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But Mousie, thou art no thy lane,

In proving foresight may be vain:

The best laid schemes o’ mice an’ men

Gang aft agley,

An’ lea’e ue nought but grief an’ pain,

For promis’d joy!

—

Robert Burns, “To a Mouse, on Turning Her Up in Her Nest With the Plough, November,

1785”
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ABSTRACT

Understanding the ecology of any organism requires an understanding of all its life stages. Underwater

acoustics provides the ability to observe the submerged lives of marine mammals in ways not possible

through visual means. The complexities of underwater acoustic propagation yield both challenges and

opportunities to extract information from recorded data, of which the estimation of underwater location is

one example. This dissertation presents two signal processing approaches related to passive underwater

acoustic localization.

Blind channel estimation is a computational approach to estimating a set of impulse responses based

on simultaneous recordings of the same unknown source by different receivers. The estimated impulse

responses from this approach may simplify passive acoustic localization for some types of sound sources

by making arrival times easier to identify. Differences among the received waveforms are interpreted as

evidence of differences in the underlying channel impulse responses. Using a sparse assumption on these

impulse responses, several different optimization approaches (OMP, CoSaMP, and NESTA) are applied to

simulated ocean acoustic data. Estimated channels are a good fit to the true channel when the channels are

static, but the introduction of a time-varying characteristic to the true channels negatively impacts channel

recovery performance.

Single hydrophone passive acoustic localization is the practice of estimating location characteristics of an

underwater sound source using acoustic recordings from a single receiver. This work develops an approach

for estimating the horizontal range between a submerged source and receiver in a deep ocean environment

without relying on modal dispersion. We develop a cost function and optimization approach that are

robust to some significant sources of noise and environmental uncertainty. Results from simulations and

ground-truthed measured data demonstrate the accuracy of this localization approach.

Underwater acoustic data recorded by the ALOHA Cabled Observatory (ACO) are processed using this

single hydrophone localization approach. Acoustic recordings at ACO made between February 2007 -

September 2017 yield 41,481,171 fin whale 20 Hz call detections, of which 3,445,568 detections remain after

pruning away suspected sei whale and duplicate call detections. Fin whale 20 Hz calls are concentrated

in the November-April time period near ACO. Estimated fin whale call parameters, including inter-call

interval, are more clearly estimated from the recorded data following pruning to reduce the false positive

rate.
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CHAPTER 1
INTRODUCTION

Understanding the ecology of any organism requires an understanding of all life stages of this organism.

Accurately assessing the effect of anthropogenic activities, and developing strategies for mitigating these

effects, on an animal population requires, among other information, knowledge of their spatial and temporal

extent (i.e., where this population tends to be found, and when the population can be found there). For

terrestrial and airborne species, there are established tracking procedures to monitor latitude, longitude,

and elevation. This tracking data informs the establishment of wildlife preserves whose boundaries reflect

the home ranges of the different species in question, and can be used in Environmental Impact Assessments.

Due to the unique challenges faced by underwater data collection, establishing the location of underwater

organisms requires different technology and approaches to acquire the same information.

Marine mammals are an important constituent of the marine environment. The term ’marine mammal’ is

not a taxonomic grouping, but rather traditionally refers to the set of mammals that derive most or all of their

diet from the ocean. In Jefferson et al. [2015], the set of marine mammals is said to include members of the

Order Cetacea (i.e., toothed whales and baleen whales), some members of the Order Carnivora (including

pinnipeds, some otter species, and polar bears) and members of Order Sirenia (e.g., manatees). Marine

mammals are found throughout the worlds oceans, and live in an environment that can be disturbed by

underwater anthropogenic noise sources (Jefferson et al. [2015]). Ambient acoustic background noise levels

in the Northeast Pacific have increased over the last fifty years (McDonald et al. [2006]), which has reduced

the communication space for many marine mammal species (Clark et al. [2009]) (i.e., the distance one animals

calls can be reliably perceived by a conspecific). Oil exploration activities may have temporary yet important

effects on the rates at which nearby bowhead whale calls are localized, likely due to animal deflection away

from the noise source or a reduction in calling rates (Blackwell et al. [2013]). Even ocean acidification could

impact marine mammal communication space by decreasing acoustic absorptivity, in particular below 10 kHz

(Hester et al. [2008]), thereby increasing not only the distance animal calls travel underwater but the effective

travel distance of noise sources, too. In summary, marine mammals live in an environment encroached on

by human activity over a variety of different mechanisms that can have a measurable impact on behavior.

Understanding the human role in these changes is necessary to developing and implementing strategies for

mitigating the effects on marine mammal ecology in this changing environment.

In order for mitigation strategies to be effective, they must be informed by the behavior and ecology of

the animals in question. Knowledge of their spatial distribution, and any seasonality in this distribution,

is important information to have when setting shipping lanes, vessel speed limits in sensitive habitats (e.g.,

Davies and Brillant [2019]), and when establishing the spatial and temporal boundaries for marine sanctu-

aries. An important component in understanding marine mammal ecology is understanding their movement

patterns on a variety of times scales. What times of year do they inhabit which parts of the ocean? Does

their calling behavior change over the course of a day or a season? What are their daily movement patterns?

Understanding where marine mammals spend their time is critical to assessing the impact of human activities

on their life cycle.

Currently, measuring marine mammal location can be done using visual, tag, or acoustic means. Visual
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observation techniques have a long and continuing history for the study of marine mammals, and can provide

useful insight into marine mammal ecology. In modern times, visual observation using trained human

observers is an often-used tool to study marine mammals (Gordon et al. [2004]), as well as to monitor for

marine mammal presence during seismic surveys (Compton et al. [2008]). Trained observers are taught to

recognize the characteristic shapes of whale exhalations (called blows), dorsal and pectoral fin shapes, and

tail markings. In some cases, visual identification can be done to the species level, but for some species, such

as killer whales (orcanus orca), identification of individuals is also carried out (Lockyer and Morris [1990]).

In addition to using light in the visible spectrum, recent research has explored using infrared (IR) cameras to

spot marine mammal dorsal fins and blows (i.e., the warm flesh and exhaled gases from the animals) against

the backdrop of colder ocean water (Cuyler et al. [1992]). Recent implementations of IR-based methods for

marine mammal monitoring include land-based (e.g., Perryman et al. [1999], Graber et al. [2011]), airborne

(e.g., Burn et al. [2006]), and ship-based (Zitterbart et al. [2013]). A recent review paper (McCafferty [2007])

describes a compilation of literature on the use of infrared measurement to study mammals, including marine

mammals.

Tags, of which DTAGs (Johnson and Tyack [2003]) are a commonly-used example, are another approach

to measuring the presence of marine mammals. Tagging studies take place on a variety of time scales,

from hours (e.g., Stimpert et al. [2007]) to months (e.g., Mate et al. [2011]), and from one animal at a

time (e.g., Mate et al. [2011]) to a host of simultaneously tagged animals (e.g., Jay et al. [2010]). Tags

can measure a variety of types of data (including acoustic, GPS position, and depth). Tag delivery and

attachment techniques include pole-assisted suction cups (e.g., Johnson and Tyack [2003]), crossbow and air

guns (e.g., Jay et al. [2006]), and other animal-mounted solutions (e.g., to a walrus tusk as in Wiig et al.

[1993]). Tagging studies can focus on measuring animal depth over time (Wiig et al. [1993]), or also include

acoustical measurement to monitor the calls of one (e.g., Stimpert et al. [2007]) or multiple nearby marine

mammals (e.g., Chen et al. [2016]). In summary, tagging studies can take a wide range of forms and collect

a variety of different types of data. However, tagging studies can be labor intensive and expensive and

attaching the tag to the animal involves an unavoidable degree of disturbance of the animal.

Underwater acoustic monitoring of marine marine mammals is a large field, and includes studies that

work on small to large spatial scales, short duration to multiple months or years, and that focus on a single

species or on a variety of different species. The recording platform can be stationary (e.g., moored to the

bottom as in Rideout et al. [2013]) or mobile (e.g., Lammers et al. [2006]). One interesting example of a

mobile acoustic recording platform is described in Klinck et al. [2012], which uses a hydrophone mounted on

a Seaglider to carry out wide scale (∼ 390 km) monitoring over three weeks at sea off the coast of Hawaii.

Sometimes underwater acoustics is used to monitor migration paths (e.g., Davies and Brillant [2019]), other

times population density is estimated from the recorded acoustic data (e.g., Marques et al. [2009]).

Since humans began acoustically monitoring the ocean, techniques have been developed to make use

of the large range observation capabilities available to underwater acoustic sensors. Locating submerged

targets (also known as localization) is one such field which has received considerable investigative attention.

Knowledge of underwater marine mammal position is important not only from a purely ecological perspec-

tive, but also provides useful guidance in cases where human and marine mammal activities may interact.

For example, decisions on establishing protected sanctuaries for marine mammals are more effective when

knowledge of the spatial and temporal extent of the animals is known and can be properly weighed against
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(often) competing human interests in the area. Reliably minimizing marine mammal exposure to underwater

anthropogenic noise sources, such as from oil exploration (Compton et al. [2008]), requires knowledge of their

location.

With the exception of the polar bear (Ursus maritimus), all marine mammal species spend large parts of

their lives underwater. Some (e.g., pinnipeds) spend time out of water (on ice or land) at certain stages of

their lives. Whales and dolphins spend their entire lives at sea, and typically spend more time away from the

ocean surface than at it. Even under optimal conditions, electromagnetic (EM) radiation in the wavelength

range visible to the human eye (390-700 nm range) only penetrates on the order of 200 m into the ocean, and

turbidity can reduce this distance to a small fraction of this value. Thus, when long distance monitoring of

marine mammals, particularly underwater monitoring, is desired visual techniques will fail to observe all but

the closest submerged animals. In contrast to underwater EM transmission, underwater sound transmission

is relatively efficient (Frisk [1994]), resulting in a single underwater acoustic sensor being able to monitor a

larger ocean space than a single visual sensor could. This has helped motivate the development of techniques

for acoustically monitoring underwater marine mammals.

In addition to the immediate usefulness of knowing marine mammal position for the protection of these

animals from loud oceanic anthropogenic activities, knowledge of underwater marine mammal movement

patterns is an important marine mammal ecological constituent to understand due to the largely underwater

lives these animals live. Marine mammals spend much of their lives underwater, where visual observation is

largely ineffective, that an understanding of a given species habitat utilization, for example, based solely on

the surface expression of that species would be incomplete. Knowledge of marine mammal location over time

can help provide insight into feeding depths, swim speed, and other biologically and physiologically-relevant

insights. In some cases, visual techniques may be used to gauge the presence of nearby marine mammals,

but due to the virtual impossibility of collecting underwater visual observations over ecologically-relevant

ranges, acoustic techniques are typically preferred for long-range studies.

This dissertation develops and applies passive underwater acoustic techniques, which are of particular

interest to the marine mammal community as they do not subject the animal in question to additional

acoustic noise (in the way that an active acoustics-based underwater surveillance technique would). Passive

underwater acoustic techniques are those which use the sounds and vocalizations produced by the animals

themselves to gather insight into the underwater world (typically, but not exclusively limited to, knowledge

pertaining to the animal such as position and calling rate). For example, an active approach to underwater

localization could be to produce a sound at a known location, listen for reflections of that sound off a

submerged whale at a set of underwater acoustic receivers at known locations, and infer the position of that

whale based on the time between sound creation and reception of the reflection at each individual receiver.

A passive acoustics approach to locating the same animal would be to record the calls of the whale on the

same set of underwater acoustic receivers and use the relative times of arrival of these calls at the known

receiver locations to estimate whale position. Advantages of passive acoustic localization techniques over

active acoustic methods are:

1. no risk of exposure of the animal to additional anthropogenic noise from the experiment (i.e., no change

in behavior or hearing damage from the measurement);

2. simpler equipment requirements (no need for an underwater acoustic projector)

In contrast, use of active acoustic localization can afford greater control over the detection range of the
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experiment (through variation in source level and characteristics), although they require more equipment.

Active acoustic localization can also locate silent underwater targets, while passive acoustics studies rely

on the subject to generate sound. Studies involving active acoustics can also require additional permitting

and government oversight due to the protected status of many marine mammal species. Active acoustic

localization has recently been used to study sperm whale presence near Hawaii Island (Giorli et al. [2018]).

Before either passive or active acoustic localization can take place, the relevant features from the recorded

acoustic waveform must be extracted. As will be discussed in Chapter 3, one such feature is the set of direct

and interface-reflected arrival times for a single call arriving at each receiver. For some types of calls, these

arrival times can be visually apparent and established underwater acoustic signal processing techniques

(e.g., cross-correlation) adapted to extracting these times. In other cases, though, these features may not be

reliably extracted with these established practices. In some cases, the sought-after features may be obscured

due to the nature of the underlying source (e.g., humpback whale songs) and/or the characteristics of the

underwater acoustic propagation environment. To address such a case, Chapter 2 discusses a technique called

Blind Channel Estimation (BCE), which aims to estimate waveguide impulse responses based on multiple

recordings of a single unknown source. In other cases, the relevant features may generally be apparent for

an individual call, but the sheer quantity of data requires a compromise be made between the quality and

quantity of the extracted features (e.g., multi-year data sets of acoustic recordings containing seasonal fin

whale presence). This second case is covered in Chapters 3 and 4, which cover the automation of marine

mammal localization, including the automated extraction of localization data from recorded underwater

acoustic recordings, and applied to a single-hydrophone multiyear data set recorded north of Hawaii.

1.1 Dissertation Overview

This dissertation presents the results of two distinct research projects, each connected to the field of passive

acoustic underwater sound source localization. In Chapter 2, a technique for measuring ocean acoustic

channel impulse responses called Blind Channel Estimation (BCE) is presented. Our implementation of

BCE aims to assist in the identification of acoustic arrival times of an unknown source recorded by two

or more spatially-separated hydrophones. These estimated acoustic arrival times could then be used to

estimate source position through a subsequent analysis, including by the technique presented in Chapter 3.

Ultimately, the performance of BCE in estimating simulated ocean acoustic impulse responses was found to

be poor when ocean swell-induced variability in water depth was introduced into the simulation. This degree

of time-variability degraded channel estimation performance to such a degree that the estimated channels

were a poor match to the true channels.

The results of a second research project are presented in Chapters 3 and 4. In this second project, an

approach for estimating the horizontal range between an underwater sound source and a single receiver is

developed. A localization cost function is produced which is more robust to false positives and multiple

simultaneous sound sources than contemporary localization approaches have been. Single hydrophone lo-

calization methods require less equipment, and simpler deployment procedures, than multiple hydrophone

deployments. Our localization approach reduces the false positive rate through a process we call phantom

pruning by using the localization result to limit each direct and interface-reflected arrival to locate no more

than one call.
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Our localization approach uses the time differences in direct and reflected arrival paths of a single source

at a single receiver to estimate horizontal range. These relative arrival times (RATs) are the difference in

arrival time between the earliest arrival and all subsequent higher order bounce paths. The RATs change in a

predictable way as the horizontal range between source and receiver changes. By emulating the environment

near the receiver using an acoustic propagation model, a set of model-predicted RATs can be estimated at

the set of source ranges which are to be assessed as the best fit range, given the measured data.

For this work, the measured data are recorded the the ALOHA cabled observatory (ACO), located

approximately 115 km north of Oahu. Figure 1.1 shows a ray trace plot for the vicinity of ACO using a

water depth of 4667 m, a source depth of 50 m, and a sound speed profile collected at ACO in January

2012 (Figure 1.2). The BELLHOP ray tracing propagation model (Porter and Liu [1994]) was used for this

plot. The maximum depth of the limiting ray (the red-highlighted ray in Figure 1.1) is approximately 4300

m, which is also called the conjugate depth. The conjugate depth is the minimum water depth at which

convergence zones become present in a given environment and there are ray paths which do not interact

with the bottom. Practically speaking, conjugate depth is of minimal importance to this work given that

the data were collected at an ocean bottom hydrophone.

The bottom-limiting ray (blue-highlighted in Figure 1.1) reaches the closest point to the ocean bottom

at a range of 31.6 km from the source. Thus, the direct-path cutoff range is expected to be approximately

30 km.

Two convergence zones are visible in Figure 1.1 and highlighted in green: one at 63 km and another at

126 km. These two ranges are the distance from a source, given a 50 m source depth, that a turning ray

from the source will return to the surface.

Figure 1.3 shows the five eigenray paths, and their labels, used for the single hydrophone range estimation

portion of this work.

In addition to a set of simulations, our single hydrophone localization approach is demonstrated using

acoustic data collected by the ocean bottom hydrophone at the ALOHA cabled observatory. Recordings of

an air gun survey, where the true range to each air gun shot is known a priori, demonstrate the reliability of

our localization approach. Low frequency fin whale vocalizations are then localized in the data recorded at

ACO between February 2007 and September 2017. Call parameters for these fin whale calls are presented,

including peak frequency, minimum and maximum frequency, and inter-detection interval.

The remaining chapters in this dissertation are laid out as follows:

Chapter 2 discusses blind channel estimation (BCE) as a potential means to infer characteristics of

the ocean acoustic environment. Background information on BCE, and its ties to compressed sensing, are

presented. Next, a derivation for BCE governing equation is carried out and its assumptions discussed. A

brief comparison of several optimization approaches to solve this governing equation is then made. Simulation

and measured-data results will be shown to highlight some potential drawbacks to the use of BCE in a realistic

underwater acoustical environment.

Chapter 3 develops and describes a single-hydrophone approach to estimating the range of a sound

source from the hydrophone. A brief history of passive acoustic marine mammal localization approaches is

presented, along with motivation for the development of single hydrophone techniques over those requiring

multiple hydrophones. Each step of the localization signal processing sequence is described. A process for

estimating the range-dependent range resolution is presented and applied to generate the set of candidate
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Figure 1.1: Ray trace plot for the conditions near the ALOHA cabled observatory (ACO) using the BELL-
HOP ray tracing acoustic propagation model. A water depth of 4667 m was used, and a sound speed profile
collected in January 2012 at the ACO site. The source depth was set at 50 m to emulate the source depths
used in Chapters 3 and 4. The red ray approximates the limiting ray, from which the conjugate depth for
for this situation (≈ 4300 m) can be estimated. The blue ray approximates the bottom-limiting ray, from
which the range the direct-path arrival (≈ 31 km) stops connecting can be seen. The two green highlight
regions show two convergence zones at the ocean surface.

source ranges used for localization. Ground-truthed air gun results demonstrate the performance of the

single hydrophone range estimation approach when the true source range is know.

Chapter 4 applies the localization approach from Chapter 3 to the task of estimating ranges to calling

fin whales in the vicinity of Station ALOHA, an oceanographic data collection site located roughly 115 km

north of Oahu. The history and configuration of the data collection efforts at Station ALOHA are described,

as are the motivations for investigating fin whales at this site and historical fin whale passive acoustic studies

around Hawaii. Fin whale calling rates as reported by the call detection algorithm are compared with those

informed by the localization algorithm. A comparison of fin whale results from this work and those in

McDonald and Fox [1999] and Thompson and Friedl [1982] is also made.
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Chapter 5 summarizes the results presented in this work, draws some conclusions based on the results

presented herein, and presents suggestions for avenues of future research.

Appendix A is a glossary of commonly used terms found in this dissertation.

Appendix B presents simulation results that demonstrate the performance of the approach in idealized

and more realistic settings, including how multiple calling animals can influence localization performance.
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Figure 1.2: Sound speed profile calculated from CTD data collected during HOT cruise #239 and
the Chen and Millero [1977] calculation approach near the ACO data collection site. HOT Website:
https://hahana.soest.hawaii.edu/hot/cruises.html
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Figure 1.3: Eigenray paths for the five rays used for localization in this work: Direct (D), Bottom Surface
(BS), Bottom Surface Bottom Surface (BS2), Bottom Surface Bottom Surface Bottom Surface (BS3), and
Bottom Surface Bottom Surface Bottom Surface Bottom Surface (BS4). A source approximately 26 km from
the ocean-bottom receiver, and at a depth of 50 m, is modeled here using the same environmental conditions
used in Figure 1.1.
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CHAPTER 2
BLIND CHANNEL ESTIMATION

Acoustical oceanography, defined as, “. . . the active or passive use of sound to study physical parameters

and processes, as well as biological species and behaviors, at sea,” (Medwin and Clay [1998]) dates at least as

far back as 1912, when interest in locating large submerged objects following the sinking of the RMS Titanic

spurred research into the use of sound to accomplish this task. Over time, applications of underwater

sound have included tracking marine mammals which make impulsive (Watkins and Schevill [1972]) or

non-impulsive vocalizations (Stafford et al. [1998]) and using acoustical thermometry (which is a specific

application in the more general field of ocean acoustic tomography) to measure ocean temperature trends

(Dushaw et al. [2009]). Localization and thermometry both involve a sound produced in one oceanic location

being measured by hydrophones in another. The interaction of this sound with the ocean environment (e.g.,

through refraction and reflections off the ocean:air and ocean:bottom interfaces of the water column) acts

on the source sound to produce the sound observed by the hydrophone. Effectively, this interaction between

sound and environment encodes information about the source, receiver, and environmental characteristics

into the sound that reaches the hydrophone. For example, consider Figure 2.1, where an impulsive sound

source is produced at four different range:depth combinations relative to a single fixed ocean-bottom acoustic

receiver in the absence of noise. As the source changes position relative to the receiver, the received sound

changes to reflect the different environmental acoustical information encoded into the received sound. These

plots are only meant to illustrate how the information content of the received waveform changes with changing

source location, and leaves out important acoustical phenomena such as interface/volumetric scattering and

background noise. Also, in practice, a realistic underwater source likely wouldn’t have the perfect impulsive

characteristics this source possesses.

Both underwater acoustical localization and thermometry are termed underwater inverse problems, where

observations on the ocean environment are made using acoustic recordings. Underwater acoustical localiza-

tion can, in general, be thought of as an application of matched field processing (Baggeroer et al. [1993]). In

the underwater context, matched field processing (MFP) uses observed spatial variability in the measured

underwater acoustic field to estimate parameters for a given acoustic propagation model (e.g., sound source

location, water depth, and/or sound speed). Essentially, a set of model parameters is sought which produces

a model-predicted acoustic field that is a good match to the observed field. In thermometry, acoustic ray

travel times between known source and receiver locations are used to estimate mean sound speed and ocean

temperature between source and receiver.

For cases where the source signal is controlled (Dushaw et al. [2009]) or relatively impulsive (Rideout

et al. [2013]), features in the received waveform relevant to the inverse problem can be estimated relatively

easily. In other cases, even if the source is unknown and non-impulsive enough features can be extracted

to allow further analysis (Stafford et al. [1998], Valtierra et al. [2013]). However, in other cases there likely

remains unused information in the received signal which is not apparent in either time or frequency domain

analysis. For example, an underwater recording of a humpback whale will consist of not just the acoustic

energy traveling directly between whale and hydrophone, but also higher-order eigenrays which reflect one or

more times off the ocean surface and/or bottom before reaching the hydrophone. The arrival times of these
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Figure 2.1: Eigenray arrival times for 4 different source locations. The x-axis is measured in samples after the
arrival of the direct-path sound at the simulated hydrophone. Range and depth are dimensionless quantities
meant to convey relative differences in source range and depth between the four cases shown in this figure.
Only the first 8 direct and interface-reflected arrival paths are shown. If the source is impulsive, these plots
can also be interpreted as approximations of the impulse responses for these four cases. The receiver is held
fixed at a range and depth (r,z) of (0,39) with a water depth of 40. Sources are at (1,1), (250,1), (1,39), and
(250,39). A range independent propagation environment is used.

higher order reflections can be difficult to pick out from the direct path due to the length of the original source

signal. However, including more of these higher order paths could lead to higher performance localization of

non-impulsive acoustic sources and better performance in acoustic tomography using uncontrolled sources,

among other applications.

One potential approach to reduce the significance of the source waveform on the extraction on information

from the received waveform is to seek to estimate the underlying channel impulse response rather than

extract information from the received waveform directly. A more complete description of what a channel

impulse response is in the underwater acoustics context is presented in Section 2.1, but in brief a channel

impulse response encapsulates the totality of effects (including source position, receiver position, water

depth/bathymetry, sound speed profile, surface wave characteristics, and relative source:receiver velocity)
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that that act on the source waveform to create the signal observed by the receiver. To illustrate the advantage

of estimating the impulse response, rather than using features measured directly from the received waveform,

consider the following example. A near-surface marine mammal is vocalizing in the vicinity of a bottom-

moored receiver (located 1 m from the ocean bottom in 30 m of water). The animal produces both impulsive

(i.e., broadband & short duration) and tonal (i.e., narrowband & long duration) calls. Arrival times for

impulsive calls are easier to pick out in the received data than for tonal calls. However, if the tonal received

waveform could be processed in such a way to make it more closely resemble the impulsive received waveform,

those same (simple) processing techniques that are used for the impulsive calls could also be used for the

tonal calls. This is one of the prime motivations for this investigation of blind channel estimation in the

context of passive marine mammal acoustical monitoring: seeking to process a received acoustic signal in

such a way that the environmental information present in the underwater acoustic channel impulse response,

and encoded into the received signal, is more readily available.

This chapter presents the development and testing of an approach to estimate underwater acoustic impulse

responses without knowledge of the source signal and with few assumptions on the nature of these impulse

responses. Simulations will be used to support potential explanations for diminished BCE performance

using measured data. Ultimately, the estimated impulse responses are a poor match to the true channels

(in simulation) when a reasonable degree of time variability is incorporated into the simulated environment.

The work in this chapter is a distinct research project from the results shown in Chapters 3 and 4.

2.1 Underwater acoustic waveguide impulse response estimation

via blind channel estimation and ℓ1 optimization

In the underwater acoustics context, an acoustic waveguide approximately exists in the water between the

ocean surface and bottom due to the large acoustic impedance contrast at these interfaces. These large

impedance contrast interfaces serve to limit the amount of sound that is transmitted into the air and ocean

bottom; when sound is incident at either surface most is reflected back into the water. This waveguide, and

the underwater acoustical environment in general, modifies the source signal (e.g., a humpback whale or fin

whale song) such that the sound field at a given location in that environment is a function of both the source

waveform and the environmental parameters (e.g., the local bathymetry, source and receiver locations, and

the sound speed profile).

Given that the environment dictates how the source signal is modified before arriving at the receiver,

it is reasonable to assume that this modification encodes information onto the source waveform about the

state of this environment. For example, if the receiver is moved to the middle of the water column (from its

original position 1 m off the bottom), while keeping all other aspects of the environment the same, the received

waveform will look different because the environment encoded different information onto the source waveform

to create the received signal. There are a variety of techniques in acoustical oceanography to leverage the

environmental ’information content’ of the received signal to characterize an acoustical environment. One

such technique is acoustical tomography, where a known sound signal is broadcast into the ocean and

differences between the known source and measured received signal are used to infer properties of the ocean

acoustic environment (e.g., large scale average ocean temperature). Another technique is underwater passive

acoustic localization, where insight into sound source location (and occasionally a refinement of the measured

environmental characteristics) is sought by leveraging the fact that the characteristics of the received signal
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changes as the source moves underwater.

In both the tomography and localization cases, the effect of the environment on the source signal may

be expressed as the impulse response of the environment, which is an important characteristic of a linear

time-invariant (LTI) system. A system which obeys linearity is one where the superposition property holds

(i.e., the output of a system to a sum of inputs is the same as the sum of the outputs from the individual

inputs). Time invariance describes a system where the system output to a given input at time t = 0 is the

same as at any other time. The impulse response (h(t)) of an LTI system is the response of the system when

the input is a unit impulse, δ(t), which is an infinite-bandwidth infinitesimal time-duration signal. On the

premise that any input signal can be thought of as a sequence of individual scaled unit impulses, the output

from an LTI system for any given input signal can be predicted given h(t). Of more pertinence to this study,

analysis of the impulse response can provide insight into the environmental characteristics that went into

shaping it. For example, a vocalizing whale swimming underwater while making a sequence of N identical

calls can be modeled as the same source being acted on by a set of N impulse responses. Given that the

source waveform is a unit impulse, Figure 2.1 can also be interpreted as showing the impulse response of

four different acoustic environments.

Given recordings of an approximately impulsive sound source, it is possible to estimate the sound source

position under certain conditions (Rideout et al. [2013]). For example, consider the case, shown in Figure

2.2, of three spatially-separated hydrophones deployed in 30 m of water to record Pacific walrus (Odobenus

rosmarus divergens) knock vocalizations. Walrus knocks are short duration, wide bandwidth (i.e., approxi-

mately impulsive) vocalizations. Figure 2.3 shows a single knock recorded on each of the three hydrophones.

These recordings show both the direct path sound (the sound that traveled from source to receiver without

reflecting off either the surface or bottom) and interface-reflected sound (sound that reflected at least once

off either ocean interface), and many of these arrivals were labeled so the walrus could be located. Due to

the impulsive nature of the source waveform:

1. arrival times for interface-reflected sound are less obscured by earlier arrivals; and

2. the received waveforms approximate the underlying impulse responses.

For each source:receiver pair, there will be a different received waveform and thus a different approximated

impulse response. By extracting information from these approximated impulse responses, we can estimate

walrus position and refine our prior knowledge of some environmental parameters (e.g., receiver locations,

water depth, sound speed, and inter-receiver time synchronization factors). Since this estimation can be

made when the source is approximately impulsive, it should be possible to carry out the same estimation for

a non-impulsive source signal if we can estimate the impulse responses from the received waveforms rather

than recording them directly. This idea provides the motivating impetus for the work described in this

chapter.

One approach to estimating the impulse response for an arbitrary system is called Blind Channel Es-

timation (BCE), which aims to calculate multiple impulse responses simultaneously given a set of received

waveforms from a single source; no knowledge of this source waveform is needed. Dating at least as far back

as 1975 (Sato [1975]), the aim of BCE was to improve wireless communication fidelity in time-varying en-

vironments (e.g., cell phone communication while traveling through urban canyons). In such environments,

reflections of the RF signal interfere with signal reception. Given knowledge of the impulse response between
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the source (e.g., the cell phone tower) and receiver (e.g., the phone), the received signal can be processed

to compensate for environmental effects. Existing methods for operating in such environments required the

sacrifice of valuable bandwidth (e.g., sending training signals such as might power a deconvolution-based

correction protocol). Thus, a way to correct for these unknown and time-varying environmental effects was

sought which don’t require a training step.

A 1995 paper (Xu et al. [1995]) describes a problem formulation whereby multiple communication chan-

nels, exposed to the same source signal, could be identified without the source signal being known. The

solution approach presented in this work required the channel order (i.e., the polynomial order of the Z-

transform of the true impulse responses) be known a priori, but the authors suggested that it could be

estimated during the solution process. A related approach is described in Moulines et al. [1995]. In a simula-

tion study, both the least squares approach in Xu et al. [1995] and the subspace approach in Moulines et al.

[1995] were found to yield worse results than several other sparse recovery approaches (Zeng et al. [2013]).

In the literature, the BCE problem is formulated as an ℓ1 optimization problem, whereby a set of channel

impulse responses is sought which are not only supported by the measured data but which consist of a

minimum number of non-zero elements. Both the least squares (Xu et al. [1995]) and subspace (Moulines

et al. [1995]) approaches employ an ℓ1 optimization approach.

