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ABSTRACT 

Passive acoustic localization has benefited from many major developments and has 

become an increasingly important focus point in marine mammal research. Several 

challenges still remain. This work seeks to address several of these challenges such as 

tracking the calling depths of baleen whales. In this work, data from an array of widely 

spaced Marine Acoustic Recording Units (MARUs) was used to achieve three 

dimensional localization by combining the methods Time Difference of Arrival 

(TDOA) and Direct-Reflected Time Difference of Anival (DRTD) along with a newly 

developed autocorrelation technique. TDOA was applied to data for two dimensional 

(latitude and longitude) localization and depth was resolved using DRTD. Previously, 

DRTD had been limited to pulsed broadband signals, such as sperm whale or dolphin 

echolocation, where individual direct and reflected signals are separated in time. Due to 

the length of typical baleen whale vocalizations, individual multipath signal arrivals 

can overlap making time differences of arrival difficult to resolve. This problem can be 

solved using an autocorrelation, which can extract reflection information from 

overlapping signals. To establish this technique, a derivation was made to model the 
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autocorrelation of a direct signal and its overlapping reflection. The model was 

exploited to derive performance limits allowing for prediction of the minimum 

resolvable direct-reflected time difference for a known signal type. The dependence on 

signal parameters (sweep rate, call duration) was also investigated. The model was then 

verified using both recorded and simulated data from two analysis cases for North 

Atlantic right whales (NARWs, Eubalaena glacialis) and humpback whales (Megaptera 

noveaengliae). The newly developed autocorrelation technique was then combined with 

DRTD and tested using data from playback transmissions to localize an acoustic 

transducer at a known depth and location. The combined DRTD-autocorrelation 

methods enabled calling depth and range estimations of a vocalizing NARW and 

humpback whale in two separate cases. The DRTD-autocorrelation method was then 

combined with TDOA to create a three dimensional track of a NARW in the Stellwagen 

Bank National Marine Sanctuary. Results from these experiments illustrated the 

potential of the combined methods to successfully resolve baleen calling depths in three 

dimensions. 

v 



Contents 

Abstract 

1 Introduction 

1.1 Passive acoustics 

1.2 Applications in passive acoustics 

1.2.1 A brief history of early applications 

1.2.2 Application to marine mammals . . 

1.2.3 Passive acoustics for marine animal localization . 

1.2.3.1 Time difference of arrival ..... 

1.2.3.2 Modal dispersion range estimation 

1.2.3 .3 Direct-reflected time difference of atTival . 

1.2.4 Hardware . . . . 

1.2.4.1 Arrays 

1.2.4.2 Buoys 

1.2.4.3 Marine Acoustic Recording Units . 

1.3 Challenges Remaining . . . . . . . . . 

1.3.1 Three dimensional localization . 

Vl 

iv 

1 

1 

2 

3 

5 

7 

8 

9 

9 

10 

10 

12 

12 

14 

14 



1.3.2 Passive acoustic data collection systems 

1.4 Motivation . . ... . ..... . . 

1.5 

1.4.1 

1.4.2 

Primary contribution goals 

Secondary contribution goals . 

Organization . . . . . . . . . . . . . . 

1.5.1 Chapter 2: Development of current techniques 

1.5.2 Chapter 3: Derivation of a new technique 

1.5 .3 Chapter 4: Estimation of calling depths . 

1.5.4 Chapter 5: Combining of techniques and conclusions 

1.5.5 Appendices . . . . . . 

2 Development of Current Methods 

2.1 Development of the Time Difference Of Arrival method . 

2.1.1 

2.1.2 

2.1 .3 

2.1.4 

Overview . ... . . .......... . 

Determining the time difference of arrival 

The forward method of TDOA . 

The reverse method of TDOA . 

2.1.4.1 Discussion of TDOA 

16 

17 

17 

18 

20 

20 

20 

21 

22 

22 

23 

24 

24 

25 

28 

36 

39 

2.2 Development of the Direct-Reflected Time Difference of arrival method 40 

2.2.1 Overview . . . . . . 40 

2.2.2 The forward method 

2.2.3 The reverse method . 

2.2.4 Considerations for sound propagation effects 

2.2.5 Discussion of DRTD . · . . . . . . . . . . . . 

Vll 

42 

44 

47 

50 



2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

3 Development of an Autocorrelation Method 52 

3.1 Introduction 52 

3.2 Theory . .. 55 

3.3 Solution Analysis 59 

3.3.1 Interpretation 59 

3.3.2 Dominance relation . 61 

3.3.3 Oscillation term interference 62 

3.4 Application, Prediction, Modeling and Solution Confirmation . 64 

3.4.1 Application to North Atlantic right whales (Eubalaena glacialis) . 65 

3.4.1.1 Determination of the dominant solution . 65 

3.4.1.2 Prediction of minimum time difference 66 

3.4.1.3 Analysis, Modeling and Simulation .. 67 

3.4.2 Application to humpback whales (Megaptera noveaengliae) 68 

3.4.2.1 Determination of the Dominant Solution 68 

3.4.2.2 Prediction of Minimum Time Difference 70 

3.4.2.3 Analysis, Modeling and Simulation . 72 

3.4.3 Discussion ... 74 

3.5 Superposition of Signals 75 

3.6 Conclusion ....... 76 

4 Estimating Sound Source Depths 79 

4.1 Introduction . . . . . . . . 79 

4.2 Ground Truth Experiment . 80 

Vlll 



4.2.1 Overview . . . . . . . . . . . . . . . . . . . . 

4.2.2 Resolving time-differences via autocorrelation 

4.2.3 Applying DRTD . . . . . . . 

4.2.4 Application to Baleen Whales 

4.3 Estimating NARW calling depths . . . 

4.3.0.1 Estimating humpback whale calling depths . 

4.4 Limitations to depth estimation . 

4.5 Conclusion . . ..... . .. . 

80 

81 

83 

84 

85 

88 

89 

91 

5 Achieving 3D Tracking and Conclusions 97 

5.1 Tracking calling depths and movements of a NARW in Stellwagen Bank 

National Marine Sanctuary 97 

5.1.1 Overview 

5 .1.2 Tracking 

5.2 Conclusions .. . 

5.2.1 

5.2.2 

5.2.3 

Comparison with other methods 

Impacts on marine mammal research 

future work . . . . . . . . . . . . . . 

A Non-linear Frequency Sweeps 

B A New Marine Acoustic Recording Unit 

B.1 Development of the Low-cost Open-source Marine Acoustic Device (LO-

MAD) .. . . .. .......... . 

B.2 General description and functionality . 

IX 

98 

99 

103 

103 

105 

106 

108 

111 

111 

. 114 



B.3 Working Specifications . 

B.4 LOMAD Circuit Design 

B.5 

B.6 

B.7 

B.4.1 Microcontroller section . 

