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Chapter 6
Environmental Acoustic Recording System 
(EARS) in the Gulf of Mexico

George E. Ioup, Juliette W. Ioup, Natalia A. Sidorovskaia, 
Christopher O. Tiemann, Stan A. Kuczaj, Azmy S. Ackleh, Joal J. Newcomb, 
Baoling Ma, Robin Paulos, Alexander Ekimov, Grayson H. Rayborn Jr., 
James M. Stephens, and Arslan M. Tashmukhambetov

Abstract The Littoral Acoustic Demonstration Center (LADC) was formed in 
early 2001 to utilize Environmental Acoustic Recording System (EARS) buoys 
developed by the Naval Oceanographic Office (NAVOCEANO) which has pro-
vided technical guidance and support to LADC. The purpose of LADC is to make 
environmental measurements, which is not part of the mission of NAVOCEANO. 
This chapter describes the Gulf of Mexico marine mammal measurements and 
related data analysis of LADC. LADC has also used the buoys to characterize the 
three-dimensional acoustic field of a seismic airgun array and to analyze the noise 
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due to nearby storms. LADC is a consortium of scientists from universities and 
the U.S. Navy. The following institutions are or have been represented: initially, 
the University of New Orleans, the University of Southern Mississippi, and the 
Naval Research Laboratory-Stennis Space Center; and then the University of 
Louisiana at Lafayette, the Applied Research Laboratories at the University of Texas 
at Austin, and Oregon State University. The scientists are listed in the first section 
of the chapter. A technical overview of EARS technology is given in Sect. 6.2. 
The current Generation 2 EARS buoys can record four channels of up to 25 kHz 
each or one channel up to 96 kHz.

LADC has conducted marine mammal experiments in the Gulf of Mexico in 
2001, 2002, 2007, and 2010. The 2007 experiments were at sites 9 and 23 miles 
from the Macondo Well Oil Spill. These sites as well as the 2001 and 2002 sites 
were recorded in the 2010 experiment to measure changes related to earlier mea-
surements. LADC has also done seismic airgun array experiments in 2003 and 
2007. The marine mammal experiments are summarized in Sect. 3, where experi-
ments in the Mediterranean Sea, which had LADC participation, are also listed.

The remaining Sects. 6.4 through 6.11 describe the analysis to date of LADC 
data and also the analysis by LADC scientists of workshop data for detection, clas-
sification, and localization purposes. Section 6.4 describes sperm whale click struc-
ture analysis for click-train demarcation and identification of individual whales. 
The tendency of whales diving together to establish different cadences for their 
echolocation clicks to keep from interfering with each other is presented in Sect. 
6.5. The identification of individual whales by clustering echolocation clicks of 
sperm and beaked whales and coda clicks of sperm whales is discussed in Sect. 6.6. 
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The application of click change detection to know if the same or a different whale 
are speaking on successive clicks is described in Sect. 6.7. This method allows one to 
follow a turning sperm whale. A technique for localizing individual clicking whales 
is presented in Sect. 6.8. The integration of the above techniques is discussed in 
Sect. 6.9, which also suggests how whales might identify each other. Sperm whale 
coda classification and repertoire analysis are the subject of Sect. 6.10. Finally, 
statistical modeling for population estimation is given in Sect. 6.11.

6.1  Littoral Acoustic Demonstration Center (LADC)

The Littoral Acoustic Demonstration Center was formed in early 2001 to utilize 
U. S. Navy technology to advance the science of underwater acoustics. Specifically, 
the technology is the autonomous Environmental Acoustic Recording System 
(EARS) buoy, developed by the Naval Oceanographic Office (NAVOCEANO) at 
Stennis Space Center, MS. EARS are described in Sect. 6.2 of this chapter. It was 
decided that LADC would be a consortium of scientists from Gulf State Universities 
and the U. S. Navy.

