e
functions into Eq.Z.18) and exploiting the orthogonality of the Hankel functions to compute the
integral over range, the crespectral density for the entire surface arealmasimplified to the
doublemodal sum:
Y1 pod B O OFTa OFTa B 6° OBTq OBT ¢ ——r,
(2.21)
whereni ndexes over the f mthe seco@lr &he rrospectfaludensity i o n
reduces to the power spectral sigpwhend ¢ , so Eq. 2.21) can be combined with ER.8)
to give the vertical noise coherence in a shallow water, isovelocity waveguide with an elastic

seabed.
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2.3.3 Ship Noise Model

To model shipping, the pressure field generated by a ssogiee is computed using the
same nor mal mode solution for a shallow water
acoustic pressure due to a single source in the wave guide is given B8y where zis now
the source depth of the vesselheTpower spectrum and creggectrum can be computed by
directly substituting Eq.2.20) into Eq. @.18), providing all the necessary terms for the vertical
coherence shown in EQR.8). In this case, the received sound level, coherence, and direcyionalit
depend on the range between the receiver and vessel. Thus, the resultant coherence due to ship

noise can be expressed as a function of range and frequency.

2.4 Data and Results

2.4.1 Acoustic Data Analysis

Time-series ambient noise data from the-topg hydrophone (channel 0) in SHRU were
used to calculate the Power Spectral Density (PSD). 120 estimates of the PSD were made every
minute using ®765point Fast Fourier Transform (FFT), corresponding to an interval time of 1
second,each with a 50%overlap and tapered with a Hann window. These estimates were
averaged every 68econddo produce a single PSD for each anmute recording and a long
term spectrogram was produced by concatenating the results over the entire period of observation,
shown in Figure2.2(a). At low frequencies (below 500 Hz), Amadiating pressure fluctuations
caused by flow over the surface of hydrophone as well as mooring motion dominate the PSD. The
daily modulation in the PSD in this band occurs with the frequentig® local tidal cycles.
Thenoisegenerated by ship traffic is present in this band and extends up to 1.5 kHz when
vessels are present. Though the presence of vessels can be identified in the spectrogram,

guantifying their contribution to the total amht noise field using the PSD with dynamic
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environment conditions is cumbersome. When tiene vessel near (< 10 km) the receiver, the
band 0.5 4.8 kHz is dominated by searface agitation related to wind generated waves. The
qualitative relationsip between seatate andoiselevel in the frequency band 12505 kHz is

shown in Figur@.2(b) where the fiveninute averaged wind speed is plotted along with the PSD.
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Figure 2.2 (a) Spectrogram of the entire period of observation from the tapplydne (channel 0) and
(b) the comparison between the fimenute averaged wind speed and the power spectral density in the
frequency band 1.98.05 kHz.
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Figure 2.3 The (a) real and (b) imaginary components of the coherence as a function of fréquémey

entire period of observation.

The crossspectrum was calculated using the same parameters as the PSD and normalized
by the respective PSD from each sertsoretrieve the vertical noise coherence as described by
Eq. 2.8). The real and imaginary part of the coherence over the entire data collection period are
shown as a coherogram (analogous to a spectrogram) in Bi§urBegradation in the coherence
at low frequencies (below 500 Hz, or 3.2 in dimensionless frequ&neygible in both real and
imaginary components of the coherogram caused byatiated (spatially uncorrelated) pressure
fluctuations, or flow noise, on the individual sensors. The oscillatory nature ofgeimetated

ambient noise coherence is evidenthe coherogram (above 500 Hz, or 3.2 in dimensionless
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frequency), with stable zemrossings in frequency for the entire period of observation. The
coherogram shows deviation from normal witwherence at certain periods due to local and
distant shipraffic. Close inspection of the vertical noise coherence reveals the presence of distant
shipping in the dataset below 1.5 kHz, or 9.5 in dimensionless frequency, which can be identified
as a broadband increase in real coherence, while severaratggships can be identified by
shortduration spikes over the entire acoustic bandwidth in both the real and imaginary
components.

Each onaninute sample that makes up the coherogram can be categorized into three main
source classes: wingenerated, closeange ship, or distant shipping. Examples of the real and
imaginary coherence components of these distinct sources are shown inZ4gurBe most
dominant and stable coherence pattern observed in the dataset is caused-ggnerated
ambient noise aloneshowing oscillating curves with several z&mssings, with decreasing
coherence with increasing dimensionless frequency. The presence of the imaginary component
indicates an asymmetry in the noise field, while the amplitude suggests energy is prgpagatin
downward with weaker reflection from the seabed.

The second class of coherence present in the data is that of an individual close range (< 10
km) ship, where the wirdenerated noise is masked. The real and imaginary components show a
high coherencewer the entire frequency range with several zero crossings that depend on the
distance between the source and the receivers. As the ship passes by the regaraéglia
shaped phase interference pattern is formed in the coherogram due to the inteeswen direct
waves andheirreflection from the waveguide boundaries.

The third class of coherence observed is due to distant shipping in the frequency band 0.1

- 1.5 kHz. At frequencies above 1.5 kHz, the coherence follows that of theyesediéed curve,
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since the typical vessel source spectrum which decreases in power with increasing frequency and
the attenuation of propagating sound caused by bottom interaction increases with frequency and
falls below the background noise. At frequencies belot kHz, low order modes (near
horizontally propagating sound) arrive at the sensors very nearly in phase and raise the real part of
the coherence, while pushing the imaginary component towards zero due to the increased
symmetry in the noise field. The@lation in the coherence pattern due to distant shipping depends
on both the range and relative power of the ship noise level compared to the background wind
generated noise.

The three classes of coherence shown in Figuravere simulated usintpe analtical
models described in Section Ill. The modelled vertical coherence of ambient noise computed
using Eq. 2.21), is compared with data in Figu2el(a) and2.4(b). The water column sound speed
@ p T with and density” p T QT ) were obtined from CTD data at the receiver
position. The compressional sound speed of sediment was taken from US geological survey
data @ p @ ¢arfi close to the noise measurement location. For the remaining geoacoustic
properties such as shear speed 1 Wi , density { p w TQiT ), compressional
attenuation| T@OQ &N hand shear attenuation ¢Q&N |, Hamil ton’'s geo
model for the continental slope environmerdswised (Baggeroeret al, 1988; Brienzo and
Hodgkiss, 1993)

The coherence for noise from an individual ship at close range was computed by
substituting Eq.Z.20) with the soure depthas 7 m ) into Eq. .19), using the same geoacoustic
parameters listed above, and by brute force searching over the unkmoizontal range
parametefWales and Heitmeye2002; Gassmann et al,201The best fit between model output

and data occurred at 380 m, which is the closest point of approach for this particular contact, shown
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in Figure24(c) and (d). The figure shows the comparison of real and imaginary coherence
between data and modéllodel data comparisons of vertical coherence are an effective method

for ranging ships in shallow water wavegui@8hajahan and Barclay, 2019)
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Figure 2.4 The real and imaginary components of the three classes of observed coherer{tg wayd
generated data (blue) and model (black);~) individual closerange ship data (red) and model
(black), and (e} (f) distant shipping data (green) and miogi¢ack).

The vertical coherence of distant shipping was simulated using both the ambient noise
mod el gi v eR1) dng @.8Eand thesnorihal mode sound propagation model given by
combining Egations(2.18), (2.20) and @.8). Note that the detailof the source spectrum (e.g. the
wave breakingate per unit arean), cancel in Eq.4.8). The CSD and PSD were also calculated
by the incoherent sum of the first 10 modes computed usin@ 2@) (vhere the ship was assumed
to be stationary at 10 knThe comparison between data and model with the same geoacoustic
parameters as described above is shown in Figdfe) and2.4(f), where the bedit relative
power between the distant ship noise and vgaderated noise was determined by brute force

seach overb ( w)
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2.4.2 Quantifying Ship Noise
To determine the relative contribution of ship noise to the total power spebtrmmyist be
estimated by inverting Eg2(2). A combination of the wirdriven ambient noise and ship noise
models derived from Eqs2.18) — (2.21) can be used to compute 7 and3 1 , where the
latter depends on the range between the ship and receiver. In general, the frequency dependence
of b ( whould reflect fequency dependence of a typical vesgelclosedform model adapted

from DeangDeaneet al, 1997)is used to obtain the frequency dependenck for ,

T — (2.22)

wheren determines the relbff in dB per octave and isthe peak frequency of the source, chosen

to be 350 Hz. The inversion in EQR.X2) now depends on three free parameters: range

Y 1 p UQda, roll-off & ¢ @Q&E O ¢ befresenting a broad description of the
ship’s source spect fum pawhedre theevhlurd in thegarenthasesht i n
are the search domains for each variablee inversion method is a brute force search over the

three parameters aiming to minimize the error between simulated coherence (thamigiside

of Eg. £.12)) and measured coherence (thelhaitd side of Eq.2(12)) at each time stepThe

inversion was carried out at eachminute interval of acoustic datover the entire period of
observationThe besfit between model and data was determined by minimizing the value of root

mean square (RMS) error computed as

., i - B 3 ] 3 1 hvh R, (2.23)

where N is the total number of frequency pointshe band350 Hz- 4.8 kHz, and3 and

3 are the simulated and measured coherence respectively. Thérded computation of
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the RMS error was chosen to avaiasfit caused by flow noise and motivated the choice of the
peak source frequency, though large-geimg vessels typically have a source spectrum with a
peak below this lowirequency limit. The absolute coherogram of the measurement, the
corresponding k= fit after inversion, and the fit residual are shown in Fig@re&),2.5(b) and

2.5(c) respectively.
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Figure 2.5 The (a) measured and (b) bésmodeled absolute vertical noise coherence over the

observations period, and (c) the fit residuals

The time series of the coherogram from the inversion results compared very well with the
measured coherogram. The tsomponent noise coherence model given by EG2f distinctly
reproduces the observed effects of both distant and-@doge shipping. @ne features of the data

not reproduced by the model may be due to biological sources in the vicinity of the receivers or by
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strong tones present in the ship noise spectra which cannot be captured by the model presented in
Eq. 2.22).
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Figure 2.6 The (a) besfit of 1 7 after inversion, (b) relative contribution of shipping to the overall
noise field, (c) absolute contribution of shipping to the overall noise field and (d) total received noise

level.
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35



The estimated relative contribution of ship noise to the taimefield is shown in terms
of the fraction of totepower, of 7 , in Figure2.6(a) and in terms of relative power measured
in dB in Figure2.6(b). During the first half of observation the influence of shipping is limited to
distant passing ships while in the second half, distant andicoge shipping is present, shown
by the high values ¢f 1 across the entire band. During the secoritidiahe recording, ship
noise dominates theoise fieldbelow 1 kHz withb~1. When individual ships approach the
receiver, the relative ship noise contribution is as much as 40 dB above thgengrdted
background sound at low frequencies, which issedant with previously reported stud®gales
and Heitmeyer, 2002)The received level solely due to ship noise can be estimated from the
inversion result of 7 and total receive noise by Eq.4.16). The power of received ship noise
at the sensor in dB re 1 nfAdz and total noise power are shown in Figu2égc) and2.6(d)
respectively.

In order to demonstrate the effectiveness of this method in partitioning the total noise field
into shipping and wind noise components, the correlation coefficients between the noise power
and wind speed at 10 m above the sea surface, shown in Eguveere computed and compared
using either the total received noise or the inversierved windgenerated nois&he coefficient
of determination ¥ ) between dive-minute averaged total receivedise level and wind speed at
500 Hz, 1 kHz, 2 kHz and IBHz were computed and shown along with the data in Figie).
At 0.5 kHz the noise level shows a very weak correlgten 18t ) with wind speed due to the
masking by ship noise. As the frequency increases from 0.5 to 3kldiso improves from w
to moderate positive correlation due to the frequency dependent nature of ship noise.

The inverted noise contribution due to shipping was subtracted from the total received level

to produce an estimate of the purely wiygherated noise field, whickas then plotted against
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wind speed and used to compute #hevalues, shown in Figur2.7(b). At the lowest frequency
(500 Hz) a greater than fivefold increase in the value of correlation coeffisient{@& X is seen.
As the frequency increases, thigip noise contribution diminishes and the improvements in
decrease to 8% at 3 kHBy consideringhe vertical coherence aslimear combinationof wind
and ship noisehis methoddemonstrates the effectiveness of noise field sepaiatoumentifying

the contributionof anthropogenic activity on the marine habitat.
2.5 Conclusions

A processing technique for tinseries ambient noise data based on spatial coherence has
been described in thishapter The coherence function is widely usedsignal processing to
extract environmental information which is eventually used for transmission loss estimation in
sonar performance modelindgn the present study, a coherogram has been used for classifying
major sound sources present in the environtheThe analysis involves the use of data in
association with noise models to understand the impact of different sources on noise spatial
characteristics. The surface distributed noise as well as distant andarigeeshipping were
identified as the majasources of sound present in the measurement. Analytical models of ambient
noise and sound propagation were used to simulate vertical coherence and compared with
experimental data. The agreement between data and model for wind and shipping provided the
mativation to use the model in association with the data to invert the influence of ship noise level.
The datamodel fitting of the coherence provided both the relative and absolute contribution of
shipping in the overall noise field.