B.4.2 Analog to Digital Converter (ADC) section 

B.4.2.1 Low pass filter and DC biasing circuit 

B.4.2.2 ADC ICs ..... 

B.4.2.3 Sigma Delta ADC 

B.4.3 Universal Serial Bus (USB) Universal Asynchronous Receive and 

Transmit (UART) section . 

B.4.4 Oscillator section . 

ADC Calibration .... . 

B.5.1 Digital calibration 

B.5.2 Adjusting dynamic range . 

Software .......... 

B.6.1 Operating system . 

B.6.2 Terminal driver and user terminal shell 

B.6.3 ADC Driver ... . 

B.6.4 SD memory driver 

B.6.5 Real time clock . . 

B.6.6 Release driver and signal processor 

Mechanical .. 

B.7.1 Layout 

B.7.2 Pressure case 

B.7.3 Bum wire release section . 

X 

116 

118 

120 

121 

124 

127 

129 

130 

131 

134 

134 

135 

137 

138 

140 

141 

142 

142 

143 

144 

145 

145 

147 



B.8 Testing .. . .... . .................. . .. . .. .. . 150 

B.8.1 Data logger testing . . . . . . . .. 

B.8.2 Pressure case and bum wire testing 

. 150 

. 150 

B.8 .3 Full system test . . . . . . . . . . . . . . . . . . . . . . . . . 151 

B.9 Summary . 

Bibliography 

Vita 

Xl 

. 151 

153 

160 



List of Figures 

1.1 JP Gear "hydrophone" mounted along the deck of an early submarine. 3 

1.2 JP Gear directional wheel for setting relative listening bearing. 4 

1.3 SOSUS system . . . . . . . . . . . . . . . . . . . . . . . . . 6 

1.4 A hydrophone array used for marine mammal applications. In the top left 

comer three cylindrical hydrophones can be seen. 

1.5 A MARU in a mooring configuration. 

1.6 A Cornell "pop-up" MARU. 

1. 7 A Scripps "HARP" MARU. 

2.1 The base MARU is used as a reference and each remaining MARU is paired 

11 

13 

15 

16 

with it for dt measurements and solution set calculations . . . . 25 

2.2 Spectrogram time window for two channels of a downward chirp 26 

2.3 The result of cross correlating the two signal illustrated in Fig.(2.2) 27 

2.4 For a two dimensional problem, a set of three path lengths (PL) will con-

verge at a unique point, revealing the source location . . . . . . . . . . . 28 

2.5 A local coordinate system, which may be universally applied to all MARU 

pa1rs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

Xll 



2.6 A local coordinate system, which may be universally applied to all MARU 

pairs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 

2. 7 A parabolic solution set calculated using local coordinates mirrored about 

the YLaxis. The parabola open towards the paired receiver, indicating a 

negative time difference of arrival. . . . . . . . . . . . . . . . . . 

2.8 A local coordinate system mapped to the global coordinate system 

2.9 An example of the forward method implemented in a simulation. The black 

dots indicate MARU locations, the green dot is the source location and the 

33 

34 

red, yellow and blue dotted lines are solution sets. . . . . . . . . . . . . . . 35 

2.10 A grid containing a discrete canpidate position for the source location and 

non-discrete positions of MARU . . . . . . . . . . . . . . . . . . . . . . . 37 

2.11 Example likelihood surface for TDOA resulting from a time difference of 

1.26s with a variance of 0.3s . . . . . . . . . . . . . . . . . . . . . . . . . 38 

2.12 An example of a localization where several probability surfaces are 

summed together leading to a single area of high likelihood. Black dot 

represent MARU locations, the yellow dot is the base and the green dot 

indicates the location of highest likelihood. 

2.13 First three orders of a multipath model . . . 

2.14 An example of a time series containing a beaked whale "click" with a center 

frequency of 40kHz located at approximately 1ms followed by a surface 

39 

41 

reflection arriving at approximately 1.5ms . . . . . . . . . . . . . . . . . 41 

2.15 illustration of ambiguity of single time difference location. The curved 

solid line represents the infinity of possible location pairs (R & Zs) which 

satisfy Eq.(2.20). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 

xiii 



2.16 Example of two converging solution sets yielding a unique solution of (R = 

296m, Zs = -33m) using the forward method. The line beginning at the 

top left corner represents the first order set of time difference solutions, the 

intersecting line represents the second order set of solutions. The red dot 

indicates the relative location of the MARU. . . . . . . . . . . . . . . . . 44 

2.17 Example likelihood surface of a first order solution set with dte01 = 

ll.2ms & ao1 = 2ms. For clarity, the minimum likelihood is set to -100 

dB (much smaller likelihoods are possible in far outlying areas ). . . . . . 46 

2.18 Example localization with a maximum likelihood at a depth of 30m and 

radius of 46.7m. The standard deviation was found to be +-2m for the 

depth and +-4m for the radius. The dark red region contains the area which 

is within the standard deviation. . . . . . . . . . . . . . . . . . . . . . . 47 

2.19 Model to simulate effects of sound speed stratification on localization. The 

sound speed profile is illustrated on the left. . . . . . . . . . . . . . . . . 49 

2.20 Simulated DRTD results, left is the localization result accounting for prop­

agation effects, right is the DRTD result using an isospeed assumption. 

Green Dot indicate the best estimate of the source location. . . . . . . . . . 50 

3.1 A spectrogram and accompanying set of time series showing individual 

multipath arrivals in a series of pulsed signals. R. Abbauer "One Hy­

drophone Method of Estimating Distance and Depth of Phonating Dol­

phins " (2000) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 

XIV 





4.4 Sum of the first five order likelihood surfaces for transmission source lo­

calization showing convergence at a depth of 14.8m and a radius of 168m 

from the MARU . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

4.5 Spectrogram of NARW up-call for analysis, vertical bars indicate win-

dowed data .. .... .. ......... . . 86 

4.8 Sum of likelihood surfaces for NARW localization showing convergence 

at a depth of 56m and a radius of 944m from the MARU . . . . . . . . . . 87 

4.9 Sum of likelihood surfaces for NARW localization after removal of fifth 

order solution showing convergence at a depth of 54m and a radius of 914m 

from the MARU . . . . . . . . . . . . . . . 88 

4.10 Spectrogram of humpback whale song unit . 89 

4.13 Plot of the maximum resolvable distance as a function of source depth for 

a MARU at lOOm depth and a minimum resolvable dt of 14.3ms. . 90 

4.6 Autocorrelation of a right whale up-call . . . . . . . . 93 

4.7 Spectrogram of the simulated "reflection-free" up-call . 94 

4.11 Autocorrelation of humpback song unit windowed in Fig.(4.10) with re­

flection arrival at 7.5, 16 and 32ms . . . . . . . . . . . . . . . . . . . . . . 95 