Mr. Craig Peterson represented the Naval Oceanographic Office, which supplied 
technical support and guidance. The cooperating scientists included the following, 
almost all of whom are still participants: Dr. Grayson Rayborn of the Department of 
Physics and Astronomy (and later also of the Signal Research Center) of the 
University of Southern Mississippi (USM), Dr. Stan Kuczaj of the Department of 
Psychology of USM, Dr. George Ioup and Dr. Juliette Ioup of the Department of 
Physics of the University of New Orleans (UNO), Dr. Joal Newcomb of the Naval 
Research Laboratory at Stennis Space Center (NRL-Stennis) (now at NAVOCEANO) 
and Mr. Robert Field of NRL-Stennis (now retired). Later these scientists were 
joined by Dr. Natalia Sidorovskaia of the Physics Department at the University of 
Louisiana at Lafayette (UL Lafayette), Dr. Christopher Tiemann of the Applied 
Research Laboratories of the University of Texas at Austin (ARL-UT) (now at 
R2Sonic), Dr. James Stephens of the Department of Physics and Astronomy and the 
Signal Research Center of USM (now at the Southwest Mississippi Community 
College), Dr. Arslan Tashmukhambetov of the Department of Physics at UNO (later 
at G Geophysics and now at LLOG), and Dr. Azmy Ackleh of the Department of 
Mathematics at UL Lafayette. Recently Dr. David Mellinger and Ms. Sara Heimlich 
of the Cooperative Institute for Marine Resources Studies at Oregon State University 
and Adm. Ken Barbor and Dr. Danielle Greenhow of the Department of Marine 
Science of USM have joined the group. These scientists have joined over the years 
for specific exercises and for equipment development and maintenance by many 
other scientists and engineers, technicians, graduate students, and crew members, to 
whom an immense debt of gratitude is owed. LADC’s development is described in 
the remainder of this section. EARS technology is elucidated in Sect. 6.2 and LADC 
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Marine Mammal Experiments are described in Sect. 6.3. The remaining Sects. 6.4 
through 6.12 contain the results of data analysis.

The initial scientific purpose of the group was to study ocean ambient noise and 
upslope propagation. When it was learned in early 2001 that the Minerals 
Management Service (MMS), with other sponsors, intended to have an exercise 
conducted in the Northern Gulf of Mexico (GoM) in the summer of 2001 to study 
endangered sperm whales, LADC added marine mammal bioacoustics to its areas 
of interest and determined to deploy EARS moorings that summer to record sperm 
whales as well as ambient noise and upslope propagation. An area was chosen that 
had a very large number of sperm whale sightings, and EARS technology was 
extended to higher frequencies (~6000 Hz) by NAVOCEANO to record the whales. 
(Originally EARS was developed to measure ambient noise, and its upper frequency 
limit was 1000 Hz.) Some of the highest quality recordings of sperm whales up to 
that time were made. The deployment was repeated in the summer of 2002. These 
exercises are referred to as LADC01 and LADC02 and were supported by ONR.

When LADC learned that MMS intended to conduct a controlled exposure exper-
iment (CEE) for sperm whales in the Northern GoM in 2003, using a seismic source 
vessel supplied by the Industry Research Funders Coalition (IRFC) through the 
International Association of Geophysical Contractors (IAGC), it approached the 
IRFC through the IAGC for funding to measure the acoustic field of the seismic 
airgun array, adding an additional LADC research interest. LADC deployed a co- 
located sensitive hydrophone buoy and a desensitized hydrophone buoy (to avoid 
clipping), and the plan was to have the source vessel run lines over this mooring if 
its schedule permitted. On the last afternoon of its availability, the vessel had time to 
shoot five parallel lines over the mooring. This experiment, called Airgun03, is 
described and the data are analyzed and modeled in “Three-dimensional seismic 
array characterization study: Experiment and modeling,” Arslan M. Tashmukhambetov 
et al. (2008).

EARS technology was extended to measure up to 25 kHz for the airgun experi-
ment. Because of increasing U. S. Navy interest in beaked whales, the technology 
was further developed so that EARS buoys could measure up to 96 kHz in single- 
channel mode or 25 kHz per channel in four-channel mode. These are Generation 2 
buoys. In 2007, LADC conducted the Source Characterization Study 2007 (SCS07) 
to completely characterize the three-dimensional (3-D) primary acoustic field of a 
seismic array, using Generation 2 EARS buoys in the four-channel mode. These 
were deployed as 20 pairs of moored hydrophones (one each, sensitive and desensi-
tized) at different depths. Four pairs of hydrophones were suspended from a ship. 
This work was sponsored by the Joint Industry Programme (JIP) through the 
International Association of Oil and Gas Producers (OGP). Its findings will impact 
regulations for the protection of marine mammals and other marine life.