To improve upon the results obtained from the least squares and subspace approaches, particularly in

the presence of noise and when channel order is unknown, a number of different optimization approaches

were explored (e.g., Tropp and Gilbert [2007], Needell and Tropp [2009], Becker et al. [2011]) while working

with a similar problem formulation to that described in Xu et al. [1995]. First, two greedy algorithms were

implemented: Orthogonal Matching Pursuit (OMP, Tropp and Gilbert [2007]) and Compressive Sampling

Matching Pursuit (CoSaMP, Needell and Tropp [2009]). Both are iterative and converge to a solution by

taking locally optimal steps to minimizing the misfit between the measured data and an estimation of the

model-predicted data. The number of non-zero values in the set of impulse responses, K, estimated by

these algorithms is set a priori. In practice, these methods were found to be sensitive to the choice of K;

underestimating K led to poor simulation results, and while slight over-estimation generally didn’t cause

problems grossly overestimating K seems to degrade results, too. This dependence on the value of K, which

in practice will be difficult to set, led to a more robust optimization approach being sought.

Another class of algorithms for solving signal recovery problems is referred to as Basis Pursuit (BP, Chen

et al. [2001]). NESTA (Becker et al. [2011]) is an example of a sparse recovery algorithm based on BP.

BP-based algorithms aim to minimize the ℓ1 norm of the recovered signal (or, in our case, the estimated

impulse responses) while fitting to the measured data, thus preferring solutions with relatively few non-zero

values. This approach is sometimes referred to as sparse estimation. While minimizing the ℓ0 norm of the

recovered signal would more precisely maximize the sparsity of the signal, the ℓ1 norm approximation is used

due to it being a convex optimization problem rather than the more difficult non-convex approach which an

ℓ0 minimization would require.

A 2013 paper (Zeng et al. [2013]) described simulation results intended to demonstrate that acoustic

channels, both those in underwater and in-air environments, may be estimated using techniques such as those

presented above. A comparison of results using the Least Squares (Xu et al. [1995]), Subspace (Moulines

et al. [1995]), Matching Pursuit (Mallat and Zhang [1993]), Orthogonal Matching Pursuit (Tropp and Gilbert

[2007]), and Basis Pursuit (Chen et al. [2001]) optimization approaches was presented. Simulation results
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showed promise, but the choice in Zeng et al. [2013] to not use a standard underwater acoustic propagation

model, and lack of measured data results, leaves room for improvement.
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Figure 2.2: Estimated walrus locations relative to the estimated hydrophone positions. Hydrophones A, B,
and C are labeled accordingly. Rideout et al. [2013]
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Figure 2.3: Picked and model-predicted arrival times along with the recorded acoustic time series for a single
Pacific walrus knock recorded at (a) hydrophone A, (b) hydrophone B, and (c) hydrophone C (see Figure
2.2. Rideout et al. [2013]
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2.2 BCE Problem Formulation

This section presents a development of the set of blind channel estimation governing equations. Vectors (e.g.,

h) and matrices (e.g., X) are shown in lower and uppercase boldface characters, respectively. The approach

presented here could be extended to any number of receivers, and is based on the development presented in

Xu et al. [1995].

For the one source/two receiver case, as described in Xu et al. [1995], the received (i.e., sampled) wave-

forms (xi and xj) are expressed as

xi(k) = hi(k)⊗ s(k) (2.1)

xj(k) = hj(k)⊗ s(k) (2.2)

where hi(k) is the impulse response for the ith receiver, and s(k) is the source waveform. These two equations

can be expressed as

hi(k)⊗ xj(k) = hi(k)⊗
(
hj(k)⊗ s(k)

)
(2.3)

hi(k)⊗ xj(k) = hj(k)⊗
(
hi(k)⊗ s(k)

)
(2.4)

hi(k)⊗ xj(k) = hj(k)⊗ xi(k) (2.5)

hi(k)⊗ xj(k)− hj(k)⊗ xi(k) = 0 (2.6)

This convolution relationship can be expressed as a system of linear equations:

(
Xj(L) −Xi(L)

)( hi

hj

)
= 0 (2.7)

X(L)h = 0 (2.8)

where

Xj(L) =


xj(L) xj(L+ 1) . . . xj(2L)

xj(L+ 1) xj(L+ 2) . . . xj(2L+ 1)
...

...
. . .

...

xj(N − L) xj(N − L+ 1) . . . xj(N)

 (2.9)

,

hi ≡ [hi(L), . . . , hi(0)]
T

(2.10)

,

and L+ 1 is the length of the longest IR in the set.

Due to the ambiguities inherent to the problem formulation in Equation (2.8), BCE is unable to resolve

the start time and scaling factor for the channels being estimated. In acoustical terms, there is magnitude and

phase ambiguity in the solution. The literature presents at least two possibilities to resolve this ambiguity.

In Xu et al. [1995], the constraint |h|1 = 1 is described. This addresses the scaling factor but not the phase

ambiguity. In Zeng et al. [2013], the ℓth entry in h is defined to be equal to 1. All other values of h are
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estimated relative to this value. To achieve this, the ℓth column of X is defined as b and ℓ is set equal to

some constant (usually, (L+1)/2). The ℓth column of X is removed, and the set of remaining columns of X

renamed to the measurement matrix A. At the same time, the ℓth entry in h (having been defined as 1 to

resolve the phase and amplitude ambiguity), is removed and the remaining vector renamed as c. Thus, the

set of governing equations becomes (for the two channel case) is now expressed as:

Ac = b (2.11)

where

c = [[h1(L), . . . , h1(ℓ+ 1), h1(ℓ− 1), . . . , h1(0)],h
T
2 ], (2.12)

b is the ℓth column of X, and A is obtained by removing the lth column of X. This is generalizable to any

number of channels.

2.2.1 BCE Optimization Function Descriptions

In Section 2.2, the BCE problem formulation was presented, which yielded Equation (2.11) as the set of

governing equations for this formulation. Thus, we can rephrase the objective of the blind channel estimation

analysis as the calculation of c which satisfies Equation (2.11). We now require an optimization algorithm

to solve Equation (2.11) for c. Two early approaches to solving the blind channel estimation problem are

described in Xu et al. [1995] and Moulines et al. [1995], and are referred to as the Least Squares (LS) and

Subspace algorithms, respectively. A comparison between these two approaches is described in Zeng and

Tong [1996]. In the LS method, the matrix X from Equation (2.8) is first formed by over-estimating the

channel length L. Next, the singular value decomposition of X = UΣV∗ is calculated. For a noise free case,

the singular vector of V corresponding to the smallest non-zero singular values (i.e., Σ) yields the set of

channel estimates. In practice, though, for non-zero noise, the smallest non-zero singular value can indicate

channel impulse response estimates that are more indicative of the underlying noise since there may not be

any singular values equal to zero. According to Zeng et al. [2013], the Subspace method “. . . is based on

the fact that the range space of the channel filtering matrix is orthogonal to the noise subspace”. Both the

LS and Subspace approaches require a large amount of data and are sensitive to knowing the length of the

channels ahead of time. In practice, knowing channel length a priori can be difficult.

The choice of optimization approach is guided by the expectation that c for the underwater acoustic case

should be a sparse vector. In Zeng et al. [2010], a sparse vector is defined as one with small, but nonzero,

support due to the characteristics of ray propagation in an ocean acoustic waveguide. In an optics sense, a

waveguide is a set of conditions which confines (with little energy loss) the expansion of a wave to one or two

dimensions. For the case of underwater acoustic propagation, the large acoustic impedance contrasts that

exist at the ocean:air and ocean:seabed interfaces (Frisk [1994]) tend to trap sound underwater with small,

but nonzero, losses of acoustic energy into one of the flanking media when a sound reaches either of these

two interfaces. The result of these reflections on the received acoustic signal are that this signal has discrete

time intervals of source reception (either from acoustic energy traveling directly from source to receiver or

reflecting one or more time off the surface and bottom of the waveguide) with intervening periods of no

signal from the source arriving at the receiver. Figure 2.4 shows an example of the direct and reflected path

arrivals of a signal arriving at a hydrophone without overlap. Eight individual sources, and their higher order
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Figure 2.4: Eight individual fin whale calls recorded by the ALOHA cabled observatory. The source waveform
is a frequency downsweep from ≈ 23 − 18 Hz over a second. Deep water conditions at this receiver, and
the source length, result in discrete bundles of acoustic energy reaching the hydrophone, with periods of
comparatively low received level between these arrivals.

reflected arrivals, are shown in this figure. This ray-tracing model for acoustic propagation is the result of

a high frequency approximation to the equations governing underwater acoustic propagation. In summary,

under the assumption of a ray model being an appropriate description of the acoustic propagation conditions

present, we expect the energy in the impulse response for the waveguide to be concentrated to relatively

short time intervals whose total length is small compared to the overall length of the channels (i.e., sparse).

If the sparse channel assumption holds, then we will consider sparse representation approaches to solving

for c. Effectively, these approaches aim to estimate c such that most of the energy in c is concentrated in a

small number of indices compared to the overall length of the vector. The search for a sparse representation

for c would suggest that a c be sought which both fits to the measured data while having the minimum

number of non-zero values (i.e., a minimum ℓ0 constraint). However, this minimization problem is (NP)-hard

(Zeng et al. [2010]). In many cases, a sparse representation of c can be calculated by instead applying a

minimum ℓ1 (i.e., the sum of the absolute value of the elements of c) constraint, thus allowing the application

of a broad set of algorithms (Baraniuk et al. [2010]). Zeng et al. [2013] and Baraniuk et al. [2010] classify

these approaches as either convex optimization (e.g., Basis Pursuit [Chen et al. [2001]]) or greedy (e.g.,

CoSaMP [Needell and Tropp [2009]]) approaches. The approaches that fall into either of these two general

categories have their own advantages and disadvantages.

Convex Optimization Approach

The convex optimization approach solves a well-understood minimization problem expressed in Boyd and

Vandenberghe [2004] as:

20



minimize f0(x) (2.13)

subject to fi(x) ≤ 0, i = 1, . . . ,m, (2.14)

aTi x = bi, i = 1, . . . , p (2.15)

where the functions f0, . . . , fm: Rn → (R) are convex, i.e., satisfy

fi(αx+ βy) ≤ αfi + βfiy. (2.16)

or, more specifically for the blind channel estimation case, in Zeng et al. [2013] as

min ∥ c ∥ℓ1 subject to ∥ Ac− b ∥ℓ2≤ ϵ (2.17)

where ϵ is proportional to the signal to noise ratio (SNR) on the data; as noise on the data increases, ϵ

increases to give the sparse representation approach flexibility to fit to the underlying signal in the presence

of increasing noise. Thus, we seek the vector c with the smallest ℓ1 norm which fits to the measured data

to the degree expected by the estimated SNR. Algorithms, such as Basis Pursuit, which solve this complex

optimization approach can have high computational complexity compared to those approaches falling into

the second, greedy category.

One example of a BP-based algorithm is called NESTA (Becker et al. [2011]), which stands for “Nesterov’s

algorithm”, and is based on the smooth function convex optimization work in Nesterov [1983]. The authors

state that the beneficial properties of NESTA, in addition to its accuracy and flexibility for a variety of

different problems, are its computational efficiency (making it particularly useful for large scale problems

which less efficient algorithms are less well suited for), and its robustness that comes from relying on only a

few tuning parameters (largely just a smoothing parameter µ). A detailed description of the inner workings

of NESTA are beyond the scope of this dissertation, and can be found in Becker et al. [2011] and Becker

[2011].

Greedy Optimization Approach

Greedy approaches aim to solve Equation (2.11) in a less optimal, but frequently less computationally

intensive, fashion than a rigorous convex optimization approach such as basis pursuit. Some examples

of greedy approaches are Matching Pursuit (MP, Mallat and Zhang [1993]), Orthogonal Matching Pursuit

(OMP, Tropp and Gilbert [2007]) and Compressive Sampling Matching Pursuit (CoSaMP, Needell and Tropp

[2009]). Zeng et al. [2013] describes the MP and OMP algorithms as iterative approaches that both require

the number of nonzero values in c be known a priori. One at a time, both the MP and OMP approaches

select the index in c that best correlates with the residual vector (initialized to b) from Equation (2.11).

Next, the value of c at this index is calculated. For MP, this calculation is formulaic, whereas in OMP an

additional, least squares, optimization step is performed (as per Equation 19 in Zeng et al. [2013]). Finally,

the residual vector is updated to reflect the contribution of the newly calculated value in c. These steps are

repeated until the desired number of non-zero values is reached. Zeng et al. [2013] claims that the OMP
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algorithm, due to the additional optimization step that it employs, is of higher performance than MP and

is more comparable to a BP approach.

The CoSaMP algorithm is somewhat more complicated than either MP or OMP. It is an iterative approach

based on OMP, and while it also requires the sparsity level (i.e., number of non-zero values) be known a

priori, it claims to offer guarantees on execution speed and the quality of the recovered signal that OMP

does not (Needell and Tropp [2009]). Unlike MP and OMP, CoSaMP estimates all the non-zero values at

once, but still aims to select non-zero value indices that best match to the measured data (i.e., minimize

Ac = b from Equation (2.11)). The steps of the CoSaMP algorithm are laid out in Needell and Tropp

[2009]. Translating the variables used in their algorithm depiction into those used in this dissertation, a is

the impulse response vector c, Φ is the measurement matrix A, and u is the vector b.

Needell and Tropp [2009] lists three candidate “halting criteria” to assess when the CoSaMP algorithm

has converged. Halting after a fixed number of iterations is the simplest candidate, and the one Needell and

Tropp [2009] implies although this approach relies on the selection of an appropriate number of iterations

to halt after, potentially either resulting in a set of channel estimates that are still converging or converged

several iterations ago. The authors also suggest two alternative halting criteria which aim to assess the differ-

ence between measured and model-predicted data after each iteration and halt once a predefined similarity

threshold is reached.

Channel and Source Suitability

It is reasonable to expect that not all sets of channels, and not all source waveforms, will be equally well

suited for BCE. As is shown for the two channel case in Equation (2.8), BCE as it is formulated in this work

interprets differences in the two received waveforms as differences in the channel impulse response between

the single source and each of the two receivers. This assumes that each receiver is exposed to the same source

waveform (e.g., that the source has no significant directionality) so that differences in received waveforms are

due to channel impulse response differences. It also assumes that the two channels are sufficiently different.

For example, consider a simple one source : two receiver case. For this example, the ocean surface and

bottom are both assumed to be flat, the sound speed profile horizontally uniform, and background noise set

to zero. The two receivers, and single source, are all omnidirectional, and the two receivers are the same

range from the source and at the same depth. Under these conditions, regardless of the source characteristics,

the received signals at the two receivers will be identical. Since there are no received signal differences, both

sides of Equation (2.8) equal zero and no estimate of the two impulse responses is possible. In a more general

sense, consider the channel identifiability criteria presented in Xu et al. [1995] and Rotili et al. [2012]:

• p = Cs(n) ≥ 2Lh − 1; and

• The z-transforms of the channel impulse response vectors i.e., hin are co-prime (i.e., no common factors

between the impulse response vectors),

where Cs(n) is the linear complexity (Blahut [2012]) of the discrete-time source waveform s(n), L+1 is the

maximum number of samples in each of the channels (or, equivalently, L is the maximum order of the z-

transform of the impulse response vectors hi(n) and M is the number of channels). The co-prime requirement

arises from the fact that if the set of channel impulse responses are not co-prime there will be unrecoverable
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features of the impulse responses that no BCE algorithm could estimate due to the structure of Equation

(2.8).

The linear complexity test is related to the information content of the source waveform. For example,

consider the case where s(k) = sin(2 ∗ π ∗ f ∗ k) (i.e., the source waveform consists of a sinusoid at a single

frequency). In this case, the received waveforms represent the system response to the single frequency only.

By contrast, consider the case where the input signal is a dirac delta (i.e., s(k) = δ(k)). By definition, the

received waveforms from such a source waveform are equal to the respective impulse responses.

2.2.2 Proposed Optimization Approach

A number of different approaches to solving (2.11) have been explored, including Least Squares (LS, Xu

et al. [1995]), Subspace (Sub, Moulines et al. [1995]), Orthogonal Matching Pursuit (OMP, Tropp and

Gilbert [2007]), Compressive Sampling Matching Pursuit (CoSaMP, Needell and Tropp [2009]), and two

different approaches under the NESTA umbrella (Becker et al. [2011]).

During testing, the Least Squares and Subspace approaches gave poor results in the presence of even

low noise. The OMP and CoSaMP approaches, while yielding better results than either Least Squares or

Subspace, required that both the channel order (i.e., the total number of samples in each IR being estimated)

and the number of non-zero values to be known a priori. Estimating both these quantities by trial and error

would have reduced the confidence we had in our estimated channels, in addition to increasing computational

cost. After investigating a couple sparse recovery optimization approaches, NESTA was selected for further

analysis.

Using Equation (2.11) as a starting point, the blind channel estimation problem can be formulated as a

quadratically constrained ℓ1-minimization problem (as per Equation 1.2 in Becker et al. [2011]):

min ∥ c ∥ℓ1 subject to ∥ Ac− b ∥ℓ2≤ ϵ (2.18)

where cϵRp and p = 2 ∗ (L+ 1)− 1 (for the two channel case). The Lagrangian form (i.e., Equation 1.3

from Becker et al. [2011]) of this problem could also be solved. However, given the more intuitive relationship

between the noise on the recorded acoustic data and ϵ the quadratic formulation is preferred.

The NESTA algorithm is based on a sampling theory known as compressed sensing (CS, Donoho [2006]).

Essentially, CS is an approach to, “. . . condense the information in a compressible signal into a small amount

of data, ”(Becker [2011]), where a compressible signal is one in which most of the energy is concentrated in a

small number of samples relative to the length of the signal. NESTA achieves this condensation through the

ℓ1 constraint shown in Eqn (2.18). NESTA is an iterative, sparse approximation approach which operates

like a modified gradient descent optimization, and is based around ideas described in Nesterov [2005] which

seek to improve the reliability of non-smooth optimization approaches while also speeding up the rate of

convergence. The non-smooth optimization is achieved by substituting the ℓ1 constraint (a non-smooth

constraint) with a smoothed version. While this has the effect of solving an approximation to the problem

described in Equation (2.18), the balance between the smoothed and non-smooth cost function can be tuned

for each problem. The improved convergence rate is achieved through an approach called Continuation

(Daubechies et al. [2008], Hale et al. [2007]), which adds a second layer of iteration on top of the original

one. Continuation works by first converging to a solution to an approximation of Equation (2.18) (a second
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Parameter Value
Receiver 1 [m] (X,Y, Z) = (49.6, 0, 109.3)
Receiver 2 [m] (X,Y, Z) = (161.1, 0, 355)
Source [m] (X,Y, Z) = (68.2, 0, 150.3)

Water Depth [m] 385
Sound Speed [m/s] 1530

Table 2.1: Environmental conditions shared by the static and time-varying channel simulations

approximation in addition to that made to smooth Equation (2.18)), using that converged solution as the

starting model for an approximation closer to problem we’re seeking to solve. This process continues until

the desired difference between the approximated and desired cost function is reached.

In Becker et al. [2011], much of the emphasis is on cases where A∗A is an orthogonal projector. For cases

where A is more fixed, this may be a reasonable assumption. However, when estimating underwater acoustic

impulse responses using the formulation presented in this document the orthogonal projector requirement

will not generally hold, even in the absence of noise. Thus, the singular value decomposition of A is passed to

the NESTA algorithm. Additionally, the standard NESTA approach is extended to incorporate reweighting

(§2.7.2.3 in Becker [2011]) and an overdetermined A (§3.7.3 in Becker [2011]). The overdetermined modifi-

cation is particularly desirable for this work because we expect the data record to be much longer than the

channels being estimated.

2.3 Impulse Response Channel Recovering Simulations

In this section, a set of simulations are shown which present the performance of several sparse recovery

algorithms acting on the problem formulation in Equation (2.17).

2.3.1 Simulation - Static Channel

To explore how well the BCE approach could work in ocean acoustic conditions, a series of simulations was

conducted based on near-shore ocean conditions. Features of these simulations are summarized in Table

2.1. Z is measured positive downward from the ocean surface. Source and receiver positions were chosen as

though all were on a tilted vertical array. The objective of these simulations is to express the performance of

three different sparse recovery algorithms (OMP, CoSaMP, and NESTA) when the true underlying channels

are sparse (i.e., most of the IR values are equal to zero). The static channel simulation is done as follows.

The true impulse response for both of the source:receiver pairs is calculated using a straight-line acoustic

propagation model. Travel time and transmission loss along the first 8 eigenray paths (direct, bottom, surface,

surface bottom, bottom surface, bottom surface bottom, surface bottom surface, and surface bottom surface

bottom) are calculated using this model, yielding a pair of impulse responses; one for each source:receiver

pair. This impulse response expresses the transformation the environment imparts on the source waveform

to create the waveform observed at the receiver. The pair of impulse responses are normalized by the value

of the greatest IR value, and leading zeros are removed. This yields a pair of minimum-length IRs whose

largest value is 1 and whose first non-zero value occurs at the first sample. A synthetic 5-second pseudo
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white Gaussian signal was chosen as the source waveform. This source signal is convolved with each of the

calculated impulse response vectors to yield a pair of received waveforms. Additive white Gaussian noise is

added to each received waveform to yield a signal to noise ratio of ≈ 47dB; zero-noise received data is not

used here since some sparse recovery algorithms are numerically unstable with zero-noise data.

All three recovery algorithms require an over-estimate of the maximum length for the set of channels

being estimated. For OMP and CoSaMP, an estimate of the sparsity level (i.e., the total number of non-zero

values across both channels) is also required. For NESTA, the value for the tradeoff parameter λ is required.

λ indirectly controls the sparsity level of the eventual solution; higher lambda values yield a sparser set of

channels. A sparsity level of 30 was chosen for both OMP and CoSaMP. This value is greater than actual

sparsity level for this simulation (16), so as to emulate the expectation that in a realistic setting the precise

sparsity level of the channels under examination will be unknown. The default λ value of 1 is used for

NESTA.

Figure 2.5 shows the true vs. estimated IR channels for the OMP, CoSaMP, and NESTA sparse recovery

algorithms and the Receiver 1:Source IR. Figure 2.6 shows the same results, only with a threshold applied

to the estimated channels such that only estimated values whose amplitude is greater than 0.01 are shown.

OMP and CoSaMP provide good channel estimates even without an amplitude threshold. Since a sparsity

level of 30 is chosen, small non-zero values are placed by these two algorithms in amongst the expected

channel values. Before the threshold is applied, the large number of small amplitude samples makes picking

out the larger samples difficult. After the amplitude threshold is applied, the largest non-zero values in the

NESTA channel estimate are shown to be a close approximation of the true channel. Pre and post-amplitude

threshold figures for the Receiver 2:Source IR are shown in Figures 2.7 and 2.8.

The good match between the true and estimated channels for the static channel case illustrates that all

three of the recovery algorithms are capable of recovering the underlying channels when presented with high

SNR data and sparse underlying channels. For OMP and CoSaMP, the extra non-zero values beyond the

16 required to completely characterize the channels are small values, which is the preferred outcome since

the simulated data should not require large non-zero values other than the 16 found in the true IRs. For

NESTA, the largest non-zero values in the estimated channels were a good match to the true channels.

25



Figure 2.5: Estimated vs. true impulse response channels for the Receiver 1:Source pair. Results for OMP
(top), CoSamP (middle) and, NESTA (bottom) are shown. A sparsity level of 30 is used for both OMP and
CoSaMP, while the default λ value of 1 is used for NESTA.
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Figure 2.6: Estimated vs. true impulse response channels for the Receiver 1:Source pair. Results for OMP
(top), CoSamP (middle) and, NESTA (bottom) are shown. A sparsity level of 30 is used for both OMP and
CoSaMP, while the default λ value of 1 is used for NESTA. Only estimated channel values whose amplitude
is greater than 0.01 are shown.
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Figure 2.7: Estimated vs. true impulse response channels for the Receiver 2:Source pair. Results for OMP
(top), CoSamP (middle) and, NESTA (bottom) are shown. A sparsity level of 30 is used for both OMP and
CoSaMP, while the default λ value of 1 is used for NESTA.
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Figure 2.8: Estimated vs. true impulse response channels for the Receiver 2:Source pair. Results for OMP
(top), CoSamP (middle) and, NESTA (bottom) are shown. A sparsity level of 30 is used for both OMP and
CoSaMP, while the default λ value of 1 is used for NESTA. Only estimated channel values whose amplitude
is greater than 0.01 are shown.
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Parameter Value
Peak-to-Peak Wave Height [m] 4

Wave Period [s] 6

Table 2.2: Environmental conditions used only for the time-varying channel simulation

2.3.2 Simulation–Time-Varying Channel

In Zeng et al. [2013], good channel recovery results are described for a one source:two receiver underwater

acoustic channel estimation simulation using a selection of different sparse recovery algorithms. A limitation

of their simulation is the static nature of the underlying channels. In the ocean acoustic environment,

time variability can occur on different time scales. Gradual changes in deep water salinity can introduce

deep sound speed profile variability over long time periods. Over shorter time intervals, surface weather

conditions, including wind and surface temperature, can change shallow sound speed profile characteristics

by changing the depth of the surface mixed layer or creating surface ducts. Additionally, surface waves (in

particular, waves where gravity rather than capillary action is the restoring force) may change the effective

water depth over the time scale of the wave period, thereby introducing time variability into the water depth

and channel impulse responses. In this section, water depth variability through ocean surface gravity waves

is introduced to the impulse response calculation to examine the effect of water depth variability on impulse

response estimation.

Other than water depth variability, the environmental characteristics for this simulation are the same

as those for the static channel simulation in the previous section. Source and receiver locations are the

same, source waveform is the same, and the received data SNR is the same for both the static and dynamic

channel cases. Surface waves are simulated by adding a sinusoidally-varying offset to the still water level.

Table 2.2 lists the ocean surface wave properties used to create the time-varying channel. It is expected that

a longer wave period, along with a longer source waveform, would yield similar channel recovery performance.

Effectively, each sample in the source waveform sees a slightly different water depth than the sample before

it. Rather than precisely modeling a range-dependent surface wave profile, the entire ocean surface is

assumed to sinusoidally move up and down with the designated wave amplitude and period. A more nuanced

surface elevation model that treats the ocean surface in the same way that some underwater acoustic models

incorporate range dependent bathymetry into their calculation of eigenray travel times would yield somewhat

different impulse responses, however for the purpose of investigating how surface wave-based channel time

variability influences channel recovery, the simpler model was chosen.

Figure 2.9 shows how the locations of the non-zero values in the impulse response between the source

and receiver 1 changes over the course of the source waveform. The source waveform is 5 s long, with a

900 Hz sampling frequency, yielding an overall source waveform length of 4500 samples. The maximum

impulse response length is 909 samples long (after truncating leading and trailing zeros). Thus, there are

4500 columns and 909 rows in Figure 2.9. Transmission loss, as well as arrival time, for the eigenrays that

reflect at least once off the surface also varies over the course of the source transmission due to variation in

ray path length.

Figure 2.10 plots the estimated Receiver 1:Source IR for both the static (top) and dynamic (bottom)

channel cases and the OMP sparse recovery algorithm. Figure 2.11 plots the results for the Receiver 2:Source.
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Figure 2.9: Variation in Receiver 1:Source IR non-zero values for each sample in the source waveform. Labels
to the right of the plot indicate the eigenray path (D for direct, B for bottom bounce, S, for surface bounce,
BS for bottom surface bounce, . . .) for each line.

For the static channel case, the true IR is plotted. For the dynamic channel plots, the IR for the first source

waveform sample (i.e., the first column in Figure 2.9) is plotted to give an approximate reference for where

the non-zero values in the impulse response are expected to be found.

Figure 2.12 plots the estimated Receiver 1:Source IR for both the static (top) and dynamic (bottom)

channel cases and the CoSaMP sparse recovery algorithm. Figure 2.13 plots the results for the Receiver

2:Source. For the static channel case, the true IR is plotted. For the dynamic channel plots, the IR for the

first source waveform sample (i.e., the first column in Figure 2.9) is plotted to give an approximate reference

for where the non-zero values in the impulse response are expected to be found.

Figure 2.14 plots the estimated Receiver 1:Source IR for both the static (top) and dynamic (bottom)

channel cases and the NESTA sparse recovery algorithm. Figure 2.15 plots the results for the Receiver

2:Source. For the static channel case, the true IR is plotted. For the dynamic channel plots, the IR for the

first source waveform sample (i.e., the first column in Figure 2.9) is plotted to give an approximate reference

for where the non-zero values in the impulse response are expected to be found.

Since NESTA is prone to estimating a large number of non-zero values which are orders of magnitude
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smaller than the largest values, an amplitude threshold is applied to the results shown in Figures 2.16 and

2.17. In other words, all estimated IR values for both the static and time-varying channel cases whose

amplitude is less than 0.01 are not plotted for the results shown in Figures 2.16 and 2.17.
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Figure 2.10: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
1:Source pair and the OMP sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A sparsity level of 30 is used.
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Figure 2.11: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
2:Source pair and the OMP sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A sparsity level of 30 is used.
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Figure 2.12: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
1:Source pair and the CoSaMP sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A sparsity level of 30 is used.
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Figure 2.13: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
2:Source pair and the CoSaMP sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A sparsity level of 30 is used.

36



-1

0

1

IR
 V

a
lu

e

0 0.5 1 1.5 2

Time [s]

-1

0

1

IR
 V

a
lu

e

Estimated

True

Figure 2.14: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
1:Source pair and the NESTA sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A lambda value of 1 is used.
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Figure 2.15: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
2:Source pair and the NESTA sparse recovery approach. The true static channel is also shown in the top
subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source waveform.
A lambda value of 1 is used.
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Figure 2.16: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
1:Source pair and the NESTA sparse recovery approach. An amplitude threshold of 0.01 is applied such that
only estimated IR values whose amplitude exceeds 0.01 are plotted. The true static channel is also shown in
the top subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source
waveform. A lambda value of 1 is used.
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Figure 2.17: Static (top) vs. time-varying (bottom) impulse response estimation results for the Receiver
2:Source pair and the NESTA sparse recovery approach. An amplitude threshold of 0.01 is applied such that
only estimated IR values whose amplitude exceeds 0.01 are plotted. The true static channel is also shown in
the top subplot, while the ’true’ channel in the bottom plot is the IR seen by the first sample in the source
waveform. A lambda value of 1 is used.
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2.4 Discussion

In Section 2.3, a series of simulation results are shown which demonstrate the performance of three sparse

recovery approaches (OMP, CoSaMP, and NESTA) under static and time-varying underwater acoustic con-

ditions. For the static channel cases (Section 2.3.1), the match between estimated and true channels was

good based on how OMP, CoSaMP, and NESTA construct their estimated channels. For OMP and CoSaMP,

the algorithms are instructed to estimate a fixed number of non-zero values across a set of channels whose

length is also defined in advance (i.e., a sparsity level is a tuning parameter for both these approaches).

Thus, these two approaches will return a set of estimated channels of the defined sparsity level, regardless of

whether all the non-zero values contribute significantly to the solution. For the static channel case, the set

of true channels has exactly 16 non-zero values. Since a sparsity level of 30 is selected, OMP and CoSaMP

place some small non-zero values in addition to the 16 needed to fit to the simulated data. These spurious

non-zero values are smaller than those that match to the true solution. The time offset difference between

the OMP and CoSaMP solutions is due to a difference in which sample in the estimated IR is set to zero (in

order to resolve the magnitude and phase ambiguity in the BCE solution; the CoSaMP sample is set to be

30 samples into the solution, while the OMP sample is set 1000 samples into the solution).

The NESTA approach also relies on the overall length of the set of channels being defined in advance,

and uses a tuning parameter λ to indirectly control the sparsity level of the solution (rather than directly

controlling it in the way OMP and CoSaMP do). Before a threshold is applied to the NESTA data (Figures

2.5 and 2.7), the large number of small amplitude non-zero values in the NESTA solutions mask the few

significant values. After a 0.01 amplitude threshold is applied (Figures 2.6 and 2.8), the match between true

and estimated channels for the NESTA case is visibly improved.