In recent yees, the ambient noise level in the ocean has increased due to increased
commercial ship traffic. Thus, continuous letggm monitoring is required to understand the

effect of anthropogenic noise on marine species. The presentemdnstrates the capabyjlof
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using a hydrophone VLA in long term PAM systems for an effective estimatiotheof
anthropogenic contribution. The coheref@sed analysis presented here has the advantage of
guantifying ship noise impact without prior knowledge of environmentainmhtion such as wind
speed and ship distribution. In addition to that, data model fitting of the coherogram from close

range shipping can be used for source localization and-demEndent geacoustic inversion.
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CHAPTER 3

THREE-DIMENSIONAL VESSEL LOCALIZATION
WITH A PAIR OF VERTICALLY SPACED, OMNI -
DIRECTIONAL HYDROPHONES

3.1 Introduction

Sound propagation in the ocean depends on the-thmensional sound speed profile,
bathymetry, sediment composition, sea surfameghness, and on the frequency of the signal
(Jenseret al 2011) When seas are calm, sound generated by a broadband source is totally
internally reflected at the sea surface, resulting in the formatioa foéquencydependent
interference pattern whiclepends on the sourceceiver separation distance and the source
depth. In the spectrogram, a shallow (relativéhewavelength) sound source moving past a fixed
receiver at a constant speed and heading cregiesd®lic shaped fringing pattern commnig
known a sMirtot o thelrhagelnterferenceEffect (Young, 1947; Urick, 1967; Cay,

2009) The pattern arises from the coherent interaction of the direct wave and the surface reflected
wave, forming regions of high (constructive interference) and low (destructive interference)
intensity. Ships are generators of both narrow anddirand signals due to rotating machinery:
generators, diesel engines, drive trains and propellers, spanning a bandwidth from 50 Hz to 10 kHz
(McKenna et al, 2012)which often giver i s e t o Mihrae patterny Thuds, tee time
dependent ranging ¥esselscan be done using data collected from a single hydrophone, returning

a ship’'s speed, closest point of approach (CP
holding station, or more complex maneuvers. When the single receiver is repiated

vertically-spaced hydrophones, a similar phenomenon can be exploited, where the fringing pattern
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now appears in the normalized creg®ctrum, or coherence, and is generated by the interference
between two direct sourgeceiver paths. This cohe&ee fringing pattern can be reliably
modeled(Shajaharet al, 2020)and depends on the vertical spacing of the phones and horizontal
range of the acoustic source. In thipter it is shown that in a thre#@imensional environment,

the timedependent vertical coherence can be used to estimate vessel range, CPAndpéed, a
regions with asymmetric bathymetry, bearing.

Matched field processing techniques have been widely used for localizing acoustic sources
based on measured atgpectra and crosspectra(Westwood, 1992; Michalopoulou and Porter,
1996) Amplitude and phase data on an arraysameulated using a numerical propagation code
over a domain of possible source positions and compared to the received signal, searching for the
best matchbetween the model and dataEfforts to replace the simulated fields with real
measurements have bemade(Fialkowskiet al, 2000) including the use of opportunistic data
labeled with Automatic Identification System (AlS) position data. In this case, measurements from
the same horizontalgeparated vertical line arrays were able to gletie location of ships based
on comparisons between the th@main crossorrelation output§Verlindenet al, 2015)

In many studies, simple analytical models of sound propagation have been effectively used for
source localization. The time delay between direct and surface reflec&)(Brrivals measured
on asingle hydrophone in deep waters can be successfully used for localizing a moving source
(Duan et al, 2014). The source location can be determined from the chan§iRgibe delays
obtained from the autocorrel at i omOcéarbattorh i 0n .
seismometers (OBS)as been used to estimate the depth of fin whale vocalization with a prior
knowledge of horizontal rand®ereiraet al, 2016) This technique has been used to obtain the

range and depth of sperm whales using a tdwedophone array at short ranges (< 2km) assuming
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uniform water column sound spe@hode, 2004)The same method can be expanded for tracking
whales in three dimensions in a refracting water col(ftmode, 2005)Source depths have been
estimated using thbroadband interference structure in array data in theftegaency domain

based on matched field process{bgianet al, 2017; Yanget al, 2018) Crosscorrelation function
matching of broadband signals received on two vertigaignted hydrophonesak been used for
tracking acoustics sources, again exploiting the interference between direct and surface reflected
arrivals (Lie et al, 2016).

In a more complex ocean, the spatial variation in sound speed and bathymetry causes horizontal
refraction, whch demands the use of thréenensional models for the accurate representation of
the pressurdield instead of assuminazimuthal symmetry. As sound propagates along a sloping
bathymetry, multiple interactions with the boundaries will initiate out of eolpropagation
(Ballardet al, 2012) which can lead to received acoustic power and arrival times not predicted
by conventional two dimensional models (Heaney and Murray, 2009; Sagers et al, 2014; Lin et al,
2019; Stephen et al, 2019). Topographic features such as a submarine canyonarsaeafte
cause horizontal refraction aneEBmodels were used to confirm the experimental data evidence
(Chiu et al, 2011; Ballard et al, 2012; Lin et al, 2015). Internal waves can also induce horizontal
refraction which results in signal fluctuation inadlow waters (Badiey et al, 200bynch et al,
201Q Lin et al, 2013

The prospect of exploiting the thrdemensional nature of the ocean for passive acoustic
localization usingmnatchedfield processing has been proposed and demonstrated in simulations
(Perkins and Kuperman, 1990; Zala and Ozard, 1998)r the case of impulsive sources,
simulated and observed time of arrival data were compared to effectively track beaked whales in

threedimensions on a single hydrophdfféemannet al, 2006)
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This chaptershows the thredimensional localization of a moving ship near a submarine
canyon using normalized crespectrum (coherence) between two verticalhgitioned omni
directional hydrophones. Athe vertical coherence is a normalized quantity, the method
emphasizes the matching of predicted phase data to the observations, as opposed to the complete
complex acoustic field. First, a moe#dta comparison of vertical coherence for a Pekeris
wavegude is used to estimate the range of a passing ship at each time step. Horizontal refraction
of sound caused by the bathymetry of the canyon caus&seiff8ct apparent in the coherogram,
which is exploited to obtain the bearing using-B 3ound propagain model. This method is
suitable for continuous broadband sources in shallow water environments, where conventional
image interference effect methods become difficult due to multipath arrMals, the use of
coherence in source localization is a salegamethod in shallow water regions

The remaining sections of thibapterare arranged as follows. Section 3.2 outlines the details
of noise measurement and auxiliary data used in the analysis. In section 3.3, the basic theory of
image interference effeat an isovelocity and Pekeris waveguide is presented, along with a brief
description of the ® PE model and BELLHOP3nodelsused in this study. Observations of
vertical coherence of sound from a moving vessel are compared to simulation results and the
results of source localization are presented in se8tibrSection 3.5 summarizes the results and
discusses the advantages and limitations of the cohebaseel source localization technique

presented in thi€hapter

3.2 Vertical Noise Coherence inAlvin Canyon

3.2.1Study Area

The massive acoustic data used in this study were measured near the head of Alvin, Canyon

locateds out h of Martha’s Vineyard, Massachusett s.
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Figure 3.1 The bathymetry and location of the ambient noise measurement site near Alvin Canyon (white
star).
Hol e Oceanographic Institute’ s (WHOI) Several

as a Vertical Line Array (VLA) on a suturface mooring. The msarement system was used to
collect 29 days of continuous ambient sound pressuresmes data from April'6to May 4" in

2016. The SHRU VLA consisted of four hydrophones with a total length of 9.5 m. The sampling
rate of acoustic data w&Y65.625 Hawith a usable acoustic bandwidth from-4880 Hz.The
receive sensitivity of the omnidirectional hydrophones was reported by the manufactdr& as
dB* 0. Temperature and pressure sensattached along the mooring recorded the water

column tempeature and mooring tilsamplingcontinuously at every 30 seconds. The location of

43



the mooring site was at 39° 58. 32" N, 70° 32.
the location of the mooring is givenkingure 3.1.The water column depth &td mooring location
wasapproximately 350 m.

The inputs required fohe 2D and 3D computational sound propagation models used in this
studyarethe water column sound speed, sediment geoacoustic properties, and the bathymetry of
the regionThe temperture sensors attached to SHRU were used to obtain the sound speed in the
water column by assuming a standard seawater salinity of 35 PSU. US geological survey data from
the location were used to determine the bulk sediment geoacoustic properties (comgdressi
sound speed), attenuation, , anddensity,” ) over the study area, by
geoacoustic model for the continental slope environnlidamilton, 1980; Reicket al, 2005;

Jenseret al, 2011) Bathymetric data were drawn from the Global multi Resolution Topography

(GMRT) database witk45 mresolution in latitude and70 min longitude(Ryanet al, 2009)
3.2.2 Acoustic Data Processing

Time-series ambient noise data from the vertical array were used to calculate taedPSBD

for different sensor combinations using

oY1 O 620 (3.1)
where® is the Fourier transformed pressure time series on-thesénsor;Yis the observing
duration, * denotes the complex conjugate and the angle brackets indicate an ensemble average.
When'Q Qthe PSD is computed, otherwise the CSD is given. Both were computed over 1 s
segments using a 97¢mint FFT and Hann window witBO % overlap. These estimates were

averaged over every &)to produce a single PSD and CSD for eachmmeite recordingThe

vertical coherence, or normalized CSD for each sensor spacing (combination) was computed using
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3 1

(3.2)

and a longerm spectrogram and coherogram (tifreguency plot of the real and imaginary
components of the vertical coherence) were generated by concatenating the results over the entire
period of observationThe longterm spectrogram was used itentify the presence of sound
generated by wind, distant shipping, clvaage vessel activity, and flow noise and a method to
partition the PSD into ship generated and wind generated noise componenthesiogleled
coherence was developed, describegrievious work'Shajaharet al, 2020)and in chapter .2
Closerange shipping datasets were identified by theen c e o f MinftoreEffectlinahg d * s
spectrogram and thirteen such incidents were observed in the entireloranttataset These

instances were extracted from the data set and are the focaawélysigresented in this chapter.

3.3 Modellingthe Image Interference Effect

3.3.1 Homogeneous Halépace

The analytical theory presented beloansides the ocean environmeasan isovelocity
half-space with an infinite depth bounded above by a flat, pressure release sea surface. At any
point, the sound field produced by a broadband acoustic source positioned near the surface consists
of a superposition of the direct and surfeeftected waves. The reflected field may be reproduced
by placing an equivalent strength source with opposite polarity equidistant to the surface thus
satisfying the pressure release boundary condi@amney, 2009)By this method of images, when
a broalband source with the frequency dependent streiigth is positioned at a distande

below the sea surface, the total fi@l@t any point in the waveguide may be expressed as

01 ik 0 — — | (3.3)
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wherei andi are the slant ranges to the real and image sources respedvely’j _is the

wavenumber, an® W p. If & is the receiver depth amds the horizontal range between source

and receiver, the slant ranges can be expressed as

i i a a and i i a a . (34)
Assuming the slant ranges are large compared to the sourceEgptB.3)can be expressed in a
simplified form as a function of declination angi&nd the distance from the rmbint between

the real and image so@to the receiver, R,

~

01 il —OEW™ OE+Q (3.5)
Considering two verticalkpriented receivers positionedéatandd separated by a distandgethe
crossspectrum of the signals received at these points are the prodigitiaf fi A hdx  and the

complex conjugate of field 1 h hx . The crossspectrum in the waveguide can be expressed
usingEqg. (3.5) as
"Y1Th —OE®WOE: OE® OB+ Q : (36)
The crossspectrum is a complex quantity whiphovidesthe phase relationship between

signals at the two receivers. Whar & hthe real parand imaginary partef Y representhe
in-phaseand out of phassignal componest respectivelyFrom Eq(3.6), the maxima for the real
and imaginary component of the craggectrum can be found when

QY Y g (3.7a)
and

QY Y ¢ - ¢ Tiplgho8 (3.7b)
From EQq.(3.7), it is clear that thenaxima in the crosspectrum depend on frequency, sensor

separation and range to the source. For a broadband source such-genshaped noise, a

46



harmonic series of striations will appear in a plot of the t4awging crossspectrum, where the
slope ofthe striations gives the e s sradial’sgeed. The normalized cresggectral density, or

coherence, is given by

3 1h = — (3.8)

where the power specfra and0 , are given by Eq(3.5). Since the coherence is a normalized
guantity, the details of the frequency dependent source level daffaotthe striations in the
coherogram. Thus, the striations present in the coherogram can be used for localizing the source

by applying striation @cking techniques (Duaet al, 2014; Duaret al, 2017).
3.3.2 Pekeris Waveguide

The Pekeris waveguidg a canonical environmerassunng a constant sound speed water
column above a fluid habpace, where the pressure field of a broadband acoustic sogreeh
an environment can be represented as a sum of normal modes @eals@011). The closed

form solution for the pressure as a function of frequency, depth, and range is given by

01 R —B +« @+ a0 QihN (39)
where” is the density of wateiQQ ande 8 are the horizontal wave number and mode function,
respectively, associated with thetmmode, andO 8 is the zeroth order Hankel function of the
first kind. M is the minimum number of modes required¢present the field between the source
and the receiver. Applying the asymptotic expansiotheHankel functionthe crossspectrum
of signals received aft anda , two verticallyseparated points in the waveguide, can be derived

using Eq(3.8),as

"Y1 h

B« a0 a-"aq — (3.10)
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where] is the attenuation factor in the complex wavenumber. The first term i{384)
describes the average patterrnhasfcrossspectrum and the second term indicates the ssnale
fluctuations due to intermodal interferen&hou et al, 2004) Once the mode shapes and
corresponding wavenumbers have been determeitdter comptationally or analytically by a
simplifying method such as the effective depth approximg@apmaret al, 1989) the vertical

coherencéor the Pekeris waveguide can be calculateshbgrtingeqs.(3.9) and (3.10) into (3.8).
3.33 3-D Computational Propagation Modelling

Computational models of sound propagation may also be used to compute the vertical
coherence. In this studygcglindrical 3D PE code and aB ray tracing code are used to compute
the field. Sound propagation models employing the PE method have been widely used to compute
transmission loss in environments with spatial variation in sound speed and batt{imedt\al.,
2015;Heaney and Campbell,2016). Provided the range step and depth grid resolution of the model
are fine enough, the-B PE model can resolve the frequeritgpendent phase differences on
closely spaced vertical receivers to accurately computedttieal coherence for individual and
distributed source@arclay and Lin, 2019A 3-D PE model using the spktep Fourier algorithm
with a wideangle PE approximation was usked the simulation(Lin et al, 2013) The model
solves the reduced forof the Helmholtz wave equation and returns the complex pressure field
in a cylindrical coordinate system, from which the waitcoherence may be directly computed
using Eq (3.8).