Also in 2007, LADC conducted an exercise, sponsored by SPAWAR, to record 
primarily not only beaked whales but also sperm whales and dolphins in the 
Northern GoM. The Generation 2 EARS buoys were used in the single-channel 
mode. It made the first recordings of beaked whales in the GoM. By coincidence, 
the two sites selected for deployment, based on a high density of beaked whale 
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sightings, are 9 and 23 miles from the location of the BP oil spill in 2010. Therefore, 
LADC received funding in 2010 from NSF and Greenpeace to go back to the two 
sites and to LADC01 and LADC02 sites to measure marine mammal activity after 
the spill and compare it to the measurements made in LADC07 and earlier. Some 
abundance analysis results appear in Ackleh et al. (2012) and in this Chapter. More 
recently, LADC has received 3 years of funding (2015 through 2017) from the Gulf 
of Mexico Research Initiative (GoMRI) RFP IV to conduct two exercises to com-
pare sperm and beaked whales and dolphin measurements using moored buoys, 
autonomous surface vehicles, and gliders.

All of the existing marine mammal recordings are still being analyzed. Many of 
our results are summarized in the following sections of this Chapter.

6.2  Environmental Acoustic Recording System 
(EARS) Buoys

Environmental Acoustic Recording System (EARS) buoys were developed as 
autonomous moored underwater recording systems by the Naval Oceanographic 
Office (NAVOCEANO) to make long-term ocean ambient noise measurements. 
When LADC was formed, the buoys were capable of measuring up to 1000 Hz for 
1 year. When LADC added listening to sperm whales to its noise and propagation 
measurement missions, NAVOCEANO quickly modified the buoys to measure up 
to 5859 Hz for 36 days. The buoys, moored at depths from 550 to 950 m in the Gulf 
of Mexico, produced exceptionally clear recordings of sperm whale echolocation 
and coda clicks and recordings of other whales. EARS Generation 2 buoys are now 
capable of recording one channel to 96 kHz, or 4 channels to 25 kHz. All buoy 
designs include high quality omnidirectional hydrophones (Figs. 6.1 and 6.2).

Overview: (Environmental Acoustic Recording System (EARS) BUOY

• Developed by NAVOCEANO
• Autonomous Self-recording Buoy
• Small, Easily Deployable Package
• 16-bit Sigma-Delta A/D
• First-Generation Attributes (at peak of development)

 – 1–4 channels (limited spatial separation)
 – Sampling rates from 200 Hz to 25 kHz
 – 4 Disk Drives
 – Hard disk data storage from 80 to 128 GB per disk >66 days recording

• Second-Generation Attributes

 – 1–4 channels
 – Sampling rates from 78 to 200 kHz
 – 4 Disk Drives
 – Hard disk storage from 240 GB to 1 TB per disk

6 Environmental Acoustic Recording System (EARS) in the Gulf of Mexico
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Fig. 6.1 Components of an EARS mooring. These include flotation, the EARS buoys, dual acous-
tic releases, an anchor chain, and an anchor. Aside from the chain the remaining components are 
connected by faired cable, to minimize cable strum

Fig. 6.2 EARS mooring 
components on deck, 
before deployment. The 
floats are yellow. The 
faired cable is white. The 
EARS buoys are black 
cylinders
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 – Choice of hydrophone sensitivity/System gains
 – Delayed start available
 – More compact due to higher energy efficiency
 – Recording time dependent on disk size

Summary of Current Technology

• Microprocessor:

 – Two stereo a/d boards (total of four 16-bit sigma-delta a/d)

• Maximum sample rate:

 – 50 kHz/channel in 4-channel mode
 – 100 kHz/channel in 2-channel mode
 – 192 kHz in single-channel mode

• Storage media:

 – 2.5 in. hard drives (four each)
 – Flash drives (future)

• Max storage:

 – Hard drive dependent
 – Current: 4 × 120 GB drives (480 GB)
 – Available soon: 4 × 250 GB (1 TB) up to 4 × 1 TB

• Number of bits: full 16 bit
• Size: 2 m long, 0.425 m diameter, 110 lbs
• Average power supply/consumption:

 – Currently the EARS are storage limited, not battery limited

Cost of EARS buoys

• Approximate cost of Generation 2 EARS buoys considering different configurations

 – LADC paid $23.4K per buoy with a single hydrophone in our configuration 
(group of 10)

 – Add $950 per hydrophone and $33/m for cabling to build two or four channel 
arrays

6.3  LADC Marine Mammal Acoustic Experiments

Experiments in the Gulf of Mexico and the Ligurian Sea have targeted both sperm 
and beaked whales. Audio results and visualizations of these recordings reveal rich 
detail of Odontocete clicks and enable new analyses such as the identification of 
individual whales from the properties of their clicks. Beginning with experiments in 
2001, LADC scientists have studied sperm whale clicks and clicking behavior. In 
2007, the study was extended to beaked whale clicks.

6 Environmental Acoustic Recording System (EARS) in the Gulf of Mexico
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LADC has led or participated in seven experiments for the study of marine mam-
mal acoustics. They are:

 1. LADC 01—Gulf of Mexico
 2. SIRENA 02—Ligurian Sea w/NURC
 3. LADC 02—Gulf of Mexico
 4. SIRENA 03—Ligurian Sea w/NURC
 5. ZIPHIO 06—Ligurian Sea w/NURC
 6. LADC 07—Gulf of Mexico
 7. LADC 10—Gulf of Mexico

Experiments 1, 3, 6, and 7 were performed by LADC, and the remaining experiments 
were led by the NATO Undersea Research Centre (NURC) (now the Centre for 
Maritime Research and Experimentation (CMRE)) with LADC participation. All 
experiments used EARS buoys.

1. LADC 01

• Northeastern Gulf of Mexico.
• July 16 through Aug 21, 2001. The acoustic recordings spanned 36 days.
• Buoys moored upslope off mouth of Mississippi River in water depths of 600, 

800, and 1000 m.
• Buoys moored 50 m above bottom.
• During the experiment, Tropical Storm Barry passed within 100 nmi of the 

EARS buoys.

3. LADC 02

• North central Gulf of Mexico.
• August 19 through September 15 planned, retrieval 23–24 October, 2002; 22–57 

days recorded.
• Buoys moored upslope off mouth of Mississippi River in water depths of 600, 

800, and 1000.
• Buoys moored 50 m above bottom.
• Tropical Storm Isidore passed with 73 nmi of the EARS buoys, and Hurricane 

Lili passed within 116 nmi.

LADC 01 and LADC 02

• Three Single-Channel G1 EARS Buoys.
• 11.7 kHz sampling rate.

6. LADC 07

• Gulf of Mexico south of Gulfport, MS, at 1550 m contour.
• July 3 to July 14, 2007.
• Six Single-Channel G2 EARS buoys on bottom-mounted moorings.
• Three moorings at north site 3 km separation.
• Three moorings at south site 5 km separation.
• 750–800 m hydrophone depths.

G.E. Ioup et al.
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• 192 kHz sampling rate.
• 2.2 TB recorded (9 days, ~¾ capacity).

7. LADC 10

• Six Single-Channel G2 EARS buoys on bottom-mounted moorings.
• Two buoys at LADC 07 north site buoy locations, two buoys at LADC 07 south 

site buoy locations, and two buoys at deepest site for LADC 01 and 02.
• 192 kHz sampling rate.
• The buoys recorded for 12 days.
• Deployments were done from 9 September through 12 September 2010.
• Recording depths of 1000 m for the LADC 07 sites and 800 m for the LADC 

01-02 site.

Recently, LADC has received funding from the Gulf of Mexico Research 
Initiative (GoMRI) RFP IV for two exercises to compare sperm and beaked whales 
and dolphin measurements using ten single-channel Generation 2 moored EARS 
buoys, hydrophone arrays towed by autonomous surface vehicles (ASV’s), and 
hydrophone arrays towed by gliders, and a test cruise in the off year between the 
two exercises. All measurements will be made at the three sites of the LADC 10 
experiments. The first exercise will begin with a cruise to deploy the hydrophones 
and operate the ASV’s and glider in June of 2015. A retrieval cruise will take place 
in October 2015. Tests of equipment upgrades will be made on a cruise in July 2016. 
The second field exercise will begin with deployment in April of 2017 and retrieval 
in August of that year. Again, ASV’s and gliders will be tested. Funding is also 
included for equipment upgrades, experimental planning, and data analysis.