A simulation comparing static and time-varying channels is presented in Section 2.3.2. The same static

channel results from the previous section are used, and a surface waves are simulated by adding an oscillation

about the still water level which can increase or decrease the path length for a given eigenray path (depending

on the phase angle for the surface wave at the time in question). For the 8 eigenray paths considered in this

simulation, the location of the non-zero values in the true channel impulse responses changes by as many as

6 samples (with a 900 Hz sampling frequency). The figures in Section 2.3.2 show that the incorporation of

a time-varying channel yields channel estimates that are a poor fit to any channel found in the time-varying

IR set. This simulation supports the hypothesis that time variability in ocean acoustic channels can make

channel recovery using BCE approaches more difficult.
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CHAPTER 3
SINGLE HYDROPHONE RANGING IN DEEP WATER

The comprehensive study of marine bioacoustics requires that both data collection (DC) and data analysis

(DA) take place so that genuinely useful ideas can be distinguished from plausible-sounding, yet ultimately

fruitless, avenues of study. For the purposes of this document, DA is defined as the process of extracting

information and insight (e.g., the range of a marine mammal from the hydrophone receiver) from data (e.g.,

recorded underwater acoustic data from a single hydrophone). DC and DA activities each pose unique

challenges, requiring different skill sets to carry out successfully. Doing only one of these two activities well

can yield an unusably-poor acoustic data set that even the most robust processing approaches would fail to

extract useful information from, or a high quality data set nonetheless of limited bioacoustical quality (e.g.,

due to inadequate algorithmic support to extract the latent information from the data).

Well implemented DC includes the selection of low-noise acoustic recorders, design of recorder deployment

& recovery systems (e.g., heave stabilization for hydrophones lowered over the side of a surface vessel and

acoustic release layouts for moored recorder deployments), a comprehensive data management plan (with

redundancy) so sufficient and reliable digital storage space is available for the duration of the data collection

effort, selection of recorder bit depth (e.g., 16-bit) and sampling frequency (e.g., 96 kHz) so that calls

from species of interest are reliably observable, and careful site selection so that prevailing ocean conditions

(e.g., nearby container shipping lanes that will raise the local noise floor, acoustic shadow zones which limit

the detection range, absence of nearby marine mammals which reduces the size of the data set that will

eventually be analyzed) don’t significantly reduce the quality or quantity of the recorded data. As well,

the use of numerical modeling and simulation under realistic DC conditions helps contextualize DA results

derived from measured data and may inform future DC initiatives. Additionally, preliminary DA activities,

including modeling and simulation, can inform DC activities and improve outcomes.

Once DC has occurred, DA can begin in earnest. In underwater acoustical studies of marine mammals,

it is common to have more data than resources to completely process and analyze it. This is hardly a

problem, in the sense that an embarrassment of riches is hardly a problem, but it does pose computational

challenges during the DA phase of a project. As with the DC phase of the experiment, care must be taken

during the design and implementation of DA algorithms so that they accurately and reliably achieve the

objectives of the experiment. For studies involving the detection, classification, and localization (DCL) of

signals in noise (whether these signals are of animal or anthropogenic origin), DA algorithm design starts

with an understanding of the local acoustic environment and the characteristics of nearby signal and noise

sources. This local acoustic picture includes characteristics of the signals being sought after (including signal

start and stop frequencies, signal duration and periodicity, source directivity, and source range and depth

patterns in signalling behavior), consequences for missed/undetected (i.e., false negatives) and erroneous

(i.e., false positive) signals, background noise characteristics (e.g., episodic shipping noise, wave breaking,

rain noise, snapping shrimp presence), and the presence of interfering signals (e.g., sei whale calls when the

purpose of the study is to investigate fin whale calls). All of these features contribute to the construction

of a comprehensive picture of the local acoustic environment which can be used to design DA algorithms of

sufficient sophistication to carry out DCL of the signals of interest.
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Consider two different underwater passive acoustic localization tasks. In Rideout et al. [2013], the ob-

jective of the experiment was to record and locate Pacific walrus (Odobenus rosmarens divergens) knock

vocalizations near a trio of bottom-moored acoustic recorders deployed in 30 m of water northwest of Alaska

in the Chukchi Sea. This environment has very little nearby shipping traffic, and the quantity of recorded

acoustic data made it feasible to perform much of the DCL analysis with little in the way of automated

algorithms. The recorded walrus knocks were relatively impulsive and of high signal to noise ratio, and the

recordings were free of similar conflicting calls, which meant that a simple energy detector (Balanda and

MacGillivray [1988]) was sufficient to identify broad time intervals within the several months-long data record

that contained probable walrus knocks. Visual analysis by a human operator was then used to precisely iden-

tify walrus knocks (within the identified broad time intervals of interest) and to carry out localization. This

is an example of a DA situation in which minimal automation is required; walrus knocks from less than a

minute of acoustic data were ultimately processed in that study, as the study objective was to demonstrate

an existing localization approach in a novel situation rather than process a large quantity of walrus knocks.

This DA approach would not be not suitable for a larger data set or more complicated acoustic environment

because of the high degree of manual analysis required to generate the localization results; the localization

approach in this study was able to extract a wealth of information from the recorded acoustic data at the

expense of requiring a great deal of human operator time to arrive at these results.

In contrast, consider the calls shown in the waveform and spectrogram plots in Figure 3.1. This figure

shows five minutes of acoustic time series and spectrogram data from the ALOHA cabled observatory north

of Hawaii, and has 10 individual fin whale 20 Hz calls (and their associated reflected path arrivals). The

energy detector from Balanda and MacGillivray [1988] may not be a sufficiently sophisticated detector for

this data set due to the presence of multiple types of calls. The details of the design of the DA approach for

this particular situation are covered in detail later in this chapter.

In an era in which continuously recording underwater hydrophone arrays are increasingly common, tech-

niques need to be developed to aid in the interpretation and analysis of the recorded data while reducing (but

not eliminating) the dependence on human operators. While time consuming, human-based detection and

classification of recorded marine mammal vocalizations is a well-established practice, particularly for valida-

tion of computer-generated detection and classification; trained human operators remain the gold standard

for these validation efforts, although it is a time-consuming and expensive process.

This dissertation presents an approach for calculating the horizontal range between a source and a single

hydrophone. A selection of multiple, and single, hydrophone localization approaches are described in the

next section. Techniques only requiring data from a single hydrophone offer a number of key advantages over

those requiring data from multiple receivers. Single hydrophone deployments are logistically simpler, and

oftentimes less expensive, than multiple hydrophone deployments. As well, data from a single underwater

receiver can be used to carry out marine mammal density estimation using the point-transect approach

(such as the single seismometer used in Harris et al. [2013]). Single hydrophone approaches are insensitive

to timing mismatch between multiple hydrophones, since they do not rely on having precise relative timing

information. If the same call can be identified in the data from multiple unsynchronized receivers a single

hydrophone range estimation approach may be used to carry out 3D localization (Nosal and Frazer [2006]).

If azimuth-dependent bathymetry is available, data from a single hydrophone may be used to estimate 3D

position (Tiemann et al. [2006]). Even if only range can be estimated from the single-hydrophone data, there
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Figure 3.1: Fin whale 20 Hz calls, and other marine mammal calls, recorded between 06h00-06h05 on March
3 2014 at the ALOHA Cabled Observatory. Waveform (top) and spectrogram (bottom) plots are shown.

is still value in carrying out localization. For example, as is described in Section 3.4.7 and demonstrated

in Section 4.4.4, performing a 1D localization provides an avenue to reducing the false positive rate beyond

what is possible merely from a matched filter by requiring that each direct or reflected arrival of a given call

be used no more than once to perform localization. Thus, single-hydrophone localization approaches can

offer advantages over methods requiring multiple hydrophones in some situations.

3.1 A Partial History of Passive Acoustic Marine Mammal Local-

ization

Passive acoustic marine mammal localization is defined as the estimation of the (oftentimes underwater)

position of a marine mammal through the sensing of their natural sounds (sometimes referred to as calls or

vocalizations). It dates back to at least the early 1960s when Walker [1963] carried out underwater passive

acoustic underwater localization of what was later (Watkins [1981]) considered to be fin whales using a

three-element array of ocean bottom hydrophone recorders deployed off the coast of Massachusetts. In that
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study, relative arrival times of the same call at each hydrophone pair were used to estimate the horizontal

position of each fin whale around the array. This section will present just a handful of examples of passive

acoustic marine mammal localization approaches. For a recent overview of this subject, consult Au and

Lammers [2016].

In the early 1970s (Watkins and Schevill [1971] and Watkins and Schevill [1972]), William Watkins

and William Schevill (working at the Woods Hole Oceanographic Institution in Massachusetts) devised an

approach to estimate underwater marine mammal position (either full three-dimensional position for nearby

sources or bearing for more distant ones) using a floating, non-rigid array of four hydrophones. The premise

behind their approach is called time difference of arrival, and other marine mammal localization approaches

have subsequently used this approach. In short, this approach uses the difference in arrival time of a single

source at multiple receivers to gauge the position of this source. As the source moves relative to the array,

the arrival time differences change accordingly. With a minimum of four receivers, the three-dimensional

position of the source can be calculated. Sounds from a variety of manmade (e.g., pingers and echosounders)

and animal sources (right whales, fin whales, and white-beaked dolphins) were located. Their equipment and

approach was later applied to estimating the bearing to diving sperm whales (Watkins and Schevill [1977]).

Spiesberger and Fristrup [1990] described a comprehensive overview of passive acoustic localization of both

aquatic and terrestrial animals that also aims to map the local wind and sound-speed fields. Characteristics of

acoustic propagation are discussed, the premise of using arrival time differences to estimate the position of a

calling animal is presented (whereby the arrival time differences in a hydrophone pair describes a hyperboloid

in three-dimensional space on which the sound source must lie and the intersection of multiple hyperboloids

further constrains the position). An acoustic tomographic technique for estimating sound speed fluctuations

and receiver positions using recorded animal calls is discussed, which leads into the framing of the passive

acoustic localization problem as a geophysical inverse problem.

An approach similar to that described in Watkins and Schevill [1972] is used in Stafford et al. [1998] as

part of a detection and localization approach for monitoring blue whales (Balaenoptera musculus) in the

northeast Pacific ocean. Ocean-bottom hydrophones, rather than the floating hydrophones used by Watkins

and Schevill [1972], within the U.S. Navy’s SOund Surveillance System (SOSUS), recorded blue whale calls

in August - September 1993. A set of calls was manually identified in the recordings from this period,

and mathematical representations of the average of the strongest components of the calls in this set were

calculated. A matched filter was made from the mathematical representations, and applied to recordings

from a broader set of receivers in the SOSUS network to help associate the same call on multiple receivers.

These associated calls were located by using the arrival time of the same call on multiple receivers and using a

nonlinear least-squares approach to estimate source time, latitude, and longitude. This localization approach

was validated using data collected from sonobouy deployments by U.S. Navy maritime patrol aircraft that

used relative arrival times of the same call at multiple sonobouys. The SOSUS-based locations were found

to be consistent with the sonobouy-based locations.

3.2 Single Hydrophone Localization

The complexities and costs associated with collecting acoustic data at sea have led to the development

of localization approaches that require a minimum amount of gear be placed in the water. Battery pack
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failure, pressure housing leaks, and acoustic release malfunctions are only some of the fates that can befall

underwater acoustic recorders deployed for even hours at a time. Some techniques for passive acoustic

localization require knowledge of the relative positions of the receivers in order to provide reliable position

estimates (e.g., Walker [1963], Watkins and Schevill [1972], Stafford et al. [1998]). Techniques for estimating

receiver relative positions, once deployment has been carried out, exist based on producing sound at known

locations and using an approach similar to passive acoustic localization to estimate receiver positions using

known source positions (Dosso and Sotirin [1999]), but could be difficult to implement in all situations (e.g.,

in deep water where known position sound sources would have to be loud and expensive in order to produce

sufficient sound to be heard by sea bottom receivers). Calculating time synchronization between individual

underwater acoustic recorders can also be challenging, particularly for widely-spaced arrays. Thus, passive

acoustic localization approaches that only require data from a single receiver can have useful advantages

over those that require multiple receivers.

Frazer and Pecholcs [1990] described an early single-hydrophone localization approach which builds upon

the single-hydrophone approach in Clay [1987]. The localization approach in Clay [1987] requires that

the source signal be known, in addition to the received signal, and amounts to finding a candidate source

location that produces a model-predicted received waveform sufficiently similar to the measured received

waveform. Frazer and Pecholcs [1990] described four new localization approaches which do not require that

the source waveform be known and that make use of the relationship between the received signal and the

impulse response of the acoustic waveguide in question. The performance of these approaches, however, are

improved if the source signal is known a priori.

Jesus et al. [1998] presents a single hydrophone approach whereby the range to a 500 Hz bandwidth signal

5 km from the receiver in 130 m of water is estimated using a multipath-delay maximum-likelihood estimator.

The impulse response which characterizes the environment under investigation is first estimated from the

measured data, under the assumption that the signals traveling along different eigenray paths experience

uncorrelated perturbations. If the number of non-zero samples in the impulse response is known a priori,

the location and amplitudes of these impulse response samples can be estimated. To estimate horizontal

range, the peaks in the estimated impulse response are taken to be representative of the eigenray arrival

times in the measured data, and are compared against model-predicted eigenray arrival times calculated

using the BELLHOP ray tracing acoustic propagation model (Porter and Liu [1994]). The source range

and source depth combination yielding the best match between the estimated impulse response and the

model-predicted eigenray arrival times is the estimated source location. A drawback of this approach lies

in how to select the number of model-predicted arrival paths to calculate. In theory, this can be estimated

from the measured data, but in practice the calculation of the optimal number of model-predicted eigenray

paths can be problematic.

In 1999, McDonald and Fox [1999] used data from one of the same hydrophone installations used by

Thompson and Friedl [1982] to estimate the range to calling fin whales north of O’ahu and, in turn, estimate

a lower bound on fin whale population density around this site using what is called a point transect density

estimation approach. Range estimation was accomplished through a combination of transmission loss and

relative arrival time (RAT) modeling, although the authors found that the required effort of the relative

arrival time method was significantly higher than the transmission loss-based approach. In this context,

RATs are the time difference between the direct-path arrival time and each subsequent higher-order arrival
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path (e.g., the time difference between the bottom-surface bounce and the direct path). McDonald and Fox

[1999] also found that when the local bathymetry about the hydrophone had significant range or azimuth

dependence, the RAT-based approach could allow horizontal position to be estimated (rather than just

range from the hydrophone) but that bathymetric uncertainty could also introduce problems with the range

estimation process. Aside for validating the transmission loss-based ranging results, the authors made limited

use of the RAT-based approach. The transmission loss-based approach used the parabolic equations acoustic

propagation model RAM using the environmental characteristics for the data collection site, the hydrophone

depth, and an estimated fin whale calling depth of 50 m (Watkins et al. [1987]). By estimating that a fin

whale passing directly overhead the hydrophone would produce a recorded SNR of 30 dB, the spherical

spreading transmission loss predictions were transformed into expected fin whale call SNR as a function of

horizontal range and the distance to a fin whale call could be made by measuring the SNR of the signal.

Potential sources of error in this approach include variable background noise levels (e.g., due to weather at

the survey site) and variation in fin whale call source level; as the background noise level increases, and/or

the source level decreases, the animals estimated position will be biased toward longer ranges.

In Aubauer et al. [2000] impulsive vocalizations of Spinner dolphins (Stenella longirostris) are used to

estimate the 2-D range (from the receiver) and depth for the calling animal. To do this, RATs are calculated

by subtracting the bottom-bounce and surface-bounce arrival times from the direct-path arrival time. Closed

form expressions for source range and source depth, and error estimates for these quantities, are presented

using the calculated RATs, receiver depth, water depth, the depth-invariant sound speed in the water column,

and error bounds on these four types of data.

A single hydrophone technique for estimating the pitch angle of a calling sperm whale (Physeter macro-

cephalus) is described in Laplanche et al. [2005]. As the pitch angle of a sperm whale changes (e.g., as it

transitions from breathing at the surface to diving), the authors expect that the received level of the various

reflected path arrivals will change. Thus, they expect that by comparing the received level of the direct and

reflected path arrivals the pitch angle of the sperm whale can be estimated. The distance between the whale

and its prey is also estimated using the interpulse interval (i.e., the time spacing between consecutive sperm

whale echolocation clicks).

In 2006, Tiemann et al. [2006] described a technique whereby underwater sound sources (in this case

sperm whales in the Gulf of Alaska) could be located solely using data from a single hydrophone and a

knowledge of the nearby bathymetry. This approach uses Relative Arrival Times (RATs) to estimate sound

source position. RATs consist of the difference in arrival time between the earliest arrival of a given call

and subsequent, higher-order reflection paths at a single receiver. This phenomenon will be described in

greater detail in Section 3.4, but in short RATs are the set of times resulting from the subtraction of the

direct-path arrival time from all subsequent higher-order arrival times of the same source. These RATs

change as the animal moves through the environment. In Tiemann et al. [2006], acoustic modeling is used

to predict relative arrival times at a set of ranges from, and along a discrete number of bearing lines around,

the hydrophone. Sperm whale clicks were identified in the recorded data, and RATs for each click estimated.

These measured RATs are compared to the set of model-predicted RATs and the match found, indicating

the estimated sound source location.

In 2012, Mouy et al. [2012] described an approach to estimate the range and depth of a calling Pacific

walrus (Odobenus rormarus divergens). Their approach is similar to the method of Tiemann et al. [2006].
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First, walrus knocks (which are impulsive vocalizations) were detected in the recorded data using a kurtosis

criteria (Balanda and MacGillivray [1988]) that is sensitive to sudden changes in signal level. Next, arrival

times for a fixed number of direct and reflected-path ray paths at each range and depth grid point were

calculated using a ray-tracing acoustic propagation model. The Teager-Kaiser energy was then calculated

for the detected walrus knocks to enhance the higher order reflected path arrivals in the recorded acoustic

signal. Finally, the resulting enhanced signal is compared to the model-predicted signal at each candidate

range and depth grid point. The grid point whose model-predicted signal best matches the measured signal

is deemed the best-fit location for the calling walrus.

Duan et al. [2014] describes a single-hydrophone approach to estimating the depth, initial range, and

speed of a moving source using the relative arrival time between the direct and surface-bounce rays. This

approach is related to an extended Kalman filter, and was demonstrated using a towed synthetic source

recorded by a bottom-moored (300 m above the bottom) hydrophone deployed in water approximately 4500

m deep. The synthetic source broadcast a repeating, 10 s long pseudorandom sequence between 700-800 Hz.

A holistic approach to carrying out passive detection and localization of fin whales using a single ocean

bottom seismometer (OBS) is described in Matias and Harris [2015]. The authors used a modified matched

filter approach to automatically detect fin whale calls in their OBS data; a high SNR call from their data set

was used as the reference waveform, and the cross-correlation expression was modified to penalize waveforms

that differed in amplitude. This was done to help distinguish direct-path from reflected-path arrivals, as their

technique for estimating range yields spurious results when processing non-direct-path arrivals. Rejection of

reflected-path arrivals is further aided by a windowing approach whereby localization is only carried out on

the strongest cross-correlation peak in a given time period. The three components of the recorded OBS data

for each direct-path fin whale call are used to estimate the azimuth and incident angle of arrival of the call

at the sea bed, and is useful for calls within a defined range from the OBS. This range is calculated using the

ratio of the p-wave speed in water (α1) and in the ocean-bottom sediment (α2), and for the authors study

case fell in the 4.88− 6.49 km range.

In Weirathmueller et al. [2017], another fin whale localization approach is described, this one aimed at

estimating the range to calling animals in the vicinity of an ocean bottom seismometer (approximately 5

km for this study). A matched filter is used to identify fin whale calls in the recorded data. Earthquakes

are eliminated from the measured data set by looking for detections with more energy outside (specifically

in the 5-15 Hz band) than within the fin whale calling frequency band (15-25 Hz). Detections were also

forced to be at least 10 s apart to reduce the likelihood of multipath arrivals being included in the detection

set. Ranging is carried out using both the RATs and relative amplitudes between the direct and first two

reflected-path arrivals. The vertical channel of the OBS is ultimately used for ranging, and so a geoacoustic

propagation model is used in conjunction with the BELLHOP ray tracing acoustic propagation model to

predict how the different ray paths will be expressed on the vertical OBS channel as a function of source

range. Next, for each matched filter detection, the relative arrival times and amplitudes for each multipath

are calculated. This approach for ranging a fin whale call relies on being able to identify or assume the

path for two or more rays (i.e., direct and reflected paths) for the call in question. At each candidate source

range, the model-predicted RATs and relative arrival amplitudes are compared with the measured values.

The candidate range yielding the best fit to the RATs and relative arrival amplitudes is deemed to be the

estimated fin whale range. This range is only kept if there are at least 6 other calls within 1 km and 6
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minutes of this call; this leverages the repetitive, almost metronomic, regularity of typical fin whale calling

bouts and helps weed out false positives.

In Weirathmueller et al. [2017], the cost function a normalized timing residual between measured and

model-predicted acoustic arrival times in ocean bottom seismometer data is calculated, as depicted in Equa-

tion 3.1,

tres(x) =
( n∑

i=1

[Oi − Pi

σi

]2)1/2
, (3.1)

where i is the index of the arrival (e.g., direct, bottom-surface, etc.), Oi is the ith measured travel time, Pi

is the ith model-predicted travel time, and σi is the travel time uncertainty for the ith arrival.

3.2.1 Single Hydrophone Localization - Dispersion

In addition to the arrival time-based approaches discussed above, there are other single hydrophone range

estimation methods that rely on a dispersive environment and the method of normal modes (Frisk [1994]).

In a normal modes decomposition of an acoustic signal, there is a frequency-dependent transmission time

between source and receiver whereby different frequencies in the source waveform are observed to reach the

receiver at predictable yet different times. Different vibrational modes are frequently observed, resulting in

the same frequency potentially expressing multiple distinct arrival times in the received signal. These times

are related to the physical phenomenon whereby, given the source and receiver locations and other environ-

mental parameters, there are times at which upward and downward-traveling acoustic energy at the receiver

constructively interfere to yield a strong received signal, while at other times the phase difference between

these upward and downward acoustic energies yields destructive interference (and thus, has a comparatively

lower signal to noise ratio).

The KRAKEN normal modes propagation model (Porter [1992]) is an example of a “forward model” that,

given source and receiver information and environmental parameters, can be used to calculate transmission

loss for an acoustically-dispersive environment. Since the characteristics of these modes is partially dependent

on the range between source and receiver, it is possible to develop an “inverse model” whereby the observed

modal behavior in the received signal is used to predict the range that must have existed between source and

receiver to produce such a modal observed signal. In this section, range estimation approaches that leverage

a dispersive environment are described. The deep ocean conditions described later in this dissertation do not

display modal behavior in any significant way, so these dispersive range estimation approaches are presented

here solely in the interest of completeness.

In Wiggins et al. [2004], an approach for estimating range from the modal dispersion pattern in the

data from a single hydrophone is described. North Pacific right whales are the topic of this study. To

estimate range, modal distortion curves at a set of candidate source ranges are calculated using a synthetic

undistorted call and a propagation model. The propagation model is used to calculate dispersion curves

as a function of frequency for each mode expected in the measured data. A comparison between measured

and model-predicted dispersion-distorted received waveforms can allow for an inverse approach to estimate

range if other aspects of the environment are sufficiently well known. In addition to a qualitative comparison

between these two sets of curves allowing for a manual estimation of range, the authors propose a more

automated approach whereby the time difference of arrival of the same frequency in different modes could
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be calculated for both the measured and model-predicted data. The candidate source range whose modal

time differences of arrival best match the measured time differences would therefore be the estimated source

range.

An approach to characterizing a shallow (< 400 m) waveguide using an impulsive low frequency (< 200

Hz) source recorded at a single hydrophone is proposed in Bonnel et al. [2009]. An adaptive signal processing

approach termed “frequency warping” is described whereby knowledge of the environment is leveraged to

transform a dispersion-distorted received signal back into a Dirac delta function in the time domain. They

show that environmental mismatch (i.e., the modeled environment being a poor match to the actual one) will

result in the frequency warped signal not resembling an impulsive source signal. Given this environmental

mismatch sensitivity, the authors expect that frequency warping may be used to estimate environmental

parameter values using the resemblance of the warped signal to a delta function. These parameters that

could be estimated via such an inversion approach include the source range.

In Bonnel et al. [2010], the objective of the proposed inversion is to estimate the time synchronization

between a source and receiver, assuming that the distance between them is known. Since modes overlap

both in time and frequency when range is small, the authors propose a warping signal processing approach

to isolate the waveform of a single mode in isolation from the others. Once the individual modes are isolated,

subsequent processing is simpler. Warping, in the time domain, is also used in Thode and Bonnel [2015] to

estimate vertical array tilt and modal shapes.

Two different range estimation approaches are described in Munger et al. [2011]: a time difference of

arrival (TDOA) approach using acoustic recordings at three or more hydrophones, and a normal mode dis-

persion model (NMDM) approach using data from a single hydrophone. The NMDM approach is considered

appropriate when the propagation distance is several times the water depth, and when the ratio of the water

depth to the wavelength is not large (i.e., 4:1 or lower). The TDOA approach estimates the arrival time of

the same call on multiple hydrophones and uses a nonlinear least-squares parameter estimation approach

to estimate the best-fit horizontal sound source position. In contrast, the NMDM is an iterative approach

that uses data from a single hydrophone, and builds up on work presented in Wiggins et al. [2004]. First,

arrival times of the same frequency across multiple modes are manually identified in the measured data.

Model-predicted group velocities at this frequency are then calculated. Arrival times and modal arrival

times are used to estimate the horizontal range between source and receiver. This source range is used in a

normal modes code to produce a model-predicted modal dispersion pattern based on a synthetic model of

the initial call. The fit between measured and model-predicted is used to guide manual adjustments to the

range and synthetic call contour parameters until the fit is deemed adequate.

In contrast to modal-based inversion methods that seek to compare measured and model-predicted modal

dispersion curves (such as in Wiggins et al. [2004]), Bonnel et al. [2012] presents a method called “modal

reversal” that aims to leverage environmental knowledge to undo the dispersion present in the received data.

Modal reversal also does not require prior knowledge of the source signal. If the correct environmental

parameters are used, the modally-reversed modes will be in phase and add up constructively. Environmental

mismatch will yield out of phase reversed modes. In practice, this process is carried out on each mode

individually by isolating the modes one at a time, performing the modal reversal, and summing over the

set of modally-reversed modes. Maximizing the similarity between the reversed modes allows geoacoustic

inversion to take place. This approach was found to be precise for high signal to noise ratios, but performed
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more poorly at lower SNR values.

Bonnel et al. [2013] presents a single hydrophone Bayesian inversion approach that assumes an impulsive

source, unlike Bonnel et al. [2012] which doesn’t require prior source knowledge. This approach uses warping,

similar to the approach described in Bonnel et al. [2010], to isolate individual modes that (particularly at close

range) can overlap in both the time and frequency domains. Once the dispersion curves in the measured data

are estimated via warping, a Bayesian inversion is carried out using a hybrid optimization approach known

as adaptive simplex simulated annealing, using the extracted modal dispersion curves as the input data.

Model-predicted dispersion curves are calculated during the inversion, and ultimately estimates for source

range and time, sediment speed/density/depth, and basement speed and density (along with uncertainty

bounds on these parameters) are calculated. Warner et al. [2015] builds upon this approach to carry out a

trans-dimensional inversion for sound speed profile characteristics and ocean bottom sediment layer structure

using a close range warping transformation of modal dispersion data.

In Thode et al. [2012], an automated approach for the detection, classification, and localization of bowhead

whale calls in the presence of seismic airgun sounds is presented. They present an image processing and neural

network-based data processing sequence to estimate bowhead whale locations in the presence of (sometimes

dispersive) seismic airgun sounds. While their approach requires that multiple receivers record the same

sound, they note that modal dispersion can complicate signal detection due to performance degradation of

phase-based detection approaches (including matched filtering) observed in the presence of dispersion.

3.3 Data Collection Site Description

The ALOHA cabled observatory (ACO, Duennebier et al. [2008], Howe et al. [2011]) is located at (22.738772

N, 158.006186W), approximately 115 KM north of O’ahu. ACO is a collection of ocean-bottom oceanographic

data collection equipment in 4728 m of water that began operation in February 2007. Its current data

collection modalities include pressure, temperature, salinity, oxygen, current velocity, chlorophyll, turbidity,

and acoustic. Data are recorded by hardware at the ACO and relayed back to O’ahu using the repurposed

AT&T HAW-4 fibre optic cable. Data are archived on shore, and available for researchers using an online

portal. Figure 3.2 shows an underwater picture of the ACO data collection site, while the topographic and

bathymetric map in Figure 3.3 highlights the ACO location north of O’ahu. Also shown in Figure 3.3 is

the expected radius to which sources can be ranged based on the methods developed in this dissertation

(based on the range that bottom-surface-bottom-surface (BS2) arrivals are predicted to still reach the ACO

hydrophone from).

Acoustic data at the ACO were recorded during two different time periods. An initial proof-of-concept

recording period ran from February 18 2007 - October 22 2008. Recording resumed June 6 2011 and

continued at least up to the present day (Summer 2022). Figure 3.4 shows a sample recording from the

ACO hydrophone showing four water-borne (rather than sediment-borne) acoustic arrivals of a single air

gun shot. The horizontal range from ACO to the air gun was approximately 12.2 km. The distinct ray

pattern for this shot, as evidenced by the time separation between the water-borne arrivals, suggests that a

ray-based localization approach could be used to estimate the range to this air gun, and potentially other

sounds recorded by ACO; the deep water around ACO could make lower frequency calls (such as the 20 Hz

calls of fin whales) reach the hydrophone as distinct ray arrivals as well.
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Figure 3.2: Underwater photograph of the ALOHA cabled observatory. The width of one of the data
collection platforms is included to provide a sense of scale. Photo source: ALOHA Cabled Observatory
[https://aco-ssds.soest.hawaii.edu]

The ACO is well suited for studying the low-frequency calls of mysticetes. The ACO is not close to major

shipping lanes, which contributes to the low ambient acoustic background sound levels observed at the site.

The fibre optic cable linking ACO to land allows for the continuous recording of acoustic data without the

expense and uncertainty of a battery and on-board storage-based experimental setup that requires regular

servicing from a surface vessel. Such a servicing plan for ACO would have been particularly complicated

given the large water depth at the site.

Another advantage of ACO is that the large water depth facilitates long-distance low-frequency acoustic

propagation. A localization approach utilizing direct and interface-reflected arrival times requires that the

sound traveling along different reflection paths (e.g., direct, bottom-surface bounce, etc.) between source

and receiver arrive at the receiver at distinguishably-different times. As the source range (i.e., the horizontal

distance between source and receiver) increases, this distinguishably-different criteria is less likely to hold.

The primary reason for this is that, as source range increases, refraction has an increasingly significant

impact on underwater acoustic propagation; Snell’s Law and the depth-dependent sound speed profile found

in all but the shallowest ocean environments causes underwater sound to travel along curving paths that

curve toward minima in the sound speed profile. A common mathematical model for describing this sort

of acoustic propagation regime is ray tracing (e.g., the acoustic ray tracing propagation model BELLHOP).
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Figure 3.3: Bathymetry and topology near the Hawaiian islands. The ACO location is highlighted by the
red + symbol, while the red circle highlights distance from ACO that BS2 arrivals are predicted to reach the
ACO hydrophone from (other than in the landfall directions). Bathymetric and topographic data: Hawaii
Mapping Research Group [http://www.soest.hawaii.edu/HMRG/cms/]

This refraction phenomenon eliminates some acoustic transmission paths as source range increases (typically

starting with the transmission path directly linking source and receiver without reflecting off the surface

and/or bottom). As source range continues to increase, refraction causes more ray paths to cease connecting

between source and receiver. Eventually, at a sufficiently long range, the sounds reaching the receiver have

reflected so many times that a ray tracing model is no longer the most appropriate approach to describe

the acoustic propagation conditions, and other computational approaches (e.g., a normal modes propagation

model such as KRAKEN) yield more reliable results. Thus, the ACO site is well-suited to collecting acoustic

data in support of a RAT-based localization approach because the deep-water conditions create a large ocean

footprint over which acoustic arrival times are distinguishably different-enough to permit reliable localization.