Additionally a 3D ray tracing mode{BELLHOP3D), which is an extension of the standard
BELLHOP raybased sound propagation mqdehs used for simulation in this stu@yorter,
2011; Porter, 2016)The model solves3-D eikonal and transport equatioasd includes a

bathymetry and varying sound speed prdfilgt allows rays to refract in all three dimensidrtss
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beam tracing modaian be usedbr high frequenies or for broadband applicationsith usetl
outputs incluehg the complex pressure fietthdtransmission loss, eigenrays, and ray arrival times
(Porter, 2019) From the modelled pressure field, the vertical coherence may be directly computed
using Eg.(3.8). At higher frequencies, the-3 PE model becomes computationally more
expensive as the model grid resolution scales as a function of waveléndtiese instances, a
suitable choice was to use BELLHOP3D for the computation of complex pressure and vertical

coherence.
3.4 Results and Discussions

From thethirteen observations of closeinge ship passages, three typical patterns in the
vertical coherence were identified. In a few instances, vessel loitering behavior was seen, where
a ship spent several hours near and around the hydrophone array. However, thg ofiajo
observations had parabolicpattern in the coherogram associated with a vessel with constant
bearing and speed. Lastly, in selparabolicpattern observations, anomalous artefacts in the
vertical coherence werebservedand hypothesized to berqauced by irplane and D
propagation effectslue tot he r ecei ver a the Adviy ‘canyorp rToexresolist y t o
discussed below are limited to the last two cases and a procedure for estimating both range and
bearing from the vertical coherence entbnstrated. In the first case, AlS data was available to

validate the results of the inversion.
3.4.1 Range Estimation

Figure 3.2(a) shows the spectrograha closerange ship passing by the receiver array where

the striations due to image interferemee faintly visible at frequencies below 1 kHz but
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disappear at higher frequencies in the presence of-gendrated noise. Other than broadband
signals, the spectrogram also shows the presence of strong tones at low frequencies that effectively
mask any broadband interference pattern near the CPA. The coherence between the signals
received at the hydrophonas211 and 220.5 m depth (spacing 9.5 m) was calcykatelthe real
and imaginary parts are shownFigures 3.2(b) and 3.2(c) respectiveAs the ship passes by the
receivers, garabolicshaped phase interference pattern is formed in the spectrdgeto the
interaction between direct waves and its reflection from the waveguide bounsiaggsstinghat
the ship was movingt a constant speed followiagstraight coursén the case of the coherogram,
the interference pattern is created by patigtle differences between the source and the two
hydrophones for all arrivals. Compared to the spectrogmafigure 3.2athe presence of phase
interference at higfrequencies is easily detectable in the coherogramadditional advantage
of coherencés both broad and narrow band sources contribute to the fringing pattern equally due
to the normalized nature of the coherence

To estimate the vessel ' ' s anaialyg®mmetic, isavglocity c a f i
water column over a fluid ifaspace using the Pekeris waveguide moted water column sound
speed @ p T WtFi  and density(” p TCQTH ) were obtained from temperature

measurementsat the receiver positiorthe compressional sound speed, attenuation, and density
values 6 & p @ | T Q &F_ and” p w TR were used to represent the half

space. The source depth was fixed at 10 m and the frequency range of the broadband source was
given a bandwidth of 100 Hz to 3 kHz, with replicas computed in 20 téevals. The pressure

field and the CSD were computed for 20 m range increments over the domain from 0 to 5 km using
Egs.(3.9) and (3.10), and the replica field for the vertical coherence was computed using Eq. (3.8).

A bruteforce optimization method vgaused tdind the range of the source based on the mismatch
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between the measured coherence and the replica fields for all possible rangpestfitigetween
themodel and data was determined by minimizingviddee of root mean square (RMS) error over

the bandwidth computed as

, - B 3 1 3 1 h (3.11)

whereN is the total number of frequency intervals, and  and3s are the simulated and

measured coherence respectively.

5

w

Range (km)
= [N
6] N ol
I I

[y

. Actual AIS position
| | === |nterpolated AIS position
Image theory
#  Pekeris model
O 1 1 1 1
13:22 13:26 13:30 13:33 13:37
Time in Hours

0.5

Figure 3.3 The estimated vessel range using image source model (green dots), Pekeris model (red dots),
actual AlS position of the ship (black dots) and the interpolated AIS data (blue line).

The horizontal range of the ship estimated ftbmPekerisnodetdata inversion is given
in Figure 33 by the red dots. The inversion procedure was repeated for the image source model

in the homogeneous hatpace using Egs. (3.5), (3.6), (3.8) and (3.11), where the green dots in
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Figure 3.4 The (a)measuredSD, the real part of (b) measured and (c) best fit coherence, and (d) the

estimated range for a second cloaege ship passing.

Figure3.3 are the estimated ranges. The Pekeris waveguide and homogeneous wageguide

similar range estimates and th@A&for the ship passing was found to be 2180 me ifiverted
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range estimatemdicate that the propagation conditions are such that the inversion is primarily
sensitive to the direct and surface reflected arrivals and that, at least under the rangelemtiepe

model assumption, bottom reflected energy plays a secondaryheldalack dots are the actual

AIS position of the ship, and the blue line is the track generated by interpolating adjacent AIS
points assuming the vessel holds a constant bearingspadd The agreement between the
estimated range and AIS position is good, and the inversions begins to fail when the background
noi se masks the vessel’'s signature, at a rang:¢
data occur s ddeparturegandtishcaused eithestmy coarse spatial resolution of

the AIS data or by the lack of rangkependent bathymetry in the simple models.

Figure 3.4 shows the PSD, the real component of the measured and best fit vertical coherence,
and the caesponding range estimated for a second alasge ship passing using the Pekeris
model. Strikingly, Figure 3.4(d) shows a sudden drop in the horizontal range estimata5 h,
or at an approximate range of 2.5 knheTsudden change causally impasible given the course
and speed of the vessel. Similarly, an increase in intensity in the spectrogram in Figure 3.4(a) and
a corresponding deviation in striation pattern in the coherogram are noticeable in Figure 3.4(b) and
(c) at thetime when the inversn algorithm fails. The broadband noise level of the ship passing
data shows an increase of 5 dBring that period. The hypothesized explanation for this rapid
vessel noise intensification is a combination of favorablg@ame bathymetric reflection getry
and 3D sound focusing along the canyon axis by horizontat¢bylane) propagation.

The rapidly changing bathymetry near the submarine canyon can cause horizontal refraction
and focus of sound along certain bearingse Tbrizontal refractiorran cause a change in the
arrival angle of signals received at the sensors, which results in a confounding interference pattern

in the vertical coherence and a discontinuous striation pattern in the coherogram. The simplified
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rangeindependent -© model usedfor sourcereceiver distance estimation is inadequate to
represent both the 4plane and oubf-p | an e propagation effects c
bathymetryresulting in the failure of the inversion algorithms

A 3-D sound propagation model can be usedy¢énerate a realistic field in this type of
environment. Furthermore, the azimuthal variability of the real bathymetry with respect to the
receiver can be exploited to |l ocalize the ves:s
omntdirectional gnsitivity. The idealized case of a ship passing over a Gaussian acaihlybe
first demonstrated. Thethe data presented in Figusel will be reinterpreted by replacing the
simple analytical models used to compute the replica field of vertical exdeerwith a D
computational propagation model that incorporates a realistic estintae lwdthymetry

3.4.2 Horizontal Refraction- Gaussian Canyon Case

In this section, the effect of horizontal sound focusing on coherence pattern is analyzed by
generatinga simulatedpressure fieldfor a moving sourcen an idealized Gaussian canyon
bathymetry(Canyon bathymetry carry the shape of a Gaussian funcfitne) 3D PE model
implemented in the cylindrical coordinate system was used for the simulation. Despite the
computational expense of the cylindricaD3PE model,it provides the full azimuthal range
compared to available cartesiarD3PE models(Lin et al, 213). Bathymetry was the only
spatiallyvarying parameter considered in the simulatommgo isolateits influence on the vertical
coherence pattern. In the Gaussian canyon mtt@Eathymetryis longitudinally invariant in the
x direction ands dep@&dent on across canyoange given by

NDw 6Q ! 6 (3.12)
whereC is the maximum depth of the canyon @ the asymptotic water depth away from the

canyon.
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The propagation environmeaobnsidereda flat sea surface and an isovelocity water column
over ahomogeneoudluid half-space. The parameters used ttog water column andeabed
sediment properties in this[3 simulation were the same as that used in the Pekeris waveguide
described above. Thdeal Gaussian canyon bathymetry was computed with B = 350 m and C =
450 m and is shown in Figure 3.5(a).

The principle of reciprocity is invoked to simplify the computatidhe pressure field in this
idealized 3D environment is generateda depth ofLlO m out to anaximumrange of 3.5 knin
all directionsfrom a point source placed at tbegin,on t he ¢ aThg sourcesleptaisi s .
211 m and the transmission frequency is 250 Hz. hByptrinciple of reciprocity, the computed
complex pressurgeld representghe received signal at the origin fall sourcepositionsin the
horizontal planewherethe correspondin@L is shownin Figure 3.5(b). The increase in acoustic
intensity along the axis of the canyon due to horizontal focusing of sound caubecté@yyon s
bathymetry is evident in Figure 3.5(b).

The computational cost of3 PE model at higher frequencies is large tuihe zerepadding
technique used to maintain the model resolution in cylindrical coordinReggeating the
narrowband calculation of coherence for two vertiegkivers in the frequency domaiwaer the
desired bandwidtltan beprohibitively time-consuning, as the radial grid resolution increases
with frequency. An alternative is to compute coherence as a function of dimensionless frequency
1 1 Q& for a single frequency on an array of receivers, assuming the sound field is well
described as a superjitagan of plane waves over the length of the array. For this simulation, an
array of 60 sourcesith 1 m spacing spanning the water column from 2itb 271m were used

to generate the acoustic fields 250 Hznecessary to compute the wideband coherence. A
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coherence map was generated in the horizontal plane by taking the first sensor at 211 m as the
reference. The simulated coherence was a function of dimensionless frequenbgaring —

and rangei

350
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-40
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Figure 3.5 The (a) idealized Gaussian canyathymetry and (b) the TL at 10m for a receiver placed at
211m depth over the center of the canyon. Red and blue dashed lines are the parallel and oblique vessel

tracks with respect to the canyon axis.
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Figure 3.6 The TL as a function of range asédnsor separation for the (a) parallel track and (b) oblique
track, and the real part of simulated coherence as a function of range and dimensionless frequency for the
(c) the parallel track and (d) the oblique track.

To study the effect of bathymetry dhe vertical coherence, a pair of simulated vessels
travelling along two bearing angles were chosen, each passing with theclsaest point of
approachCPA). The first track was parallel to the canyon axis and passes through the CPA (300
m) along the90J bearing (reddashedine in Figure 3.5(bwhile the bearing of the second track
wasalong theBOJbearing through the san@A and passes the axis of the canyon obliquely (blue
dashedine in Figure 3.5(b)).

TheTL as a function of horizontal range and sensor separation for the two tracks are shown in

Figures 3.6(a) and 3.6(b) respectively. The TL for the parallel track shtal/symmetry on either
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direction from the CPA, reflecting the symmetry of the bathynfetrthe approach and departure
paths, while the oblique track shows an increase in the intensity of around 10 dB at 2.5 km on
departure, where the source crosses the axis of the canyon. The horizontal focusing of sound
guided by the bathymetry of the camyaauseshis increase in intensity. The real part of simulated
coherogram for the parallel and obliquéearing angles arghown in Figures 3.6(c) and 3.6(d)
respectively. Similar to the TL result, the parallel trgekerateperfect symmetry in the regart

of coherence on either side from theACRhile a difference in th&inging patternis observean
departure for the oblique tradkeginning at range o2 km. The effecton the power and vertical
coherenceobservedin this simulation issimilar to the fringing pattern variationseen in the
measured coherogradata collectechear Alvin Canyonsuggestinghat a careful datenodel
comparison made using alBpropagation model can exploit bathymetric features to estimate the

bearing and range of pasgivessels.
3.4.3 Bearing Estimation- Alvin Canyon

This sectiondescribeghe method to estimatée range and bearing of the shjgassing the
receive array showm Figure 3.4 usinghe measured vertical coherence. First, the range of the
vessel athe CPA was estimated using the2?Pekeris waveguide model describedsec. 3.4.1
andthe velocity(speed and headingj the vessel was assumed to be constant. A library of model
coherograms was computed for all possible vessel headings with a bearingoresd 5°, each
passing by the receive array tangent to the circle formed by the locus of possible CPAs. The model
and data were comparég computing the mean RMS fit errgr for each possible vessel track

given by Eq (3.11)
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Figure 3.7 The (a) water column sound speed profile, (b) The simulated coherence map at 1200Hz using
BELLHO3D, along with the vessel track (white dashed line) plotted over bathymetry at a be&18g, of
where thewhite star indicates the position of the souregkrwhere the coherogram asymmetry occurs.