Figure 6.3 shows the locations of all GoM exercises. The green circles are the 
LADC 01 locations and the yellow circles are the LADC 02 locations; the yellow 

Fig. 6.3 The locations of 
all GoM exercises. The 
green circles are the LADC 
01 locations, the yellow 
circles are the LADC 02 
locations, the yellow 
squares show the north and 
south buoy sites of the 
LADC 07 exercises, and 
the pink pushpins show the 
LADC 10 locations. The 
red flame shows the site of 
the BP oil spill
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squares show the north and south buoy sites of the LADC 07 exercises, and the pink 
pushpins show the LADC 10 locations. The red flame shows the site of the BP oil spill.

Acoustic data from any single LADC experiment can support a variety of marine 
mammal related studies, often in parallel and complementary to each other. For 
example, several techniques were explored for individually identifying clicking 
sperm whales, and simultaneous results compared. Other research regarding acous-
tic behavior and population estimation is summarized below as well.

6.4  Click Structure Analysis and Sperm Whale Identification

The ability to acoustically discriminate one clicking sperm whale from another is a 
challenging problem yet an important one to solve if acoustics are to be used to pas-
sively study these animals’ behavior. For example, associating all the clicks from 
just one individual whale while multiple animals are clicking concurrently is an 
important first step in the passive acoustic localization and tracking of sperm whales. 
There is also the question of whether these animals can distinguish each other 
through the individual characteristics of their clicks. The LADC group explored 
several techniques in parallel for grouping click sequences from individual whales, 
as described below and in subsequent sections.

6.4.1  Click Structure Analysis

The click production mechanism of the sperm whale results in a “click” that is not 
just a single impulse but rather has a structure from the sum of multiple reflections 
internal to the whale’s head (called the p0, p1, and p2 pulses), and the recorded click 
structure will vary depending on the animal’s aspect to the receiver. It has been 
LADC’s experience that any change in recorded click structure as an animal moves 
relative to the receiver happens slowly compared to the rate in which clicks are 
made. Thus, when trying to match click events from the same individual, adjacent 
clicks that have a consistent periodicity and structure (and frequency spectra) are 
likely matches from the same individual. As an example, when time series of clicks 
assumed to be from the same individual are time aligned and stacked, their persis-
tent, or slowly evolving, shapes become visually apparent. Figure 6.4 illustrates this 
in two waterfall plots of evolving click shapes from two different sperm whales 
with unique click structures. These two click trains overlapped in time and had 
slightly different average interclick intervals.

While manually associating clicks via visual inspection and periodicity clues is 
possible over short time spans, it is too laborious a method to apply to hours or days 
of acoustic data, suggesting the need for an automated solution, as explored in the 
following sections.
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6.5  Cadence Frequency Analysis and Identification 
of Individual Clicking Whales

The Cadence Frequency Analysis (CFA) algorithm was developed as a part of the 
LADC integrated software package to identify individual sperm whales. The algo-
rithm allows the determination of the number of simultaneously phonating animals 
in a group and the identification of the click trains of an individual animal in the 
group of interleaving click trains. It also tests the hypothesis that simultaneously 

Fig. 6.4 Time-aligned and stacked time series of clicks from two different whales clicking 
concurrently, as recorded by sensor N2 during LADC07. The slowly evolving shapes of the click 
structures and consistent interclick interval allow association of each click to an individual whale 
when manually inspected
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phonating animals in a group will adjust their clicking rhythms to efficiently scan 
the environment and distinguish among clicks emitted by different group members 
(Sidorovskaia et al. 2009a, b, c, 2010; Tiemann et al. 2011).

The CFA method can quickly and reliably associate clicks with individuals in a 
group of whales who are phonating simultaneously. It can be of interest also for 
developing technology associated with real-time passive acoustic monitoring from 
autonomous mobile platforms. The method is robust against environmental 
changes, signal-to-noise ratio, and surface and bottom reflections, and is species 
independent. The algorithm performance is independently validated by identifying 
individual click trains using two other techniques: the Passive Acoustic Localization 
using the Time Difference of Arrival (TDA) method (Tiemann et al. 2006; Tiemann 
et al. 2008; Van der Schaar et al. 2009) and cluster analysis. These techniques are 
described in Sects. 6.8 and 6.6 of this chapter.