Another related aspect of the ACO that makes it well suited for this study is that the deep water lends

itself well to studying low frequency mysticetes. The ray tracing approximation to the Helmholtz equation
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Figure 3.4: Direct and higher order arrival paths of a single airgun shot as recorded by the ACO hydrophone
on October 6 2018 at 12h01:35.

is more applicable to low frequency calls as water depth increases, which makes the use of ray tracing-based

acoustic propagation models more appropriate than they would be in shallower water. Additionally, the deep

water conditions allow for long distance acoustic propagation given the reduced bottom interaction which

should have the effect of increasing the range at which underwater sounds are detectable by the hydrophone

at ACO. Also, the preference for deep ocean conditions by fin whales makes it more likely they will be

recorded at ACO than at a shallower site.

The local bathymetry at the ACO is also advantageous. Figure 3.3 shows the bathymetry in the vicinity

of the ACO. Water depth increases rapidly when traveling north from O’ahu, resulting in mid-ocean water

depths relatively close to shore. As will be discussed in a later section, the relative absence of continental

shelf north of O’ahu (compared to, for example, the typical continental shelf width on the west coast of

the US mainland) simplifies, and reduces the computational burden, of carrying out localization using ACO

data.
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Figure 3.5: Data processing flow chart for the localization approach developed and used in this work.

3.4 Localization Algorithm Description

This section presents a detailed description of the proposed localization approach. The section begins with

a high level overview of the data processing chain that begins with the collection of the underwater acoustic

data and ends with the calculation of best-fit locations for each of the detected signals. A graphic depiction

of the flow of information through our localization approach is presented in Figure 3.5.

After data collection, the first step in the localization approach is initial data processing. This includes

bandpass filtering the acoustic data to include only the frequency band of interest and reducing the sampling

frequency (through a proper downsampling approach that prevents aliasing from occurring). The bandpass

filtering step increases the SNR of the recorded data by filtering out spurious signals (e.g., vocalizations

from species not part of the current study and nearby anthropogenic noise sources). It also reduces the

computational load of the subsequent data processing steps.

The bandpass filtered and downsampled acoustic data is subsequently processed using a computer pro-

gram that detects the presence of marine mammal calls of interest. This type of program is typically called

an auto-detector, since the objective is for almost all the work to be handled by the computer program with

a degree of supervision by a human operator. For this work, the auto-detector is a matched filter with a

reference waveform derived from an analysis of a set of recorded vocalizations. Effectively, the purpose of

this detection phase is to identify times in the recorded acoustic data which are likely to contain fin whale

calls.

Two important concepts related to auto-detection are false positives and false negatives. No auto-

detection algorithm is perfect; in addition to (hopefully) detecting the presence of the signal of interest (in

our case, fin whale 20 Hz calls), the detector will erroneously identify background noise, or other calls, as

being the signal of interest (i.e., false positive), and will fail to identify the presence of some instances of

the signal of interest (i.e., false negative). The false positive and false negative rates for a given detector

are often inversely proportional and related through tuning parameters on the detector itself; relaxing the

tuning parameters to make the detector more permissive (i.e., reduce the false negative rate) will typically
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increase the false positive rate as more marginally-appropriate signals are deemed by the auto-detector to

be signals of interest.

Following the detection of likely fin whale calls in the acoustic data, the information that will be used to

estimate the location of each detection is extracted from the acoustic data. The deep ocean conditions at

ACO do not lend themselves to creating modal dispersion that has previously been used to carry out low

frequency single hydrophone localization (as described in Section 3.2). Thus, a different type of acoustic

information is used to carry out localization. Due to the high acoustic impedance contrasts at the air:water

and water:ocean bottom interfaces that bound the ocean acoustic waveguide, the sound from the fin whale

20 Hz call reaching the hydrophone may have reflected one or more times off the ocean surface and bottom,

in addition to the acoustic energy that travels directly from the whale to the hydrophone (as long as the

whale is close enough to the hydrophone for the direct path to not be so strongly refracted that it no longer

reaches the hydrophone). If the conjugate depth at ACO is smaller than the water depth, these fin whale

calls may be detectable at the surface at long range due to a convergence zone effect. However, since our

hydrophone is near the bottom this effect should not be relevant.

The position of the whale relative to the hydrophone is expressed in the relative arrival times (RATs) of

the acoustic energy reaching the hydrophone; as the whale moves away from the hydrophone at a constant

depth, the RATs decrease (e.g., the difference in arrival time between the arrival of the direct-path acoustic

energy and that reflecting once off the surface and bottom before reaching the hydrophone) even as the travel

time for each arrival increases. Figure 3.6 was used in Chapter 2 to depict impulse response variation as a

function of source location variability. Here, Figure 3.6 depicts RAT variation as source position changes

to illustrate how knowledge of relative arrival times for an underwater sound may assist in estimating its

position. As the source range increases (plots on the same row in Figure 3.6), the RATs decrease because the

individual ray path lengths become more similar as source range increases. As the source depth increases, a

different type of change is seen in the RATs; specifically, as source depth increases (plots in the same column

in Figure 3.6), rays that bounce off the surface arrive later because they have further to travel as the source

withdraws from the surface. These changes in RATs occur in predictable ways that are dependent on source

and receiver positions, local bathymetry, and the sound speed profile (i.e., the depth and range-dependent

phase speed of acoustic energy in the water). This predictability forms the basis of the inverse problem

and localization approach proposed in this dissertation, in which source position as a function of RATs is

estimated (this is the inverse of the forward modeling problem, in which RATs are calculated from source

position).

The localization process presented herein is essentially a comparison between features of the received

acoustic signal from each detected fin whale call and the expected, model-predicted call features at a set

of candidate ranges that the animal could have been present at when it made the call. This comparison

is carried out within a cost function that is described in Section 3.4.1. The candidate range whose model-

predicted call features best match those of the measured call is deemed to be the best estimate for call range.

More specifically, the measured RATs for each detected 20 Hz fin whale call are compared to model-predicted

RATs at each candidate range. Thus, before localization can take place, these model-predicted RATs must

be calculated using an underwater acoustic propagation model.

Once model-predicted RATs at each candidate range have been calculated, the comparison between each

measured and model-predicted set of RATs can be made. The comparison specifically consists of calculating
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the scaled sum of squared differences between corresponding measured and model-predicted RATs. This

calculation yields a scalar that expresses how well the measured RATs match to the model-predicted RATs.

In subsequent sections of this chapter, each of these individual steps will be described in greater detail.

3.4.1 Cost Function Description

At the core of the localization approach proposed in this dissertation is the cost function that quantifies

how well a set of measured data matches to a set of model-predicted data. The output of the cost function

is an ambiguity vector with one ambiguity value for each candidate source range being searched over. The

global maximum of the ambiguity vector is the estimated range for the sound in question. In other words,

the location whose model-predicted data yields the best match to the measured data is deemed to be the

estimated location for the sound source. In this work, the measured data are the estimated relative arrival

times (RATs) for a detected sound, and the model-predicted data are the calculated RATs based on an

acoustic propagation model simulating the oceanographic conditions for the study site.

The two primary contributions of our cost function involve the our treatment of false positives and

different numbers of model-predicted arrival paths as range increases. Specifically, our cost function was

designed to allow for different numbers of model-predicted RATs as a function of range (i.e., as refraction

causes lower order arrivals to no longer connect source and receiver as range increases). The cost function

also allows for false positives in the set of measured RATs due to the expectation that an automated RAT

estimation code will yield some non-zero number of estimated RATs that do not correspond to an acoustic

arrival from the source of interest (e.g., an estimated RAT due to background noise or calls from conspecifics

in the acoustic data).

Our cost function can be thought of in the context of a residual error distribution in which errors are

assumed to be Gaussian distributed. These errors are introduced due to the measurement process, mismatch

between the true and assumed model characteristics, and the data processing steps. We introduce “ad-hoc”

elements (i.e. a maximization over sets term and a normalization term) to the likelihood surfaces for position

found elsewhere in the model-based localization field (e.g., Nosal and Frazer [2006], Rideout et al. [2013],

Warner et al. [2017]). These ”ad-hoc” elements make our cost fuction robust to false detections and multiple

simultaneous sources, but they mean that the cost function is no longer a true likelihood surface and cannot

be used for rigorous error analysis. However, our cost function formulation is reminiscent of the form used

in these earlier works to retain a framework that might allow a more complete treatment of error in future

work (i.e., it is reminiscent of a likelihood function for position):

C(r) = max
K(r)

[
N(r)∏
j=1

eD(r)

]
,where (3.2)

D(r) =
( −1

2σ2N(r)

)(
∆tK(r),j −∆t̂j(r)

)2
(3.3)

As we do not attempt error analysis in this dissertation, an equivalent form of the cost function, which

may be more familiar to some readers, is obtained by taking the log of the argument inside the max of our
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cost function to obtain a weighted least-squares version, Equation 3.4.

C2(r) = min
K(r)

[( 1

2σ2N(r)

)N(r)∑
j=1

(
∆tK(r),j −∆t̂j(r)

)2]
. (3.4)

The role of the normalization term, N(r), is more obvious in this weighted least-squares form: The nor-

malization term, N(r) in Equation 3.4 effectively serves to calculate the average squared residual at a given

candidate source range. This is done to make cost function values calculated with different numbers of

model-predicted RATs directly comparable. The N(r) in 3.2 serves the same purpose. Maximizing C(r) is

equivalent to minimizing C2(r).

In these equations, r is the candidate source range whose cost (C(r) or C2(r)) is being evaluated, j is

the number of the model-predicted RAT currently being compared against the set of model-predicted RATs,

N(r) is the number of model-predicted RATs that make up the RAT set at the current value of r, K(r) is the

set of valid combinations of measured RATs at range r, σ2 is the RAT variance, ∆tK(r),j is the j
th measured

RAT in the K(r)th combination of RATs, and ∆t̂j(r) is the jth model-predicted RAT at current range r.

In this context, “valid” for K(r) indicates that the cost function will search over the sets of combinations of

measured RATs of the same size(s) as the number of model-predicted RATs. In this work, given that the

model-predicted RATs have 4, 3, or 2 RATs (as range increases), the set K(r) will have every combination

of 4, 3, or 2 measured RATs.

For a perfect fit between measured and model-predicted RATs, C(r) will have a value of 1. In all other

cases, 0 < C(r) < 1. In order not to bias the cost function toward longer range solutions (which have fewer

model-predicted RATs, and thus encompass the product of fewer exponential functions in Equation 3.2 than

a shorter candidate source range may have), N(r) is included in the denominator of Equation 3.2. In this

way, if the best fit set of measured RATs matches to each model-predicted RAT to the same degree (e.g.,

0.01 s) at two different ranges, C(r) at these two ranges will be the same.

The output of Equation 3.2, C(r), is a scalar value that represents the best match between a subset of the

set of measured RATs for the current detection and the model-predicted RAT set at each candidate range. A

key difference between the cost function formulation in Equation 3.2 and previous approaches is the explicit

and effective treatment of false peaks (i.e., those corresponding to noise rather than acoustic arrivals) in the

measured data and changing numbers of model-predicted RATs as a function of range. The details of how

the measured and model-predicted RATs are calculated is described later in this chapter (Sections 3.4.5 and

3.4.6). However, suffice it for now to say that the cost function was designed to allow for different numbers

of model-predicted RATs as a function of range (i.e., as refraction causes lower order arrivals to no longer

connect source and receiver as range increases). The cost function also allows for false positives in the set

of measured RATs due to the expectation that an automated RAT estimation code will yield some non-zero

number of estimated RATs that do not correspond to an acoustic arrival from the source of interest (e.g.,

an estimated RAT due to background noise or calls from conspecifics in the acoustic data).

3.4.2 Cost Function Rationale

Given the large dataset to be processed in Chapter 4, robust automation is a priority. Manually picking

measured RATs may be an effective way to identify information for localization, but it is not an efficient way
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to carry out this task for more than a nominal number of detections. Thus, the cost function is structured

in such a way that it is robust to noise in the measured RATs. This is accomplished by instructing the

cost function to search over every valid combination of measured RATs, the set of which is indicated by

K(r) in Equation 3.2. Requiring that the set of measured RATs is, in every case, larger than the set of

model-predicted RATs makes the cost function flexible to the inevitable noise. This flexibility comes at

the cost of additional computational complexity, since the cost function will perform many operations to

calculate the eventual scalar value representing the best fit between a subset of the measured RATs and the

model-predicted RATs for the candidate source range in question.

Another advantage of a large K(r) set is to allow multiple simultaneous calling animals to be localized.

If the multipath arrivals of a second call overlap with those of an earlier one, a superposition of the two calls

will be recorded. By picking more measured RATs than the number of arrivals expected in a call, the set of

measured RATs is more likely to contain all the relevant arrivals for the first call, in addition some spurious

ones from the second call and background noise. The search for a relevant subset of K(r) can rule out some

of these spurious RATs and still have enough measured RATs from the call in question to locate the call.

Then, after the first call is located, the second call can be located by aiming to rule out the spurious RATs

resulting from the earlier call.

A further advantage to having more measured RATs than model-predicted RATs is that the size of the

modeled set decreases as candidate source range increases. Due to refraction caused by the shape of the

underwater sound speed profile, the direct path arrival is expected to be undetectable beyond a certain

range. Higher order arrivals will also have their own ranges of undetectability. If the set of candidate source

ranges includes one of these undetectable range values, the set of model-predicted RATs will either have

to ignore some early arrivals (thereby discarding valuable information) or have different numbers of model-

predicted RATs at different ranges. Thus, to avoid wasting information (e.g., avoid looking for D arrivals

at all because they are not found beyond close range), the cost function will need to accurately compare

ambiguity values for different candidate source ranges even when the model-predicted RATs sets at those

ranges are of different sizes. As a result, at least at some ranges the measured RAT set will naturally be

larger than the model-predicted RAT set.

The size of the measured RAT set is a compromise between range estimation reliability and computational

burden. Too small a measured RAT set and reliable range estimates won’t be possible since the relatively

faint higher order arrivals may not reliably be found in the measured set, while keeping too many will result

in too many combinations of RATs to search over (and, thus, resulting in excessively high computational

burden). Experimentation with different measured RAT set sizes found that keeping 9 measured RATs

for each detection yielded enough higher order arrivals to permit reliable range estimation. In different

propagation conditions, such as if bottom losses were greater and fainter arrivals were sought in the measured

data, more RATs than 9 might yield superior range estimates. However, for this dissertation, each detected

call yields 9 measured RATs, with the expectation that only a subset of these 9 RATs will be based on direct

or interface-reflected arrivals in the underlying acoustic data and that the rest will be noise or calls from

conspecifics. At close range, each candidate range will have 4 model-predicted RATs and the first arrival is

the direct-path (D) arrival. For sources at medium range, direct-path arrivals no longer reach the hydrophone

and each candidate range will have 3 model-predicted RATs with the first arrival being a bottom-surface

(BS) arrival. At far range, neither direct nor BS reach the hydrophone, leaving 2 model-predicted RATs
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at each candidate source range with the first arrival being a bottom-surface-bottom-surface (BS2) arrival.

Every candidate source range is predicted to have BS2, BS3, and BS4. Based on experience with the ACO

data set, arrivals of BS5 and higher are not expected to reach the hydrophone with sufficient signal strength

to be reliably used for localization.

In this work, for each detected call the cost function is evaluated at a set of candidate source ranges.

These candidate source ranges are the ranges at which model-predicted RATs are calculated. Thus, the

estimated range for a given source must be found in this set of candidate source ranges. The process for

selecting the source ranges that make up the set of candidate source ranges is described in Section 3.4.6.

Given the properties of the measured and model-predicted RATs sets described above, ambiguity vector

calculation using the cost function is carried out as follows. For a given detected sound, 9 measured RATs

are identified. For each close candidate source range (i.e., each candidate source range where a direct-path

arrival is predicted to connect source and receiver), 4 model-predicted RATs are present. This gives C9
4 = 126

individual comparisons between a subset of four of the measured RATs and the full model-predicted RAT

set at candidate range. Thus, for each close candidate range, 126 individual ambiguity values are calculated.

The peak ambiguity value across this set of 126 is selected as the ambiguity vector entry for the candidate

source range. At medium range, 3 model-predicted RATs are present (i.e., BS is the shortest eigenray) which

gives C9
3 = 84 individual comparisons for each candidate sources range. Finally, at far range, BS2 is the

shortest eigenray path and 2 model-predicted RATs are present which gives C9
2 = 36 individual comparisons

for each candidate source range. Once all of these comparisons have been carried out and the ambiguity

vector is fully populated, the range with the highest overall ambiguity value is selected as the estimated

source range.

If the cutoff range for the D and BS arrivals is known, no further modification to the cost function

evaluation procedure described above is necessary. However, we account for uncertainty in the eigenray

cutoff range ranges by introducing “double option zones”. These zones are intended to allow for uncertainty

in the range at which the D and BS rays no longer connect. In these double options, each candidate source

range will have two different sets of RATs. For example, around the D cutoff range, each candidate source

range has two different RATs sets: one in which D is the earliest arrival, and a second in which BS is the

earliest arrival (and D isn’t detectable in the acoustic data). Similarly, in the vicinity of the BS cutoff range,

each candidate source range has two different RATs sets: one in which BS is the earliest arrival, and one in

which BS2 is the earliest arrival. During the ambiguity vector calculation step, the double option zones are

combined to preserve the highest ambiguity value at each candidate source range. More detail on the double

option zones is presented in Section 3.4.6.

There is more than one way to formulate a localization cost function, depending on the available data and

the need for robustness from noise or errors in either the measured or model-predicted data. For example, in

Rideout et al. [2013], the path (e.g., direct, surface bounce, bottom-surface bounce, etc.) for each measured

arrival is known a priori, and a linearized local approximation of the underlying cost function is traversed to

allow a large number of model parameters (including source and receiver locations) to be estimated without

requiring a grid search.
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3.4.3 Initial Data Processing

After raw acoustic data are collected, initial data processing is done to limit the scope of the data to the

narrow bandwidth within which the 20 Hz fin whale calls are found. The primary motivation for this step

is computational efficiency, as some of the processing steps to follow will have run times proportional to the

sampling frequency of the acoustic data. To reduce the data transmittal, and archival storage, requirements

on the ACO hardware, the acoustic data provided by the ACO group was stored in a custom binary format

(i.e., *.HYD24BBpk) rather than a more customary format such as *.wav. Using custom software written

by the ACO group, the binary files were read into Matlab with a sampling frequency of 24 kHz, yielding

approximately 12 kHz of usable bandwidth. The eventual calls of interest for this work (fin whale 20 Hz

calls, as described in Section 4.1) are frequency downsweeps from roughly 25-18 Hz. Thus, most of the 12

kHz bandwidth is unnecessary to reliably represent the fin whale calls of interest and the data were first

resampled from a 24 kHz to 200 Hz sampling frequency.

Next, the data are bandpass filtered using a butterworth filter with the following characteristics:

• Passband: 9 - 31 Hz

• Stopband: <= 5 Hz and >= 40 Hz

• Minimum stopband attenuation: 20 dB

• Maximum passband ripple: 0.5 dB

The primary motivation for the filtering step is to eliminate some potential spurious signals, found outside

the fin whale calling band, from the recorded data. The 20 Hz fin whale calls exhibit remarkable consistency

in their frequency characteristics (i.e., minimum frequency, maximum frequency, and peak frequency) which

allows for a tighter filter passband than would be required if the calls exhibited greater variability. Following

bandpass filtering, the downsampled and filtered time series were written to *.wav files for subsequent

processing.

3.4.4 Fin Whale Call Detection

As shown in Figure 3.5, once the acoustic data has been downsampled and bandpass filtered but before a fin

whale call can be located, its presence in the data must first be observed. This process is called detection,

and is a common task within marine mammal passive acoustic localization field and in the broader pattern

recognition field. In this context, detection can be thought of as the process of assessing the presence

or absence of a signal of interest within a broader dataset. Examples of marine mammal call detection

approaches include power law processors (Nuttall [1994]) and spectrogram correlation (Mellinger and Clark

[2000]). Many detection approaches are intended to assess the presence or absence of a potential signal of

interest rather than to assess the source of the signal in question. This second (assessment) task is regularly

called classification. The stereotyped nature of the 20 Hz fin whale calls means that simultaneous detection

and classification is possible through an approach called matched filtering (Van Trees Jr et al. [2013]).

Effectively, matched filtering aims to find instances of a known signal in a noisy time series. It does this

by comparing a reference waveform (i.e., the signal of interest) against a recorded time series. The output

of the matched filter algorithm is a time series of the same length as the recorded time series whose value
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Date # of Manual Detections # of Automated Detections
March 1, 2007 9294 20438

November 17, 2007 12247 21580
February 9, 2008 15487 25073

Table 3.1: Number of manual and automated 20 Hz fin whale detections on the three days of manual analysis.
Automated results are shown without pruning.

represents the similarity of the time series to the reference waveform. After the comparison stage between

the reference and recorded time series, the output of the matched filter is processed to identify times at

which the presence of the reference waveform in the recorded signal is indicated. In this work, a Page’s test

(Page [1954]) is used to perform the identification step on the matched filter output. Effectively, the Page’s

test identifies abrupt changes in the matched filter output which are interpreted to correspond with start

and stop times of matches in the recorded time series to the reference waveform. Following this Page’s test,

a median filter is applied to close small gaps in the Page’s test output. Next, an edge detector is applied to

the median filter output to identify detection start and stop times.

Figure 3.7 presents the detection process as it is implemented in this work. This detector takes as its

input recorded acoustic data and reference waveforms for signals of interest, and outputs times in the acoustic

data where sufficient evidence of signals of interest is found.

The choice of reference waveform is a crucial one in the design of a matched filtering approach. For this

work, the reference waveform for the 20 Hz fin whale calls recorded by the ACO was described in Silver

[2014], and consists of a synthesized 20 Hz fin whale call whose characteristics were calculated using a set of

manually-identified 20 Hz calls from the ACO data set. This reference waveform was deemed appropriate

for our localization work since it also comes from the ACO data set during the time interval considered in

this work.

To test the performance of the automated detection approach described above, the detector output is

compared against manually detected fin whale calls in a small subset of the ACO acoustic data record. The

manual detection step was completed as part of the MSc research presented in Silver [2014]. All of the 20

Hz fin whale calls apparent in the recordings were identified by examining both time and frequency domain

representations of the acoustic data. Table 3.1 lists the dates on which manual analysis took place and total

number of detections on each of these days from Silver [2014], and also shows the number of automated

detections on each of those days based on the analysis done in this dissertation. In Section 3.4.7, a pruning

approach will be discussed which uses frequency and localization information to reduce the false positive

rate for the detector.

Figure 3.8 from Silver [2014] shows a comparison between manual and automatic detection results for five

minutes of acoustic data on November 17 2007. The spectrogram for the acoustic file in question is shown

in the background, while automated and manual detections are denoted using blue and red vertical lines

respectively. In general, the manually detected calls were reliably represented in the automated detection

results, with more automated detections than manual ones. The excess of automated detections was a

conscious decision, and desired outcome, when designing the detection scheme for this work. A perfect

detector would identify all the 20 Hz fin whale calls in the recorded data and none of the background noise.

In other words, the perfect detector has a probability of correct detection of 100% and a probability of false
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Path Label Path Abbreviation
Direct D
Surface S
Bottom B

Surface Bottom SB
Bottom Surface BS

Bottom Surface Bottom Surface BS2
Bottom Surface Bottom Surface Bottom Surface BS3

Bottom Surface Bottom Surface Bottom Surface Bottom Surface BS4

Table 3.2: Naming convention for eigenray paths used in this work.

alarm of 0%. Practically speaking, this perfect detector doesn’t exist, and a compromise must be struck

between the correct detection and false alarm probabilities. For this particular instance, the detector was

designed to be intentionally permissive (i.e., have a high correct detection probability at the expense of a

high false alarm rate) because data processing steps that come after the detection step will provide additional

information (such as the peak frequency for each detection and localization information) that will be used

to help distinguish true from false detections.

A key observation to make from Figure 3.8 is that the automated detector identifies not only the first

arrival for each call, but multiple higher order arrivals too. This is due to the similarities between the signal

characteristics among the different arrival paths. In other words, at least for the arrival paths considered

in this work, the spectral content of a higher-order arrival such as a bottom-surface-bottom-surface-bottom-

surface arrival (i.e., a BS3 arrival) is similar enough to that of lower-order arrivals (e.g., D or BS) that the

same matched filter reference waveform capable of detecting the first arrival of a 20 Hz fin whale call is

predisposed to detecting other arrivals, too. A consequence of the detector returning times for higher order

arrivals, along with the earliest, is that the same call is included more than once in the set of detections. This

can distort analyses carried out on this detection set, including measurements of calling rates and inter-call

interval, so minimizing their impact can be useful. The process for reducing this false positive rate is called

pruning in this work, and is described in greater detail in Section 3.4.7. For reference, Table 3.2 lists the

eigenray naming conventions used in this work.

Once the matched filter detector has identified potential signals of interest in the recorded acoustic data,

features in the recorded data that are relevant to estimating the horizontal range between the source and

receiver are estimated, as described in Section 3.4.5.
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Figure 3.6: Eigenray arrival times for 4 different source locations. The x-axis is measured in samples after the
arrival of the direct-path sound at the simulated hydrophone. Range and depth are dimensionless quantities
meant to convey relative differences in source range and depth between the four cases shown in this figure.
Only the first 8 direct and interface-reflected arrival paths are shown. If the source is impulsive, these plots
can also be interpreted as approximations of the impulse responses for these four cases. The receiver is held
fixed at a range and depth (r,z) of (0,39) with a water depth of 40. Sources are at (1,1), (250,1), (1,39), and
(250,39). A range independent propagation environment is used.
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Figure 3.7: Automated fin whale call detector output for 0h00-0h05 on March 3 2014. Acoustic data recorded
at the ALOHA cabled observatory. A sample recorded time series is shown in subplot a. Subplot b shows
the matched filter output using the fin whale reference waveform and the data shown in subplot a. The
Page’s test output is shown in subplot c. Subplot d shows the median filter output, while subplot e shows
the output of an edge detector on the median filter output. Finally, subplot f superimposes the detection
start and end times on the waveform shown in a.
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Figure 3.8: Manual vs automated detection results from November 17 2007, from Silver [2014]. Acoustic
data recorded at the ALOHA cabled observatory.
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3.4.5 Measured Relative Arrival Time Estimation

The information content that the localization algorithm leverages to estimate the range from the hydrophone

to the calling fin whale is contained in the Relative Arrival Times (RATs) for the fin whale call in question.

For this work, RATs are defined as the set of time differences between the earliest connecting arrival (i.e.,

the lowest order arrival to connect whale and hydrophone) and all apparent higher order arrivals. At short

range, the earliest arrival to reach the hydrophone is the direct (D) path from source to receiver. Due

to refraction, as range increases the direct path will cease to connect source and receiver. For a shallow

source and ocean-bottom receiver, the surface (S), bottom (B), and surface-bottom (SB) arrivals will arrive

will arrive very close in time to the D arrival, and will stop connecting at similar ranges. Thus, given this

source:receiver geometry, if the D arrival is undetectable the next distinguishable arrival is expected to be

the bottom surface (BS) arrival.

Figure 3.9 illustrates how RATs appear in the ACO fin whale data. Subplot a shows the recorded

waveform for a single 20 Hz fin whale call and all its visually-apparent higher-order arrivals. A spectrogram

of this waveform is shown in the middle subplot. The red ∗ symbols indicate times where the matched filter

detected the presence of a fin whale call. In this 28.5 s time window 2 fin whale call detections were made,

one for the earliest detection of this call and one for a faint fifth arrival for this call. This figure shows data

where most of the false positive detections have already been pruned from the detection set. On this time

scale, the arrival times for the first four arrivals can be manually identified from either the time or frequency

domain plots as: 2.5, 5.06, 8.57, and 12.47 s. By subtracting the first arrival time (2.5) from the remaining

3 arrival times, the RAT set for this particular call can be manually calculated as: 2.56, 6.07, and 9.97. The

previous example shows how RAT calculation can take place in a manual setting. While illustrative, this

approach is not practically useful when dealing with the large volume of calls expected once analysis of the

full ACO data set is undertaken. The greater the degree of automation that can reliably be brought to bear

to the task of estimating the RATs for each fin whale call detection, the less time required to estimate the

RATs for all the detected 20 Hz fin whale calls. In this work, the automated RAT calculation is implemented

by calculating the Hilbert transformation (i.e., the envelope) of the cross-correlation of the recorded time

series immediately about the detection time with the full analysis window for this detection. Specifically,

the steps for this automated RAT calculation approach are:

1. Define the cross-correlation reference window as the set of recorded acoustic data within ±1s of the

detection time.

2. Define the cross-correlation analysis window as the data set that includes recorded data from 2.5 s

before the current detection to 20 s after the current detection.

3. Calculate the cross-correlation between the reference and analysis windows.

4. Calculate the absolute value of the Hilbert transform of the cross-correlation (H(t)) calculated in the

previous step.

5. Calculate the location of every peak (i.e., local maxima) in H(t).

6. Identify the anchor peak; the peak in H(t) corresponding to time when the reference window perfectly

overlaps with its copy in the analysis window.
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Relative Arrival Time
2.50
5.07
5.85
6.41
7.47
9.40
9.93
10.46
11.00

Table 3.3: Calculated RATs for the sample detection shown in Figure 3.9.

7. Except for the anchor peak, remove all peaks earlier than 1 s after the anchor peak.

8. From the remaining peaks, identify the times for the 10 largest peaks in H(t).

9. Subtract the earliest arrival time from arrival time for each of the other 9 peaks from Step 8, yielding

a set of 9 candidate RATs.

10. Repeat from the first step for every other detected 20 Hz fin whale call.

The steps outlined above are illustrated in Subplot c in Figure 3.9. In this figure, the cross-correlation

between the reference and analysis windows is shown by the red line, and its envelope by the blue line.

Disregarding the auto-correlation peak (corresponding to the perfect overlap of the reference window with

itself at Time = 2.5 s), the 9 sufficiently-isolated envelope peaks are the 9 measured RATs for this detection.