A sound speed profile from a data assimilated ocean circulation model output at a grid point
near the SHRU location was used as input to the propagation model (Unidata, 201&8hamahis
in Figure 3.7(a).The asumption of a flat sea surface and values of the segd@doustic
properties used in BELLHOP3D were the same as that used for the Pekeris waveguide described
above. The acoustic field at 10 m depth in the horizontal plane was calculated by kiee g
acoustic sources at 211 m and 220.5 m respectivgbyesenting the two depths of the SHRU
receivers The frequency range used in the simulation was from 100 Hz to 1.5 kHz at 30 Hz
intervals and thenaximumhorizontalrange was 7 km.

The vertical cohemce map as function of frequency, range and bearing was created for Alvin
Canyon. The coherence map, or acoustic fingerprint, at 1200 Hz is sh&iguie 3.7(b). The
map shows the variation the coherence pattern along the axis of the canyon relatitiee flat
bathymetric region, and the asymmetry in the real component of the vertical coherence reflecting

the asymmetry of the bathymetry.
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Figure 3.8 The (a) real and (b) imaginary part of the measured vertical coherence, and theafa) (el

imaginary part of simulated best fit at 210° bearing as a function of dimensionless freguearay range.

The vessel track with a bearing angle of 210° provided the best match between the modelled

result and observatioras isshownin Figure 3.7(b). The real and imaginary parts thfe field

coherence and the model output at 210° as a function of dimensionless frequency ancerange ar

shownin Figures 3.8(a), 3.8(b) and 3.8(c), 3.8(d) respectively. adyenmetryin the fringing
patten due to bathymetry is visible in the model result at the dimensionless freqpfe2@and
45at a range of2.5 km(on approak). This feature in the coherogram corresponds to the moment
indicated by the white star in Figure 3.7, (Where the acoustic fingerprint shows a region of strong

constructive interference between the two
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Il n the idealized Gaussian canyon case, the
to features irboth the spectrogram and coherogram as a source passed over it. In the realistic
Alvin Canyon case, the asymmetry in the received power and fringing coherence pattern is
primarily due to the up and across slopP propagation effect exemplified in similadealized
wedgeshaped environments (Buckingham, 1987). The realistic local bathymetry of the canyon
plays a further effect in causing asymmetries in the constructive and destructive interference

pattern between the receivers, as can be seen in th&iadogerprint shown in Fig 3.7(b).
3.5 Conclusions

Thischaptelhas presented a method to determine the range and bearing of a moving broadband
acoustic source usinthe coherencemeasured on two omudiirectional, verticallyseparated
hydrophonesThetheoretical results presented in thisgpterestablish a simple relationshipr
broadband signal coherenbetween frequencysourcerange andreceiver hydrophoneertical
separation. Ambient noise data recorded near Alvin submarine caoptaining mitiple ship
passes by a vertical arraere used for the analysis. Time series of PSD and coherence revealed
the presence of Lloyd mirror effectwhen ships passed the receivers chbserange. The
measurementand the equation®r thecrossspectrumn a homogeneousalf-spaceand Pekeris
waveguide were used to estimate the rasfgevessel, which was verified against the AIS data

In another ship pass measuremehg horizontal refraction of sound caused thg real
bathymetrywas hypothesizetb causean unexpectedncrease in intensity and a corresponding
fringing patternchange in the coherograrBimulation resultsn anideaized Gaussian canyon
environment clearly showed the influence of bathymetry on the pressure field and coherence for a
sourcewith constant speed and headingn the measurements, it was shown that similar

asymmetries in spectrograms and coherograms could be explained «3imgodelling. By
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exploiting therapidly varyingAlvin Canyon bathymetrythe vessel bearing andnge relative to
the pair of vertically spaced omdirectional receivers were obtaineth the case discussed, an
increase in received intensity and change in the coherence fringing pattern were primarily due to
the sloped canyon walls which lead to stegyslope propagation on approach, and gentle
downslope propagation on departure.

Some of the limitations associated with the present analysis are briefly addressed here. The 2
D model used to estimate the range of the vesseideredh constantvater cdumn sound speed.
Refraction of sound caused thye water column sound speed profiéll introduce variation in
the coherence pattern especially at higher frequencies and farther ranges from ti@iGrRA.
work will include investigating thenfluence ofthe refracting water column on coherergased
range estimag In boththe 2-D and 3D model simulations the seabed was considered as a fluid
half-space. The subottom layering and geoacoustic propertigsexpected tdnfluence the
coherogram at low équenciegBarclayet al, 2019) However, the direct and surface reflected
arrivalsare themain contribubrs tothe sound field in the measured data. Thus, the representation
of thebottom as a halépace was appropriate in modellihgcoherence patteffor this particular
environment

Despite these limitations,raliabletechnique has been introduced in this study to estimate the
range and bearing of a moving vessel. In coherbased range estimation, the entire frequency
range only limited by thesampling frequency of the hydrophonean be used for processing.
Coherogramresdtar e i nsensitive to SNR and dePSRBRil s of
based range estimat@4/ilmut et al, 200J. The normalized rossspectrumhighlights broad and
narrowbandcoherent signals and discaroioherentnoise received at two pointsvhich is

especiallyobservedat higherfrequencies (shorter wavelengths relative to hydrophone spacing)
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where the windvave generated noise coherenceow. Thus, successful inversion can be
performed using a wider frequency rangerther, it is shown thatB localization using a pair of
vertically-separated omsdirectional sensors is possible by exploitin® ®athymetric effectin

continental sheland slope environments.
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CHAPTER 4

MAPPING OF SURFACE-GENERATED NOISE
COHERENCE FOR BETTER SIGNAL DETECTION

4.1 Introduction

Signal cetection in apoorly characterized andoisy ocean environment & challenging
problem Hydrophone arrayare commonly used to improve signal detectigainst background
ambient noiseThey are also commonly used active and passive SONARL experiments,
seismic operationgndpassive acoustimonitoring The performance of an array is determined
by its Array Gain (AG) which is the improvement in SNR of the array relative to a single sensor
or the difference betweeSignal Gain (SG) and Noise Gain (NG) in dB (Urick, 1967) The
response of the array to noise is expressédidrwhich depends on the spatial characteristics of
ambient noise fieldBuckingham, 1981)Thus, the spatial coherence of ambient noise is directly
related to the AG.

Analysis of the spaetme correlation property of ambient noise received on an agtayns
the spatial coherenad the noise fieldlt is a normalized quantity which depends on the sound
speed profile, bathymetry, seabed acoustic properties and thentypdysical extertf the noise
source.The prediction of noisepatial coherencequres detailed knowledge of the properties of
the sound propagation environmeltost of the measurement and modelling studies of spatial
coherence are location specific and used as a tool for-bassx inversion ofthe ocean
environmen{Buckingham and Jees, 1987; Carboret al, 1998; Muziet al, 2016; Shajahaet al,

2020) Knowledge of the mesoscalespatial variation of vertical coherence atige relative
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influence ofenvironmentafactors (seabed geoacoustic parameters, sound speed depth profile) is
requiredfor the design of element spacing of arrays in passive and active asysstins.

The two familiar models of spatial coherence teisotropic modelandthe surface noise
models developed by Cron and Sherr(i®62) The isotropic model considethe noise field as
statistically independent plane waves propagating in all directiniiermly while the surface
noise model assumes noise sources to be distributedlinfirgte plane just belowhe surface of
the ocean. Although the surface noisedelagrees well with deepater measuremeng{Barclay
and Buckingham, 2013a; Barclay and Buckingham, 2Q1iBie) model does not include sound
propagation characteristics such as refraction, attenuation, and boundary refkectiense a
simple analytical solutian

The isotropic and surface noise modetse difficulty modellingthe continental shelf and
slope regionsince the models do not consider environmental compléXiky sound speed profile,
bathymetry and sedimentpte can affect noise propagation causing anisotropy in the noise field
and change in spatial cohereneevious studies reportéige performance avertical line array
in shallow water due to winthduced ambient noisender varying environmental conidis
(Buckingham,1979; Hamson, 198®upermanand Ingenito (1980) introduced anormal mode
noise model for spatial coherence in a stratified media based on wave theory by assuming noise
sources as monopoles distributed at the ocean surface. Buckitd@psimilarly presented an
analytical solutionfor the vertical coherencef surfacegenerated noise applicable in shallow
water. A simple closetbrm solution for vertical coherence based on ray theory was developed by
Harrison(1996)and found to be vergffective in noisébased inversion applications.

In this chapter, a map of the vertical coherermfeambient noises generated and its

dependencen environmental factois analyzed on spatial scalgreater than 100 KixiThe study
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region was around Alvin Canyon, south of Ma r

propagation model based on reciprocity theory was used for the simulattbe mbise field
(Barclay and Lin, 2019). The simulation results provide a quantitative ¢stfslG relative to
different sound propagation conditioaad model configurationslhe chapteris organized as
follows: Section 4.2 presents the basic theory of spatial coherence and AG. Section 4.3 shows the
method for modelling ambient noise using éD3PE model and the description of the
environmental inputs used in the simulation. In section dedcribeghe simulation results of
vertical coherence andoise gain for different test cases. Finallgection 4.5 presents the

conclusions from thanalsis.
4.2 Theory- Array Gain and Vertical Coherence

The array gain is determined using the following simple relationship,
00 "YOU O (4.2)
where SG, is the signal gain and NG, is the noise gaasureih dB. TheAG of a linear array

with discrete hydrophones can be expressed in terms ofarasdation coefficient as

670 prl 26— (4.2)
wheres is the correlation coefficient of the signal ands the correlation coefficient of the sei
field. The hydrophone positions in the array are givethleyindicesn andn. When the noise is
incoherent and the signal has a unit correlation between array elements, the array performance
increasegogarithmicallywith the number of hydrophones. Whthe noise is partially coherent,
the array performance may degrade depending on the coherence of noise¥igralsrall array

performance depends on the degree of coherence existing between noise signals received at

different hydrophoneacrosghe aray.
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Two commorreferencanodels of spatial coherenaee used to describe noise coherence
with closed form expression$he isotropic model considers plane wavegormly distributed
over all directions. The normalized correlation function for the isotropic noise model can be

expressed as

3 _ (4.3)
wherek is the wavenumber and is the spacing between array elememslependent of the
orientation The surface noise model developed by C3tiermans more realisticcompared to
the isotropic noise model and primaniged for deepvater applicationsThe model assumes only
downward travelling noise in a seimiinite, nonattenuating, homogeneousean with azimuthal

symmetry. Based on the above assumptionsghiealnoise coherence function can be expressed

as

3 C ¢CQ— —. (4.4)

According to Cox(1973) in a homogeneous noise field, theal part of coherence for
surfacegenerated noise represents the symmetry in the noisalieldt the horizontal whilthe
imaginary part represents the asymmeftiye real and imaginary components of coherence for
an isotropic noise field as a functiofithe ratio between hydrophospacinggndwa v el engt h ( d
is given asadashed line in Figure 4.1. The real part of coherence falls to zero-atdhadfength
spacings (A/ 2). | f we use i sotropi c acegsesmpt i or
logarithmicallywith the number of hydrophones. The imaginary part of the isotropic noise model
is zero due to the symmetry in the noise field.

The real and imaginary component of coherence for the-Shenman model are also

shown in Figure 4.hs solid line. The complex coherence function given in Eq. 4.4 shows the
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anisotropic nature of noise directionality. general, he coherence is higher for Ck&@iherman
model, especially ghef i r st A/ 2 inGepse 0 icaherencedy lcause a degdation in

the AG compared tprediction made usingotropic noise fieldnodel Thus, the position of the

first zeracrossing of the real part of coherence is a critical parameter in designing the spacing

between sensors for sonar applications.
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Figure 4.1: The real and imaginary coherence of isotropic (dashed line) andSBemman model (solid
line)
The position of the first zerorossingcan vary depending on the sound speed profile,

sediment type, bathymetryand horizontally propagating distant sound in the measurement
location (Buckingham and Jones, 1987; Carbagteal 1998; Shajaharet al, 2020) The
environmental influence on noise coherence can be analyzed by mapping the ficsbzeirg

on a spatiascale.The zerecrossing frequencies of spatial coherence is important in the design of
hydrophone spacing in passive and active acoustic experiments. Therassings also depends

on the ocean environment, especially the first-oeossing. In this work, theposition of thefirst
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zerocrossing of the Croshermarmodel was used as a reference and the relative change from it

for different cases are investigated.

4.3 Mapping Ambient Noise Vertical Coherence

4.3.1 3D Ambient Noise Field Modelling

The ambient noise field can be considered as a superposition of pressure fields due to
individual sources. Normally, for wingenerated noise, the sources are assumed to be distributed
just below the surface with a specific source intensity per unit areaaridgtical noise model
described in chapter 2 considered a statistical distribution of individual sources and the cross
spectral density for a rangedependent environment was obtained by integrating over range and
azimuth. An alternate approach adapterehs to use a sound propagation model to calculate the
pressure field from surface distributed sources. Parabolic approximation of the wave equation (PE
model) is a convenient way to determine the acoustic field due to distant sources in-a range
dependenenvironment (Tappert, 1974). A PE sound propagation model can include variable
bathymetry, sediment typeand sound speed profilén this case, the PE model exploits the
principle of reciprocity which keeps the pressure field same even if we interdhangesition of
the source and receiver. The complex pressure field computedf@t an arbitrary source at
a gives the surface sensitivity for a receiver placed afThus, in the case of wingenerated
noise, the total field can be calculated s;ymming over all the contributions from individual
sources in the horizontal plane. Based on this assumgit®moise power due to a quatinite
sheet of noise sources placed just below the surface at@epth cylindrical grid i§  can be

obtainedas
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whered 1 i A R is the complex acoustic pressure field in the model dondaiis the

source depth and is the angular frequency. 1  AYi , is the range of the noise source and
I Yl , is the bearing.0, i A Ois the ensemble average of the noise source

strengthy ¥ii is the cylindricatoordinateslement area over which the noise sources have been
averaged. Th€SDcan be cmputed byplacinga second source at degthandcomputing

Y1 B B 0, if DimmAA 0T RmAR YW, (46)
where the * denotes the complex conjugate.