4.12 Sum of first three order likelihood surfaces for humpback whale localiza-

tion of Figs.(4.10 & 4.11) showing convergence at a depth of 30m and a 

radius of 290m from the MARU . . . . . . . . . . . . . . . . . . . . . . . 96 

5.1 Map of the 2006 SBNMS MARU deployment configuration. The white 

line indicates the sanctuary location and the dots indicate locations of the 

ARUs . . .............. .. ............ . ... . . . 99 

XVI 



5.2 Spectrogram of a windowed up call that was known to be out of range for 

application of DRTD (left) . The autocorrelation of the signal shows little 

evidence of reflection which may be resolved (right). . . .. .. ... .. . 101 

5.3 Multiple up calls received at a single sensor. The calls at 163s and 166s are 

from two different whales. The up call at 163s was localized to a depth of 

21.7m and a radius of 128m. The up call at 166m was localized at a depth 

of 35.4m and a radius of 317m. The up call at 158m was out of range for 

localization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 

5.4 A twenty minute 3D track of a right whale with depth ranging from 20 to 

40 meters. Courtesy of Denise Risch. 103 

A.1 Linear and non-linear chirp autocorrelations 110 

B.1 A fully assembled LOMAD data logger 113 

B.2 LOMADPCB .. . . 119 

B.3 LOMAD PCB layout 119 

B.4 Microcontroller section 122 

B.5 Microcontroller section 123 

B.6 ADC section . . . . . . 125 

B.7 Second Order Sallen-Key active low-pass filter (Carter, B. "A Single­

Supply Op-Amp Circuit Collection") . . . . . . . . . . . . . . . . . . . . 126 

B.8 The pin configuration for the ADS7822, the LTC1864 uses the exact same 

layout (Texas Instruments data sheet: SBAS062C) 

B.9 USB UART section 

B .1 0 Oscillator section . 

XVll 

128 

132 

133 



B .11 Software layout . . . . 

B.l2 Mooring configuration 

B.13 Pressure case cap-ring (left) and cap (right) 

B .14 Burn wire setup. Left: A shackle connects the burn wire to a weight. Right: 

A closeup of the connection setup. 

B.15 Wire loop assembly . .. ... . . . 

xviii 

139 

146 

146 

148 

149 



Chapter 1 

Introduction 

1.1 Passive acoustics 

Passive Acoustics and its application to the ocean environment can be defined as the study 

of received ambient sounds, occurring naturally through environmental and animal activi­

ties, artificially through anthropogenic sources, or by randomly occurring "noise" without 

the aid of any "active" source in an acoustics application. This is a very vague definition, 

however it is difficult to apply precision terminology to field of study with a very diverse 

history of application. In his famous book, "Principles of underwater sound" Urick de­

fines "passive" only in the terms of SONAR stating that "Passive or listening sonar systems 

use sound radiated (usually unwittingly) by the target. Here, only one-way transmission 

through the sea is involved, and the system centers around the hydrophone used to listen 

to target sounds". Setting aside this author's intentionally vague definition and Urick's 

relatively narrow definition, in lay-man's terms, passive acoustics is the art of tossing a 

hydrophone into the water and listening in. 

1 
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Passive acoustics is a relatively mature field of study with its rise as a major field of 

study occurring in the late 1930's in response to problems related to national defense. Al­

though active and passive acoustics had been in development and in use for early (and 

scientifically crude) sonar systems for over a decade, these systems focused mainly on in­

strumentation while developments were still being made in the physical and theoretical 

knowledge of sound in the ocean. Interest in the theoretical aspect of passive acoustics was 

piqued by the discovery of the large distances that sound in the ocean can travel during a 

series of seismic refraction experiments carried out by Maurice Ewing. These observations , 

along with the newly understood temperature (and thus sound speed) stratification of the 

ocean, led to the discovery of the deep water sound channel. This chain of developments 

proved that certain sounds (importantly anthropogenic) may be observed at large distances 

without the aid of any active sources, ultimately proving the potential usefulness of passive 

acoustics . 

1.2 Applications in passive acoustics 

In addition to being a mature field of study, passive acoustics is also a very diverse field of 

study; covering such a broad subject such as "application" can become quite lengthy. A 

short general background will be presented. The remaining discussion will be limited to 

subjects and background applicable to marine mammal acoustics, such as hardware com­

monly used and techniques used for marine mammal localization. 
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1.2.1 A brief history of early applications 

Very early developments in passive acoustics were in the field of anti-submarine warfare. 

An early application was through the adoption of a simple device known as "JP gear". This 

device consisted of a pair of hydrophones mounted to a rotating apparatus protruding from 

the hull of a ship in a manner similar to that of a periscope [Fig(l.l)] and was operated by 

a technician who would listed to the underwater sound using a pair of headphones. When a 

suspect sound was detected by the technician he would manually rotate the apparatus with 

a wheel [Fig(1.2)] until the sound appeared to be the loudest. The bearing of the apparatus 

relative to the ship was displayed on a gauge, thus allowing the operator to estimate the 

direction from which the sound originated. Although simple, this early method allowed for 

detection of an enemy without the aid of any electronic device more advanced than a basic 

set of amplifier and filter stages. 

Figure 1.1: JP Gear "hydrophone" mounted along the deck of an early submarine. 

With the rise of theoretical developments and knowledge, soon after came what may be 

the among the most famous, successful and large scale applications of passive acoustics; 

the development of the Sound Surveillance System of the US Navy, (SOSUS) (Whitman, 

2005). This system took advantage of the recently discovered deep sound channel in the 
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Figure 1.2: JP Gear directional wheel for setting relative listening bearing. 

ocean an its ability to transmit sound thousands of miles throughout the ocean. SOSUS pri­

marily consisted of a network of covert hydrophone arrays mounted to the ocean floor along 

the coastlines of the continental United states, Hawaii and western Europe [Fig(l.3a)]. The 

arrays were commonly of lengths greater than one hundred miles and were routed from 

the open ocean to the coastline where they were operated by multiple monitoring stations. 

Within these monitoring stations were banks of hundreds of computers, each corresponding 

to an individual section of an array [Fig(1.3b)]. These early computers would continuously 

print a sound spectrogram in real time of a narrow beam in a known direction in the ocean 

detected by an array section. For example, if a SOSUS array were mounted along the 

coast of Nantucket, and the array beam-formed directly south, the computer would print a 

spectrogram of all sound emitted in the deep water sound channel along a line (or narrow 

beam) all the way to the Dominican Republic! These computers were continuously mon­

itored by technicians trained to recognize the spectral "signature" of an enemy ship. If an 

enemy ship were to be detected, it is likely that multiple monitoring stations would have 
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detected it. The known locations of the individual arrays, and the detection bearing relative 

to each array allowed for triangulation, thus revealing the location of the enemy ship. An 

impressive part of this system is that the arrays used to locate an enemy ship thousands of 

miles away can also be themselves located thousands of miles apart. These early application 

would serve as a foundation for modern applications with many of the developments such 

as narrow beam receivers, beam-forming techniques and hydrophone arrays remaining in 

wide use today. 