To avoid side lobes of a strong peak counting in this set of 9, envelope peaks are sorted from largest to

smallest, and peaks within 0.5 s of a stronger peak are disregarded. This threshold was chosen as being

smaller than the smallest model-predicted RAT given the environment that is used for the measured data

in Chapter 4. Table 3.3 lists the relative arrival times indicated in subplot c in Figure 3.9, calculated by

subtracting the arrival time for the auto-correlation peak from the 9 highest isolated peaks.
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Figure 3.9: Time series depicting the measured relative arrival time estimation process. a Acoustic time
domain data for a single fin whale 20 Hz call recorded 09h58:16.245 UTC on March 3 2014 at the ALOHA
cabled observatory. b Spectrogram in the 10-30 Hz range, with red ∗ symbols highlighting the output
from the automated detector after pruning was done. c Cross-correlation (red trend), and cross-correlation
envelope (blue trend) between the earliest arrival waveform and the entire time series shown in the top
subplot. Green + symbols highlight the 9 sufficiently time-separated envelope peaks, and purple X symbols
show the best fit between a model-predicted set of RATs and this set of measured RATs.
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3.4.6 Underwater Acoustic Propagation Modeling Approach

A critical step in the localization process is the calculation of model-predicted RATs (MPRATs) at each

candidate source range. These MPRATs express the effect that environment, receiver depth, source depth,

and distance between source and receiver has on the sound that reaches the hydrophone, and must be

calculated for each new environment. The more accurately the model emulates the physical environment,

the more reliable the resulting propagation modeling will be and the more useful the MPRATs will be at

comparing against the RATs estimated from the acoustic data. For this work, the environment consists

of the sound speed profile (i.e., the variation in sound speed as a function of depth) and the bathymetry

(i.e., the shape of the ocean bottom as a function of latitude and longitude), given that source and receiver

depths are held to be constant. If a poor model, or inaccurate environmental characteristics, are used, this

localization result will still endeavor to find the optimum fit between MPRATs and RATs. However, as the

adage “garbage in, garbage out” goes, a poor model will likely yield location estimates that poorly match

to the actual source location. In this section, the underwater acoustic propagation modeling, and modeling

conditions, used for this work are discussed.

The sound speed profile (SSP) used for this work is shown in Figure 3.10, and was calculated using the

approach outlined in Chen and Millero [1977] (as promulgated in Fofonoff and Millard Jr. [1983]) and using

Conductivity Temperature Depth (CTD) data collected during the Hawaii Ocean Time-series (HOT) Cruise

#239 between 17-21 January 2012. This date was selected to be both near the mid-point of the ACO acoustic

data record considered in this work and also lying in 2011-2012 fin whale calling season (approximately in

the northern hemisphere winter months). Near-monthly CTD data is available from the HOT archive dating

back to 1988. This single SSP is used for data from all days in this work due to the stability of the SSP

at ACO and the depth of the ACO hydrophone, as previous studies near the ACO site have found the SSP

to be relatively stable below the near-surface mixed layer (Au and Lammers [2016]). Given that the ACO

hydrophone is very close to the ocean bottom, every eigenray will spend more of its travel time in regions of

the SSP outside the shallow mixed layer. In other words, the similarity in the profiles, particularly at depths

below the mixed layer, support the claim that SSP variation shouldn’t have a great effect on ray travel times

and that a single SSP be used to reliably calculate MPRATs throughout the measured data record.

The bathymetry for the ACO was measured by the Hawaii Mapping Research Group at the University

of Hawaii at Manoa. Data of 1 km resolution is available for the region around ACO, and is shown in Figure

3.11. Slices through this bathymetry data along different bearings will be used to evaluate how much the

MPRATs change with bearing angle from ACO.

Given the deep ocean conditions, and the low frequency (and thus long wavelength) of the fin whale calls

under consideration, a ray-tracing propagation modeling approach is used. Ray tracing is not typically the

propagation modeling approach of choice for such low frequencies, but given that the water depth at ACO

is 4728/(1530/18) ≈ 57 times the call wavelength a ray-based acoustic propagation modeling approach is

considered appropriate. In shallow water, a ray tracing propagation model would not be appropriate, but

recent work on single hydrophone underwater acoustic modal separation may provide an alternative (Bonnel

et al. [2020]).

The RAYFAST ray-tracing code (Dosso and Ebbeson [2006]) was used to calculate eigenray arrival

times from which to calculate MPRATs. This model was selected over the more widely-used BELLHOP

model (Porter and Liu [1994]) because RAYFAST is more effective at calculating eigenray travel times than
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Path BELLHOP Travel Time RAYFAST Travel Time % Difference
D 3.0469 3.0449 0.0666
BS 9.3669 9.3296 0.3997
BS2 15.7178 15.6148 0.6597
BS3 22.0616 21.9000 0.7381

Table 3.4: Eigenray travel times, and percent difference, for the RAYFAST and BELLHOP underwater
acoustic propagation models computed using the same environmental conditions.

Arrival Path
Direct
BS
BS2
BS3
BS4

Table 3.5: Eigenray arrival times calculated at each candidate source range. Not all eigenrays connect at all
candidate source ranges.

BELLHOP is. The two models have been found to yield similar ray travel times. Table 3.4 compares travel

times for four eigenray paths computed for the same environmental conditions using the RAYFAST and

BELLHOP models. The same SSP was used for both models. Water depth of 4728 m, a hydrophone depth

of 4727 m, source depth of 150 m, and a source range of 100 m were also used.

The travel times for the eigenrays listed in Table 3.5 were sought for each candidate source position (i.e.,

horizontal distance between source and receiver). The source depth was set to 50 m, based on the fin whale

calling depth in Watkins et al. [1987] and Weirathmueller et al. [2013], and the receiver depth was set to 2

m off the bottom (i.e., 4726 m). The set of candidate source ranges are defined according to the approach

described in Section 3.4.6 (Range Grid Search Resolution Determination) below, rather than using a uniform

spacing. In this table, BS refers to the eigenray that, after leaving the source, reflects first off the ocean

bottom (B), then off the ocean surface (S), before reaching the receiver.

As part of the ongoing Hawaii Ocean Time-series data collection effort, monthly CTD casts have been

collected in the vicinity of the ACO site since October 1988. Au and Lammers [2016] shows a collection of

measured SSPs calculated from CTD casts at the ACO site collected monthly over a single year. Despite

differences in the shallowest depths of these profiles, the deepest regions of the profiles display noteworthy

similarity. Since the receiver is located close to the ocean bottom, and despite the fact that the fin whale

sources are all near the surface, each eigenray traveling from source to receiver spends most of its time at

depths where the SSPs are very similar. Due to the similarity between the deep water portions of these

profiles, a single SSP will be used to calculate the model-predicted RATs.

The RAYFAST acoustic propagation model (Dosso and Ebbeson [2006]) is used to calculate eigenray

arrival times at each candidate source range and assuming a constant source depth of 50 m for fin whales. A

range-independent water depth of 4667 m, the sound speed profile in Figure 3.10, and a receiver 1 m above

the bottom, describe the environmental characteristics passed to RAYFAST. A discussion on how this water

depth value was selected, rather than using the measured water depth at ACO, is included in Section 3.4.6.

Using the modeling conditions described above, ray arrival times were calculated at each candidate source
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Arrival Path Cutoff Range [km]
Direct 30
BS 92
BS2 151
BS3 n/a
BS4 n/a

Table 3.6: Eigenray arrival times calculated at each candidate source range. Cutoff ranges for the BS3 and
BS4 arrival paths are greater than that of BS2 and not relevant.

range using RAYFAST. Due to the shallow source depth, and the hydrophone being located close to the

ocean bottom, the rays are assumed to arrive at the receiver in closely-spaced groups of four (e.g., the

Direct, Surface (S), Bottom (B), and Surface-Bottom (SB) paths should arrive within a 0.1 s of each other

depending on source range, followed by a time interval with no acoustic arrivals, followed by the Bottom-

Surface (BS), Bottom-Surface-Bottom (BSB), Surface-Bottom-Surface (SBS), and Surface-Bottom-Surface-

Bottom (SBSB) arrivals, followed by another gap and even higher order arrivals). These closely-spaced

arrivals will likely not be individually resolvable in the measured data unless the source signal is sufficiently

short and the sampling frequency sufficiently high. The recordings of fin whale calls considered in this work

are not expected to satisfy these two criteria, thus only the earliest arrival in each group of four (i.e., D, BS,

etc.), as listed in Table 3.5, will be modeled and sought from the measured data. Due to vertical refraction

caused by variation in sound speed with depth, as range increases low order arrival paths will gradually stop

connecting between source and receiver. Based on the modeling effort and conditions described above, Table

3.6 lists the approximate ranges at which rays in Table 3.5 stop connecting.

Once the eigenray arrival times are calculated at each candidate source range, the RATs are then cal-

culated. For close ranges where D rays connect, the D arrival reaches the hydrophone first and its arrival

time is subtracted from all higher order arrival times to yield a set of four RATs. Similarly, at medium

ranges where the D arrival does not reach the hydrophone due to refraction and the BS arrival reaches the

hydrophone first, the BS arrival time is subtracted from all higher-order ones. Finally, at long ranges, the

BS2 arrival reaches the hydrophone first and its arrival time is subtracted from subsequent ones to calculate

the RATs. Figures 3.12 and 3.13 show respectively the model-predicted arrival times, and relative arrival

times, at each candidate source range.
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Figure 3.10: Sound speed profile calculated from CTD data collected during HOT cruise #239 and the Chen
and Millero [1977] calculation approach. HOT Website: https://hahana.soest.hawaii.edu/hot/cruises.html
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Figure 3.11: Bathymetry and topology near the Hawaiian islands. The ACO location is highlighted by the
red + symbol, while the red circle highlights distance from ACO that BS2 arrivals are predicted to reach the
ACO hydrophone from (other than in the landfall directions). Bathymetric and topographic data: Hawaii
Mapping Research Group [http://www.soest.hawaii.edu/HMRG/cms/]
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Figure 3.12: Model-predicted arrival times for the D, BS, BS2, BS3, and BS4 eigenrays for each candidate
source range.
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Figure 3.13: Model-predicted relative arrival times each candidate source range.
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Range Grid Search Resolution Determination

The localization approach presented in this work is effectively a comparison between measured and model-

predicted RATs. The process for estimating measured RATs from the acoustic data recorded by the ACO

was described in Section 3.4.5. The steps for estimating the model-predicted RATs was described in the

previous section. While using a uniform spacing between candidate source ranges may seem like a reasonable

plan, it is expected that sources close to the hydrophone can be localized more precisely than more distant

sources because RATs change more rapidly at close ranges than at more distant ones. Thus, choosing a

range-dependent candidate source range grid spacing will allow fine resolution range estimation to take place

close to the hydrophone where warranted while coarser resolution range estimation is done at longer ranges

to relieve computational burden. A Monte Carlo simulation is conducted to test this range-dependent range

resolution hypothesis.

First, RAT uncertainty is estimated. This number is estimated from the recorded data, specifically from

the cross-correlation analysis used to estimate the RATs, and is reflective of the time uncertainty in the

measured RATs. The width of the peaks in the cross-correlation (which is related to the bandwidth of

the underlying call) is taken to represent the uncertainty in RAT estimation. Figure 3.14 shows the RAT

estimation process for a measured fin whale call. The width of the cross-correlation peaks is approximately

0.1 s, which we take as the RAT uncertainty.

Next, model-predicted RATs are calculated for a set of candidate source ranges. Source depth is fixed

at 50 m, and water depth is fixed at the ACO depth of 4728 m. A measured full water column sound speed

profile is used with the RAYFAST propagation model. Gaussian-distributed noise with a standard deviation

of 0.1 s is added to these calculated RATs at each of the source range values listed in column 1 of Table 3.7.

At each range value, 2000 independent noisy sets of RATs are calculated, and the source range estimated

from each of these sets. The standard deviation of the set of calculated locations (σrange), for each range is

then calculated. Twice this value (2 ∗ σrange) is taken to be the calculated range resolution at that range.

These calculated range resolution values are summarized in Table 3.7.

Once 2 ∗ σrange is calculated for each range, an exponential curve is fit to the 18 data points listed in

Table 3.7. Values calculated by this exponential curve fit are used to determine a set of candidate source

ranges to calculate model-predicted RATs at according to the following procedure:

1. Define the the closest candidate source range to be 50 m.

2. Calculate the model-predicted range resolution at the current range using the exponential curve fit.

For ranges greater than 120 km, use the same range resolution (4.288 km) to keep candidate source

range points from being too far apart.

3. Add this range resolution to the current range, incorporate this new range into the set of candidate

source ranges.

4. Repeat from Step 2 until the BS2 cutoff range of 151 km is reached.

This procedure yields 261 candidate source ranges between 50 m and 147 km. Figure 3.15 shows the

calculated range resolution values from Table 3.7 alongside the exponential curve fit.
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Range [km] Range Resolution (2 ∗ σrange) [km]
5 0.163
10 0.155
15 0.171
20 0.212
25 0.238
35 0.416
40 0.485
45 0.523
50 0.620
55 0.718
100 2.827
105 3.127
110 3.480
115 3.717
120 4.245
125 4.530
130 5.110
135 5.518

Table 3.7: Source ranges and simulated range resolution used to calculate the spacing from one candidate
source range and the next. This range-dependent range resolution set of candidate source ranges is used to
calculate model-predicted RATs.
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Figure 3.14: Time series depicting the measured relative arrival time estimation process. a Recorded time
series waveform. b Spectrogram in the 10-30 Hz range, with red ∗ symbols highlighting automated detector
output after pruning was done. c Cross-correlation (red trend), and cross-correlation envelope (blue trend)
between the earliest arrival waveform and the entire time series shown in the top subplot. The width of the
cross-correlation peaks is approximately 0.1 s.
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Figure 3.15: A comparison between the Monte Carlo-estimated range resolution (red x symbols) and the
exponential curve fit. The set of candidate source ranges over which model-predicted RATs are calculated
is calculated using this exponential curve fit to the Monte Carlo-estimated range resolution values.
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Double Option Zones and Eigenray Cutoff Range Uncertainty

A characteristic of this range estimation approach is that it tolerates having more measured RATs due to

noise on the measured data and side lobes from the cross-correlation used in the RAT estimation process.

However, if the measured RAT set does not contain all the expected model-predicted RATs, an accurate

range estimate is unlikely. For example, if the source is found at medium range, the model-predicted RAT

set will include BS2-BS, BS3-BS, and BS4-BS. However, if the BS2-BS RAT is not found in the measured

RAT set, the estimated range is not likely to be a reliable approximation of the true range.

One way in which a measured RAT can fail to yield the expected number of RATs is when the model-

predicted eigenray received level (RL) is high enough for the propagation model to predict it connects, when

in reality the RL is too low to be detectable. This phenomenon occurs near the ray cutoff ranges previously

shown in Table 3.6. To account for this phenomenon, regions near ray cutoff ranges are designated within

which reliable range estimation is possible regardless of potential differences between ray cutoff and ray

detectability ranges. We term these regions “double option zones”, and illustrate them in in Figure 3.16.

Figure 3.16 shows the same set of model-predicted RATs that were plotted earlier in Section 3.4.6, and

highlights the RATs for two sets of candidate source ranges; one at the short:medium range threshold, and

one at the medium:high range threshold. Within these zones, each candidate source range has two distinct

sets of RATs; one which begins with a low eigenray, and one which begins with the next longest eigenray.

For example, consider the short:medium double option zone near range= 30 km. Each candidate source

range in the short:medium double option zone has the [BS-D, BS2-D, BS3-D, BS4-D] and [BS2-BS, BS3-BS,

BS4-BS] RAT sets at each candidate source range. When the ambiguity value at each range is calculated,

the measured RAT set is compared against each model-predicted RAT set within the double option zones

and the best match between these two is taken as the ambiguity value at that candidate source range. In

this way, continuing the previous example, if the source is located in a double option zone and D arrival isn’t

detectable in the measured data but BS is, an accurate range estimate is still possible.
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Figure 3.16: Model-predicted relative arrival times each candidate source range. Green regions highlight the
short:medium and medium:high range double option zones.
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Influence of Bathymetric Uncertainty on Model-Predicted RATs

Since bathymetry doesn’t vary much (at a given range) with changing azimuth angle in the vicinity of ACO,

we expect that the localization approach presented in this work will not be capable of estimating source

azimuth. In other words because the water depth shows little variation with azimuth near ACO, we expect

that measured RATs for an animal changing its azimuth angle to ACO (at constant range) will not change

significantly enough in comparison to the underlying uncertainty in the measured RATs. Thus, we do not

expect to be able to estimate azimuth angle from ACO data. Moreover, the gradual variation in water depth

with changing range about ACO suggests that a range-independent bathymetric assumption is reasonable.

In this section, this assumption is explored.

A representative water depth value was selected as follows. First, bathymetric data (of 1 km spatial

resolution) for the ocean bottom surrounding ACO was downloaded from the Hawaii Mapping Research

Group database. All water depth measurements within 90 km of ACO were identified, and the mean water

depth within this bathymetric subset was calculated as approximately 4667.8 m (compared to the measured

water depth at ACO of 4728 m). The 90 km range threshold was selected because beyond 90 km from ACO,

depth along some azimuths get shallower than others, particularly toward O’ahu and Kauai. Also, given

that water depth decreases along most azimuths from ACO, and that water depth has a direct bearing on

model-predicted RATs, using a representative water depth to calculate model-predicted RATs will improve

localization reliability.

Using the representative water depth of 4667.8 m, the ACO hydrophone depth is either 4665.8 m or

4657.8 m (since the ACO hydrophone depth changed from 2 m to 10 m off the bottom part way through its

deployment). It was assumed throughout the analysis that hydrophone depth was fixed at 2 m above the

bottom; this simplifying assumption is not expected to have a significant deleterious impact on localization

because the differences in ray travel by incorrectly assuming the hydrophone is 8 m deeper than it actually

is will be small compared to the expected measured RAT uncertainty..

Since the bathymetry around ACO is not perfectly flat, the range-independent assumption will impart a

bias to estimated source range. For example, consider a whale 50 km from ACO in water 4800 m deep, but

with water depth erroneously assumed to be 5000 m. Under such an assumption, even if the bathymetry

between the whale and ACO were actually flat, model-predicted RATs for a source 50 km from ACO will

appear larger than they should due to the increased water depth (all other things being equal, increasing

water depth increases the ray arrival time, and the more times a given ray reflects off the bottom the greater

the increase in arrival time). Section 3.5 presents results where this bias is demonstrated using recordings

of 296 air gun shots by ACO for which true range is known. To briefly summarize these results here, at

long range the actual water depth is shallower than the assumed depth, leading to source range being over-

estimated. Similarly, at close range, the true water depth is deeper than the assumed depth, resulting in

sources being estimated to lie closer to ACO than they actually do.

Using the same 90 km range cutoff used to calculate average water depth, 95% confidence bounds for

water depth around ACO were established. Ultimately, these water depth confidence bounds will be used to

assess the expected RAT variability due to water depth variability. The 95% confidence bounds consist of

two water depth values based on the set of measured water depth values within 90 km of ACO: one which is

shallower than 2.5% of measured 1 km grid spaced measured water depth values and one which is shallower

than 97.5% of measured water depth values. This was accomplished by sorting the set of measured water
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Confidence Interval Water Depth [m]
2.5% 4044.3

Average 4667.7
97.5% 4963.7

Table 3.8: Calculated confidence interval water depth values within 90 km of ACO

Water Depth Condition D Cutoff Range [km] BS Cutoff Range [km] BS2 Cutoff Range [km]
2.5% 24.68 73.37 121.3

Average 29.92 88.08 151.3
97.5% 30.55 93.45 142.7

Table 3.9: Model-predicted ray cutoff ranges for each water depth case

depth values from least to greatest and linearly-interpolating to establish the 2.5% and 97.5% values. Table

3.8 shows these water depth values resulting from this analysis, and the average water depth.

After establishing our representative water depth, model-predicted RATs were calculated using BELL-

HOP. BELLHOP was used rather than RAYFAST due to BELLHOPs greater ease of changing the environ-

mental parameters vs. RAYFAST. The similarity of the eigenray travel times predicted by these two models

suggests that this choice of propagation model did not significantly change the results shown in this section.

The measured ACO SSP was truncated or linearly-extrapolated (as appropriate) to account for water

depths smaller or larger, respectively, than the water depth at ACO. Hydrophone depth was set to 2 m

above the water depth (i.e., either 4042.29 m or 4961.71 m). The same candidate source ranges that were

used to calculate the analysis RATs were used to calculate the confidence interval RATs. Figure 3.17 shows

calculated RATs for the average (4667.7 m), 2.5% (4044.29 m), and 97.5% (4963.74 m) water depth cases

across all candidate source ranges. Pink circles indicate 97.5% water depth RATs, red + symbols denote

RATs for the average water depth, and blue x symbols denote 2.5% water depth RATs. As water depth

increases, the ray cutoff point (e.g., the range at which direct-path arrivals no longer connects) increases.

Table 3.9 summarizes the cutoff ranges for the first three rays. The higher BS2 cutoff range for the average

case, compared to the 97.5% case, is likely due to the distribution of ray takeoff angles used for this particular

modeling run.

To examine how RATs change with changing water depth, the difference between average RATs and each

of the 2.5% and 97.5% water depth cases was calculated. To do so, ranges at which the same set of RATs

across all three depth conditions were identified. Next, the absolute value of the difference between the

average and percentile depth cases was calculated over this subset of ranges. Figure 3.18 plots these RATs

differences for each range in the subset. RAT differences reach a maximum prior to the direct cutoff range,

with the range corresponding to the peak for higher order RATs differences being higher for higher order

RATs. This phenomenon is likely due to the interaction of RATs becoming more similar as range increases,

but the effect of difference in water depth being more important at close ranges when range is not yet large

compared to water depth.

Overall, Figure 3.18 demonstrates that, particularly at close range, mismatch between actual and assumed

water depth can lead to RATs differences considerably larger than the 0.1 s uncertainty value due to RAT

estimation uncertainty from the cross-correlation time series, as described in Section 3.4.6. At medium and

large range, these differences diminish but remain significant compared to the RAT arrival time uncertainty.
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Figure 3.17: Model-predicted relative arrival times each candidate source range for three different range-
independent water depths.

The dashed line in Figure 3.18 (1.47 s) is the mean absolute difference between the average and percentile

water depth cases, averaged across all RAT orders and source ranges. These RAT difference values at short

range, while large, do not express the actual variability expected in measured RATs at these close ranges.

This is due to bathymetry less than 30 km from ACO, for example, varying by much less than the confidence

interval values listed in Table 3.8. Thus, the results in Figure 3.18 present a pessimistic view on measured

RAT variability at close range, although the reliability of this analysis is expected to improve as range

increases.
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Figure 3.18: Magnitude of the differences between model-predicted relative arrival times each candidate
source range for three different range-independent water depths. The Average - Min Depth points plot the
magnitude of the difference between model-predicted RATs for the water depth = 4667.7 and 4044.3 m cases.
The Average - Max Depth points plot the magnitude of the difference between model-predicted RATs for
the water depth = 4667.7 and 4963.7 m cases.
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3.4.7 Pruning

The final step in the localization process is a pruning step which helps eliminate false positives from the set

of localized sounds. Two different types of pruning are implemented in this work: frequency and phantom.

Frequency pruning uses info provided by the detector to distinguish calls of interest from other source

waveforms which may yield high confidence locations but which have characteristics incompatible with the

sought-after signals. In this work, peak frequency and maximum frequency are used to distinguish fin whale

calls from sei whale calls and background noise.

Phantom pruning is used to eliminate calls that satisfy the frequency criteria, but which are part of a call

which has already passed the frequency pruning criteria. Due to the similarities in the received waveforms

from different eigenray paths, the matched filter detector is expected to identify higher order reflected arrivals

in addition to the earliest arrival for a given call. Phantom pruning reduces the likelihood of a single call

being present more than once in the final set of location estimates, which in turn makes estimates of calling

rates and inter-call interval based on this set more accurate. This type of pruning is sometimes referred to

as phantom-track pruning, given the predisposition of these superfluous detections to yield a smooth track

at the wrong range which mirrors the true track.

Based on Silver [2014], frequency pruning is performed such that only calls whose frequency characteristics

match both these criteria are kept:

• Peak frequency (fpeak, the frequency of highest power spectral density value energy within the detected

call) less than 19.5 Hz

• Stop frequency (fstop, the lowest frequency greater than fpeak whose PSD value is 6dB lower than the

peak PSD value) less than 24 Hz

One of the primary motivations for frequency pruning is the observation that sei whale and fin whale

vocalizations in Hawaiian waters can be similar (Rankin and Barlow [2007]). The fpeak and fstop criteria

under frequency pruning were selected to help discriminate between fin whale 20 Hz calls and sei whale 39-21

Hz calls.

Additionally, phantom pruning only keeps calls that both pass frequency pruning and whose arrival times

are all more than 1.25 s different than all previous calls that passed frequency pruning. This is done both to

reduce the false positive rate of the detection set, and to eliminate phantom tracks from the set of locations.

The value of 1.25 s was selected because it is slightly smaller than the smallest model-predicted RAT value

considered in this work. No two valid arrivals are expected to be closer than 1.25 s in the measured data.

An example of a phantom track from the measured data results is seen in Figure 4.13 in Section 4.2.

To apply these pruning criteria, data from the detection and localization steps are used. Specifically,

the measured fpeak and fstop values for each detection are compared against the frequency pruning criteria.

Those detections that pass these criteria are then evaluated using phantom pruning. During the localization

step, the subset of measured RATs that best matches to a set of model-predicted RATs is stored. Only calls

whose subset of measured RATs satisfy the phantom pruning criterion are considered to have passed both

the frequency and phantom pruning steps.

Appendix B presents a simulation study demonstrating the effectiveness of these pruning approaches.
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3.5 Validation Study: Airgun Survey with Known Ranges

In the previous section, we demonstrated the performance of the range estimation approach in simulated

deep-ocean acoustic conditions. As useful as simulations are to help us examine the performance of a system

in realistic ocean conditions, there is no substitute for real-world, measured, ground-truthed data. In this

section, the performance of the RAT-based range estimation approach will be demonstrated using a controlled

underwater acoustic source where the distance between source and receiver is known.

3.5.1 Measured Data Description

From September 11 - October 21 2018, a geophysical research cruise (Shillington et al. [2018]) took place

on the R/V Marcus G. Langseth near Hawaii. On October 5-6, an operating airgun array was towed past

the ACO in a roughly south-southwesterly course. From 21:06:47 (Hawaii Standard Time) on October 5

to 12:16:14 on October 6 the airguns fired approximately every 3 minutes, yielding 296 individual airgun

shots. Figure 3.19 shows a map of the ocean region around the ACO with the portion of the Langseth’s path

containing these 296 shots highlighted.

The first shot considered in this analysis occurs 114.31 km from ACO, the closest shot to ACO occurred

at 1201h (October 6) at a range of 12.24 km, and the final shot occurs 12.37 km from ACO. Start and end

points for this course plot include the point of closest approach to the hydrophone along with the previous

15 hours of travel as the R/V Langseth approached the ACO.

During this time period, two hydrophones were installed at the ACO. One, an icListen acoustic recorder

(Ocean Sonics, Great Village, Nova Scotia) recorded all 296 shots at a sampling frequency of 32 khz. Figures

3.20 and 3.21 show the spectrogram for two 5-minute recordings made by this icListen; a far range shot in

Figure 3.20 and a close range shot in Figure 3.21. A highpass filter, with a cutoff frequency of 10 Hz, was

applied to these data prior to plotting to eliminate low-frequency noise present in the recording.

Both Figure 3.20 and Figure 3.21 show that the airgun source signal arrives at the hydrophone as distinct

eigenray arrivals with no apparent evidence of acoustic dispersion. The difference in the RATs between the

far and close range airgun shots illustrates how RATs change with range. To more clearly visualize how

RATs change with range, the received air gun waveforms are time-aligned and plotted. To prepare this figure,

the lowest order arrival path shared by all 296 shots is identified. This determination requires knowledge of

the maximum shot range, and acoustic propagation modeling to identify the range at which eigenrays stop

connecting. Given that the maximum shot range for this transect is 114 km, and given that the BS2 arrival

is predicted to have a cutoff range of 151 km, the BS2 arrival was identified as the lowest order arrival shared

by all shots and thus the arrival which would be time-aligned across all 296 shots.

Next, the arrival path labels for each shot are determined. The closest shot to ACO has a range of 12.2

km. According to propagation modeling, the first arrival to reach the hydrophone from this shot the direct

path. The near-surface source, ocean bottom receiver, and duration of the air gun source waveform indicate

that the next arrival to reach the hydrophone will be BS, followed by BS2, BS3, and so on.

Once the first shot’s arrival paths are labeled, the next closest shot’s arrival paths are then labeled. The

close time and geographic spacing of consecutive shots, and the relatively flat bathymetry about ACO, means

that RATs will smoothly and slightly vary from one shot to the next. Thus, arrival path labels from one

shot can help pick those of the next shot. In this fashion, arrival path labels for all 296 shots are identified.
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Once BS2 arrival times are picked out for each shot, a time-series window around each BS2 arrival time

is extracted. Each window starts 35 seconds before the BS2 arrival, and ends 80 seconds after. These

bounds are selected to allow any geoacoustic arrivals to be plotted alongside the water-borne arrivals, and

for very high order arrival paths to also be present. These extracted time series windows are stacked and

time-aligned so that the BS2 arrival for each shot falls at Relative Time ≈ 0. Figure 3.22 shows the recorded

time series for each of the 296 air gun shots as a function of the true shot range. There are 296 rows in this

figure; one for each air gun shot. Arrival path labels are also included. As expected, RATs vary smoothly

as range varies, supporting the assertion that by measuring RATs we can, in turn, estimate range. Note

that the received levels for the D and BS arrivals decrease as range increases toward their eigenray cutoff

ranges. This attenuation, brought about primarily by vertical refraction, creates conditions within which

the received levels of these two eigenrays is less than some higher order arrivals. The permissive detector

developed for this work aids in picking up these weak arrivals, thereby improving the overall reliability of

the localization approach.

While not directly pertinent to this work, two additional features in the air gun shot figure deserve

emphasis. Figure 3.23 highlights the areas in question. In region 1, geoacoustic arrivals are seen reaching

ACO in advance of the waterborne arrivals. These are deemed sediment-borne arrivals, rather than water-

borne, because as range increases their arrival time also increases (which would be observed if those arrivals

spend significant time traveling through the higher-speed sediment). While there is information on both

source location and the ocean bottom sediment layer structure encoded in these sediment-borne arrivals, the

use of this information is beyond the scope of this work.

Region 2 highlights a set of high order arrivals with particularly high received levels. In principle, these

high order arrivals could also be used to carry out localization, although the fact that different arrivals show

particularly high received levels as range increases would complicate the process of incorporating them into

the model-predicted RAT set. The band of relatively high received levels among high order eigenray paths

may be caused by a reflection coefficient at the ocean:sediment interface that is particularly high for a certain

subset of grazing angles.

The smooth variation in RATs as a function of range, and the faint arrivals shown in regions 1 and 2,

are apparent in the combined shot plot in Figure 3.22, but these features are less apparent when considering

one shot at a time.
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Figure 3.19: Map showing the ALOHA cabled observatory location (green marker, “ACO”) and the start
and stop locations (yellow markers, “Dunn Start” and “Dunn End”) for the air gun data used to validate
the range estimation approach in this work. Map: Google Maps, 2022
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Figure 3.20: A spectrogram, in the 0-1000 Hz band, for a 5-minute underwater acoustic recording from ACO.
The received signal from two consecutive air gun shots at approximately 110 km from ACO are shown.
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Figure 3.21: A spectrogram, in the 0-1000 Hz band, for a 5-minute underwater acoustic recording from ACO.
The received signal from two consecutive air gun shots at approximately 12 km from ACO are shown.
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Figure 3.22: The magnitude of the received waveform for the 296 airgun shots, plotted against the horizontal
range between the airgun array and ACO. The waveforms are plotted in log scale to more readily show
eigenray received level variation as range changes.
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Figure 3.23: The magnitude of the received waveform for the 296 airgun shots, plotted against the horizontal
range between the airgun array and ACO. The waveforms are plotted in log scale to more readily show
eigenray received level variation as range changes. Region 1 shows acoustic energy reaching the hydrophone
that partially traveled through the ocean bottom. Region 2 shows a reflection coefficient effect whereby the
received level is particularly high for rays within a certain set of grazing angles with the ocean bottom.
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Peak to Peak Received Level Variation with Range

As is described in Section 3.4.4, the automated detector used here was intentionally designed to be permissive.

In other words, the detector has a high probability of detection while having a high false positive rate. An

important reason for preferring a permissive detector comes from a visual examination of the recorded data.