A detailed description of the reciprocal PE noise model can be found in (Barclay and Lin,
2019). By keeping the sources at positianandd , the complex pressure field can be calculated
for the model domainThe power spectrum and creggectrum forsurface distributed noise
source can be calculated usirkgs.4.5 and 4.6. Once the power spectrum and espsstrunare
computedthe normalized crosspectral density, or coherence, can be deterntigied

s ] 9 4.7)

An Nx2-D anda 3D PE model using the splttep Fourier algorithm with a wiekngle
PE approximation was used to calculate the pressure field in this studst @lir2013; Linet al,
2015). The3-D model solveghe forward propagating PE equation reduced from teétholtz
wave equation in a cylindrical coordinate system with awag marching algorithm originating
from the source positiomllowing horizontal propagation between radial marching directions

4.3.2 Environmental Input Parameters

The main inpuparameters required for theCBPE model are spatially varying bathymetry,

vertically varying sound speed profilend seabed sediment properties. The model domain was

selected near Alvin Canyon toghlight the importance dhe rapidly changing bathymgtrThe
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study region includes continental shetipntinental slope, and deewater regions, ands

characterized by spatial variation in sediment composjii@omprises the New England Mud
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Figure 4.2: The environmental properties of the modetdin (a) bathymetry (b) compressional sound

speed (c) bottom loss and (d) the sound speed at 50 m depth.

Patch) andsound speed profile Bathymetric data were drawn from the Global Multi Resolution
Topography (GMRT) database willb mresolution in latitude and0 m resolutionn longitude

(Ryanet al, 2009). The bathymetry of the region is given in Figure 4.2a. The sediment type of the
region was obtained from the US geological survey dataBagdetal 2 005) . (18B&mi | t on
saliment model for the continental slope environment was used to estimate the geoacoustic
properties of each sediment sample from the database (&reep011). Compressional sound

speed, densifyand bottom loss were estimated and the map of comprassionnd speed and
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bottom loss for the study region is given in Figures 4.2b and 4.2c respectively. The environmental
model assumed a planar sea surface with total internal reflection. The data assimilated Regional
Ocean Modeling System (ROMS) Experimerfigistem for Predicting Shelf and Slope Optics
(ESPreSSPmodeloutputwas used to extract water temperature and salinity covering the study
region (Rutgers Ocean Modeling Group). Sound speed profiles are derived from temperature and
salinity using Mackengi equation (Mackenzie, 198T)he sound speed map at 50m depth for the
model domain is shown in Figure 4.2d. Below the mibeser, most of the grid points followed a
downward refracting sound speed profile which is the characteristics of a typical pvoftier of

the study region.
4.33 Numerical Simulations

The numerical simulations were performed to understancethgve effect of various levels
of environmental variability on noise coherence and array gain. Two submarine canyons were
present in the study region (Alvin and Atlantis). The bathymetric variations in the model domain
were significant to study the effect of horzontal refraction on noise coherend&t higher
frequencies, the-B PE model becomes mormmputationallyexpensive as the model grid
resolution scales as a function of wavelengtus, the simulations were performed for a single
frequency of 50 Hzand a grid resolution ofp @ km and assuming a homogeneous surface
generated ambient noise fidlkluperman and Ingenito, 1980).\&rticalarray of 40 sources with
1 m spacing spanning the water column from 40 ton/®ere used to generate the acoustic field
at each grid point for a horizontal range of 10 km and the model source level was set to be 0 dB.
By invoking the principle of reciprocity, the power spectrum, egpgsctrum and coherence were

computed at each grid point using Equations4.%,and 4.7 espectively.
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The numerical simulations were carried out for four test cases with different environmental
varigions These cases were chosen to studyiridevidual effects of environmental inputs on
noise coherence separately. In case 1:PaRPE model was used to simulate noise coherence at
every one degree of bearing to generate an-Dixfise field at each grid point. The NER
environment considers only the bathymetrariation in the radial direction and neglects the
transverse variation of the seaflcand any resulting otdf-plane sound propagation between
radials The water column sound speed at each grid point was s&skemstant for this case. The
dominant compnent of surficial sediment in the study region was fine sand. Thus, the same
geoacoustic propertiegereused for the seabed at each grid point with a compressional sound
speedd 1650 ] i, density’ 1900Q X and attenuation 0. 8 dB/ Ajsthewher e
wavelength.

Table 1: Test cases and corresponding environmental input parameters

Case Bathymetry Sound speed Geoacoustics
1 Nx2-D constant constant

2 3-D constant constant

3 3-D SSP constant

4 3-D SSP variable

Case 2 examined thimathymetry induced horizontal refraction by replacing the-Bx2odel
with a 3D model with the environmental inputs being the same as in case 1. Sasked the
effects caused by th&und speed profile by replacing the constant sound speed in the wate
column with a range independent sound speéd In case 4, the combined effect of bathymetry,
sound speed profile and sediment properties on ambient noise vertical coherence was examined.

The four test cases and their respective environmental ingussigimarized in Table 1.
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4.4 Results and Discussions
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Figure 4.3: The percentage difference between the €3barman and computational vertical noise
coher ence modaaosding fsequency faga) case &, (b case 2 and (c) the difference between
case 1 and 2.

The relative change in the first zezmssing frequency from the Cr&herman model for

cases 1 and 2 and their difference are shown in Figures 4.3a, 4.3b and 4.3c respectively. The
bathymetic data of the study domain are shown as isobath contoaeshtoherence map. Both

cases considered constant sound speed in the water column and identical sediment properties at
each grid point in the model domain. Thus, this comparison solely foonghs effect of range

dependent topography. The NERsimulation does not include transverse coupling of sound
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energy across the vertical plane. On the other hand;EhBEB model incorporates sound focusing
due to horizontal refraction. Examination ofjiires 4.3a and 4.3b shows that the relative change
for cases 1 andi2 higher than 50 % in shallow water (< 200 m) for both cases 1 and 2. This result
clearly suggests thaaccuracyof the CronSherman model in representing the noise field in
shallow waers. The proximity of the seabed can introduce interaction of sound with the ocean
boundaries resulting in bottom reflected arrivals at the sensors. Moreover, the sandy bottom type
used for the simulation may cause horizontal propagation of bhelse the critical angle as a
result of total internal reflection. Both these factors can contribute to the symmetry in the noise
field resulting in an increase in the first zemessing frequency compared to the C&rerman
model.

The relative change approash@ for case 1 in regiomgth depth greater than 1000. This
shows the agreement between the Nx@mulation and the Cre8herman model in deep water
regions. However, case 2 shows a 16% increase in zerorossing frequency between 1000 and
2000 mwhile above 2000n the coherence map agrees well with the surface noise model. The
difference between case 1 and casestwn in Figure 4.3cshows theimportance of3-D
propagationeffects in regions of variable bathymetry, especially betwden200 and2000m
isobaths. The rapidly changing bathymetry in the continental slope regions can induce horizontal
refraction and sound focusing resulting in alB% difference betwee2D and 3D modelling
The comparison revealed that th® 2ffect of bathymetrgn noise coherence agly marginally
significant in the study region.

The relative change in percentage from the €3barman model for case 2 and case 3 are

shown in Figures 4.4a and 4.4b respectively. The constant sound speed is replaced by a sound
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speed profile at each grid point in case 3. In comparison with case 2, the shallow water regions of
case 3 showed a decrease in the relative change up to 30%. The figbssnog frequency of
the deepwater regions for case 3 matches with the E8beman model resulThe interaction of
sound with the seabed is larger for a downward refracting sound speed profileontpared to
a constant sound speed water colums sound interacts more with the seabed,iticeeased
bottom loss may cause asymmetryhe noise field and most of the energgnains athe surface.
As a result, the relative change in shallow waters for case 3 is less compared to case 2. The
difference between case 2 and case 3 is shown in Figure 4.4c. This analysis clearly shows the
importanceof an accuratsound speed profile in the simulation of the spatial characteristics of
ambient nois¢Barclay and Buckingham, 2013a; Barclay and Buckingham,)2014

In case 4, all the three spatially varying proper{iesthymetry, sound speqatofile and
sediment propertigsvere used to simulate the spatial coherence at each grid point and the noise
coherence map was generatsthg the 3D propagation modellhe noise coherence map of case
4 issimilarto that of case 3 except for some regianshallow water where the relative change
case 4alls to zero as shown in Figure 4.9the map of the sediment compressional sound speed
given in Figure 4.2b indicates that the sediment composition in those regions was clayey silt
Bottom reflectiom loss mainly depends on the type of sedim@hyey silt more effectively
absorbs the sound energympared to larger grained sedimeriise negative gradient in sound
speed profile in shallow water also enhances the interaction with the bottom. si$t &he noise
field is dominated by downward travelling sound similar to the assumption of theSBesman
model. Figure 4.5c¢ showbkatthe bottom type can cause a difference of up to 40 % in the noise
coherence map. ldentical tbe other cases, theoise map for case 4 mostly follows the Gron

Sherman model and the sediment type does not affect thermsing frequenciyn deep water
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Figure 4.4: The percentage difference between the €3barman and computational vertical noise
coher ence modaaosding sequency fga) case @,r(b) case 3 and (c) the difference between

case 2 and 3.

The analysis shows that sediment type is the criltallow wateparameter foanaccurate model
of thenoise field and spatial coherendéang and Yoo, 1997; Jensen et al, 2011)
To demonstrate the influence of spatial variation in environmental piegpen signal
detection, a map oNG was generated for a ¥ e me n t hydrophone array
coherently summed (with the beam stedreshdsidg¢ According to Eq 4.1, a decreaseNG
enhances the overall array performance, while an increasadaésgthe performancBlG maps
were generated using the simulated vertical coherence. Two transects along the latitude as shown

in Figure 4.6 were chosen to study the variatioN@from shallow water to deewater. The first
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the difference between case 3 and 4.

transect (transect Ayas away from the canyon axis with a grallly decreasing bathymetfyom

the continental shelf to deep water. A second transect (transect B) close to the axis of the Alvin
canyon was chosen to study the influence of bathymetric variation. The esti@tefiboth
transectsand corresponding bathymetaye shown in Figures 4.7a and 4.7b respectivlé
estimatesisingthe isotropic (black dashed line) atie Cron-Sherman (black dashed line) model

are also plotted to compare with the test cases.
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Figure 4.6: The two transets along latitude (a & b) and the bathymetry of the study region.

In Figure 4.7a, th&lG increases from shallow to deep water in all four test cases. Most of
the estimates for transect lie between the isotropic and theSPrerman model with case 4
showing the largest variation in gain. It can be observed thati@hestimate for test cases in deep
water matches with the Cré8herman model and the gain mostly follows the isotropic model in
shallow water. The second transect is shown in Figure 4.7b also followed a similar trend as transect
A, except for a slight increa inNG at the head of the canyon. This could be due to the sound
focusing caused by rapid change in bathymetry at the headN@Ghanalysis can be used for
choosng the deal spacing of hydrophone arrays for better signal detection in active and passive
acoustic experiments. Based on the above analysis it can be inferred that the ideal spacing for a
hydrophone array is A/ 2 in shallow water and !

bathymetry such as continental slope and dbvelék thadeal spacingiesb et ween 5A/ 8 an
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Figure 4.7: The Noise Gain estimate for a-&ement hydrophone array for (a) transect a and (b) transect
b.

4 5 Conclusions

In sonar performance analysiAG is a significant factor in determining the signal detection
capability. AG not only depends on the coherence of the signal but also on the spatial coherence
of ambient noise received between different array elements. Thus, an accurate representation of
the ambient noise field is necessary for better signal detection. The simple analytical models of
surfacegenerated noise coherence may not be applicable in complex environments with spatial
variation in sound speed and bathymetric properties. Thereforeriwahmodels can be used
these environmentfor the accurate representation of the noise field for sonar performance
analysis.

In this work, the influence of environment on surface generated ambient noise coherence on a
spatial scale has been analymsthg a Nx2D and a 3D PE model. Range depeamd bathymetry,
sound speed profile and sediment tyw¥ethe environmental parameters used for the simulation
of the noise fieldThe four test cases subject to different environmental varialahty realism

were considered to study thaativeinfluence of waveguide properties on noise coherence. The
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comparison of noise maps for Nk2and 3D environments showed that the effect of bathymetry

induced horizontal refraction minimal compared to the otherctars In shallow waterthesound

speed profile isan importantfactor for accurately representirige noise field.Noise spatial

coherence islso found to be more sensitive to seabed acoustic properties in shallow water

compared taleepwater regionsDeep water regions are the least affected by the variations in

environmental propertiesThus, the Crofbherman surface noise model is good enough to

represent the spatial coherence in deep water. Furthermore, the analiSissifmates revealed

the idealspacing for hydrophone arrays in the continental shelf, stsgkdeepvater regions.
Measurement of ambient noise coherence on a spatial scale is important for sonar performance

analysis and can be used to extract information about the ocean environmenthapieshas

introduced a method fanappingambient noise coherence. Noise cemee map area useful

tool to visualize the influence of spatially varying environmental properties on noise coherence

and array performanceAlthough the model domain was restricted to a region near Alvin canyon,

themethods andonclusions drawn froniis study ould be used for desigmg hydrophone arrays

in areas witHittle or no environmental information. The analysis also supportappécationof

noise coherence modelling in the continental shelf and slope regions before conducting any

transmisen loss or passive acoustic experiments.
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CHAPTER 5

DEPTH-DEPENDENT AMBIENT NOISE MODELLING
IN CHALLENGER DEEP

5.1 Introduction

In chapters 2 and 3, methods using the vertical noise coherence for partitiomogs#field
into shipgenerated and windave generated noise components were described, along with a
technique for localizing the ships themselves. These tasks were performed using a moored set of
sensors. In chapter 4, the mesoscale spatial variabilitheofvértical noise coherence was
computed, along with its sensitivity to key physical parametersofeplane (3D) propagation,
and spatially varying sound speed profile and seabed sediment properties. In this chapter we use
vertical coherencw investigte the depth variability of the noise field in the deep ocean using a
profiling acoustic recorder.