1.2.2 Application to marine mammals 

Early passive acoustic developments and applications had been dedicated to the cause of 

national defense. However, after the end of WWII, the field expanded rapidly. Subjects 

ranging from acoustical oceanography to seismology and marine bioacoustics have adopted 

passive acoustics as a major data source for scientific research. In the field of biology, dis­

coveries like that of the complex vocal behaviors of cetaceans were possible through the 

adoption of passive acoustic techniques. Initial applications in marine animal bioacoustics 

had great success and proved that passive acoustics was a powerful tool for the study of 

ocean sciences. Additionally, scientific organizations such as the National Oceanic and 

Atmospheric Administration (NOAA) have recently adopted passive acoustics as a field 

of scientific study through the establishment of the NOAA Passive Acoustic Ocean Ob­

serving System (PAOOS) (Van Parijs et al., 2009). Successful applications have included 

the characterization of marine animal vocalizations (Parks et al., 2012), species classifi­

cation(Baumgartner 2008), abundance estimations (Barlow and Taylor 2005) and tracking 

of animal migrations (Dunn and Hernandez 2009). These successes led to localization of 

individual marine animals. 
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(a) A Map of SOSUS stations covering the Atlantic ocean 

(b) A Bank of computers printing spectrograms of SOSUS array data. 

Figure 1.3: SOSUS system 
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1.2.3 Passive acoustics for marine animal localization 

Passive acoustic localization provides an alternative for tracking marine animal movements 

to conventional methods such as VHF and satellite telemetry (Van Parijs et al., 2009; 

Simard et al. , 2009; Wade et. al., 2004). This methodology is particularly useful in the ma­

rine environment where direct observation of animal movements is frequently impractical. 

While this method is restricted to vocally active animals that pass through or near an array 

of acoustic receivers, it is unobtrusive and can potentially be used to track a large number 

of individuals without the increased cost and effort of attaching individual tags. Passive 

acoustic localization has been used to study a range of marine mammals (Mellinger et. al., 

2007; Van Parijs et. al., 2009; Van Parijs and Clark 2006; Buaka and Niezrecki 2007). 

These methods can be employed to answer a wide variety of ecological and behavioral 

questions: identifying the calling individual (Janik 2000; Quick and Janik 2012), attribut­

ing recorded sounds to a particular species (Rankin and Barlow 2005; Baumgartner et. al., 

2008), estimating density and distribution of animals (Barlow and Taylor 2005: Rankin and 

Barlow 2009), understanding reproductive strategies (Van Parijs et. al., 2004; Van Parijs 

and Clark 2006), and studying the impacts of anthropogenic ocean noise on individuals 

(Simard et. al., 2008; Dunn and Hernandez 2009). 

There are a range of localization techniques available ranging from time difference of 

arrival methods (Cato 1998) to multipath (Aubauer et. al., 2000; Mouy et. al., 2012; Thode 

2005; Nosal and Frazer 2006) and modal dispersion or group velocity methods (Munger 

et. al., 2011; Wiggins et. al., 2004; Jensen et. al., 2000). Each method has strengths 

and weaknesses, such as the ability to localize at long distances vs. localization in three 

dimensions. 
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1.2.3.1 Time difference of arrival 

Currently, the technique which has been the most widely and successfully adopted for local­

ization experiments is known as Time Difference of Arrival (TDOA, sometimes referred to 

as "TOAD") (Cato 1998, Parks et al., 2009). In many cases with common Marine Acoustic 

Recording Unit (MARU) applications and available software, TDOA can also be the easiest 

to implement, furthering its popularity. In general, the TDOA method of localization can be 

applied using an array of at least four acoustic sensors at known positions. If the difference 

between relative signal arrival times at multiple sensors can be resolved (which only re­

quires a simple time-series or cross correlation analysis), the location of the source may be 

determined. For most common TDOA methods, the signal arrival time difference between 

a pair of sensors is used to calculate a solution set in the space that represents an envelope 

of possible source positions. Geometrically, for two dimensional localization the solution 

sets form a pattern of intersecting hyperbolas, with a unique solution indicated by the point 

where solution sets intersect (Miller and Dawson 2009; Guiraudet and Glotin 2006; Brand­

stein et al., 1995;). In three dimensions, the method become a set of intersecting surfaces. 

Because only the relative arrival times of the signal are required, no information is needed 

from or about the signal itself. If a distinguishable start time of the signal of interest can 

be found among noise and other signals in a recording, then the TDOA method may be 

applied. 

At large ranges where the depth is shallow compared to the MARU array spacing, 

TDOA is generally not practical beyond two dimensions or beyond localization in the hor­

izontal plane parallel to the sea surface. These shortcomings will be described in greater 

detail in the following chapter. 
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1.2.3.2 Modal dispersion range estimation 

In the case of localizing a source at large distances (several kilometers) shallow water (rel­

ative to wavelength) environments, the ocean can act as a waveguide with several acoustic 

propagation modes. These modes cause dispersion of a signal. They may still be used 

to estimate the range between a source and receiver, owing to a difference in group ve­

locities at which the modes propagate. Over long distances the modal dispersion may be 

large enough to allow the detection of the separate modal arrivals of a single signal from 

the source to receiver. This then allows for the source-receiver range to be calculated and 

also enables source localization when an array of multiple receivers is used (Newhall et al., 

2012; Munger et al., 2011). 

Modal dispersion can possibly be used to estimate source depths (Wiggins et al., 2004), 

although the accuracy of results may be limited to only a coarse depth resolution. An 

additional complication is added through the requirement for accurate knowledge of current 

sound sound speed data, both in the water and sea floor, along with a high dependency on 

bathymetry properties. This can be very difficult to achieve with archival data (where no 

prior consideration may have been given to oceanographic details) and limited resources . 

1.2.3.3 Direct-reflected time difference of arrival 

A more recent technique for localization using passive acoustics is known as Direct­

Reflected Time Difference of Arrival (DRTD) . DRTD has been implemented in localization 

experiments with success (Thode 2005; Mouey et al., 2012; Nosal an Frazer 2006), but is 

not as widely applied as TDOA. DRTD, in addition to a direct signal arrival, takes advan­

tage of multi path signal propagation to single or multiple hydrophones. The multi paths can 
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include reflections from either the ocean surface, the ocean floor, or a combination both. 

By resolving relative multipath arrival times, the time differences between the direct and 

reflected an·ival may be used to calculate a series of solutions containing possible source 

depths and radii. The source location can be determined by comparing the solution sets for 

a unique solution using a process similar to TDOA. 