As figures in the previous section demonstrated, contrary to what would be expected from a purely geometric

spreading perspective, the earliest arrival of the received airgun signals does not necessarily have the highest

received level. Mcdonald et al. [1995] similarly recorded air gun shots using a seafloor recorder in deep water,

and also observed cases where the received level of the earliest arrival is less than that for some higher-order

arrivals. This phenomenon is attributed to refraction playing a more significant role in the received level

of lower order arrivals than higher order ones, particularly as range increases toward the cutoff range for

these eigenrays. Figure 3.24 shows a comparison between range and peak to peak received level for ACO air

guns and air gun data described in Mcdonald et al. [1995]. The left subplot shows uncalibrated hydrophone

data from the 296 airgun shots used in this work, while the right subplot shows calibrated hydrophone data

previously described in Mcdonald et al. [1995]. The Mcdonald et al. [1995] results include D through BS3

arrival paths, while the ACO results include results from the D through BS4 arrival paths. For both subplots,

the D arrival is loudest at close range, with the received level decreasing sharply as range increases. The

use of uncalibrated acoustic data doesn’t complicate the comparisons between the ACO and McDonald data

because differences in source size and propagation conditions between the two experiments already preclude

comparisons based on received levels. Instead, relative peak to peak levels (e.g., calculated as the range at

which peak to peak received levels for different arrival paths are equal) can be compared between the two

experiments.

Table 3.10 compares the range at which the received peak to peak values for two arrival paths cross in the

results shown in Figure 3.24. For every pair of arrival paths in these tables, the McDonald crossing occurs

at a closer range (or no crossing exists, for the cast of the BS2:BS3 pair) than the ACO crossing. Differences

in propagation conditions between the two data collection sites may explain these differences. The ACO

data was recorded by a seabed acoustic recorder in 4.7 km deep water 100-200km north of O’ahu, while

McDonald’s data were recorded at the seabed in 2.4 km deep water 500 km west of Oregon. Differences in

bottom composition between the two sites may also help explain differences in attenuation for different ray

paths; McDonald’s site may have lower reflection coefficients. Another difference is that, for a given range

and taking into account differences in water depth between these two sites, the eigenrays arriving at ACO

will have a larger grazing angle than McDonald’s, leading to differences in reflection coefficient even if the

bottom composition is similar.

Since the earliest arrival path can not be reliably assumed to have the highest received level, and if we

ACO McDonald
D BS BS2 D BS BS2

BS 14.8 7.6
BS2 23.3 34.3 10.0 15.9
BS3 25.3 47.0 15.4 11.8 19.0 no cross

Table 3.10: Multipath peak to peak received level intersection ranges in km
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assume that in any detection approach (either automated or manual) the probability of detecting an arrival

is directly related to the received level, then the early, weak arrivals are less likely to be detected than later,

stronger arrivals. As is discussed in Section 3.4, correct localization using the approach presented in this work

requires that the earliest connecting arrival (i.e., the lowest order arrival path to reach the hydrophone that

doesn’t fail to connect due to refractory effects) in the model-predicted RATs also be among the detection

results from the measured data. Thus, the detection threshold was designed to be permissive with the

intention of creating a set of detected 20 Hz fin whale calls that reliably contain the first arrival for each call.
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3.5.2 Air Gun Range Estimation

The first step in demonstrating the validity of our proposed localization approach to calculate the true range

between ACO and each air gun shot. The latitude and longitude for ACO is readily available from the ACO

website, and the shot logs for the Langseth airgun trial contain GPS coordinates for the airguns for each

of the shots. Horizontal great circle distance between each shot location and ACO are computed using the

Haversine formula (Shylaja [2015]) and an assumed Earth radius of 6371 km.

3.5.3 Automated Detector and RAT Estimation for Validated Air Gun Analysis

Although the source spectra for the airgun shots and for the 20 Hz fin whale calls are not entirely dissimilar,

the matched filter-based automated detector designed for these fin whale calls is not necessarily a reliable

airgun shot detector. Additionally, the intention of this analysis of the airgun survey data is to test the

ranging algorithm, rather than the entire data processing chain. Thus, to isolate ranging algorithm perfor-

mance from that of detector and automated RAT estimation performance, RATs for each of the 296 airgun

shots were manually identified through visual inspection of the waveforms and spectrograms. Care was taken

to consistently identify the same waveform feature to reduce RAT variability due to this visual inspection

process. Also, only RATs expected to align with the expected RATs at that particular range were manually

identified.

In addition to working with the manually-identified RATs, the manually-identified detections will also

be processed using the automated RAT estimation code in a separate analysis. Differences in localization

performance between these two cases will be compared in order to explore the significance of automated

RAT estimation on localization performance.

Having established that the RATs of the air gun shot waveforms vary smoothly with range, Sections

3.5.4 and 3.5.5 present analyses that explore the behavior of the localizer when high-quality RATs and high-

quality detections, respectively, are used. No automated detector is used in either of these analyses, as the

purpose of this analysis is to evaluate the performance of the localizer. Additionally, while a matched filter

tuned to detect fin whales may also yield useful detection results for air gun shots (due to the overlap in

their frequency bands), such an ’off label’ use of the fin whale detector could introduce error into perceived

localizer performance. As well, from the onset of this work it was expected that a matched filter would yield

good results when seeking stereotyped fin whale 20 Hz calls, which made an investigation into the overall

matched filter performance in seeking either fin whale or air gun sources less important and interesting than

evaluating localizer performance.

3.5.4 Experiment #1: Known RATs

In Figure 3.25, the flow chart of the overall range estimation approach is depicted. Each box represents

a different data processing step. For Experiment 1, the data have already been collected, signal detection

and RAT estimation is performed manually, and manually-picked RATs are inserted into the sequence

immediately before the fourth step “Compare Measured and Model-Predicted RATs”. The objective of the

experiment is to show how well the localizer works with measured data when the RATs expected by the

localizer are known to have been correctly identified. To make this test more realistic, noisy RATs were

added to each set of measured RATs prior to passing them to the localizer.
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Figure 3.25: Processing steps used to demonstrate localization performance on the ACO airgun data when
manually-picked RATs are used.

To manually estimate RATs, arrival times were visually and manually picked directly from the recorded

acoustic recording, after which RATs were calculated based on the hand-picked arrival times. This is a

labor-intensive, yet highly accurate, process. Nevertheless, only an afternoon’s worth of work was needed to

manually identify RATs for the 296 airgun shots. To make the test more realistic, noisy RATs (in addition

to the true and expected RATs) are manually picked for each of the 296 airgun shots at the same time that

the actual RATs are identified. Thus, for each shot, a total of 9 RATs were manually picked; those that

would later be expected by the localizer, and enough noisy ones such that a total of 9 RATs are picked for

each shot. For example, for an air gun shot near 60 km, the manual RAT estimation process includes the

BS2-BS, BS3-BS, and BS4-BS4 RATs. The remaining six RATs picked for this shot are randomly picked

(by the manual operator) within the time window that RATs are expected in the model-predicted RATs set.

After the measured RATs are identified, they are passed to the fifth step. Given that frequency pruning

is done to separate fin and sei whale calls, and that phantom tracks only appear when higher order RATs

are mistakenly processed as the earliest arrival of a given call, no pruning step was necessary.

Figure 3.26 plots true (red “x” symbols) and estimated (blue “+” symbols) for each of the 296 air gun

shots. Good agreement between the estimated and true ranges demonstrates that the localizer effectively

performed range estimation on the air gun shots. Given the spectral and temporal similarities between air

gun shots and fin whale 20 Hz calls, and the fact that the air gun data was collected in the same environment

as the fin whale calls were, these results support the claim that range estimation for fin whale calls can be

effectively carried out using the method presented herein.

The slight difference in slope between the estimated and true range trends is due to a mismatch between

the modeled and actual bathymetry. As the air gun traveled toward ACO, water depth decreased; at the

beginning of the transect (114 km from ACO), water depth is approximately 4438 m, while at the transect’s

closest point of approach to ACO (12.23 km from ACO) the water depth is 4760 m. Meanwhile, the acoustic

propagation model used to calculate the model-predicted RATs assumed a uniform, range-independent water

depth of 4667 m. Effectively, for the air gun transect, water depth at long range was overestimated, while

water depth at close range was underestimated. Thus, at long range measured RATs are closer together
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Figure 3.26: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated RATs
from the 296 air gun shot data set. Two pairs of dashed lines delineate the close:medium and medium:long
double option zones.

than the model would predict at that range, while at short range measured RATs are further apart than

expected. Since the differences between RATs (e.g., (BS3 − D) − (BS2 − D) = (BS3 − BS2)) decreases

as range increases, the RAT biases due to water depth mismatch will result in overestimating range at long

range and underestimating range at short range. If the uniform water depth used to create the model-

predicted RATs were changed, it is expected that the range at which the transition from underestimation

to overestimation will also change.

Figure 3.27 plots the difference between true and estimated range for each of the 296 air gun shots. True

minus estimated ranges are shown by the red “x” symbols, while the mean range difference (-0.564 km)

across all shots is shown by the blue line. Diagonal arrangements of range differences for low shot numbers

are due to coarse resolution of the candidate source range set at long range; effectively, multiple air gun

shots at different ranges are assigned to the same candidate source range during localization.

Figure 3.28 plots the ambiguity vector for each of the 296 shots. Shot #1 has a true range of 114.3 km,

while Shot #296 has a true range of 12.37 km. Alternating regions of high and low ambiguity within the

two double option zones are present because the consolidation step (which, for each unique candidate range
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Figure 3.27: The difference between true and estimated range for each of the 296 airgun shots. The average
range difference across all shots (-0.564 km, blue line) is also plotted.

in a double option zone, picks the highest overall ambiguity value) has not been performed on the ambiguity

vectors. Figure 3.29 shows the ambiguity vectors after consolidation. Significant side lobes in the ambiguity

vectors are due to partial matches with model-predicted RAT sets at consistent higher and lower ranges.

These secondary peaks were lower than the expected peak for almost all shots.
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Figure 3.28: The ambiguity vector for each of the 296 airgun shots. Yellow indicates a better match between
measured and model-predicted RATs. Pairs of vertical red dashed lines delineate the boundaries of the
double option zones. Red dotted horizontal lines indicate changes in the number of RATs picked from the
underlying shots: for shots 1-70, BS2 is the lowest order arrival path, for shots 71-223 BS is the lowest order,
while for shots 224-296 B is the lowest order arrival.
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Figure 3.29: The ambiguity vector for each of the 296 airgun shots after the double option zones have
been consolidated (i.e., one ambiguity vector for each unique candidate source range). Yellow indicates a
better match between measured and model-predicted RATs. Pairs of vertical red dashed lines delineate the
boundaries of the double option zones. Red dotted horizontal lines indicate changes in the number of RATs
picked from the underlying shots: for shots 1-70, BS2 is the lowest order arrival path, for shots 71-223 BS is
the lowest order, while for shots 224-296 D is the lowest order arrival.
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Figure 3.30: Processing steps used to demonstrate localization performance on the ACO airgun data when
manually-picked detections are used.

3.5.5 Experiment #2: Known Detections

In Section 3.5.4, the localizer was shown to effectively perform range estimation when the RATs for each

shot were known to incorporate all the relevant arrival paths for a given range plus some noisy ones. In this

section, automated RAT estimation in addition to automated range estimation is carried out on the same

acoustic data that is processed in the previous section. This is done to examine what errors the automated

RAT estimation process incorporates into the range estimation process, since the only difference between the

two experiments is that manual RAT estimation is performed in Experiment #1 whereas automated RAT

estimation is done in Experiment #2.

To improve the consistency and comparability of the results from the two experiments, the manually-

picked arrival times from Experiment #1 were used as the input to the automated RAT estimator. Effectively,

these manually-picked times are treated as the output of the detection phase. Figure 3.30 shows the pro-

cessing flow chart for this experiment, with the manual detections from Experiment #1 being inserted into

the processing chain before Step 3. Thus, a total of 2960 detection times were passed to the automated RAT

estimator; 10 for each shot. The earliest arrival for each shot is guaranteed to have a detection that could

yield a useful range estimate for that shot, since in every case it is the time of arrival of the earliest arrival

path of an airgun shot. As is seen with the automated fin whale detector output, higher order arrivals will

also be present and could yield high ambiguity, yet false, range estimates due to being erroneously processed

as an earliest arrival.
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First Arrival Range Estimation Analysis

Since the first arrival for each shot has exactly one detection within the overall set of 2960 detections from

the air gun data set, a direct comparison between the Experiment #1 results is possible. Figure 3.31 plots

true (red “x”) and estimated (blue “+”) ranges for the detection corresponding to the first waterborne arrival

for each airgun shot. This figure intentionally excludes the other 9 detections from each shot, which renders

it a somewhat artificial comparison. However, by selectively looking at the same detections processed in

Experiment #1, a clearer understanding of the role the automated RAT estimator plays on localization

accuracy is possible than if all 2960 detections were considered here. Black vertical dashed lines separate

regions with the same manual analysis picking behavior. In Region 1, BS2 is the lowest order arrival picked

from the air gun data. Similarly, BS and D are the earliest picked arrivals in Regions 2 and 3, respectively.

The change in picking behavior was designed to take place within a double option zones, so track continuity

should not be effected. Double option zone boundaries are shown with horizontal red dashed lines.

At long ranges (ranges exceeding the medium:long range double option zone), estimated ranges show

the same overestimation tendency shown in Experiment #1, with some isolated cases where the estimated

range is lower than the true range. These long range discrepancies are due to noise in the automated RAT

estimation process yielding a higher ambiguity at a false range than the closest candidate source range to

the true range value. Despite these few discrepancies, the estimated range for each long-range shot remains

close to the true value. One possible explanation for the greater proportion of shots at long range whose

estimated ranges exhibit significant deviation from the true range is that RAT differences decrease, and the

rate at which those differences decrease, as range increases. Thus, small perturbations in the locations of

local maxima in the cross-correlation envelope function used for RAT estimation can lead to greater range

errors than those same perturbations at closer range.

At medium range (ranges between the two double option zones), the range bias is small due to a better

match between modeled and actual water depths. The match between true and estimated ranges is good at

medium range.

Estimated range for shots in the close:medium double option zone can show an offset from the true range

values. Refraction and reflection coefficient effects on the received levels of low and high order arrivals,

respectively, for short range sources complicates the automated estimation of RATs for these short range

shots. Figure 3.22 shows that as range increases, the direct-path received level gradually decreases until

it is no longer visible. The abrupt change in true vs. estimated range difference when D begins to be

picked (around range ≈ 29 km on Figure 3.31) is caused by a weak D arrival yielding weak cross correlation

envelope peaks. This is shown in the bottom subplot of Figure 3.32. The difficulties in range estimation

near 30 km from ACO are further exacerbated by a weak BS4 arrival due to reflection coefficient effects.

Since the localizer step was designed to be resilient to noisy measured RATs, but will yield reliably poor

results if the set of measured RATs does not include all the model-predicted RATs at the true source range,

the combination of a weak D and weak BS4 arrival mean that the BS4-D RAT is difficult to pick out of

the cross-correlation envelope time series. Thus, in some cases where D and BS4 received levels are weak,

the localizer prefers imperfect 3 or 2-RAT matches at higher range over ranges near the true range. This is

because the true range requires a BS4 arrival (the propagation model predicts it will be present) but BS4 is

difficult to detect at some ranges.

At even closer ranges (≈ 20 km and less), a related phenomenon makes range estimation problematic.

105



0 500 1000 1500 2000 2500 3000

Detection Number

0

50

100

150
R

a
n

g
e
 [

k
m

]
True Range

Estimated Range

Double Option

Picking Threshold

Figure 3.31: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated detec-
tions from the 296 air gun shot data set. Two pairs of horizontal red dashed lines delineate the close:medium
and medium:long double option zones. Two vertical black lines delineate regions with the same lowest order
arrival path: for detections 1-710, BS2 is the lowest order arrival path, for shots 711-2240 BS is the lowest
order, while for shots 2241-2960 D is the lowest order arrival.

Near the hydrophone, the D arrival has a sufficiently high received level to enable the cross correlation to pick

out the first three RATs, but the BS4 arrival is too faint to be detected by the automated RAT estimation

code. Figure 3.33 illustrates this problem. Note that, in the bottom plot, cross-correlation envelope peaks

for D, BS, BS2, and BS3 are clearly visible, but no such peak is apparent for BS4. In this instance, the

propagation model predicted that the BS4 arrival would reach the ACO hydrophone, but the model failed to

take into account the effects of reflection/transmission losses, which results in a mismatch between modeled

and actual acoustic behavior at close range. Therefore, lacking a usable BS4 cross-correlation peak, a bias

is introduced into the range estimate.

Even with the short range bias in the results, across all 296 air gun shots, the average difference between

true and estimated range, µrange = mean(rStrue − rSest) is -2.29 km. In other words, on average the

localizer estimates the source range 2.39 km further from the hydrophone than the actual range. Figure

3.34 plots this range difference for each shot, along with the average difference. To account for a mixture
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Figure 3.32: A depiction of the measured RAT estimation process for the direct-path arrival of airgun
shot 227, with a true range of 28.0 km. The recorded waveform (top), spectrogram with detector output
highlighted (middle), and cross-correlation (bottom) are shown. Arrival paths are labeled. The weak signal
corresponding to the direct-path arrival at Time= 2.5 s yields overall low amplitude cross-correlation peaks,
particularly for the D, BS3 (Time= 12.5 s), and BS4 (Time= 17.5 s) arrival paths.

of positive and negative biases potentially masking the variability in these range differences, Figure 3.35

plots the magnitude of this difference for each shot, along with the average difference magnitude (6.8 km).

Excluding the 5% highest range differences (which, for this instance, are due to background noise yielding

a high confidence range estimate at the wrong range), the average range difference magnitude drops to 4.17

km.

The short range bias due to faint D and/or BS4 arrivals starts when the true range equals 27.99 km.

With the maximum range within the Dunn air gun transect being 114.30 km:

(114.30− 27.99)/(114.30) = 75.51% (3.5)

of the transect is free from this short range bias. However, given that the observable area around ACO is

circular, not linear, the area free of short range bias can also be estimated. The maximum sensing radius

about ACO for this work is the range out to which BS2 arrivals are expected to still reach ACO; beyond
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Figure 3.33: A depiction of the measured RAT estimation process for the direct-path arrival of airgun
shot 278, with a true range of 13.3 km. The recorded waveform (top), spectrogram with detector output
highlighted (middle), and cross-correlation (bottom) are shown. Arrival paths are labeled. The BS4 is
particularly weak for this shot, while the D through BS3 arrivals are comparatively stronger.

this range, the propagation model predicts that the lowest order eigenray path will be BS3. Given that the

highest order path reliably seen in the fin whale data is BS4, only having BS3 and BS4 arrivals yields only

a single RAT with which to locate the call in question. Beyond approximately 90 km radius from ACO;

beyond this radius, the bottom slopes up significantly toward Kauai and O’ahu from ACO. Taking this 90

km as a conservative approximation of the max sensing range from ACO given the underlying bathymetry,

the percentage of the ocean area about ACO free of short range bias is:

(π ∗ 902 − π ∗ 27.992)/(π ∗ 902) = 90% (3.6)

Thus, approximately 90% of the area immediately around ACO is free of short range bias. This percentage

goes up to 94% if we consider the max Dunn transect range of 114.30 km, and up to 96.4% if we use the

BS2 cutoff range of 146.98 km.
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Figure 3.34: The difference between the true and estimated range for each shot when manually picking
detections and allowing RATs to be automatically estimated.
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Figure 3.35: The magnitude of the difference between the true and estimated range for each shot when
manually picking detections and allowing RATs to be automatically estimated.
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Figure 3.36: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated detec-
tions from the 296 air gun shot data set (10 detections per shot). Two pairs of horizontal red dashed lines
delineate the close:medium and medium:long double option zones. Two vertical black lines delineate regions
with the same lowest order arrival path: for detections 1-710, BS2 is the lowest order arrival path, for shots
711-2240 BS is the lowest order, while for shots 2241-2960 D is the lowest order arrival.

All Detected Arrivals Range Estimation Analysis

In Section 3.5.5, the range for each detection corresponding to the earliest arrival for each shot was plotted.

This was done to better compare with the range estimation results shown in Section 3.5.5 where RATs

were manually picked. In this section, all ten detections from each shot, not just the first, are considered

and plotted. This presents a more realistic example of localizer performance, since when fin whale calls are

considered in the next chapter the subset of detections corresponding to the earliest arrival of those fin whale

calls is not known a priori.

Figure 3.36 shows the estimated range for each of the 2960 individual detections within the Dunn air gun

set compared to the true locations. No pruning was done here, so all detections are plotted regardless of

ambiguity or phantom track status. Ninety percent of the detections represent either higher order reflected

paths (i.e., not the earliest path of a shot) or spurious detections that are unrelated to an air gun shot.

Figure 3.37 plots the subset of the 2960 detections whose range ambiguity exceeds 0.8. Even at this

seemingly high ambiguity threshold, it is difficult to identify the differences between the unpruned and

pruned figures. At short and medium range, there is some evidence of a track, but as candidate source range

spacing increases and the density of false detections increases, the track becomes less visually apparent. This

figure illustrates that ambiguity value alone can be insufficient to adequately distinguish a track from noisy

and higher order arrival detections.

Figure 3.38 shows the subset of the 2960 calls which match not only the ambiguity > 0.8, but also the

phantom track, criteria. In this case, a call is pruned away if, and only if, its ambiguity is less than 0.8 or

the minimum distance between its set of measured arrival times and the set of prior calls is less than 1.25 s.
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Figure 3.37: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated detec-
tions from the 296 air gun shot data set (10 detections per shot). Only those detections whose ambiguity
value exceeds 0.8 are plotted. Two pairs of horizontal red dashed lines delineate the close:medium and
medium:long double option zones. Two vertical black lines delineate regions with the same lowest order
arrival path: for detections 1-710, BS2 is the lowest order arrival path, for shots 711-2240 BS is the lowest
order, while for shots 2241-2960 D is the lowest order arrival.

This process differs slightly from that used for pruning fin whale calls because for the fin whale case, before

a call can be added to the set of prior calls against which a new calls arrival times are compared, the call’s

peak frequency must be less than 19.5 Hz and its stop frequency must be less than 24 Hz. Regardless of it’s

ambiguity, if a call fails either of those frequency pruning criteria, it is pruned and not used to judge the

fitness of subsequent calls to pass the phantom pruning criteria. This makes it less likely that a spurious

detection will cause subsequent calls to be incorrectly pruned away. These frequency criteria are not used for

the pruning of the air gun data since the frequency characteristics of air gun shots are not precisely aligned

with the fin whale calls whose characteristics were used to create the frequency criteria.

The striking difference between the phantom (Figure 3.38), and no phantom (Figure 3.37), pruning cases

illustrates the utility of phantom pruning. The actual track is easier to distinguish at all ranges, with partic-

ular improvement in the mid-high double option zone and at high range, when phantom pruning takes place.

Detections of higher order reflected paths regularly yield high ambiguity, yet spurious, location estimates. If

the earliest arrival of a call is detected and localized, any calls whose arrival times are sufficiently similar to

this earlier one are pruned by the phantom track criterion. This criterion helps distinguish localizations of

physically meaningful detections from both localizations of higher order arrivals, and background noise, if

either consists of sufficiently similar arrival times. The coarse candidate source range spacing at high range

makes it more difficult to distinguish the actual track from noisy detections than at closer ranges.

Figure 3.39 shows the localization results if an ambiguity threshold of 0.9, rather than 0.8, is used in

addition to phantom pruning. The higher ambiguity threshold succeeded in pruning away a small number of

additional detections that passed the 0.8 ambiguity criterion, but this small improvement in noisy detection
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Figure 3.38: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated detec-
tions from the 296 air gun shot data set (10 detections per shot). Only those detections whose ambiguity
value exceeds 0.8, and which pass the phantom pruning criteria, are plotted. Two pairs of horizontal red
dashed lines delineate the close:medium and medium:long double option zones. Two vertical black lines de-
lineate regions with the same lowest order arrival path: for detections 1-710, BS2 is the lowest order arrival
path, for shots 711-2240 BS is the lowest order, while for shots 2241-2960 D is the lowest order arrival.

rejection did not materially improve the clarity of the track with respect to the noisy and spurious detections.

3.5.6 Summary

The objective of this section is to demonstrate how well our localization algorithm works when recorded

underwater acoustic data when the true source range is known. In particular, recordings of 296 individual

air gun shots recorded October 5-6 2018 a the ALOHA cabled observatory are used. This set of shots start

off approximately 114 km from ACO and has a closest point of approach of 12.2 km. To test the effectiveness

of the localizer, RATs are manually identified from the acoustic data for each shot and, in turn, inputted to

the localization algorithm. The close match between the true and estimated range sets demonstrates that the

localizer can yield range estimates that closely match the true range from the ACO hydrophone. Secondly,

to investigate the effect of automated RAT estimation on localization accuracy, air gun shot times are passed

to the RAT estimation process. Following automated RAT estimation, range estimates are made for each

of these manually-detected shots. Some deterioration in localization accuracy is seen when automated RAT

estimation is incorporated into the data processing sequence, showing that there is room for improvement

in the capacity of the RAT estimation process to yield RATs which in turn yield accurate and reliable range

estimates. A comparison between phantom pruning and ambiguity value thresholding demonstrates that

phantom pruning can be an effective means to reduce the incidence of false positives in a set of estimated

ranges, albeit at the potential cost of rendering the overall approach less likely to accurately predict the

presence of overlapping signals.
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Figure 3.39: True (red “x” symbols) vs. estimated (blue “+” symbols) range for manually estimated detec-
tions from the 296 air gun shot data set (10 detections per shot). Only those detections whose ambiguity
value exceeds 0.9, and which pass the phantom pruning criteria, are plotted. Two pairs of horizontal red
dashed lines delineate the close:medium and medium:long double option zones. Two vertical black lines de-
lineate regions with the same lowest order arrival path: for detections 1-710, BS2 is the lowest order arrival
path, for shots 711-2240 BS is the lowest order, while for shots 2241-2960 D is the lowest order arrival.
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CHAPTER 4
AUTOMATED FIN WHALE LOCALIZATION

Having developed and tested the fin whale range estimation approach in Chapter 3 using validated air gun

data, Chapter 4 presents results from measured acoustic data collected at the ALOHA Cabled Observatory

(ACO) that contain marine mammal (including fin whale) calls. In the previous chapter (Section 3.3) a

description of the data collection apparatus at ACO was presented. Section 4.1 gives a brief description of

fin whale ecology with an emphasis on the waters near Hawaii. Section 4.2 presents localization results from

fin whale 20 Hz calls recorded on March 3, 2014 as an example of localization performance. In Section 4.3,

fin whale detection rates as a function of pruning configuration, month:hour, and ambiguity level are shown.

Section 4.4 discusses estimated fin whale call characteristics and how the estimation of these parameters is

influenced by pruning configuration and ambiguity threshold. Finally, Section 4.5 presents a brief summary

of this chapter.

4.1 Fin Whale Ecology in Hawaiian Waters

Fin whales (Balaenoptera physalus, also sometimes referred to as finback whales in the literature) are the

second-largest species of whale in the world, are found in all the major oceans of the world, and are considered

Endangered by the International Union for Conservation of Nature. Sometimes referred to as the greyhound

of the sea, fin whales are thought to be capable of speeds up to 37 km/h. They are sometimes known to

gather in pods of 2-7 or more, and hybrid fin whale/blue whale individuals have been documented. Fin whale

life spans can reach 80-90 years, and their only known predator is the killer whale. Fin whale calves are

born in sub-tropical waters during the winter months, but there is little evidence of distinct calving waters

(as there is for humpback whales, for example). Most populations seem to exhibit a poleward migration in

summer months for feeding, and a return to subtropical waters in the winter for breeding, although there

are some notable examples of fin whales resident in some areas year-round (e.g., the Gulf of California and

the East China Sea) (Jefferson et al. [2015]).

Acoustically, fin whales are known mostly for their 20-Hz calls, which are produced year round but emitted

in structured bouts during the breeding season (Schevill et al. [1963], Jefferson et al. [2015]). Figure 4.1 shows

a waveform and spectrogram for a sequence of ten 20-Hz calls recorded by the ocean-bottom hydrophone at

the ALOHA Cabled Observatory. Historically, 20-Hz calls were identified as being produced by fin whales in

Schevill et al. [1963], while Walker [1963] reported on recordings of “· · · intense, low-frequency, underwater

sounds of wide geographic distribution, apparently of biological origin” which were later (Watkins [1981])

attributed to fin whales. An examination of the characteristics of 20-Hz calls is described in Watkins et al.

[1987], which describes them as 1 s, frequency-downswept pulses from approximately 23 Hz down to 18 Hz

with a source level of up to 186 dB re 1 µPa at 1 m. The interpulse interval (IPI) was between 7-26 s, and

individual bouts were separated by more than 2 hours and lasted as long as 32.5 hours. Within a single

bout, rests of 1-20 mins occurred every 15 minutes or so, with occasional gaps between 20-120 minutes also

present in their data record.

The 20 Hz calls described in Watkins et al. [1987] were recorded near Bermuda, and were significantly

more common in the winter months than during the summer (i.e., there was significant seasonality in the
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Figure 4.1: Fin whale 20 Hz calls, and other marine mammal calls, recorded between 06h00-06h05 on March
3 2014 at the ALOHA Cabled Observatory. Waveform (top) and spectrogram (bottom) plots are shown.

fin whale 20 Hz calling behavior). Figure 4.2 shows the percent of time that fin whale calls were present in

their Bermuda data record for each month of the year. Fin whale calling bouts occupied a larger percentage

of the data record during the winter months than during the summer. Figure 4.3 shows similar results for

fin whale call occurrence near Hawaii and Midway Island.

In addition to their 20 Hz calls, fin whales north of Hawaii have also been reported to produce calls in

the 20-35 Hz and 30-90 Hz frequency bands (McDonald and Fox [1999]), although the repetition interval of

these calls is more irregular than that of the 20 Hz calls. More recently, sei whales were proposed (Rankin

and Barlow [2007]) an alternative source for the 20-35 Hz calls described by (McDonald and Fox [1999]).

Figure 4.4 shows examples of the 20 - 35 Hz irregular calls from four individuals off the coast of Southern

California.

In Thompson and Friedl [1982], acoustic data from two ocean bottom hydrophones were collected from

December 1978 to April 1981 in waters near O’ahu, Hawaii. The two hydrophones were 11.6 km apart

and in 400 fathoms (≈ 732 m) of water. Calls from five different whale species were identified in the data:
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Figure 4.2: The percentage of the signal duration in each month, over four years of recording near Bermuda,
within which fin whale 20 Hz calls were present (Watkins et al. [1987]).

humpback whale, fin whale, blue whale (Balaenoptera musculus), sperm whale, and pilot whale (Globicephala

macrorhynchus). Additionally, so-called “boing” sounds were identified in the data that may be the same

type of “boing” sounds identified in Winn and Perkins [1976] as belonging to minke whales (Balaenoptera

acutorostrata). With regards specifically to fin whales, the authors observed that the 20 Hz fin whale calls

were typically observed as doublets, whereby the interpulse interval (IPI) between consecutive calls alternated

back and forth from 17-24 s and 40-52 s and the call frequency sweep alternated from 20 - 16 Hz and 30 - 16

Hz. The authors also ascribed two other call types (20 - 35 Hz pulses, and 30 - 90 Hz pulses) to fin whales

based on the similarity of these pulses (other than their frequency range) to the 20 Hz fin whale calls, while

noting that these two higher-frequency calls could have been made by another large whale such as the minke

or sei whale. Considering all three of these call types, fin whale call presence showed significant seasonality,

with the 20 Hz doublet pulses being most common in the winter months. Figure 4.5 shows the percent

occurrence of calls from six marine mammal species in each month of the year; the authors speculate that

the bimodal trend in the data may be due to fin whale migration, and that the three different fin whale call
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Figure 4.3: The percentage of recording days in each month within which fin whale calls were received in
data near O’ahu (Black and dark grey bars) and near Midway Island (light grey bars). In this legend, “this
study” refers to McDonald and Fox [1999], where this figure was originally published.

types may demonstrate an age and/or sex difference in fin whale calling behavior.