The noise coherence model developed by Cron and Sh€ét®@R)has been widely used to
represent the noise field in deep water environments. Assuming haimniformity, they derived
an expression for vertical coherence in a s@fimite, norrattenuating, homogenous ocean with
an infinite sheet of neaurface distributed noise sources. Under these assumptions, the PSD and
directional density of ambient & are independent of position in the ocean. However,
azimuthally noruniform sources such as local shipping, rainstorms, squalls, and bathymetric
focusing or shadowing can cause variatiortha coherence function from the Cr@herman
model (Barclay an@uckingham, 2013b; Barclay and Buckingham, 2014).

Besides source characteristics, the refraction of sound also affects the spatial statistics of deep

water noise with respect to depth. Noise generated by ships and wind far away from the
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measurement lodah can travel through the SOFAR channel and influence the spatial coherence
(Barclayet al, 2017).Below the critical depth (the depth at which the sound speed is equal or
greater to the surface sound speed), also known as the reciprocal or conjugatethdept
contribution of surfacgenerated sources with any lateral displacement from the receiver is
expected to fall away (Gaul et al, 2007). Therefore, the structure of the noise power and vertical
noise coherence must exhibit a depth dependence wiilebtsethe mixture of these different
effects through refraction by the sound speed profile

The purpose of thishapter is to develop a threemponent noise coherence model in deep
water by incorporating differentypes ofsources and theeffects of deth dependent sound
refraction Locally generated wind;loserangeship passing, and combination oflistant wind
andshipping are théhreetypes of noise sources considered in this model. This is an extension of
thenoise coherence model developed targify the contribution of ship noise in shallow water
from the long-term passive acoustic datasitcussed in chapter (Shajaharet al, 2020). The
theoretical model developed in this study can be used to identify and partition the contribution of
different sources to the total noise field as a function of depth. The model may also serve as a tool
to inform hardware configuration,-aeadeployment plans, arglgnal processing techniques for
active and passive SONAR systesirsce it incorporates the source types, propagation physics and
frequency characteristics of the sound sources.

Two sets of ambient noise and environmental aatge collected usingthe autonomous
acoustic pr of {Bardayet al 200%9aadihe Beep Acoustic Lander (DAin)the
Challenger Deept the southern end of Mariana Trench in 2014 and 20@& depth dependent

ambient noise coherene&s collected awn toa depth o® km in 2014 and 0.95 km in 2021
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Deep Sound and DAL afesefalling instrument platformdesigned to descent under gravity
to a preassigned depth and then release a drop weight which allowstretarn to the surface
under buoyancyThe on-board noise recording system consisif four hydrophones, in an L
shaped array with thredements aligned in theertical and twan the horizontal. More details
about thebeep Soundhstrument can be found in previous publications (BarclayBaro#tingham,
2013a; Barclay and Buckingham, 2014; Barcktyal2009 along with details of the 2014
expedition Barclayet al, 2017 Lorangeret al, 2021). The DAL and the 2021 expedition will be
briefly described here.

The remaining content of thhapteris organized as follows: The details thie instrument
platforms and the two expeditions to fkallenger Deep are given in section 5.2. The derivation
of thethreecomponent noise model, and basic theory of coherence and directionality arespresent
in section 5.3The experimental results and the method of noise partitioning using theoretical
models is givenn section 5.4 Finally, the application of the developed technique in deep water

acoustic measuremenssdiscussed in section 5.5.

5.2 Ambient Noise MeasurementChallenger Deep

5.2.1 Deep Sound and the Deep Acoustic Lander

Deep Sound is family of free-falling (untethered) acoustic recordeesigned to descend
from t he o0c e anassiggned depth véehereit dtops armirorpweight and returns to the
surface under its own buoyancy with a speed d rUs in either direction. Three variants of the
instrument have been built, the Mkill,and Ill. The data recordeduringthe Challenger Deep
2014 expeditiorwas done by the Mk. liwhile the Mk. Ill was lost during the same expedition.
The instrument comprises of a 3.6 cm thick Vitrovex glass smgrtaining the data acquisition

andcontrol hardwarevith a 43.2 cm outer diamettdrat hasa depth rating of 9 km, four external
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hydrophones, a conductivigepthtemperature (CTD) sensor, and recovery beacons: a strobe,
radio beacon, and satellite beacon.

Pressure time series are recarden four High Tech Inc. HT99-DY hydrophones
arranged i n an ‘threeelamerdspatgded @ rtheeatigal and tivdin the
horizontal The hydrophones are mounted on athad places them outside the motiorduced
turbulencdayerof the nmain instrument package. The acoustic bandwidth of this hydrophone is 5
Hz — 30 kHz, and all four channels are simultaneously sampled by the data acquisition board at a
samplingrate of 204.8 kHz and a dynamic range of 24 [itee sensors have sea stateero
sensitivity of-1 57 d B r e :ThelOID & Falmouth &cientific Instruments MicroCat,
provides real time depth and vertical speed data, and is usedasuregemperature, salinity,
density, and sound speed depth profiles.

For this deploymenthe instrument was configured to descend to 9 km, at which point the
drop weight was triggered to release so that the platform could ascended to the surface for
recovery.

The DAL is an updated version of the Deep Sound family landers, built at Dalhousie
University, with an upgraded pressure rating of 11 km, or full ocean depth. The platform hardware
is similar with a Vitrovex glass sphere serving as the instrument housing as well as the primary
source of buoyancy. It carries the same4¥HDY hydrophonesrranged with a bandwidth of 5
Hz — 30 kHz, a sampling rate of 128 kHz and a dynamic range of 16 bits. The CTD, manufactured
by AML Oceanographic, is complemented by a sound velocity meter (SVX) which measures the
in-situ sound speed using a siagpund nethod.

Thanks to an update in data acquisition and control hardware over its predecessor, the DAL

has a longer deployment lifetime (~ 40 hours) during which it can continuously record underwater
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sound on four channels. It descends and ascends more stoadgh the water column, at a
nominal speed of 0.4 m/s, reducing the effect of flow noise. For the 2021 expedition, DAL was
configured to descend to and land on the bottom of the Challenger Deep where it remained for

several hours before dropping its batlaveight and returning to the surface.
5.2.2 The 2014 Expedition

In December 2014, a muldisciplinary expedition to the Mariana Trench-lomard the
Schmi dt Oc e aWFalkondegaitet fuotn ¢he islan®Rof Guam in the Western Pacific
Several atonomous, deegiving instrument platforms were deployed in the Challegsp with
differentscientific objectives, including watsampling and CTD profiling throughout the water
column, the collection and video recording of hadalphipods andecording the broadband
ambient sound ovehe full ocean depthSome of the findings from the expedition have been
previously reported ipopular (Nestor, 2014) and scientific literature (Barclay et al., 2017; Lan et
al.,2017).

Deep SoundMVk. Il was deployeda t 11-21. 60" iNa reglod dfetlie7 . 25~
Challenger Deep known as the Central Basin, or Central Eagiit hours after it enteretie
water, the Mk. ' 1 was r ec oThelocaldvindaspeedidurin@thhe. 6 7 °
deployment was recorded by a meteorological station mounted on the mast of the R/V Falkor with
a sample rate of 1 Hz. The mean windspeed during the deployment period was 3.2 m/s. During
the deployment, the sister platform, Mk. 1l imploded at a nominalhdefp8600 m, generating a
shock wave that was recorded on the Mk. Il and discussed in detail by Loranger (Letaaiger

2021).

5.2.3 The 2021 Expedition

87



In May of 2021, a expedition to the Challenger Deep was mounted aboard the Deep
Submersible SuppbVessel (DSSV) Pressure Drop, a surface vessel operated to facilitate the
deployment, recovery, and maintenance of the full ocean depth rated manned submersible Limiting
Factor. Along with a series of manned submarine dives that saw the collectionogfidaio
samples and video footage, DAL was deployed to collect acoustic data during its descent and
ascent, and while sitting on the bottom.

DAL was deployed at 11° 19. 42° N, 142° 10.
Eastern Pool. It reached thettom 5.5 hours after deployment and began its ascent to the surface
after sitting on the bottom for 4 hours. The lander was recovered 11 hours later approximately 25
km from the drop location. The local wind speed during the deployment was recorded from
handheld anemometer on the external bridge of the DSSV Pressure Drop. The anemometer had a
sample rate of 1 Hz, and computed 30 second averages, measured once every 30 minutes. The

mean windspeed over the descent time was 7.7 m/s.

5.3 Theory

5.3.1 Three=-Component Noise Coherence Model

Ambient noise in the ocean can be represented by the superposition of randomly generated
plane waves propagating in all directions. The theoretical model of noise coherence presented in
this work considesy three types of sources: whgkneratedcloserange (local)shipping and
distant noisgpropagating in the SOFAR chann&lpm wind and shipping The time series of
acoustic data received at two vertically separated hydrophones can be expressedpssitisupe
of these three sources and are given by

wo 0 O Lo Qo (5.1)

and
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wo 0 O Lo Qo, (5.2)
where0 0 is caused by locally generated wind,0 is due to local shipping arf@ o is the
contribution from distant@ise sources, which can be either wihablogical or shipping on the
i-th hydrophone. It is assumed that thexestsno correlation between the noise sources, but each
individual source shows some correlation across the two sensors. The PSD, C$fe and

normalized CSD or coherence between two sensors are given by

gy o0 & ¢ (5.3)

oy o 129 (5.4)
and

3 ] 6°®C’ . (5.5)

whereX; is the Fourier transform of,1 is the angular frequency, * denotes the complex
conjugatethe angle bracke@Ondicate an ensemble averagadT is theduration of the
observation.

Combining Egs. (5.1), (5.2) and (5.4), the uncorrelated terms go to zero and the cross spectral

densty becomes

&Y 1 O,ooooooooc? (5.6)

whereW, Vi andD; are the Fourier Transforms wf, vi andd; respectively Their dependence on
the angular frequencyy, is implied.

Assuming spatial homogeneity of noise field generétgandependent sources at short
distance apart, the PSD of total received signal as well as its components are independent of
receiver position as given by

6y O 08Y Q (5.7)
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G w0 w WwQ (5.8)
o WO w awaqg (5.9)
and
6O 00 0 W0 (5.10)
By substituting Eqg. (5.6) in (5.7) and using Egs.{5.10), the vertical coherence candx@ressed

as

(5.11)
The denomin@r in each term on the R.H.S is the total received noise level on both s@imors
numeratos are the CSD of wind generated noise in the first term, local vessel noise in the second
term and distanhoisein the third. By introducing two frequency dependent terms, the above
equationgan be simplified. 1 is the fraction of noise power due to vesseldi 7 is the

fractionof noise power due tdistant sourcegjiven as

T 222 (5.12)
and
P 2 (5.13)

Implying thatthe fraction othenoise field caused by locally generated wimdiven byp
T I 1 &Jsing (5.12) and (5.13), the total received noise level at each sensor can be

expressed as
sy 229 (5.14)
By substituting (5.12)5.13) and (5.14) to (5.11), the vertical coherencetbitotal noise field

is given by
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3 1 pT 1 31 1371 1371, (5.16
Like the twacomponent noise coherence model developed for shallow wateapter 2the total
ambient noise field coherence is a wégghlinear combination of three independent figldsere
the weights mus sum t o unity. (Cos 197A3)theGoise ‘caherehce camibd a

expressed in terms of vertical directionality through a finite Fourier Transform
3 ] - 0—1Q OEIQ— (5.17)
where"O— is the directional density functiqnormalized noise power per unit solid angleis

the polar angle measured from zenith, 1 p, andt is the acoustic travel time between
sensors separated by a distatg@ a medium of sound speedBased on Egs. (5.16) and (5.17),
the vertical diretional density function can also be expressed as a weighed sum of uncorrelated
noise field directionalities given as

Oo— p f I 00— 10— T 00—, (5.18
where'O —, "0 — and"O — are the directionalities of theoise frombreakingwaves, local
vesse$ and distansourcegespectively.

When locally generated wind dominates the noise field, the vertical coherence in deep
water is independent of the position of hydrophones in the water column, the source spectrum level
and frequeng dependence of surface noise but depends only on the local sound speed between the
sensors. However, the vertical directionality of ambient noise may change either due to a second
sound source at clogsange or refracted sound from distant sources agiatrthe sensors through

the sound channel axis. These contributions are represented in tédrm$ ofandf 71 in Eq.
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(5.16). When 71 and! 1 are equalto zero, the resultant directionality depends only on the
noisegenerated by brealg waves and is a complex function representing the asymmetry of the
noise field. For closeange shipping, thimterferenceeffectdiscussed in chaptercdn be seen as

a fringing patternn the coherogragdepenthg on the frequency, sensor separatemd rangeo

ship. Thesdringing patterns can be seen both in the real and imaginary coheSeng®larriving

at the sensors from distant sources primarily contrdiotéhe real part of the coherenghich, as
previously discussed in chapter 2, captuthesymmetic componentf the noisefield about the
horizontal Distantly generated noise trapped in the SOFAR channel is well described by near
horizontal propagation angles (Barclay, 2017).