DRTD has proven to work well for three dimensional localization using an array of 

sensors (Nosal and Frazer 2006) or for range and depth estimates using a single sensor 

(Aubauer et. al., 2000). Unlike TDOA and Modal Spreading which have been success­

fully applied in experiments involving tonal vocalizations, DRTD has been applied only 

in experiments involving cetaceans which typically produce pulsed signals or "clicks". If 

possible, applying multipath localization techniques such as DRTD to baleen whale vocal­

izations could help expand experiments to include calling depths as an improvement over 

the planar limitation of more common localization techniques. 

1.2.4 Hardware 

1.2.4.1 Arrays 

As briefly described for the SOSUS system, arrays are a set of multiple hydrophones, typ­

ically placed into a single line. The number of hydrophones, or elements of an array, 

element spacing and frequency response will vary by the intended purpose of the array. 

Construction of arrays consists of semi-elastic tubes used to house hydrophones and elec­

tronics filled with a non-conductive oil with an acoustic impedance similar to that of water 

and attached to a tow cable [Fig(L4)] . Electronics will vary based on the arrays intended 

use. 
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Arrays can be used to resolve bearing and distance information of a target in a number 

of ways including beam-forming and time difference of arrival estimates. In Naval appli-

cations such as anti-submarine warfare, beam forming is the most appropriate method for 

localization. In these applications arrays of several hundred elements may be used. Be-

cause the sound sources to be located produce a sound which is normally "droning" in 

nature like the sound produces by ship underway, beam-forming allows for bearing esti-

mates. For applications like marine mammal bioacoustics where windowing of a signal is 

possible, a simple time difference of arrival bearing estimator may be applied, requiring 

only two hydrophones. The fundamental theory of operation and construction for an array 

for this purpose is essentially the same for a beam-forming array; however, hydrophone 

placement is not as critical and a much smaller number of hydrophones are required for 

practical use. 

Figure 1.4: A hydrophone array used for marine mammal applications. In the top left 
comer three cylindrical hydrophones can be seen. 
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1.2.4.2 Buoys 

Buoys can be used to deploy equipment in near surface and in deep water acoustic appli­

cations where a surface float is required (Miller and Dawson 2009). Having a portion of 

the deployed equipment at the surface can provide a line of communication between sub­

merged equipment via satellite connection or radio broadcasts. Additionally, buoys can be 

fitted with solar panels allowing for long deployments. 

Sonobouys are small autonomous devices that can be deployed in multiple ways from 

surface ships to airplanes. Sonobouys float on the sea surface with a hydrophone tethered to 

the bottom of the buoy by a cable of a user defined length. These systems transmit sounds 

detected by the hydrophone over an FM frequency band. These devices allow for a very ex­

pedient deployment to virtually any location in the ocean. In marine mammal applications 

these devices provide an economic alternative to buoys and MARUs for short deployments 

(they are often acquired through donation from the U.S. Navy). In their original form these 

devices were considered "disposable" with the intended use typically lasting a few hours 

(after which the buoy would scuttle itself). These devices have been modified by some 

groups to a reusable form (Naluai 2006). 

1.2.4.3 Marine Acoustic Recording Units 

For this work the main source of data will be from Marine Acoustic Recording Units 

(MARUs) 

In general, a MARU is a device that is capable of making underwater acoustic record­

ings over a specified period of time. A typical MARU layout (and the layout which will 

be used for this project) consists of three main components: a pressure casing, a flotation 
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Figure 1.5: A MARU in a mooring configuration. 
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device and a weight. It is typically designed to sit on the ocean floor. The pressure cas-

ing is used to house control electronics such as microcontrollers, AID converters, memory 

devices and batteries. Water and pressure tight bulkhead connectors are used to connect 

external devices such as hydrophones to the internal electronics. A flotation device is used 

to bring the MARU back to the ocean surface for retrieval and the weight is used to counter-

act the float during deployment. Both the float and the weight are attached to the pressure 

casing with either a metal chain, wire rope or as part of a mechanical frame. At the end 

of a deployment the weight is released from the pressure casing allowing the MARU to 

float back to the ocean surface. A modular device is responsible for releasing the weight 

and can be triggered either with a integrated timer or remotely via an acoustic signal. Dur-

ing the deployment, most MARUs can record continuously or with a preset duty cycle for 
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memory savings. A typical experiment utilizing a MARU consists of an ocean deployment 

at a specified site of interest which can last from several months to over a year. At the 

conclusion of the deployment, the MARU is retrieved and the data can then be collected. 

The benefits of using a MARU a quickly realized when comparing to the cost and effort 

of using a towed array. Additionally, MARUs may be deployed virtually anywhere within 

reasonable (based on the pressure case design) ocean depths up to thousands of meters. 

MARUs can be deployed in either a mooring [Fig(1.5)] or a compact/framed configura­

tion (Wiggins 2003) [Figs(l.6 & 1.7)]. Moorings are useful for large vertical configurations 

where instrumentation is mounted along a mooring cable at varying depths. A generic con­

figuration may use a weight attached to a cable and te1minated by a float, which may be un­

derwater or at the surface. Compact configurations are ideal for using single hydrophones 

in a bottom mounted scenario, while also allowing for a simplified deployment process. 

1.3 Challenges Remaining 

1.3.1 Three dimensional localization 

Although three dimensional localization of marine mammals has been achieved, challenges 

still remain. In applications involving widely spaced and bottom mounted hydrophones or 

MARUs, DRTD is the most appropriate for depth estimation (which will be illustrated 

in the following chapter). CmTently DRTD is limited to short pulsed broadband signals 

such as a whale "click". This limitation has been imposed because with a pulsed signal, 

direct and reflected signals are easily identifiable. If the source produces a long duration 
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Figure 1.6: A Cornell "pop-up" MARU. 

signal, where the direct and reflected signals overlap, the separate arrival times become 

unidentifiable and the data normally cannot be applied to methods like DRTD. 

This limitation results in the exclusion of Baleen whales from many three dimensional 

localization experiments due to the nature of their typical vocalizations. This is because 

baleen whale vocalizations are long in duration relative to multipath time differences of 

arrival (tens of milliseconds in our experiments), causing an overlap in received multipath 

signals. For example, the "up-call" produced by North Atlantic right whales (NARWs) 

is around one second long (Parks and Tyack 2005). With the overlap of multi path signals, 
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Figure 1.7: A Scripps "HARP" MARU. 

difficulties arise in resolving multipath arrival times using the typical time-series or spectral 

signal analysis methods. 

1.3.2 Passive acoustic data collection systems 

In addition to challenges remaining in localization techniques, challenges also remain in 

hardware used in passive acoustic applications. Currently there are several systems in use 

(Wiggins 2004; Wiggins et al., 2011; Calupca et al., 2000). These system have shortcom­

ings, such a being very prohibitive, closed to user modification, or lack the ability to quickly 

turnover data (some systems write data in binary form directly to a hard drive and require 



17 

special software to convert data into a useable format.) With developments in technology, 

these systems also become out of date and can be replaced by improved technology. 