4.2 Fin Whale Range Estimation

In this section, example fin whale tracks from the full ACO data set are shown. In this context, a track is

defined as a set of individual consecutive, or nearly consecutive, calls that could have come from the same

source. Spatial uncertainties are sufficiently high that it is not possible to attribute consecutive calls to the

same individual i.e. an individual “track” could be made up of calls from multiple closely-spaced calling fin

whales rather than a single calling animal. Additionally, since fin whales are known to call in bouts with

interspersed periods of silence (Watkins et al. [1987]), the animal(s) calling in one continuous part of a track

may be different than those following a break. These statements are meant to express the limits of knowledge

that we can infer from a fin whale track, rather than to hypothesize on the calling and group behavior of fin

whales.

The data in this chapter are processed following the methods outlined in Chapter 3, and Figure 4.6

outlines the fully-automated data processing sequence. Acoustic data were continuously recorded by the

moored ocean-bottom hydrophone at the ALOHA cabled observatory (ACO) approximately 115 km north
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Figure 4.4: Examples of 20 to 35 Hz irregular fin whale calls from four different animals (labeled A-D) along
with compass bearing for each call (McDonald and Fox [1999]).

of O’ahu. These data were recorded from February 18 2007 - September 30 2017 with a notable recording

gap from October 23 2008 - June 6 2011. Data are available after the September 30 2017 cutoff date for this

analysis, but are not included here. Data are bandpass filtered with a passband of 9-31 Hz and downsampled

to a sampling frequency of 200 Hz. A matched filter is used to pick out sounds resembling fin whale 20 Hz

calls. Measured relative arrival times (RATs) for each of the detected calls are estimated. These measured

RATs are then compared against model-predicted RATs at a set of candidate source ranges using our cost

function (Equation (3.2)). The best-fit range is the candidate source range whose model-predicted RATs

most closely match to the measured RATs. Lastly, the set of localized calls are pruned using a set of

frequency and phantom pruning criteria designed to reduce the false positive rate.

The data are processed using a desktop PC with an 8-core 3.6 GHz i7-9700K CPU and 32 GB of RAM.

Overall, the acoustic data processing sequence shown in Figure 4.6 took approximately a month of continuous

operation to analyse all the ACO acoustic data recorded between February 18 2007 - September 30 2017.

Data were processed exclusively in Matlab, and many of the functions used were implicitly multi-threaded

by Matlab.

Figure 4.7 shows 24 hours of fin whale calls from March 3 2014. No pruning was applied to the detections

in this figure, and no ambiguity threshold was applied either. Thus, every detection made by the matched

filter in this time period is registered as a single blue + symbol in this figure. Two subsequent figures show

the same day of detections, with frequency pruning alone (Figure 4.8) and both frequency and phantom

pruning (Figure 4.9). A series of individual calling bouts appears in the 40-45 km range from ACO starting

near 02h00 and ending near 16h00. A shorter track starts at longer range at approximately 18h00 and

finishes near 19h30. Gaps in time between individual calling bouts do not necessarily mean that the animal

was (or animals were) silent in these times, although the permissive nature of the matched filter detector

suggests that if calls were present in these times they likely would appear in the set of detections. Also,
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Figure 4.5: Yearly whale occurrence north of O’ahu, December 1978 - April 1981. Occurrence is the percent
of recording days in each month that a call was received. For the fin whale plot, the solid line is for 20 Hz
calls, the dashed line for irregular pulses attributed to fin whales, and the background stippling indicates
the sum of these two call types. (Thompson and Friedl [1982])

there isn’t necessarily just one animal calling during this bout. Only male fin whales are known to make 20

Hz calls (Croll et al. [2002]), and fin whales are known to sometimes travel in small groups (Jefferson et al.

[2015]). Thus, this set of individual calling bouts represents one or more male fin whales producing 20 Hz

calls, with no detected fin whale calls between the bouts.

Figure 4.10 plots the same day of data as Figures 4.7-4.9, but with all the location estimates with

ambiguity less than 0.1 removed. Most of the noisy location estimates at minimum range (50 m) have been

eliminated, but relatively few location estimates at other ranges were removed. Figure 4.11 shows the same

day of range estimates after frequency pruning is applied in addition to an ambiguity threshold of 0.1. A

number of calls from the apparent track near 01h00 and near 21h00 were pruned away, but the track is

largely unaffected by the frequency pruning. This suggests that the track is more likely to have been a fin

whale than sei whale. The gaps between the track segments (e.g., from 08h00-10h00) show superior noisy

range estimate rejection than when an active track is present (e.g., 10h00-12h30). Figure 4.12 shows the

resulting track estimates when both frequency and phantom pruning are applied, in addition to an ambiguity

threshold of 0.1. Most of the noise not eliminated by the frequency pruning was removed by the phantom

pruning. Notably, the fictitious track at reduced range (highlighted in Figure 4.13) is not present once
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Figure 4.6: Data processing flow chart for the localization approach developed and used in this work.

phantom pruning is applied. This demonstrates that phantom pruning can eliminate false tracks from our

set of range estimates, and that it also eliminates most noisy range estimates while leaving the integrity of

a physically-meaningful track intact.

Figure 4.14 plots the localization info for the first call in the calling bout that begins at 10h00 in Figure

4.12. The recorded waveform is shown in subplot (a), while the spectrogram in the 10-30 Hz band is shown

in subplot (b). Note that the two earliest arrivals (likely BS1 and BS2, given the estimated range of 42.67

km for this call) have lower received levels than the latter two arrivals for this call. Given the variability

in arrival path received levels shown by the air gun results in Section 3.5.2, early arrivals having lower

received levels than some later arrivals is not unexpected. The two detections that survived the frequency

and phantom pruning regimes are denoted by red ∗ symbols in subplot (b). Lastly, the cross-correlation

between the first arrival of this call, and the entire 27.5 s window about this detection, is shown in subplot

(c). The largest peaks in the envelope of this signal line up well with the higher order arrivals clearly visible

in both the time series and spectrogram subplots. The optimum match between the nine sufficiently-isolated

peaks in the cross-correlation envelope (green + symbols) and the model-predicted RAT set is shown by the

purple X symbols. The good agreement between these measured and model-predicted data (qualitatively

shown in (c), and quantitatively indicated by the 0.99564 ambiguity score for this detection) indicate that

the estimated range of 42.67 km for this call is well supported by the data.

Figure 4.15 plots the ambiguity vector for the call shown in Figure 4.14. The multiple local maxima in this

ambiguity vector are typical for the ambiguity expression used in this work, and complicate the calculation

of a simple uncertainty metric from this ambiguity vector. The two double option zones are delineated by

dashed red lines. These double option zones have been consolidated, as they are in Figure B.3. The various

ambiguity vector local maxima are due to different sets of model-predicted RATs yielding locally good fits

to the set of measured RATs for this call, while the overall peak ambiguity for the candidate source range

at 42.67 km is the estimated source range for this call.
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Figure 4.7: Estimated range (blue + symbols) for every detection made on March 3 2014. The edges of
double option zones are indicated by dashed red lines. The max candidate source range is indicated by the
solid red line.
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Figure 4.8: Estimated range (blue + symbols) for detections made on March 3 2014 that passed frequency
pruning. The edges of double option zones are indicated by dashed red lines. The max candidate source
range is indicated by the solid red line.
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Figure 4.9: Estimated range (blue + symbols) for detections made on March 3 2014 that passed frequency
and phantom pruning. The edges of double option zones are indicated by dashed red lines. The max
candidate source range is indicated by the solid red line.
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Figure 4.10: Estimated range (blue + symbols) for every detection made on March 3 2014 whose ambiguity
exceeds 0.1. The edges of double option zones are indicated by dashed red lines. The max candidate source
range is indicated by the solid red line.
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Figure 4.11: Estimated range (blue + symbols) for detections made on March 3 2014 that passed frequency
pruning and whose ambiguity exceeds 0.1. The edges of double option zones are indicated by dashed red
lines. The max candidate source range is indicated by the solid red line.
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Figure 4.12: Estimated range (blue + symbols) for detections made on March 3 2014 that passed frequency
and phantom pruning and whose ambiguity exceeds 0.1. The edges of double option zones are indicated by
dashed red lines. The max candidate source range is indicated by the solid red line.
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Figure 4.13: Estimated range (blue + symbols) for detections made on March 3 2014 that passed frequency
and phantom pruning and whose ambiguity exceeds 0.1. The green regions highlight a phantom track at
lower range to the actual track. The edges of double option zones are indicated by dashed red lines. The
max candidate source range is indicated by the solid red line.
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Figure 4.14: Information on the first call in the calling bout beginning at 10h00 in Figure 4.12. (a) Recorded
waveform. (b) Spectrogram of the time series shown in the top subplot, with detections highlighted by red
∗ symbols. (c) Cross-correlation (red trend), cross-correlation envelope (blue trend), and measured (green
+ symbols) and model-predicted (magenta x symbols) for the optimum match.
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Figure 4.15: Ambiguity vector for the detection shown in Figure 4.14.
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Pruning Status # of Detections
Unpruned 41,481,171
Frequency 13,069,837

Frequency + Phantom 3,445,568

Table 4.1: Total fin whale 20 Hz call detections from 2007-2017 in three different pruning configurations.
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Figure 4.16: Number of fin whale 20 Hz call detections in acoustic data recorded by the ACO hydrophone.
Results from February 2007 until September 2017 as recorded by the ACO hydrophone are plotted.

4.3 Fin Whale Call Detection Rates

In this section, variability in fin whale call detection rates over the ACO data set will be explored. Table

4.1 lists the total number of 20 Hz call detections across all years of data, the number of detections which

satisfy the frequency pruning criteria, and those which satisfy both frequency and phantom pruning.

The number of detections in each day of data is shown in Figure 4.16 for the unpruned data set. A clear

seasonality is present in this figure, with more detections during winter months than at other times of the

year. Figure 4.17 shows daily detection totals after frequency pruning is applied. This pruning dropped

the number of noisy detections between calling seasons down to a small fraction of what they were prior to

pruning. The January 2016 and January 2017 calling seasons had a higher proportion of calls pruned away

by the frequency pruning than other seasons.

Finally, daily detection totals after both frequency and phantom pruning are implemented are shown in

Figure 4.18. Phantom pruning reduced the daily detection totals in all parts of the data, but most visibly

during the fin whale calling seasons when higher order arrivals that satisfy the frequency pruning criteria

are eliminated.

Figure 4.19 plots the number of detections, after frequency and phantom pruning, in each month and

hour of the data. In this figure, each month between January 2007 and January 2018 has a single row. In

each row, the total number of detections in each hour of the day are plotted as an individual histogram. As

also shown in Figure 4.18, the reduced call totals in the January 2016 and January 2017 calling seasons is

apparent in Figure 4.19. Additionally, there is no obvious tendency for more fin whale calls to be detected in

one hour of the day over any other. These results agree with published accounts of fin whale call occurrence
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Figure 4.17: Number of fin whale 20 Hz call detections once frequency pruning has been applied. Results
from February 2007 until September 2017 as recorded by the ACO hydrophone are plotted.

as a function of month near Bermuda, Hawaii, and Midway Island shown earlier in this chapter in Figures

4.2, 4.3, and 4.5.

Figure 4.20 plots total number of detections in each month of the ACO data set as a function of ambiguity

threshold for the frequency and phantom pruning case. Thus, the far left column of this figure has the total

number of detections in each month with no ambiguity threshold. This figure shows that a small ambiguity

cutoff of 0.1 achieves a considerable rejection of detections over the case where no ambiguity cutoff is used.
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Figure 4.18: Number of fin whale 20 Hz call detections once frequency and phantom track-based pruning
have been applied. Results from February 2007 until September 2017 as recorded by the ACO hydrophone
are plotted.
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Figure 4.19: Number of fin whale 20 Hz call detections, once frequency and phantom track-based pruning
have been applied, in each month and hour of the day (UTC). Results from February 2007 until September
2017 as recorded by the ACO hydrophone are plotted. Local sunrise and sunset times are approximately
16h00 and 04h00 (UTC), respectively.
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Figure 4.20: Number of fin whale 20 Hz call detections, once frequency and phantom track-based pruning
have been applied, sorted by month and ambiguity level. Results from February 2007 until September 2017
as recorded by the ACO hydrophone are plotted.
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4.4 Fin Whale Call Characteristics

In this section, selected fin whale 20 Hz call characteristics assessed over the 2007-2017 ACO data set are

presented. Frequency characteristics are assessed using the power spectral density (PSD) for the 2.24 second

waveform window about each detection. The call characteristics evaluated in this section are:

• Peak frequency (fpeak, the frequency of highest power spectral density value energy within the detected

call)

• Start frequency (fstart, the highest frequency lower than fpeak whose PSD value is 6dB lower than

peak PSD value)

• Stop frequency (fstop, the lowest frequency greater than fpeak whose PSD value is 6dB lower than peak

PSD value)

• Inter-call interval (ICI, the time spacing between consecutive calls in a calling sequence)

The composite histograms in the three sections that follow (Section 4.4.1 - 4.4.3) are normalized in the

same fashion. Each column presents a histogram based on the detections from a single year. After calculating

raw histogram bin counts, the set of counts for each year is individually normalized such that the sum of

normalized bin counts in each year equals 1. Each year is individually normalized so that differences in

number of detections between years do not change the relative shade of plotted histogram bins.

The figures without pruning are shown with no ambiguity threshold, and thus incorporate all detections

regardless of fit to the measured data. The figures incorporating pruning, either frequency or frequency and

phantom pruning, include an ambiguity threshold of 0.1. This serves to reduce the impact of noisy detections

on call characteristic estimates.

4.4.1 Peak frequency

Peak frequency is assessed during the detection phase, and is calculated as the peak of the power spectral

density (PSD) for a time series window about each detection. After the PSD is calculated, the PSD for a

given detection is upsampled by a factor of ten before frequency characteristics of the PSD are extracted.

This upsampling is done to increase the frequency resolution for the estimates of fpeak, fstart, and fstop.

Figure 4.21 plots histograms of estimated fpeak across all detections and years in the pre-pruned data set.

The horizontal banding is considered a processing artefact rather than a physically meaningful part of the

underlying data. The frequency of each narrow dark blue horizontal band corresponds to a frequency found

in the pre-interpolated PSD calculated by the fin whale call detector, and each of these pre-interpolated PSD

frequencies has a dark blue band in this fpeak histogram. The largest proportion of detections from 2007

to 2015 have a peak frequency of 16.67 Hz. In 2016 and 2017 the frequency with the highest proportion of

detections shifts to 30.06 Hz (which is close to the upper limit of the passband selected for the bandpass

filter).

Figure 4.22 plots fpeak for every detection in the frequency-pruned data set. As with the unpruned figure,

each year (column) is individually normalized so the histograms for years with fewer overall detections aren’t

unjustly influenced. The lower number of noisy detections in this set compared to the unpruned set makes

the overall peak at 19.5 Hz more apparent, although this peak is less prominent in 2016 and 2017.
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Figure 4.21: Histogram of estimated peak frequency in each year of data. No detection pruning is applied.
Each year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.

Figure 4.23 plots fpeak for every detection in the frequency + phantom pruned set. The 16.67 Hz peak

remains present in all years, although it is less apparent than for the pruning case where only frequency

pruning was carried out. This could be because phantom pruning is particularly effective at eliminating

detections of higher order arrivals from the set of detections. Thus, each individual fin whale 20 Hz call is

expected to be represented by fewer overall detections in the frequency + phantom pruned set than in the

frequency pruned set. Since these higher order arrivals are expected to have similar frequency characteristics

to the earliest arrival of a given call, reducing the incidence of multiple detections of the same calls should

make the peak associated with the peak frequency less prominent.
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Figure 4.22: Histogram of estimated peak frequency in each year of data. Frequency pruning is applied.
Each year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.
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Figure 4.23: Histogram of estimated peak frequency in each year of data. Frequency and phantom pruning
is applied. Each year is individually normalized such that the sum of histogram bins in each year equals 1.
No ambiguity threshold is applied.
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4.4.2 Start frequency

Figure 4.24 plots fstart across all years for the pre-pruned data set. As with peak frequency, all the figures

in this section are individually normalized by year to make comparisons between years easier. The fstart

histogram peak is at 14.83 Hz from 2007-2015, although as with the peak frequency analysis the peak for

2016 and 2017 is at a higher frequency (16.67 Hz) in 2016 and 2017. Faint banding is present in the 15-30

Hz frequency range, although it is less vivid than the peak frequency banding. This faint banding is likely

caused by the peak frequency banding and the correlation between peak and start frequency. Since start

frequency is defined as the frequency whose PSD level is 6dB lower than the peak frequency PSD value,

introducing a bias into peak frequency by making some frequencies less likely than others to be picked as

the peak frequency for a given call should also introduce a bias into start and stop frequency. These fstart

and fstop biases may be different sizes than the size of the fpeak bias as they will be influenced not only by

the magnitude and direction of the fpeak bias but also the shape of the call spectrum. These dual influences

yield banding in fstart and fstop that is less prominent than that in fpeak due to the effect of call spectrum

shape.

Figure 4.25 plots fstart across all years for the frequency-pruned data set. The diminished role of noise in

this pruned data set compared to the unpruned set shown in Figure 4.24 yields a more consistent fstart peak

across all years, with a significant secondary peak at 16.67 Hz and broader distribution of fstart yielding a

less prominent overall peak in 2016 and 2017. Slight variation in the fstart peak between years is present,

although the coarse frequency resolution of these data makes it unclear if this small variability is significant.

Figure 4.26 plots fstart across all years for the frequency- and location-pruned data set. As with the fpeak

results in Figure 4.23, the histogram peak in each year is broader for the frequency and phantom pruning

case than when frequency pruning alone is used. Additionally, the secondary histogram peak at 16.67 Hz

remains present in these histograms.
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Figure 4.24: Histogram of estimated start frequency in each year of data. No detection pruning is applied.
Each year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.
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Figure 4.25: Histogram of estimated start frequency in each year of data. Frequency pruning is applied.
Each year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.
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Figure 4.26: Histogram of estimated start frequency in each year of data. Frequency and phantom pruning
is applied. Each year is individually normalized such that the sum of histogram bins in each year equals 1.
No ambiguity threshold is applied.
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Figure 4.27: Histogram of estimated stop frequency in each year of data. No detection pruning is applied.
Each year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.

4.4.3 Stop frequency

Figure 4.27 plots fstop across all years for the pre-pruned data set. As with the fstart plots in Section 4.4.2,

banding is present in each year of the data, and is likely caused by banding in the estimated peak frequency

from call spectrum interpolation. The significant peaks reside in one of two bands: 18-22 Hz and 33-37 Hz.

Figure 4.28 plots fstop across all years for the frequency-pruned data set. The collection of peaks near

35 Hz were suppressed by the frequency pruning, leaving only the set of peaks near 20 Hz. All calls whose

fstop exceeds 24 Hz were eliminated by the frequency pruning. A consistent fstop peak of 20.04 Hz is found

across all years.

Figure 4.29 plots fstop across all years for the frequency and phantom pruned data set. Similar to what

was observed with fstart in Section 4.4.2, the primary fstop peak at 20.04 Hz is smaller compared to the

surrounding histogram bin values when phantom pruning is implemented compared to frequency pruning

alone. The banding is also more prominent when location pruning is implemented.
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Figure 4.28: Histogram of estimated stop frequency in each year of data. Frequency pruning is applied. Each
year is individually normalized such that the sum of histogram bins in each year equals 1. No ambiguity
threshold is applied.
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Figure 4.29: Histogram of estimated stop frequency in each year of data. Frequency and phantom pruning
is applied. Each year is individually normalized such that the sum of histogram bins in each year equals 1.
No ambiguity threshold is applied.
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4.4.4 Inter call interval

Inter Call Interval (ICI) is defined as the time spacing between consecutive calls in a calling sequence. ICI is

a useful bioacoustic parameter because it can be used to estimate number of calling animals from number of

detections per unit time, which in turn can be used to estimate the animal density (animals per unit area).

Measuring ICI autonomously can be tricky, particularly in a reverberent environment as has been shown

to exist about ACO. The permissive matched filter detector in this work yields a large number of false

positive detections. As a result, simply calculating the time spacing between consecutive detections will

yield Inter Detection Interval (IDI), but given that each call will typically have more than one detection (due

to higher order arrival paths), estimating a reliable value for ICI based on IDI data can be problematic. The

problem is further exacerbated by noisy arrivals. Figure 4.30 illustrates this phenomenon: For each month

between January 2007 and January 2018, a histogram is calculated of the time spacing between consecutive

detections that meet the current pruning and ambiguity threshold criteria. Thus, the more red the shade of

a pixel, the more IDI values fall in that month. In this case, the frequency-pruned set (i.e., no calls whose

fpeak exceeds 19.5 Hz, or whose fstop exceeds 24 Hz) is used with an ambiguity threshold of 0 (i.e., no calls

were excluded based on ambiguity). Effectively, this means that the data in this figure were only processed

by a detector + classifier pair, with no localization information incorporated. In this figure, a consistent

peak at IDI=0.6 s is present in each calling season alongside a shorter and broader peak around 2.8 s. The

minimum model-predicted RAT value is 1.3 seconds (for a range of 147 km), so the 0.6 s peak is unlikely to

be the time spacing between fin whale arrivals of the same call. It could be a different type of call that has

frequency characteristics compatible with the frequency pruning, though. Figure 4.31 shows an example of

this type of call. Arrows highlight two time intervals of interest on the spectrogram in the middle subplot.

The first arrows show a spacing of 3.025 s between detections of this call type, while the second set of arrows

shows a shorter spacing of 0.735 s. These values agree with the main and secondary peaks in Figure 4.30.

These types of small-time-interval calls are found throughout the data set.

Figures 4.32 - 4.35 show IDI for the frequency pruning case with a selection of different ambiguity

thresholds. Note the changing color bar scaling as ambiguity increases, which reflects the smaller data set

size with increasing ambiguity threshold. As the ambiguity threshold increases, the main peak at 0.6 seconds

remains prominent, while the secondary peak near 2.8 s fades away. Additionally, a tertiary peak, lower than

the other two, moves toward high IDI as ambiguity increases. The wide time extent of this peak, and the

lack of a consistent peak location with varying ambiguity threshold makes it difficult to draw conclusions

based on this tertiary peak.

Figure 4.36 shows the set of calculated IDI values for each month when both frequency and phantom

pruning are applied. No ambiguity threshold is used in this figure, so every call which satisfies both the

frequency and phantom pruning criteria is included regardless of how good the fit between measured and

model-predicted data is. As with the other IDI figures in this section, no normalization is applied here, which

is why the peaks for January 2016 and January 2017 are noticeably lower (due to lower overall detection

counts in those calling seasons) than the other calling seasons. Unlike Figure 4.30, there is no peak at

IDI=0.6 s since the phantom pruning reliably eliminates the second call in each of the closely-spaced pairs of

calls. The secondary peak at 2.8 s is also eliminated when phantom pruning is applied, possibly because the

corresponding detections are used for localization of an earlier call and so are pruned away during phantom

pruning.
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Figure 4.30: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018. One histogram of IDI values is calculated for each month. The more red a given pixel is,
the greater the number of IDI values are found in that month and at that IDI value. Frequency pruning was
applied to these data, no ambiguity threshold is used, and no normalization is carried out. The maximum
model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.

The main peaks in Figure 4.36 are at approximately 6.8 s, 20.08 s, and 28.11 s, with the last peak being

the largest during each calling season. One possibility for the peak at 6.8 s is that 6.8 s is slightly larger

than the largest RAT from the 2-RAT range set (i.e., the set of ranges comprising the union of medium-high

double option zone and the high range zone). The highest RAT in this set is the BS4-BS2 RAT (5.2 s) at

a range of 75.6 km. Allowing for the phantom track blanking interval of 1.25 s, the earliest time after this

RAT that a detection could fall and not be pruned by the phantom track criterion is 6.45 s, which is well

within the IDI peak with the smallest IDI value ( 6.8 s).

The IDI peak around 20.08 s, and the lower IDI histogram values on either side, may be related to the

interaction of noisy measured RAT sets (that are predisposed to being at high range due to it being easier

to find a noisy match to 2 model-predicted RATs than 3 or 4 model-predicted RATs) and the non-uniform

distribution of RATs as a function of RAT time (i.e., the spacing of one RAT to the nearest one is smallest at

short range). Further investigation is required to investigate this hypothesis, possibly through a simulation
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Figure 4.31: An example of the inter-detection intervals seen in Figure 4.30. The recorded waveform (top),
spectrogram with detector output highlighted (middle), and cross-correlation (bottom) are shown. Red *
symbols on the spectrogram are the output from the matched filter detector. Arrows on this spectrogram
highlight two inter-detection intervals that match the peaks seen in the previous IDI figure.

study.

In Soule and Wilcock [2013], Northeast Pacific Ocean fin whale tracks were studied using a set of ocean

bottom seismometers. Inter-call interval was evaluated for 154 individual tracks identified in over 800 hours

of recordings. Figure 4.37 presents a histogram of inter-call interval across all of the tracks in Soule and

Wilcock [2013]. More tracks had an inter-call interval of 24 seconds than any other value, with ICI values

as low as 7 and as high as 35 observed. The shape of the Soule & Wilcock histogram in Figure 4.37 bears

considerable similarity to the shape of our IDI histogram in Figure 4.36. Both histograms show considerable

histogram counts from just below 10 s to approximately 35 s. The peak in the Soule & Wilcock histogram

appears at 24 s, while Table 4.2 presents the single most common IDI value in any month for each of the

7 complete calling seasons present in the ACO data. For this work, a calling season is the period from

November-April when most fin whale 20 Hz calls are observed at ACO. The peak histogram values in Figure

4.36 and Table 4.2 agree well with the results from Soule & Wilcock in Figure 4.37.

Figure 4.38 shows an enlargement of Figure 4.36 in the IDI= 18 − 35 s range. In every calling season
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Figure 4.32: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.3. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and
at that IDI value. Frequency pruning was applied to these data and no normalization is carried out. The
maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.

from January 2008 - January 2016 (excluding those in 2009, 2010, and 2011 for which there is no data), there

appears to be a tendency toward longer IDI as the calling season progresses. The reduced number of calls in

the January 2017 calling season makes extending this potential trend uncertain, however if inter call interval

does change in a meaningful and systematic way for North Pacific fin whales, this could have implications

on how fin whale density estimation is carried out in this region.

Figures 4.39 - 4.42 show IDI for the frequency + phantom pruning case for a selection of different

ambiguity thresholds. The peak IDI just below 30 s is visible all all four of these ambiguity threshold levels,

although the histogram match to the Soule & Wilcock histogram in Figure 4.37 is less obvious as ambiguity

threshold increases. For the ambiguity threshold = 0.99 plot in Figure 4.42, the faint peaks near IDI =

60 and IDI = 90 could represent cases where one or two (respectively) calls in a bout fail to yield a high

ambiguity location, thus increasing the measured IDI to 2 or 3 times the expected inter call interval.
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Figure 4.33: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.6. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and
at that IDI value. Frequency pruning was applied to these data and no normalization is carried out. The
maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.

Calling Season Peak IDI [s]
2007-2008 28.71
2011-2012 26.51
2012-2013 26.71
2013-2014 26.51
2014-2015 26.51
2015-2016 29.32
2016-2017 29.32

Table 4.2: Peak IDI value, from the frequency + phantom track-pruned data set, in any month of each
calling season (November - April) as shown in Figure 4.36.
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Figure 4.34: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.9. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and
at that IDI value. Frequency pruning was applied to these data and no normalization is carried out. The
maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.35: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.99. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and
at that IDI value. Frequency pruning was applied to these data and no normalization is carried out. The
maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.36: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018. One histogram of IDI values is calculated for each month. The more red a given pixel
is, the greater the number of IDI values are found in that month and at that IDI value. Both frequency
and phantom pruning are applied to these data and no normalization is carried out. The maximum model-
predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.37: Observed inter-call interval (termed IPI in this figure) for 154 fin whale tracks recorded near
the Juan de Fuca Ridge in the Northeast Pacific Ocean (Soule and Wilcock [2013]).
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Figure 4.38: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018, zoomed in on the IDI= 18− 35 s interval. One histogram of IDI values is calculated for
each month. The more red a given pixel is, the greater the number of IDI values are found in that month
and at that IDI value. Both frequency and phantom pruning are applied to these data and no normalization
is carried out. The maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.39: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.3. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and at
that IDI value. Frequency and phantom pruning are applied to these data and no normalization is carried
out. The maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.40: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.6. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and at
that IDI value. Frequency and phantom pruning are applied to these data and no normalization is carried
out. The maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.41: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.9. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and at
that IDI value. Frequency and phantom pruning are applied to these data and no normalization is carried
out. The maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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Figure 4.42: Calculated inter detection interval (IDI) values for each month of data between January 2007
and January 2018 and an ambiguity threshold of 0.99. One histogram of IDI values is calculated for each
month. The more red a given pixel is, the greater the number of IDI values are found in that month and at
that IDI value. Frequency and phantom pruning were applied to these data and no normalization is carried
out. The maximum model-predicted RAT value (24.83 s) is indicated by the pair of red * symbols.
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4.5 Summary

This chapter has presented measured data results using underwater acoustic data recorded at the ALOHA

Cabled Observatory north of O’ahu. The objectives of this chapter are to demonstrate the performance of

our localization approach on measured fin whale 20 hz calls and to show how estimation of fin whale call

characteristics can be improved by carrying out frequency and phantom pruning.

The first objective is demonstrated using recordings of fin whales made between February 19 2007 -

September 30 2017. Using a matched filter, 41,481,171 sounds resembling fin whale 20 Hz calls are detected.

RATs are autonomously identified for each of these detections, and in turn localized. Following localization,

pruning is done in two steps. First, frequency pruning is applied to distinguish fin whale 20 hz calls from

sei whale calls and some noise, yielding a reduced set of 13,069,837 calls. The second pruning step, in which

phantom tracks are eliminated from the frequency-pruned set, yield a final set of 3,445,568 detections which

satisfy both the frequency and phantom pruning criteria. Detected calls from March 3 2014 are shown,

including an intermittent medium-range track between 40-45 km from ACO that starts around 02h00 and

finishes near 16h00. A strong seasonality to the fin whale call detection rates is shown in a set of multiyear

plots; fin whale 20 Hz calls are detected in greater numbers during the winter months in O’ahu than in other

times of the year.

To meet the second objective, call parameters are evaluated following the localization step to see if the

addition of localization information improves the clarity of the estimated parameters. Peak frequency, start

frequency, stop frequency, and inter-detection interval (IDI) are plotted for the unpruned, frequency pruned,

and frequency & phantom pruned cases. The specific implementation of the peak frequency estimator

introduced banding into the peak frequency plots that is also visible in the stop frequency plots. Frequency

pruning made start and stop frequency easier to assess than in the unpruned data. Finally, calculated IDI

better matched with the literature for North Pacific fin whale ICI when both frequency and phantom pruning

are applied compared to frequency pruning alone. The improvement in ICI estimation when phantom pruning

is applied demonstrates that localization can be a useful tool in evaluating marine mammal call parameters

even when the localization information itself is not of immediate use.
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CHAPTER 5
SUMMARY, CONCLUSIONS, AND FURTHER RESEARCH

DIRECTIONS

5.1 Summary

This dissertation presented two different underwater acoustical signal processing approaches aimed at ac-

cessing and/or utilizing information contained in the recorded acoustic data. Particular emphasis was placed

on the objective of passive acoustic localization of marine mammals, although the potential applications of

these techniques are not limited to biological sound sources.