Analytical models of ambient noise and sound propagatioteaised for modelling the total
noise field coherence. Using these mod#lsoise coherencé, and | can be inverted by
replacing the L.H.S of Eq. (5.16) with noise coherence data collectedthisiagoustic profilers
Solving forT andf gives the absolute contribution of local shipping and distant nodi® e
1 nP&/Hz

"Y (5] prat& 1 @ 1 (5.19
and

001 pmraedy ] @ 1 (5.20
The aboveEgs.can be used to partition and quantify the contribution of déegendent ship
noise against the natural ambient soundscapeditionally, the model provides appropriate
framework to determine the deptlependent mixing of local and distantly generateidanas a
function of local wind speed

The depth profile ofhecrosscorrelation function (CCF) can also be extracted using an inverse

Fourier Transform relationship betwegne CCF andcoherence as given below
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r - —. 3 1 Q 1Q, (5.21)

wherel  — is the CCF between the sensors 1 and 2dasdhetime delay of the correlation
between the time serie$ both sensotsThe knowledge about the depth dependentbed©CF
can be used to understand the range dependence of vepatis scales in the ocean. The
analytical models used to procélks data fronDeep Soun@nd DAL are briefly discussed in the
next section.

5.3.2 Ambient Noise and Sound Propagation Modelling

The CronSherman model of ambient noisgherence has a clasérm expression fathe

complex coherence function given by

3 ] C ¢Q— — (5.22)

Previous measurements of depth dependent noise coherence agree wék @ittn-Sherman
modelfor up to 6 km (Barclay and Buckingham, 2013a). This function can be used to represent
thelocal wind noise coherence.

Analytical or numerical model of sound propagaticem de used to determine the
coherence due to local shipping. Distant wamt ship noig® propagating through the sound
channel axis can be assumed gtaewave propagating horizontally with perfect symmetry in
directionality between the mixddyer depth and the conjugate depilne frequency dependence

off andf can be writteras

TR . | (5.23

wheren determines the robff in dB per octave and is the relative weight of each source. is
the referencepeak frequency of the source aisdchosen to be 100 HxVhen the data at low

frequencies isorruptedoy flow noise, a higher peak frequency can be chosen for the inversion.
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The ambient noise measurement platform used in this study may introduce turbulence
during ascenand descen The effect of turbulencenanoise coherence can be included by adding
a scaling factor (Barclay and Buckingham, 2013b). Thus, the observed coherence can be expressed
as
3 1 838 1, (5.29

where
" e (5.29

where- 1 is a frequency dependent sigtalnoise ceefficientand depends on the speed of the
flow past the sensor, and the sensor size and geometry (Bassle2014) Larger valus of -
indicatean increased effecf turbulence in the measured coheremdach reduces the magnitude
of the @herence, as flow noise is locally generated, thus entirely incoherent between sSEmsors.
frequency dependent scaling introdubgd 71  does not alter the zero crossing frequencfes

the real or imaginary coherence curves

54 Results and Discussions

5.4.1 Acoustic Data Processing

The continuous acousticecording from the desces of the 2014 and 2021 Challenger
Deep deployments aemalyzed hereThe sound speed profieneasuredrom both deployments
areshown in Figuré.1. The conjugate depth of both measuremarggust over 5 km deeph&
depth of the sound channel axis in 2021 w440 m and wa800 m deepethan the2014
measurement

In the 2014 Expedition to Challenger Deep, noise data were recorded up to 8.9 km using a
four-element hydrophone array. Noise data collected on the first and third sensors with a vertical

separation of 0.768 m were used for processing in this study.3=8)5.(6.4) and (5.5) were used
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to determine the depitlependnt PSD, crosspectrum and coheremgcrespectively. Ambient

noise data from each sensor were separated into 20 s segments. Each of the 20 s segments of noise
data was subdivided intfurther250 segments with a duration of 0.08 s. A 24ibAnt FFT was

applied to process each of the subsectiwwhikh were therensembleaveraged to get a power
spectrum and crosspectrum foreach20 seconds. Thisme resolutioncorresponds to a depth

resolutionof ~11 masthe average speed of descending was 0.55 m/s.
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Figure 5.1 The sound speed profitef the Challenger Deep measured in 2014 (solid black line)
2021 (solid blue line), with the conjugate depth shown by the grey dashed line.

Figs. 5.2 (a) and (b) shows the real and imaginary part of coherence as a function of
normalized frequency and depth/time. The presencenefgoyship can be identified from the
coherogrambetween depths of 8 500 m Below this, he real part of coherence showas
remarkable increase in the sound channel due to the strong presence of horizontally propagating
noise seen up to the conjugate depth. From there onwards, locally generated wind dominates the

noise field. Local winds during the deployment were lighttwan average speed of 3.6 m/s at 10
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meters above the sea surface. The decrease in the levels of coherence from unity indicate the

presence of uncorrelated turbulent noise.
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Figure 5.2 The (a) real and (b) imaginary part of vertical coherence iCtialenger Deep measurt
during the descent of Deep Sound in 2014

The coherogram shown in FiguBe2 can also be interpreted in terms of the vertical
directionality of the noise field. The complex coherence function indicates the asymmetry in noise
diredionality. For aperfectlysymmetric noise field, only the real part exists and the imaginary
componentis zero. The real (solid blue) and imaginary (dashed blue) coherence at the sound
channel axis are shown in Figlr&(a) and (b), respectively. Belae conjugate depth in Figure
5.2 uniform vertical bands start to appear in both the real and imaginary coherogram, which is a

characteristic of local windenerated noise. The rgablid red)and imaginary(dashed red)
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coherence curve at 7 km depghshown in Figureés.3. This shows théaint oscillatory nature of
wind-induced coherence below the conjugate depfth zerecrossings which align with the

Cron-Sherman model
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Figure 5.3:The (a) real and (b) imaginary part of vertical coherence abtived channel axis and belc

the conjugate depth from the 2014 measurement.

Ambient noise measured up to 10.95 km from the 2021 expedition was used to ¢
the change in its depth dependence urdiferent environmental conditions anslource
characteristics. The tirngeries data was split into 30 s segments to compute the PSD anc
spectrum with a corresponding depth resolution of ~ 12 nur&tg4 (a) and (b) shows the re
and imaginary part of coherence from the 2021 measureeriscussed in chapter 3&
parabolicshaped pattern observed in the coherogram is a characteristieréérenceeffect
due toaship passingear the receiveil his effect can be seénice; once when DAL was ne:
the surface andgain when it was at aedth of3.5 km. The influence othe strong locally
generated wind in the noise field is visible in the coherogram as uniform vertical bands

real and imaginary coherenc@hese bands alsmdicate the homogeneous nature of wil
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generated ambient noise below the conjugate ddpih.mean wind speed at 10 m above
sea surface during the deployment time was 7.7 m/s. Unlike the 2014 measurement,
local wind conditions are strong enough such that wiagle noise generatedove the sensc

dominates the noise field in the SOFAR channel and below the critical depth.
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Figure 5.4: The (a) real and (b) imaginary part of vertical coherence in the Challenger Deep me
during the descent of DAL in 2021.

The significant arplitude of imaginary coherenamrresponds téhe asymmetry in the
noise field It shows how most of thenergyis travelling downwardsevenwhen the platform has
landed on the seafloorThe lack of energy travelling upwards suggests thatseédiment
conmposition at these depths acts as a fluid with acoustic impedance similar to the water column

above it andibsorbsnost impingingsound energywvith very little reflection.
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The two measuremest of ambient noise from Challenger Deep show the depth
dependencef vertical coherence due éhanging contributions from tharious types of sources
present in the environmenthe noise characteristicsreflecting the composition and relative
influence of contributing sources deep water is a timearying property By fitting the three
component noise coherence modieé depthdependent power spectrum canpaetitiored, and
the relative and absolutentributiors of each sourcean be determineidom themeasuredertical
noise coherence.

5.4.2 Noise Partitioningin Deep Water

The contribution of each noise source to the total noise field can be determined by
estimatingf , T andthus p 1 I, respectively. An inversion scheme has been
developed based on Eq. (5.16) to compute the absolute contribution of locaclsetange
shipping and distant windndshipping.3 1 in Eq. (5.16) can be represented using the Cron
Sherman model of noise coherence given in (5.22).

Closerangeshipping can be modelled using a sound propagation mddeth depends on
the sound speed profile, sediment acoustic properties and horizrgal between the ship and
receiver.Local shipping can be computed using available sound propagation modetsthisd i
work, 3 1 is computed using KRAKEN, which uses the method of normal modes (Porter,
199). The measured sound speed profile from @reallenger Deep and sediment acoustic
properties of very fingrained silty clay were used as input parameters to comapute .

Distant noiseg 1 Ipropagating through the sound channel axis can be integrated into
Eq. (5.16) as drequencydependenconstant with perfect symmetry about the horizontak

closedform model given irEq. (5.23) can be used to obtain the frequency dependenceanfd
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I . To account for turbulence, the model can be modified to fit the data by introducsuatimg

factor, 1 Pgiven in Eq. 24 with a characteristic frequency slop®of .
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Figure 5.5: The real part of (a) measured and (b) best fit modelled vertical noise coherence fr
2014 Challenger Deep measurement.

The inversion in Eq. (5.16)epends on five free parameters: rabhgeveen a local ship
and the receiver’Y 1 ¢ UQa, roll-off ¢ ¢ @Q& WO WO the ship’s
spectrum, relative weighting 11 p of closerange shippingelative weighting? T
p of distant windandshipping noise andll-off ¢ ¢ @Q&E GO waf the distant noise
source spectrunwhere the values in the parentheses are the search domains for each Yariable
bruteforce search over the relevant parameter space was conducted to niinenezer between
simulated coherence and measured coherence at each depth. Thédé&wsten model and data

was determined by minimizing the value of root mean square (RMS) error computed as
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YA BRA R - B 3 ] 3 1 R RA R
(5.26)
whereN is the total number of frequency poimghe bandlO0 Hz- 6 kHz, and3 ands
are the simulated and measured coherence respeciitelyalue of signalo-noise ceefficient
(¢) used for scaling depends on the speed of
noise field. A higher valwue of € is applied t
speed of Deep Sound and light local e8nin comparison to the 2021 measurement.

The real part of measured coherence and the best fit after inversion from 2014 data are
shown in Figs5.5 (a) and (b) respectively. The simulated coherence matches well with the
observatios. The noise coherencrodel reproduced the influence of clas@age shipping and
distant noise propagating through the SOFAR channel. The relative weight of three main source
componentstocal shipping f , distant noisef and localwind p | f , are shown
in Figures5.6 (a), (b) and (c), respectively. Both local shipping and local wind contribute almost
equally to the total noise field in the first 4680 where the local ship noise is from the research
vessel that deployed the land€&he soungbroduced by distant sources refracted towards the sound
channel axis share a majortionof the total noise field between 400 m and the conjudggpéh.

Below the conjugate depth, the influencetlué locally generated windoiseis evident.

The inversbn results show the smooth mixing of the local and distant fields as a function of depth,
where the distantly generated noise field dominates in the sound channel, and the locally generated
noise field dominates below the critical depth. Presence of smrakdhip noise is found below

the critical depth, though this is most likely an artefact of a noisy ra=atalfit or a imperfectly

estimated scaling factar, 7 ,in Eq. (5.24).
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Figure 5.6: The inverted relative weight of (a) local ship, (b) distant wind and shipping, and (c)

wind generated noise during the 2014 measurement at the Challenger Deep.

The absolute contribution due to local ship noise and distant noise can be estiomated fr
the inversion result f K and total received noise by Egs. (5.19) and (5.20). The total noise
power, contribution of local ship noise, distant wamtishipping and locally generated wind at
the sensor in dB re 1 m#Ez are shown in Figurds7(a),5.7(b), 5.7(c) and5.7(d) respectively.

The inversion procedure was repeated with2B21noise coherencmeasuremerfrom
Challenger Deep spanning the whole water coltona depth 0fL0.95 km. The measured noise
coherence from 2021 data is praseiin Figure 5.8 (a) and the simulated coherence after inversion
is shown in Figure 5.8 (b). The threemponent noise coherence model result matches remarkably
well with the observation. The homogenous nature of ambient noise coherence below the

conjugae depth due to the strong local wind was also reproduced in the simulation.
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Figure 5.7: The depthdependent (a) total received noise level, (b) absolute contribution of
shipping, (c) absolute contribution of distant noise and (d), absolute contribution of local wind ge

noise from the 2014 measurement in the Challenger Deepe whlar bar units are in dB renP&/Hz.