Improvements in current technology can allow for greater access to hardware and im­

proved data collection capabilities. 

1.4 Motivation 

The primary motivation for this work was provided by a collaboration with the NOAA 

Northeast Fisheries Science Center at the Woods Hole Institution of Oceanography. The 

goal is to address from an engineering perspective, challenges in applying passive acoustics 

to answer questions in biology as part of an ongoing research project involving MARUs in 

related fields of passive acoustics and the Passive Acoustic Ocean Observing System. 

The overall goal of this project will be the demonstration that a cost effective au­

tonomous passive acoustic system utilizing MARU s may be developed with the capability 

of localizing marine animals to a reasonable degree of accuracy and that this system may 

be an excellent alternative for current localization implementation. 

1.4.1 Primary contribution goals 

The goal of this work will be to build upon and improve current localization techniques 

using passive acoustics with an emphasis on marine mammals. The main motivation of 

this work is in addressing the challenges in the estimation of calling depths of baleen 

whales, or in general, tonal, non-impulsive sound sources. Specifically this will enable 

three dimensional localization using a widely spaced array used in NOAA experiments. 

This contribution will be achieved by meeting the following goals: 
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• Investigate current localization techniques and further develop/modify these tech­

niques for application to MARU s 

• Develop new localization techniques applicable to baleen whales for use with 

MARUs 

• Perform a variety of localization experiments 

• Combine techniques and develop a system capable of three dimensional localization 

of baleen whales 

1.4.2 Secondary contribution goals 

This project will include the development of an improved MARU. As mentioned in the in­

troduction, MARUs are not a new technology. Additionally, many of the MAR Us currently 

available offer excellent performance (for their intended usage) and reliability. However, 

all these devices have many opportunities for further improvement. 

These improvements include the file system and memory. Many current MARUs record 

data to a non standard file type which requires post formatting prior to conducting any 

analysis. The proposed MARU will provide the ability to record data to standard file types 

such as WAY. These file types will offer compatibility with most computers and will work 

with standard processing software such as MATLAB. In addition to the data format, there 

are also opportunities for improvements in memory storage. Most MARU s still utilize 

standard hard disk drives which are noisy (electrically), require significant battery power for 

operation and are generally inefficient when compared to currently available technology. 

The proposed MARU will offer compatibility with Secure Digital (SD) cards for memory 
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storage. Using SD cards will provide cost, power and physical volume improvements. By 

utilizing a standard file system and file type, these cards will also have cross-compatibility 

between the MARU and a standard computer. This cross compatibility will provide simple 

and instant data transfer between the MARU and a standard PC. 

The desired MARU design will be low-cost, highly custornizable, open-source, com­

pletely autonomous and readily reproducible. It is planned that all design aspects such 

as schematics, bills of material and software will be made available to all interested re­

searchers. These devices will have the following capabilities: 

• High resolution, low-drift clock for the implementation of data time-stamping and 

improved array synchronization 

• Adjustable data acquisition parameters such as sample rate, sample length and num­

ber of input channels 

• Miniaturized system taking advantage of latest development in Integrated Circuit 

(IC) technology. 

• Modular design providing the ability to add and remove desired components for cus­

tom tailored functionality 

• Implementation of standardized file systems and protocol (FAT32, WAV) 

• Integrated release circuitry and signal processing software enabling remote commu­

nication 

• Complete open-source design for schematics, printed circuit board layout and soft­

ware providing the ability for easy reproduction, modification or improvement 
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1.5 Organization 

This thesis will contain five chapters and several appendices. Including this introductory 

chapter the remaining chapters and appendices will be organized as follows: 

1.5.1 Chapter 2: Development of current techniques 

A thorough derivation of current techniques will be presented, specifically as they are ap­

plied in experiments used in this work and commonly applied by the project collaborators. 

The method derivation will begin with the more common localization technique TDOA. 

A model of the typical experiment setup using a widely spaced array of MARUs will be 

used as the basis for the TDOA derivation. Because there are multiple ways in which a 

time-difference of arrival localization may be calculated, both the forward and backward 

methods of TDOA will be described. 

As with the TDOA derivation, an initial model will be developed for the DRTD experi­

mental setup as well as presentation of the forward and backward methods of computation. 

Special consideration will be given to describing the radial distance limitations which have 

a strong effect on the practicality of DRTD. 

For both methods, brief application examples will be presented along with a discussion 

of the strengths and weaknesses of each technique. Consideration will be taken to present 

the material from a point of view amendable to computational techniques. 

1.5.2 Chapter 3: Derivation of a new technique 

To address the challenges of applying baleen whale data to localization methods that are 

capable of resolving calling depth (DRTD) an autocorrelation technique will be developed. 
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Initially, to prove the applicability of this method and the assumption that an autocorrela­

tion may be used to resolve overlapping multipath signal arrivals, a model will be made to 

simulate a typical signal created by baleen whales (an upward frequency sweep) with an 

overlapping multi path. Using this model, the autocorrelation solution will be found and 

will be used to prove that a sum of multipath signals may be treated as a sum of autocorre­

lation solutions. 

An analysis will then be carried out to provide a further in-depth understanding of the 

solution and how it is affected by various changing parameter such as frequency sweep­

rate and signal length. This analysis and its results will also be used to make simplified 

autocorrelation solution models for specific species of baleen whales (right and humpback) 

which may then be used to make predictions for minimum resolvable time differences of 

arrival and provide insight into the practical limits to this method. 

1.5.3 Chapter 4: Estimation of calling depths 

The newly developed autocorrelation method will be combined with the DRTD localiza­

tion technique to resolve baleen whale calling depths. Data from an array of MARUs 

deployed in the Stellwagen Bank National Marine Sanctuary (SBNMS) for a period of sev­

eral months as part of a continuing set of experiments conducted by NOAA will be used. 

Initially ground truth localizations will be made using data from sound transmissions made 

from several known locations. The coupled autocorrelation-DRTD technique will then be 

applied to two different data sets from previous experiments. One data set contains vocal­

izations from a right whale and the second data set features a humpback whale. 
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1.5.4 Chapter 5: Combining of techniques and conclusions 

The autocorrelation-DRTD method will be combined with TDOA. Using the horizontal 

(with the sea surface) capability of TDOA to attain an initial two dimensional calling po­

sition, a calling depth estimation may be made using data from the nearest MARU to the 

whale, thus resolving a three dimensional localization. Using data from a previous experi­

ments a three dimensional calling track of a right whale traveling in SBNMS will be created 

illustrating the capability of these combined methods. 

A summary and discussion of this methods will be presented. 

1.5.5 Appendices 

Several appendices will be provided for further information on developments applicable to 

but not directly involved in the development of a three dimensional track. These include 

the discussion of non-linear frequency sweeps and considerations for the effects of ray­

refraction due to sound stratification and effects of surface layer scattering resulting from 

rough sea surfaces and bubbly layers. 