In Chapter 2, blind channel estimation (BCE) is presented as an approach to identify ocean waveguide im-

pulse responses (IRs) using simultaneous recordings of the same unknown source by different geographically-

spaced hydrophones. Given the greater clarity that arrival times may possess in a waveguide IR, compared

to the recorded acoustic data, BCE is explored as a potential data processing approach to emphasize these

key features in the data before subsequent analyses take place. A single impulse response is estimated be-

tween the source and each receiver. Differences between the recordings at different hydrophones are taken

to reflect differences in the underlying channel IRs. Initial simulations using an underwater acoustic prop-

agation model indicate that BCE may yield reasonable IR estimates under somewhat idealized conditions.

However when a time-varying property to the underlying IRs is introduced, IR estimation deteriorates. This

time-varying property resembles water depth variation due to progressive ocean surface waves on the same

time scale as the duration of the source waveform. One possible explanation for this deterioration is that a

time-varying characteristic to the IRs introduces differences in the received waveforms that are inconsistent

with a static source and a set of static IRs. Thus, BCE seeks a more complicated set of estimated IRs than

for the static IR case, resulting in estimated IRs that are a poor match to the original.

In Chapter 3, a novel algorithm that uses differences in eigenray arrival times to estimate the horizontal

range between a single hydrophone and a submerged sound source is presented. Following bandpass filtering

and downsampling, a matched filter-based automated detector is used to identify sounds of interest in the

acoustic data. Next, the differences between the earliest eigenray arrival for each detection, and the next

2-4 arrivals, are measured. These so-called relative arrival times (RATs) identified from each detected sound

are then compared to model-predicted RATs calculated using an underwater acoustic propagation model at

a set of candidate source ranges. The closest fit between measured and model-predicted RATs indicates the

estimated range for the source in question. Fit is assessed using a novel cost function that is robust to some

unavoidable sources of false positives in the measured RAT sets and different numbers of model-predicted

RATs at different ranges.

Chapter 3 then presents a series of simulations which demonstrate the performance of this localization

approach during typical operation, as well as when the source range or depth go outside the established

bounds. These simulations also explore how overlapping calls may lead to reduced performance. Finally,

this chapter uses ground-truthed air gun data collected at the ALOHA cabled observatory (ACO) to show

that estimated ranges to the 296 individual air gun shots match well with their true ranges.

Finally, Chapter 4 presents localization results using fin whale 20 Hz calls recorded at ACO between
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2007-2017. The localization process presented in Chapter 3 is applied to this multi-year data set, yielding

41,481,171 localized detections. Frequency pruning is then applied, reducing the dataset to 13,069,837

calls with a lower false positive rate from noise and sei whale calls. Following phantom pruning, 3,445,568

detections remain with fewer duplicate detections per call due to multipath arrivals. Following the pruning

steps, the impact of pruning on the estimation of fin whale 20 Hz call features is investigated. Peak frequency,

stop frequency, start frequency, and inter-call interval are measured for the no pruning, frequency pruning,

and frequency + phantom pruning cases. Frequency pruning was particularly helpful in identifying start,

stop, and peak frequency values. Phantom pruning (in particular the phantom-track pruning, rather than

an ambiguity threshold) yielded estimates of inter-call interval which are consistent with published values

for North Pacific fin whales.

5.2 Conclusions

While the focus of this dissertation is to develop and demonstrate a set of data analysis approaches within

the context of underwater acoustic signal processing, rather than carry out a study with a particular research

question in mind, there are a number of observations that may be drawn from this work.

Time-varying underwater acoustic impulse responses may make blind channel estimation problematic.

Indeed, given that the very existence of an impulse response requires the underlying system be both linear

and time-invariant, any system (whether or not it be an underwater acoustic waveguide) whose impulse

response varies on the same time scale as the duration of the signal being used to excite said system may

not be well-suited to investigation using blind channel estimation.

The localization cost function presented in this dissertation is robust to the inevitable presence of noise in

the measured acoustic data. One form this noise takes is in the measured RATs for each detected source. The

cost function is specifically designed to expect that only a subset of the measured RATs will be physically

meaningful for the source in question. The origins for the remaining RATs include spurious peaks in the

cross-correlation envelope function due to side lobes from true arrivals and background noise. Simulations

and validated measured data results show that the maximum ambiguity calculated using this cost function

can accurately indicate source range in the presence of realistic ocean conditions.

The validated measured data also reveals how localization errors can be introduced by the measured

RAT estimation process. The improved range estimation accuracy when RATs were manually picked, versus

when detections were manually picked and RATs were autonomously picked, suggests there is room for

improvement in how RATs are currently estimated in this approach. One such improvement would be

improving the capacity of the underwater acoustic propagation model to predict eigenray detectability with

the aim of reducing short range localization bias.

This work demonstrates that localization can be a useful signal processing step even if the estimated

locations themselves are not of immediate use. The utility of a localization analysis is particularly apparent

in the estimated inter-detection interval results when pruning is applied which relies on localization having

taken place first. The good agreement between estimated fin whale inter-call interval in this work and

published values from the literature, once phantom pruning is applied, demonstrates this indirect utility

of localization. The elimination of higher order eigenray paths from a set of marine mammal detections

through phantom pruning, for example, reduces the likelihood of counting the same call more than once.
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This simplifies the identification of inter-call interval from an inter-detection interval analysis.

Phantom pruning gives an additional tool to discriminate spurious detections from physically meaningful

ones. In some cases, these spurious detections may yield phantom tracks which match well to the measured

data but at an incorrect range. Thus, ambiguity score alone is insufficient to identify these false tracks.

Incorporating a pruning criterion whereby calls are eliminated whose measured arrival times match those

of previous detected calls within a defined time interval can be more effective at eliminating these phantom

tracks than ambiguity score. A downside of this phantom pruning is that multiple closely-spaced calls are

less likely to each be localized correctly, since latter ones may be pruned away depending on how similar

their arrival times are to the earlier arriving calls.

5.3 Further Research Directions

A useful next step to improve the localization approach introduced in this dissertation is the inclusion of an

uncertainty analysis following the range estimation step. The area under the ambiguity vector calculated

for each detection could be interpreted as a reflection of the range estimation uncertainty. However, the

multiple significant local maxima typically found in the ambiguity vectors for this work will require careful

thought in how best to represent this uncertainty in a reliable and insightful way.

Given that marine mammal density estimation (i.e., estimating the number of marine mammals per unit

area) uses calls produced per unit time as one of its inputs, it may be possible to refine estimates of North

Pacific fin whale density in the vicinity of ACO using local estimates of inter-call interval developed in this

work.

Fin whale 20 Hz call detection rates are visibly lower in the January 2016 and 2017 calling seasons than

in the four previous calling seasons. This phenomenon suggests a combination of two hypotheses:

• There are fewer 20 Hz fin whale calls in the 2016 and 2017 calling seasons; and

• The matched filter detector is be less effective in these later years than it was in earlier calling seasons.

Looking into which of these hypotheses are plausible would yield insight into whether fin whale calling

behavior or presence north of Hawaii is changing. Alternatively, a sea surface temperature anomaly observed

near Maui that influenced humpback whale chorusing levels (Kügler et al. [2020, 2021]) may also help explain

the reduction in fin whale detection rates in these calling seasons.

When calculating model-predicted RATs, using a propagation model which better accounts for instances

where reflection or refraction-based attenuation may make identification of certain arrival paths difficult in

the measured data will improve localization performance (particularly at close range).

Currently, the localizer can handle having more measured RATs than expected. This was necessary to

building the localizer in the first place, since the RAT estimator is never going pick out exclusively the

physically meaningful RATs while perfectly disregarding noise. Building on this, the localizer could be made

robust to predicting more measured arrivals than are actually present in the data. Effectively, the cost

function could be modified to not only search for a subset of the set of measured RATs for each detection,

but also search over a subset of the model-predicted RATs. This will come at the cost of significantly-higher

computational cost, however.
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The banding seen in call frequency characteristics histograms is likely a result of interpolation of the power

spectral density within the matched filter detector. In other words, not all frequencies in the interpolated

PSD are equally likely of containing a PSD local maximum due to the interpolation. Calculating frequency

characteristics of each detection prior to downsampling will improve any bias in peak frequency values due

to downsampling, at the cost of increased computational complexity of the detection phase of the overall

localization approach. Looking into how much time is saved by processing downsampled, rather than the

original, acoustic files may help in the decision on whether downsampling is justified in the first place.

Implementing a database to consolidate detection, measured RATs, and range estimates in a single spot

(rather than multiple individual MATLAB directory structures as it is currently implemented) would simplify

analysis of the localization information by making it easier to keep track of data as it moves from pre-pruned

through the post-pruned data structures. Such a database would also reduce the storage requirements of

this approach by reducing the needless duplication of detections and measured RAT sets between the pre

and post-pruned cases.

The same data used in this dissertation may be of interest in other applications. The length of the

acoustic data record at ACO, and the low-noise recording environment, make it a high quality data source.

The localization work in this dissertation looked exclusively at data in the lowest 100 Hz, leaving most of the

recording bandwidth unused. Additionally, in recent years, advances have been made in the application of

machine learning approaches to underwater sound source localization (Bianco et al. [2019], Roch et al. [2021]).

The validated air gun data used in this work to demonstrate our localization approach in Section 3.5.2 could

potentially be used to tune a supervised machine learning-based localizer for the ocean environment near

ACO.
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APPENDIX A
GLOSSARY

This appendix lists and defines some commonly-used terms used in the body of this dissertation. In some

cases (e.g., ACO), terms are used in more than one chapter. In these cases, terms are defined in the first

chapter they appear in.

Chapter 2 - Blind channel estimation

ACO

The ALOHA Cabled Observatory - an underwater oceanographic data collection site and initiative

located north of O’ahu

BCE

Blind Channel Estimation - the process of estimating a set of impulse responses using recorded data

of the same source signal without knowledge of the characteristics of this source

BP

Basis Pursuit - The process of decomposing a signal into the superposition of an optimal set of simpler

signals whereby the ℓ1 norm over the set of decomposition coefficients is minimized, as presented in

Chen et al. [2001]

Convex Optimization

An optimization approach whereby:

min f0(x) (A.1)

subject to fi(x) ≤ bi, i = 1, . . . ,m (A.2)

where f0, . . . , fm are convex (i.e., satisfy fi(αx+ βb) ≤ αfi(x) + βfi(y)), (A.3)

as described in Boyd and Vandenberghe [2004]

CoSaMP

Compressive Sampling Matching Pursuit - A blind channel estimation algorithm presented in Needell

and Tropp [2009]

Eigenray

An acoustic ray path connecting a source and receiver pair (e.g., the ray that leaves the source, bounces

once off the bottom, once off the surface, then reaching the receiver). Sometimes referred to as an arrival

path.

IR

Impulse response

166



LS

Least Squares - A blind channel estimation algorithm presented in Xu et al. [1995]

MP

Matching Pursuit - A blind channel estimation algorithm presented in Mallat and Zhang [1993]

NESTA

Nesterov’s Algorithm - A basis pursuit-based convex optimization algorithm as presented in Becker

et al. [2011]

OMP

Orthogonal Matching Pursuit - A blind channel estimation algorithm presented in Tropp and Gilbert

[2007]

Passive Underwater Acoustic Localization

The process of estimating components of an underwater subjects location (including range and/or

depth) using the underwater sounds of the subject

Sparse Recovery Algorithm

A computational approach to estimating a set of impulse responses where the majority of IR values

are assumed to be zero

Subspace

A blind channel estimation algorithm presented in Moulines et al. [1995]

Chapter 3 - Single hydrophone ranging in deep water

Ambiguity

A quantitative measure of the match between measured and model-predicted RATs. The higher the

ambiguity value, the better the match.

BELLHOP

A ray-tracing underwater acoustic propagation model as presented in Porter and Liu [1994]

BS

The eigenray path that leaves the source, reflects off the bottom first, then the surface, before reaching

the receiver

BS2

The eigenray path that leaves the source, reflects off the bottom first, then the surface, then the bottom,

then the surface before reaching the hydrophone

BS3

The eigenray path that leaves the source, reflects off the bottom first, then the surface, then the bottom,

then the surface, then the bottom, then the surface before reaching the hydrophone
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BS4

The eigenray path that leaves the source, reflects off the bottom first, then the surface, then the bottom,

then the surface, then the bottom, then the surface, then the bottom, then the surface before reaching

the hydrophone

Candidate source range

A range from ACO at which model-predicted RATs are calculated and the potential presence of a

source signal is evaluated at

D

The eigenray path that travels from source to receiver without reflecting off either the surface or bottom

DA

Data Analysis

DC

Data Collection

DCL

Detection, Classification, Localization - In the context of this work, the set of passive underwater

acoustic algorithms implemented for assessing the presence of a potential signal of interest (Detection),

assigning a species-level label to these detections (Classification), and estimating parameters of the

sound source location (Localization)

Depth

The vertical distance between the ocean surface and a point of interest

Double Option Zone

A set of candidate source ranges about an eigenray cutoff range which has two distinct set of RATs at

each candidate source range: one where the eigenray in question is still detectable, and one in which

it is not detectable

Frequency Pruning

The process of comparing measured peak and stop frequency values against thresholds intended to

discriminate between fin and sei whale calls

Higher-order Arrival Path

An eigenray which arrives comparatively later at the hydrophone

Matched Filter

A signal processing technique, commonly used in detection and classification applications, whereby the

cross-correlation between a signal of interest and a recorded waveform is used to assess the presence

or absence of the signal of interest.

Measured Relative Arrival Times

The set of relative arrival times estimated from the recorded acoustic data
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MPRATs

Model-Predicted Relative Arrival Times - The set of relative arrival times at each candidate source

range which are calculated using an acoustic propagation model and compared against the measured

relative arrival times

OBS

Ocean Bottom Seismometer

Peak Frequency

fpeak, the frequency of highest PSD within the detected call

Phantom Pruning

The process of comparing measured RATs for the current call against those of previous calls whose

peak and stop frequencies satisfied the frequency pruning criteria. Intended to reduce the false positive

rate by reducing the likelihood of multiple reflected arrivals of a single call being localized.

Phantom Track

A spurious track, paralleling the true track, arising from higher order arrivals of a set of calls being

misinterpreted as lower order arrivals

Pruning

The process of carrying out frequency and phantom discrimination on the features of detected and

localized calls with the aim of reducing the false positive rate

PSD

Power Spectral Density

Range

The horizontal distance between two points

RAT

Relative Arrival Time - The difference in arrival time at a hydrophone between the earliest arrival of

an underwater sound and a higher-order arrival path. The direct-path arrival may, or may not, be the

earliest arrival depending on local oceanographic conditions.

RAYFAST

A ray-based underwater acoustic propagation model specifically designed to calculate eigenray arrival

times, as presented in Dosso and Ebbeson [2006]

Reference Waveform

In a matched filtering context, the signal whose presence is being assessed in the data

SNR

Signal to Noise Ratio

SSP

Sound Speed Profile
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Stop Frequency

fstop, the lowest frequency greater than fpeak whose PSD is 6dB lower than the peak PSD value

TDOA

Time Difference Of Arrival - The difference in arrival time of the same sound at multiple hydrophones.

Not to be confused with Relative Arrival Times.

Chapter 4 - Automated fin whale localization

ICI

Inter-Call Interval, the time spacing between consecutive calls in a calling sequence

IDI

Inter-Detection Interval, the time spacing between consecutive call detections.

Start frequency

fstart, the highest frequency lower than fpeak whose PSD is 6dB lower than the peak PSD value

Track

A set of individual consecutive, or nearly consecutive, calls that could have come from the same source
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APPENDIX B
SIMULATION STUDIES

In this appendix, simulation results are presented to demonstrate the performance of the localization ap-

proach in conditions emulating those of the ACO site. To better match with the results that will be presented

in Chapter 4, the source waveforms for these simulations are a set of three measured fin whale 20 Hz call

recorded by the ACO hydrophone.

These simulations investigate four different questions related to the application of this sound source range

estimation approach to the ACO data set:

• Simulation 1: Can a source that smoothly travels through the close, medium, and far ranges near

ACO be accurately tracked?

• Simulation 2: If source depth deviates from the expected value of 50 m, does the range estimate

become less accurate?

• Simulation 3: If source range exceeds the maximum range included in the candidate source range

set, what effect is seen in estimated range?

• Simulation 4: If multiple simultaneous tracks are present in the recorded acoustic data (with one of

three different time offsets between the two tracks) what effect is seen in the estimated ranges?

To help answer these 4 questions, a series of 82 simulated source locations are defined. Using a water

depth of 4667 m, a hydrophone 2 m off the bottom, the measured SSP used to generate the MPRATs, and

the RAYFAST propagation model, model-predicted travel times for the D, BS, BS2, BS3, and BS4 arrival

paths for each of the 82 sources are calculated. These travel times, in addition to the fin whale source

waveform and call source times, are used to simulate the received waveforms for each of the 82 simulated

source locations. In other words RAYFAST is used to calculate a simple impulse response for each of the

82 source locations based on the defined source, receiver, and environmental conditions. These impulse

responses are then convolved with the same source waveform to create simulated received waveforms for

each of the 82 simulated sources. These 82 simulated waveforms are then concatenated to create a single

simulated recorded waveform. White Gaussian noise is added to the simulated waveforms to allow the

automated detector to potentially find false positives in the background noise. The resulting concatenated

simulated waveform is shown in Figure B.1. This process is repeated for two different recorded fin whale calls

(also from the ACO recorded data set) to give some insight into how different source waveforms at the same

physical location, and with the same background noise, may be localized differently. Once this concatenated

waveform is calculated, the data processing sequence depicted in Figure 3.5 is applied to the data.
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Figure B.1: Simulated waveform for 82 source locations in an environment emulating that of ACO.
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B.1 Simulation 1: Source moving through close, medium, and far

range

Simulation 1 uses 34 source ranges. The closest source is 500 m from the hydrophone, the next closest is

3 km away, and subsequent sources step progressively by 3 km in range to a maximum range of 99 km for

the 34th source. Each source is at a depth of 50 m, with 30 seconds between sources so that the received

waveform for one call does not overlap with another.

Figure B.2 shows the ambiguity vector for the Simulation 1 source at 39km. The lower and upper limits

for both double option zones are indicated by vertical dashed lines. Note that each candidate source range

value in a double option zone has two different ambiguity values; one for each of the two different sets of

model-predicted RATs at each of those double option zone ranges. The true source range (39 km) resides at

medium range, indicating that there are exactly 3 RATs that the localization function ought to search for

from this shot: BS2-BS, BS3-BS, and BS4-BS. The jaggedness of the cost function in these double option

zones is due to model-predicted RAT sets consisting of 3 RATs yielding higher ambiguity values than either

the 4 RAT (in the short:medium double option zone) and the 2 RAT (in the medium:long double option

zones) model-predicted sets.

Figure B.3 shows the same ambiguity vector plotted in Figure B.2, only with the two double option zones

consolidated. In other words, at each candidate source range in each of the two double option zones, only

the peak ambiguity value is plotted in Figure B.3. These consolidated ambiguity values represent the overall

ambiguity at each range, and is the value used when ascertaining the global maximum ambiguity value and

corresponding source range estimate.

The global maximum ambiguity value in Figure B.3 is the closest candidate source to the true source

range in this case. However, there are 6 other local maxima in the consolidated ambiguity vector. Each of

these reflects the best-fit match between the same set of data and an incorrect set of model-predicted RATs.

Figure B.4 illustrates the fit between the simulated data for a source at 39 km and the model-predicted

RATs at the closest candidate source range. In particular, subplot C shows that the cross-correlation yields

significant side lobes in addition to the largest peak for each arrival path. These secondary ambiguity peaks

in the ambiguity vector in Figure B.3 represent cases where the model-predicted data matches to a subset

of the true measured RATs or a match to some combination of noise and true peaks. In practice, these

secondary ambiguity vector peaks are lower than the expected peak and typically do not interfere with

accurate localization.

Figure B.5 shows the set of true and estimated ranges for Simulation 1 and Source 1. Simulation 1 results

for the remaining two sources are shown in Figure B.6 and Figure B.7.

Across all three source waveforms, there is good match between the true and estimated range for the

34 source waveforms. A tendency toward a greater difference between true and estimated range as range

increases is due to decreasing range resolution with increasing range.

The three different source waveforms gave different false positive rates in Figures B.5 through B.7. Figures

B.8, B.9, and B.10 show the resulting set of estimated vs. true ranges after frequency and phantom pruning

is applied. The pruning process successfully eliminates almost all of the false positives, at the expense of

also pruning away several true positives.
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Figure B.2: Ambiguity vector (blue solid line) for the Simulation 1 source at 39 km. Double option zone
boundaries are marked by vertical red dashed lines. The true source range is indicated by the red X symbol.
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Figure B.3: Ambiguity vector (blue solid line) for the Simulation 1 source at 39 km. Double option zones
have been consolidated such that the maximum ambiguity value at each range is plotted. Double option
zone boundaries are marked by vertical red dashed lines. The true source range is indicated by the red X
symbol.
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Figure B.4: Time series depicting the relative arrival time estimation process for the Simulation 1 source 39
km from the hydrophone. a Recorded time series waveform. b Spectrogram in the 10-30 Hz range, with red
∗ symbols highlighting automated detector output after pruning was done. c Cross-correlation (red trend),
and cross-correlation envelope (blue trend) between the earliest arrival waveform and the entire time series
shown in the top subplot. The width of the cross-correlation peaks is approximately 0.1 s. Green + symbols
indicate the 9 highest cross-correlation envelope peaks other than those for the arrival waveform at time
= 2.5s. Purple X symbols show the optimum fit between a model-predicted RAT set.
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Figure B.5: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 1.
Filled circle color indicates the ambiguity value for that estimated location on the color bar. Double option
zone limits, and the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.6: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 2.
Filled circle color indicates the ambiguity value for that estimated location on the color bar. Double option
zone limits, and the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.7: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 3.
Filled circle color indicates the ambiguity value for that estimated location on the color bar. Double option
zone limits, and the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.8: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 1
after frequency and phantom pruning are applied. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.
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Figure B.9: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 2
after frequency and phantom pruning are applied. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.

181



0 200 400 600 800 1000

Time [s]

0

20

40

60

80

100

120

140

160

R
a
n

g
e
 [

k
m

]

Estimated

True

Double Option

Max Range

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure B.10: True (red + symbols) vs. estimated (filled circles) source range for Simulation 1 and Source 3
after frequency and phantom pruning are applied. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.
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B.2 Simulation 2: Source depth deviates from 50 m

Simulation 2 explores the implications of incorrectly assumed source depth on horizontal range estimates.

Nine different source depths are simulated, all at a range of 40 km. The set of simulated source depths are:

(10, 30, 50, 70, 90, 200, 300, 400, 500) m, and the nine source transmissions are spaced 30 seconds apart.

The results from the three sources didn’t greatly differ, so only those from Source 1 are shown here in Figure

B.11.

When source depth is within 40 m of the assumed depth (i.e., for the [10, 30, 50, 70, 90] m simulated

source depth cases), the estimated range is the closest candidate source range to the true range. Thus, the

range estimate is correct when the simulated and assumed source depth are both equal to 50 m (third source

from the left in Figure B.11). For the next three deepest simulated source depths [200, 300, 400] m, the

estimated range is within 500 m of the true range. Finally, for the deepest simulated source depth [500 m],

the estimated range is 900 m greater than the true range. For the greatest difference between true (500 m)

and assumed (50 m) source depth (the last source on the right), the estimated range is within 900 m of the

true range.

Figure B.12 shows the results of Simulation 2 for Source 1 after pruning has been applied to the results.

As with the Simulation 1 results, almost all of the false positives were removed, as was the estimated range

for the simulated call whose true depth is 500 m. This case illustrates how a noisy detection can interfere

with a true detection despite the use of both frequency and phantom pruning. Here, the noisy detection

with an estimated range of 138 km matches the frequency pruning criteria and is close enough in time to the

ninth simulated source that phantom pruning removes the true detection in favor of the earlier, noisy one.
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Figure B.11: True (red + symbols) vs. estimated (filled circles) source range for Simulation 2 and Source 1.
Filled circle color indicates the ambiguity value for that estimated location on the color bar. Double option
zone limits, and the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.12: True (red + symbols) vs. estimated (filled circles) source range for Simulation 2 and Source 1
after frequency and phantom pruning are applied. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.
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B.3 Simulation 3: Source range exceeds maximum candidate source

range

In Simulation 3, nine different simulated calls were used to explore the effect on range estimates when the true

call range exceeds the maximum range of the MPRATs. The track for Simulation 3 starts at a range of 138

km, with each subsequent call 4 km more distant from the hydrophone than the last out to a maximum range

of 170 km. The maximum MPRAT range is 147 km. The results for the three different source waveforms

are not significantly different, so only those for Source 1 are shown here in Figure B.13.

The first three sources are within the sensing range of the MPRATs, and localization yields reliable ranges

estimates for these sources. The following five sources are beyond the maximum range. The fourth source

yields an estimated range somewhat close to the true range, suggesting that if the source is just beyond the

max sensing range the localizer will yield an estimated range at the maximum sensing range. However, the

final five sources yield estimated ranges that are distant from the true range.

Figure B.14 shows the results of Simulation 3 for Source 1 after pruning has been applied to the results.

In this case, phantom pruning eliminated the estimated range for the first call in this simulation, although

the estimated ranges for the three subsequent calls remain.
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Figure B.13: True (red + symbols) vs. estimated (filled circles) source range for Simulation 3 and Source 1.
Filled circle color indicates the ambiguity value for that estimated location on the color bar. Double option
zone limits, and the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.14: True (red + symbols) vs. estimated (filled circles) source range for Simulation 3 and Source 1
after frequency and phantom pruning are applied. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.
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B.4 Simulation 4: Overlapping call sequences

To look at the effect of overlapping calls, pairs of tracks with the same source waveform and at the same

source locations, but with a constant time offset between the calls in the two tracks, were used. In each

case, two tracks (Track A and B), each composed of 5 individual sources, are used. The three time offsets

between the tracks are: 8.5 s, 11 s, and 0.25 s. These three time offsets were specifically chosen to highlight

three different degrees of obscurement of Track A by Track B.

B.4.1 Simulation 4a: No multipath overlap

The first overlap (8.5 s) was chosen so that the D arrival of Track B reaches the hydrophone between the

BS2 and BS3 arrivals of Track A. The proximity of the D arrival in Track B to these higher-order arrivals

from Track A mean that phantom pruning may make discerning Track B difficult. Prior to pruning (Figure

B.15), all ten of the sources are correctly ranged. After pruning (Figure B.16), the first four calls in Track B

are pruned away due to phantom pruning. However, the fifth call in Track A is also pruned away, allowing

the fifth call in Track B to pass through the pruning process.
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Figure B.15: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 8.5 s between the two tracks. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.
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Figure B.16: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 8.5 s between the two tracks. Only post-pruning results are shown. Filled circle color
indicates the ambiguity value for that estimated location on the color bar. Double option zone limits, and
the range estimation limit, are shown as dashed and solid lines, respectively.
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Figure B.17: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 11 s between the two tracks. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.

B.4.2 Simulation 4b: Partial multipath overlap

The second overlap (11 s) was chosen so that the D arrival of Track B reaches the hydrophone at the same

time as the BS4 arrival of Track A. As such, the sources in Track B are not expected to yield locations

that survive the pruning process. Prior to pruning (Figure B.17), all ten sources across Tracks A and B

are localized accurately, along with a collection of noisy range estimates. After pruning (Figure B.18), no

sources from Track B are left, and most of the noisy range estimates have also been eliminated.
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Figure B.18: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 11 s between the two tracks. Only post-pruning results are shown. Filled circle color
indicates the ambiguity value for that estimated location on the color bar. Double option zone limits, and
the range estimation limit, are shown as dashed and solid lines, respectively.

193



2500 2550 2600 2650 2700 2750 2800 2850 2900

Time [s]

0

20

40

60

80

100

120

140

160
R

a
n

g
e
 [

k
m

]
Estimated

True

Double Option

Max Range

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Figure B.19: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 0.5 s between the two tracks. Filled circle color indicates the ambiguity value for that
estimated location on the color bar. Double option zone limits, and the range estimation limit, are shown
as dashed and solid lines, respectively.

B.4.3 Simulation 4c: Full multipath overlap

The third overlap (0.5 s) was chosen so that each arrival of Track B reaches the hydrophone half a second

after the same arrival in Track A. With this degree of overlap, reliable localization of either Track A or Track

B may be difficult, given that the waveform for each arrival is partially obscured. Prior to pruning (Figure

B.19), the localizer yields good range estimates for the first 4 sources in Track A, but no sources from Track

B. Following pruning (Figure B.20), no calls from either Track remain. For both figures, there is only 0.5 s

between the Track A and Track B true source times, which explains why it appears that only 5 true source

+ symbols are present, compared to the 10 found in the other figures shown for Simulation 4.
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Figure B.20: True (red + symbols) vs. estimated (filled circles) source range for Simulation 4 and Source
1, with an offset of 0.5 s between the two tracks. Only post-pruning results are shown. Filled circle color
indicates the ambiguity value for that estimated location on the color bar. Double option zone limits, and
the range estimation limit, are shown as dashed and solid lines, respectively.
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B.5 Discussion

In Simulation 1 (Section B.1), the ability of the localization approach to yield correct source ranges for a

track that spans short:medium:far range is tested. The localization algorithm accurately estimates source

range for all calls prior to pruning. Most of the false positive detections are eliminated during the pruning

process, at the cost of also eliminating several true positives. While the loss of true positives is unfortunate,

this is not seen as a significant flaw in the localization approach presented here. While a tracking algorithm is

not implemented in this work, it is anticipated that such a tracking approach would be capable of gracefully

dealing with small holes in an otherwise consistent track such as is used in Simulation 1, or would be able to

overcome clutter caused by false positives. It is also shown in Simulation 1 that the three sources produced

similar results. Because of this, only results using source 1 are shown for the remaining 3 simulations.

In Simulation 2 (Section B.2), the behavior of the localization approach if source depth is not precisely

at 50 m is tested. Prior to pruning, the range for each source is within 900 m of the true range (40 km) when

the actual source depth varies from 10 m to 500 m. As source depth increases, there is a slight tendency to

over-estimate range, although this effect is small relative to source range.

In Simulation 3 (Section B.3), the effect of sources whose range exceeds the largest candidate source range

was tested. The maximum range from the set of candidate source ranges is 147 km. In Simulation 3, nine

simulated calls between 138 - 170 km are located. Prior to pruning, accurate range estimates are made for

the three sources whose range is less than largest candidate source range. The source whose range is slightly

longer than the maximum range still yields a plausible range estimate, but the remaining 5 sources in the

track do not yield useful range estimates. This suggests that there is a source range (somewhat larger than

the largest candidate source range) beyond which reliable range estimation is no longer possible. During

the pruning for Simulation 3, if a noisy detection occurs just before the track begins, the first source in the

track is pruned away by the phantom pruning criteria. This illustrates an occasional, but not particularly

problematic, drawback of our localization approach wherein from time to time a noisy detection will satisfy

the pruning criteria at just the right moment to obscure a call of interest.

Simulation 4 (Section B.4) investigated the effect of call overlap on range estimation. The figures in this

section showed that the phantom pruning criteria can complicate range estimation of a closely-following call.

In addition, when all the arrivals of the first call are partially obscured by those of the second (such as might

happen when two calls at the same location are made one immediately following the other), the second call

may not appear in the set of pre-pruned range estimates at all.
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