The inverted result of the deptlependent relative weight of the sources considered in the
simulation are given in Figures 5.9 (a), (b) and (c), respectively. Local shipping contributes more
than half of the reltive weight at the surface and 3.5 km depth. Compared to 2014 data, the
influence of distantly generated noise was negligibly small in 2021 while the contribution of
locally generated wind noise was present in the whole water column and dominatestheth at

sound channel axis and below the conjugate depth.
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Figure 5.8: The real part of (a) measured and (b) best fit modelled vertical noise coherence fi

2021 Challenger Deep measurement.
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Figure 5.9: The inverted relative weight of (a) local ship, (b) distant wind and shipping, and
(c) local wind generated noise in the 2021 Challenger Deep measurement.
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The total received noise level and respective contribution of each source: local ship noise,
distant wind and shipping, and locally generated wind in dB re /mP#&rom 2021 data are
presented in Figures 5.10(a),5.10(b),5.10(c) and 5.10(d). The present analysis can be used to
separate and quantify the influence of anthropogonic noise souesgrwater and partition the
distantly and locally generated noise contributions to the PSD. The method provides the absolute
contribution of each contributing sour@®nsidered in the coherence modeld its depth

dependence without prior informationcbuas meteorological conditions or AlS data.
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Figure 5.10: The depthdependence of (a) total received noise level, (b) absolute contribution of
shipping, (c) absolute contribution of distant noise and (d), absolute contribution of local wind ge

noise from the 2021 Challenger Deep measurement, wieoslor bars are in units of dB rea/Hz.
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5.5 Conclusions

Thischapter presentsraodel andnversion scheme fgrartitioningdeepwater ambient noise.
A threecomponent noise coherence modgh threemajor sources contributing to the noise field
has been developgbbcal wind, local shipping and distant nois@}her sources of sound such as
pile driving, dredging and sound produced by aquatic animals are not considered in théAmodel.
analytical moat! of wind-generatecambient noise and computational propagation model of
vesselgeneratechoisewere used to simulate the noise field for surface distributed-wak
sourcesand local shipping. Noise propagating though the sound channel axmaodatd as a
frequencyindependenplane wavewith total symmetry about the horizontal. Depligpendent
ambient noise coherence measured from Challenger Deep in 2014 and 2021 were used to validate
the theory. The differences in degthpendence dhe vertical coherenceof ambient noise was
due to the difference in local wind forcinbhebruteforcebestfit resuls matchthe measurements
from both yearsshowing two states of deep ocean noigénen local winds are light, the noise
field is composed of a ha@ontally propagating distantly generated noise at the sound channel axis
and a purely locally generated wind noise at and below the cuggdah. When local winds are
stronger (15 knots), locally generated windve noise dominates the noise field atdapths,
showing the validity of the analytical Cron and Sherman model in and out of the SOFAR channel.
Additionally, the method identifies and quantifies the degitpendent ambient noise contribution
from anthropogenic sources in deep water. The adgant&the present processing technique is
that it needs no prior information abartvironmental factors such as windspeed and AIS data.
New methods need to be developed for the analysis oftengambient noise data to better
understand the impact of anthropogenic noise. Coherence based processing method can be

implemented with noise measuremémm eithera fixed hydrophone array ordim a moving
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platform. The deptliependent noise coherence model can not only beageddictnoiselevels
over the entire water columhut also provides useful information for the signal processieg o
large arrays infL and tomographiexperiments. fie inclusion of the location of noise sources
and range dependent environmental parameters may aid in the extraction of toemredagon
function for acoustic tomographwt low frequencies and long ranges, internal waves and
mesoscale eddies causeigaon in the vertical directivity of the noise field. With the help ofa 3
D sound propagation model, the present technigag be extended to study such laigEale

spatial variability.



CHAPTER 6

CONCLUSIONS

Ambient noise in the ocean depends on the type of sound sources present and the
propagation environment. Thus, measurements of ambient noise can provide not only information
about the soundscape, but also on the ocean environment and its boundariesleRelmgments
in technology increasingly facilitate the use of mblgdrophone systems for ambient noise
monitoring. This demands the development of new processing techniques for analyzing ambient
noise data. The methods introduced in this thesis disstissebenefits of using two vertically
sefrated sensors in noise data analysis and passive acoustic monitoring. The advantage of
normalized crosspectrum or coherence as a metric for analyzing and understanding the
characteristics and composition of theise field has been presented. A summary of results

presented in this thesis followed by contributions and future possibilities are discussed below.
6.1 Summary

In chapter 2, a tw@omponent noise model of coherence was developed, considering wind
and shipping as major sources. The stability of wind noise coherence and the change in coherence
pattern under all windtrengths and wave conditions is exploited t@adthe presence of a second
source in the development of the processing method. The theoretical model of wind and ship noise
was validated using 29 days of continuous ambient noise data collected from Alvin Canyen. Data
model fitting of coherence allowehPSD to be partitioned and provided the absolute contribution
of shipping to the total noise field as a function of space, time and frequency. The effectiveness of

the method further demonstrated that wind generated noise levels could be better dstinagikd
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partitioning based on correlation coefficient comparison of total received noise and the inversion
derived windgenerated noise against measured wind speed.

A technique for source localization using vertical coherence was described in chapter 3.
Coherencébased range estimations using an image theory model and the Pekeris waveguide model
were found to agree well with available AIS data. The influence of bathymetry on coherence was
examined using a-B sound propagation model in a Gaussian canymra@ment. The same
model was used along with the realistic bathymetry of the Alvin canyon to estimate the bearing of
a closerange ship passing by the array using no received azimuthal information.

In chapter 4, a tool for visualizing the spatial variatio wind-generatedhoise coherence
was introduced. An ambient noise model which included spatially varying sound speed profiles,
sediment properties, and bathymetry, was used for the simulation with different levels of input
complexity. The influence ofaeh input was studied separately by creating maps of noise
coherence and comparing modeled zenassings against the Cron and Sherman model as a
reference. A map of NG for a nominal vertical array was also created and compared with the
analytical formula®f the isotropic and CreBherman noise model.

Finally, in chapter 5, the theory of a the@mponent noise model, which can be used to
identify the deptkdependence of various noise sources under two different local wind conditions
was presented. Locgllgenerated wind noise, clesange ship noise, and distant wind and
shipping noise were the three contributing sources to the theoretical model. The developed theory
was compared against ambient noise profiles recorded in the Challenger Deep, MariainanTren
2014 and 2021, under two contrasting environmental conditions. The simulated results matched
very well with the observation and the modeka fitting could retrieve the contribution of each

source with respect to depth. The absolute ddpfiendenpower of the individual contribution



of each source was extracted from the total received noise level. For relatively high local
windspeeds, it was found that the local wind noise dominated the-depé&mdence, with equal

power at all depths including @ite sound channel axis and below the critical depth. At low local
windspeeds, the influence of distantly generated noise is seen in the deep sound channel but is

absent below the critical depth, where the local wind noise dominates.
6.2 Major Contributio ns

The processing techniques based on vertical coherence introduced in this thesis provides
significant improvement in the understanding of the ocean sound field. The major advantages of
these methods and their usefulness in passive acoustic data pg@sselaborated in this
section.

The increase in anthropogenic noise, especially shipping, and its impact on marine animals
is a growing area of concern in bioacoustics and marine ecology ([Ruaif€021; Cheret al,

2021). To assess the potentrapiact of anthropogenic noise on marine life, the excess contribution

of shipping above the natural background noise must be determined. Some of the recent research
in this regard uses passive acoustic data along with ship distribution to identify refgiogs o

impact (Merchanet al, 2014; Farcast al, 2020; Erbest al, 2021). Empirical models of wind noise

level were used in these studies to separate the ship noise contribution above the natural
soundscape. However, the soundscape contribution ofiwtheted noise depends on the acoustic
environment and varies geographically.

The second chapter of this thesis presented a novel method to quantify the relative and
absolute contribution of ship noise in shallow water based on vertical coherence. Fhe two
component noise modélocally generated wind and shippinigcludes the propagation physics

and exploits the stability of windenerated noise directionality for ship noise quantification. In

11C



addition to that, the pr odnrosmtiomapouttte Al vassglu e
track and wind speed. Thus, the use of-8gasor measurement for leteym monitoring is a

viable and effective approach for passive acoustic data processing in both exactly estimating the
human contribution to the sourm@pewhich can be used to frame mitigation strategassvell as
improving estimates of the relationship between windspeed and underwater noise.

Ambient noise data have been widely used for ocean remote sensing and source
localization. Some Matched FieProcessing methods used for source localization explore the
time delay of arrival at the hydrophones, the intensity striations observed in the spectrogram, or
the narrowband matching of predicted and received acoustic fields. Typically, this invelves th
measurement using a large aperture VLA in deep water andsankor distributed networks in
shallow water (Liuet al, 2019; Verlinderet al, 2015). For a broadband acoustic source, a single
sensor measurement from deep water can be used for soulcatmeaby examining the time
delay information (Duaret al, 2014). On the other hand, the analysis of single hydrophone
spectrograms for source localization in shallow water is relatively challenging due to the
complexity of the environment and multipatiterference.

The development of a theory and methodology for the range estimation of a broadband
acoustic source using the vertical coherence between two hydrophones is given in the third chapter
of this thesis. The demonstration of bearing estimation by exploitingptteontal refraction and
bathymetric asymmetry near Alvin Canyon, is shown. This method may more generally be applied
to any environment with rapidly changing bathymetry. Normally, the bearing to a source is
estimated using horizontal line arrays, yokiarrays, or vector sensors in both shallow water and
continental shelf environments (Byet al, 2018; Ballardet al, 2013). Despite the lack of AIS

data to validate the bearing estimate, the evidence of fheeflect caused by bathymetry
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contributes tothe observational evidence of this active research areaefLal 2019). The
unigueness, reliability, and significant improvement in SNR of this technique widens the
application of PAM systems not only for soundscape monitoring but also to localmadband
acoustic sourcesMoreover, the functionality of using vertical coherence for range and bearing
estimation by exploiting the bathymetric variation is demonstrated for the first time.

The spatial coherence (directionality) of ambient noise is af&etpr in the design of
hydrophone arrays for signal detection. In sonar performance modelling, either measurements of
ambient noise from a single location or simple analytical models of vertical coherence (most
commonly the isotropic noise model) areitgtly used. However, the information regarding the
environmental dependence of vertical coherence and its spatiotemporal variation is important to
optimize the signal detection capabiléyce coherence influence the performance of hydrophone
arrays Existing methods use sound pressure levels to represent the spatial dependence of ambient
noise and find application in identifying regions of anthropogenic noise infipdaget al, 2012;
Miksis-Oldset al, 2018;Farcaset al, 2020).The reliability ofthese maps depends on the accuracy
of the source spectrum level for whggnerated noise. The use of vertical coherence for mapping
is an appropriate alternative since it is independent of source strength and spectral shape. A new
tool to visualize the spial variation in vertical coherence, as well as its deviation from simple
model predictions is presented in the fourth chapter. The analysis quantified the relative
contributions of oubf-plane propagation, seabed geoacoustic properties, and soungspited
towards computing the vertical noise coherence. This provides some information on the geospatial
sensitivity of a computational noise model to each factor. For example, it was shown that 3D
models are only required near shelf break and submaamgons. Also, the ideal spacing of

sensors in the continental shelf, slope, and deep waters were shown and compared against the
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isotropic and Cron and Sherman noise models. Thus, the information derived from noise coherence
maps can be used to find thead position and spacing of hydrophone arrays for active and passive
acoustic experiments.

The performance of large arrays in deep water for-lamge acoustic propagation depends
on the depth dependence of noise spatial coherence. Presently availghleabnmedels of deep
water vertical coherenceainly consider wind induced noise source aodnot consider the
presence of asound speed profileao derive a closeform solution (Buckingham, 2012;
Buckingham, 2013). These major sources can be broaaigitted into locally generated wind
noise,closerangeshipping noise and distant wind and shipping noise in the sound channel. The
coherence function at a specific location in deep water may change depending on the relative
contribution of each of thessources. The knowledge about the depth dependence of spatial
coherence is essential for neisased inversion methods. In the fifth chapter, the development of
a depthdependent noise model which can accurately represent the noise field throughout the deep
sound channel and below the critical depth is presented. The main application of the three
component noise model is to identify and partition the ddpffendent contributions of sound
sourcesand this informationis important inGr een’ s f u o dxpeamentsewhithr a c t i
depends on source types, spatial distribution and frequency characteristics of noise Sharces
model could reproducthe profile of vertical coherence measured from Challenger Deep under
different environmental conditions with sutstial accuracy and may be used to inform the design
and deployment of PAM, surveillance, or other acoustic receiving systems in the deep ocean to
optimize their performance. Furthermore, the measurement of vertical coherence profile up to the

deepest poinin the ocean is presented for the first time.
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6.3 Future Research Prospects

Longterm passive acoustic monitoring can be used to invert ocean environmental
properties. As sound travels through the ocean, it interacts with the ocean boundaries and water
column. Thus, a PAM system deployed at a specific location may not only be used to monitor the
acoustic habitat but also for environmental information extraction. Moreover, monitoring the
ocean through passive measurements do not cause any environnanéged Processing
techniques to understand the ocean sound field based on vertical coherence is presented in this
thesis. These methodgplored the advantage of twgensor measurements in PAM systems. High
resolution oceanographic data is required for the understanding of physical oceanographic
processes and climate ocean interaction. Monitoring the ocean environment using acoustics is a
potental choice in regions such as the Arctic where direct profiling is difficult. Two element arrays
can be easily attached to profilers and gliders for -k@ngn monitoring. Coherence based
processing could provide results comparable to multi element hydrephiways to retrieve
complex environmental informatiofmhis demands further research in using vertical coherence as
a tool for ocean observation.

Modelling evidence shows that ambient noise coherence may be used to monitor water
column properties such asund speed profile structure and ocean miagdr depth. Temporal
variations in water column properties can be inverted using an appropriate noise coherence model
and experimental data. The source localization technique based on vertical coheretszelzan a
used for the detection and tracking of marine mammals. However, the presence of a refracting
environment may introduce uncertainty in range estimates at high frequencies and long ranges.
Thus, an interesting possibility is the expansion of the inthgery used for source range

estimation from vertical coherence to a refracting environment with a realistic sound speed profile.
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The feasibility of the range localization of ships from coherence foitirealapplications is an
interesting future topicuk to the robustness, ease of deployment anecffestiveness.

More at sea source localization experiments are required near rapidly changing bathymetry
to further demonstrate the method of range and bearing estimation using vertical coherence. A
betterunderstanding of this-B effect may aid in detecting and tracking covert or-sulface
sources in the continental shelf and slope environments for defense or surveillance interests using
minimal resources.

Another interesting future work would be to guze a noise coherence map that identifies
regions of anthropogenic noise influence by combining an ambient noise modBl,sauhd
propagation model and AlS data, further informing sonar system design. This information can also
be used to frame mitigatiostrategies to identify regions where anthropogenic noise has a high
impact on the natural soundscape.

Lastly, the threeeomponent noise coherence model could be combined with methods for
extracting the crossorrelation function in longerm ambient n@ie data sets for carrying out
acoustic tomography with improved fidelity. The crassrelation function can later be used to

determine the deep ocean temperature structure and to study large scale ocean variability.
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