An appendix will also be provided covering the development of the improved MARU. 

Design considerations such as circuit designs, component selection and layout will be dis­

cussed. Software design and signal processing techniques will also be discussed. 



Chapter 2 

Development of Current Methods 

Introduction 

The main goal of this research is to expand upon, improve and further develop techniques in 

passive acoustics using autonomous recorders to track a sound source, specifically, baleen 

whales in three dimensions. Two previously developed and established localization meth­

ods will be used to build upon and supplement the work researched and developed herein. 

These methods are known as the Time Difference Of Arrival (TDOA, or sometimes refer­

eed to as TOAD) and the Direct Reflected Time Difference of arrival (DRTD). The funda­

mental difference between these methods is that TDOA uses measured time differences of 

arrival between an array of MARUs to localize a sound source in the ocean, while DRTD 

uses (for this application) the multipath times of arrival to a single MARU. Both methods 

are capable of localizing sources in two and three dimensions. However for purposes of this 

work, TDOA is better suited for horizontal in-plane (Latitude and Longitude) localizations, 

and DRTD is better suited for vertical (depth and radius) localizations. 

23 
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Both TDOA and DRTD have been applied in a variety of derived forms and multiple 

system configurations from permanently bottom mounted to towed hydrophone arrays. To 

provide background and clarity in the specific application of these method for this work a 

thorough derivation will be provided. Additionally, a discussion of computational applica­

tion will be added throughout. The derivation will conclude with potential shortcomings of 

these methods and how these shortcoming will be addressed in this work. 

2.1 Development of the Time Difference Of Arrival 

method 

2.1.1 Overview 

The Time Difference of Anival (TDOA) localization method is well established and ar­

guably a standard method in marine mammal localization (Cato, 1998). This method, its 

most common form, relies on an array of widely spaced sensors (specifically hydrophones) 

and uses the time difference of arrival between several pairs of hydrophones to create sev­

eral intersecting solution sets. There have been a variety of implementations developed us­

ing the basic traits of TDOA ranging from spherical methods with direct solutions (Schau 

and Robinson, 1987) to newer versions such as the Correlation Sum Estimation method 

(Cortopassi and Fristrup, 2005). 

For this section as theoretical background, a general "forward" method of TDOA will 

be developed. Next, a simplified "backward" method will be developed along with the 

implementation of probability surfaces, which will ultimately be applied later in this work. 
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by visual inspection of a spectrogram [Fig(2.2)] although this method lacks precision and 

is not conducive to automation. This problem can easily avoided through the application of 

a cross correlation between the time series signals received by the MARU channels. When 

performing the cross correlation, signals from paired channels will be correlated against 

the base channel. This process can be illustrated by the general function given in Eq .(2.1) 

where b*(t) is the complex conjugate of the signal received by the base-ARU and s(t +t') 

is the signal received by the paired MARU at a time lag (t'). If the correlation is successful, 

the cross-correlation will result in a single peak at a time lag corresponding to the dt be-

tween the base and paired MARUs [Fig(2.3)] which can be automatically resolved through 

the application of a peak-finding function. The resolved time differences are relative to the 

base channel and indicates the amount of time the signal took to reach the paired channel 

after already arriving at the base (thus, if the dt is negative, the signal arrived at the paired 

channel first) . 

Rxy (t1
) = i: b*(t) *S(t+t')dt (2.1) 
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Time (Seconds) 

Figure 2.2: Spectrogram time window for two channels of a downward chirp 
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which may result in several cross correlation peaks. These can confuse the process of dt 

estimation or result in error when using automated systems. 

A Matlab script located in the appendices is available which illustrates the implemen-

tation of the cross correlation technique. 

2.1.3 The forward method of TDOA 

As implied in its name, the forward method of TDOA uses the measured dts to calculate 

the source location (Thode 2004; Laplanche et al., 2005). This is accomplished through 

taking advantage of the geometric dependence of the individual path lengths from the sound 

source to each MARU. For a sound source at some location, there will be a unique set of 

path lengths which will converge to a point corresponding to that location [Fig(2.4)]. To 

determine these path lengths, a geometric model of the system is first created which then 

can be described in terms of the known information in the localization problem, being the 

MARU locations and relative dts . 

y 
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(X1, Y•) 

0 

L----•x 

Receiver 2 
(X>, Y2) 0 
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Source 
(x.,y.) 

Figure 2.4: For a two dimensional problem, a set of three path lengths (PL) will converge 
at a unique point, revealing the source location 
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(2.2) 

(2.3) 

(2.4) 

(2.5) 

The path lengths can be modeled in both terms of the geometric coordinates and in time 

as shown in Equations (2.2-2.5), where cis the speed of sound. With the known information 

(time differences of arrival) , it will soon be evident that there is not a simple way to calculate 

these individual path lengths directly. The difference in path lengths however is simple to 

calculate requiring only the measured dt and the speed of sound; 

(2 .6) 

Because the time difference of arrival is a function of the difference in path length to the 

individual MARUs, equation (2.6) may be rewritten in terms of the geometric coordinates 

providing a model for the solution dt which is a function of both the MARU and source 

coordinates; 
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the derivation, which leads to a simplified solution and allows for practical assignment of 

single localization range for all MARU pairs. 

Receiver 2 
(0, d) 
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Receiver 1 
(0, 0) 

XL 

XL 

Source 
(XSL,YSI.) 

yt+ d/2 

Figure 2.6: A local coordinate system, which may be universally applied to all MARU 
pmrs 

This leads to the simplified geometric model , and thus a simplified solution for a can-

dictate source location. When the source has a YL value d/ 2 anywhere along the xLaxis, 

it will always be equidistant from the two MARUs and the time difference will always be 

zero. To satisfy this condition an offset of d/ 2 is added to the models and is illustrated in 

Fig(2.6). The two path length may now be simply expressed with two variables and one 

constant. The calculation of the solution set is made by creating a sequence of possible 

values for the candidate distance from the MARU pair center point YL· Given a measured 

dt, the value for XL from the MARU pair corresponding to each candidate value of y L may 

be then calculated. This set of corresponding XL and YL values then creates a parabolic 

curve (the only exception occurs when dt = 0, resulting in a straight line) . Because the 

solution is quadratic, the sign of the XL cannot be determined, resulting in a requirement for 

a mirrored solution set along the YL axis. 
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With a collection of solution sets a plot may be made with allows for visual inspection 

for a successful localization, indicated by a singular convergence point. With the minimum 

number of solution sets (three, for two dimensions) a location may easily be estimated. 

Adding additional solution sets can add redundancy and confidence in the localization so­

lution. However, this may make a visual inspection more difficult. This may be remedied 

through the application of an algorithm to apply methods such as least-squares to estimate 

the area of convergence. This highlights the disadvantage of the forward TDOA method. 

As solution sets begin to diverge (such as when time synchronization drift become an is­

sue) the "tightness" of the convergence decreases causing increased difficulty in finding 

the most likely source location both visually and through automation. A remedy to this 

problem presents itself through the application of the "reverse method" of TDOA. 

2.1.4 The reverse method of TDOA 

Unlike the forward method, where measured time differences are used to calculate a so­

lution set of possible x and y pairs, the backward method considers possible locations by 

the creation of a two-dimensional grid containing discrete points that correspond to pos­

sible source locations illustrated in Fig (2.10). MARU positions are not discrete, only the 

possible source location. More computational effort is required for the initial production 

of solution. However, where the forward method requires a multi-step algorithm capa­

ble of sifting through multiple solution sets looking for a convergence point, the backward 

method only requires the summation of probability surfaces and finding the point of highest 

probability of solution convergence. 

When defining a solution space, or grid, the x and y distances are relative to the base 

MARU. The maximum coverage area is user defined and is only limited by computational 









40 

depth unless the difference in depth between the source and MARU is very large. For 

applications where the depth will be small compared to path length, the resulting changes 

in time difference of arrival between two MARU s as a function of depth become very small 

and likely beyond the resolution achievable when considering limits such as sampling rate 

and synchronization error. 

2.2 Development of the Direct-Reflected Time Difference 

of arrival method 

2.2.1 Overview 

DRTD is a ray theory based localization method. DRTD considers ray paths from the 

source directly to receiver, to varying combinations of source to surface and/or bottom re­

flections to receiver paths [Fig.(2.13)]. Rather than using the absolute time of arrival for 

each ray path, the time difference of arrival between the direct path and any of the mul­

tipaths is used for localization [Fig(2.14)]. This is accomplished by using the difference 

in arrival time to calculate a series of possible solutions for the sound source location rel­

ative to the receiver based on the difference in ray path lengths. When several multipath 

time differences are present, either on a single recorder channel or multiple channels (at 

separate locations), localization may achieved by calculating several sets of solutions and 

finding the unique position at which they all converge. 
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Assuming an acoustic source at some unknown depth and radius and a bottom mounted 

receiver at a known position [Fig(2.13)], the ray paths (referred to as orders) can be 

expressed as follows (Jensen et. al., 2000):; Eqs.(2.15-2.19) where Dn = path length , 

Zb = MARU depth , Zs =Source depth andR = DistancefromMARUtosource with higher 

orders following the same pattern. For the developed model and later calculation, the sound 

channel was assumed to be isospeed, the sea surface was assumed to be flat and any prop­

agation effects beyond basic ray theory were ignored. A brief discussion of these effects is 

made later in this chapter. 

(2.15) 

(2.16) 

(2.17) 

(2.18) 

(2.19) 

2.2.2 The forward method 

In the application of DRTD, or TDOA, knowing only a single time difference will not result 

in a unique solution for depth and radius. This is illustrated by Fig.(2.16), where if a source 
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waves can lead to scattering and reverberation of a signal. Waves can also lead to creating 

layers of bubble clouds which, depending on the signal frequency, can cause scattering and 

reverberation as well as significantly reducing the sound propagation speed (Urick 1983). 

Properly accounting for these effects can become very difficult when considering that 

these methods will typically be applied to archived data. Although bubble plumes can have 

a significant effect on sound speed, predicting the presence, frequency and duration of these 

plumes can be very difficult. Sound speed variations with depth can also be difficult to ac-

curately account for. Because of the nature of this work, which will seek to localize calling 

baleen whales at shallow depths and relatively close ranges, these effects are assumed to be 

negligible. 

A brief study was conducted to better estimate the effectiveness of the isospeed as-

sumption used for DRTD. A model was made for a shallow water sound channel with a 

sound speed that varied with depth [Fig(2.19)]. The ray propagation path lengths were 

calculated using the same method for the first model. To account for the varying sound 

speed, a piecewise-linear method was used to estimate an effective sound speed for each 

multipath order traveling through the channel. A modified version of Eq.(2.21) was then 

used to calculate the direct-reflected time differences using the effective sound speed for 

each multipath order: 

Dn Do 
dton=---

, Cn co (2.24) 

A localization experiment was made for a simulated sound source at a depth of 50m 

and a radial distance of lkm from the MARU. The multipath dts corresponding to the 

source location where calculated and applied to a DRTD method modified to account for 
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Figure 2.20: Simulated DRTD results, left is the localization result accounting for propa­
gation effects, right is the DRTD result using an isospeed assumption. Green Dot indicate 
the best estimate of the source location. 

The values selected for the stratified sound speed experiments were intentionally set to the 

limits of these methods to provide a "worst case scenario" of localization error. As the 

source moves closer to the MARU the propagation effects decrease and eventually become 

negligible. Even in the "worst case" example provided the actual source location was found 

to be within the standard deviation of the resulting localization. 

2.2.5 Discussion of DRTD 

Unlike TDOA and Modal Dispersion which have been successfully applied in experiments, 

DRTD previously has been applied only in experiments involving cetaceans, which typi-

cally produce pulsed signals or "clicks" (Nosal and Frazer 2006, Thode 2004, Abbauer 

et al., 2000). If possible, applying multipath localization techniques such as DRTD to 

baleen whale vocalizations could help expand experiments to include calling depths as an 

improvement over the planar limitation of more common localization techniques. 
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2.3 Summary 

Both TDOA and DRTD have been applied successfully in previous localization experi­

ments. Additionally both methods are capable of three dimensional localization. In the 

applications specific to this research using widely spaced MARUs in shallow water neither 

of these methods are practical in three dimensions. TDOA will only be effective for "in 

plane" localizations and DRTD will only be effective at estimating depth and radial dis­

tance between the MARU and the sound source for a limited range. In cases where the the 

source is within the effective range of DRTD these methods can be combined to achieve 

three dimensional localization. The challenge lies in effectively applying DRTD to baleen 

whales which has not been previously achieved and will require the derivation of an ad­

ditional technique to allow successful application. This limitation has been mostly due to 

the easy identification of direct and reflected clicks, which are essentially pulsed signals, in 

both time series and spectrogram representations of data. 



Chapter 3 

Development of an Autocorrelation 

Method 

3.1 Introduction 

A solution for baleen whale depth estimation challenges when using MARU data may be 

found through the application of multipath techniques such as DRTD. Prior work has devel­

oped the DRTD method and successfully applied it to localization problems in experiments 

limited to odontocete echolocation (Nosal and Frazer 2006; Aubauer et al., 2000) Similar 

multipath experiments have also used pulsed signals like walrus "knocks" (Mouy et al., 

2012). 

The echolocation clicks of sperm whales are an example of signals that fit into this 

category. If a marine mammal produces a long duration vocalization (relative to the time 

difference of arrival) rather than a short pulse, the direct and reflected signals will overlap, 
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