Diving marine mammals produce echolocation clicks to orient themselves in the 
ocean, find prey, and perform short-range localization and tracking for prey capture. 
Many types of marine mammals dive in groups and echolocate simultaneously. The 
development of the CFA algorithm is based on the hypothesis that each animal in a 
group has the ability to slightly vary its interclick interval (frequency of clicks) to 
avoid interference with signals produced by nearby divemates. Logically it would 
also allow them to utilize clicks produced by other animals in the group to extract 
information about the surroundings with higher efficiency. The concept of rhythmic 
identity measurements was previously discussed by Andre and Kamminga (2000). 
They also mentioned anecdotal evidence that drummers from African tribes, trained 
at early ages to play individual rhythms in a group, could easily determine how 
many rhythmic themes were preset in a playback of overlapping click trains. The 
authors proposed that marine mammal click production can be rhythmically modu-
lated to prevent interference among individuals, and such rhythmic patterns could 
serve as acoustic signatures of individuals. Andre and Kamminga used a cross- 
correlation analysis of time domain signals for sperm whale clicks and codas to 
reveal rhythmic modulation. Despite the similarity of initial hypotheses, the CFA 
algorithm is fundamentally different and originated from an algorithm developed 
for human motion analysis (Ekimov and Sabatier 2008, 2011). The CFA algorithm 
does not have some common shortcomings of the other two methods.

 1. The CFA algorithm is species and environment independent. Reflections do not 
degrade the algorithm performance.

 2. The CFA algorithm is dynamic and follows the rhythm evolution during a dive.
 3. The CFA algorithm allows for multiple frequency band selections and can serve 

as a simultaneous detector and classifier.
 4. The CFA algorithm is robust to low signal-to-noise ratio due to band 

selectivity.
 5. The implementation of a concurrent “cleaning” procedure reveals rhythmic pat-

terns of strong and faint click trains simultaneously.
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The algorithm consists of two main steps: (1) formation of a band-limited energy 
function, and (2) frequency analysis of the band-limited energy function (Fig. 6.5). 
Figure 6.5a shows the raw temporal PAM signal recorded by the Environmental 
Acoustic Recording System (EARS) Buoy during July 2007 in the Northern Gulf of 
Mexico. The signal contains multiple sperm whale echolocation clicks. The sam-
pling frequency of the EARS buoy continuous recordings was 192 kHz and pro-
vided reliable discrimination among different marine mammal species present in 
the area (sperm whales, beaked whales, pilot whales, and dolphins). A sliding win-
dow Fourier transform is applied to the temporal data to obtain the spectrogram 
shown in Fig. 6.5b. The sliding window length is approximately the duration of the 
expected clicks (4 ms for sperm whales). The bright vertical lines on the spectrogram 
represent sperm whale clicks. The main energy of the sperm whale clicks is concen-
trated in the 5–10 kHz band; this band is chosen for energy function formation. The 
energy of all spectral components in the chosen band is summed for each temporal 
point of the spectrogram. The temporal evolution of the normalized energy func-
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Fig. 6.5 The Cadence Frequency Analysis algorithm is applied to LADC Gulf of Mexico 2007 
PAM data. (a) Raw temporal broadband acoustic signal of 25 s duration. (b) Spectrogram of the 
acoustic signal with vertical lines corresponding to sperm whale clicks. (c) Normalized band- 
limited energy function vs time obtained by incoherently summing spectrogram frequency compo-
nents over the chosen band. (d) Spectrogram of the energy function for the 5–10 kHz band with 
sliding window of 11 s. The arrows indicate two whales phonating with offset interclick frequen-
cies of 1.2 and 1.6 Hz. The temporal evolution of the interclick interval for the 1.2 Hz individual 
can be also seen
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tions for three different frequency bands are shown in Fig. 6.5c. The 5–10 kHz band 
energy function characteristic of sperm whale clicks is analyzed next to reveal dif-
ferent rhythmic patterns of simultaneously phonating sperm whales.

The second step of the CFA algorithm consists of obtaining a spectrogram of the 
band-limited energy function, as shown in Fig. 6.5d. The cadence frequency spec-
trogram in Fig. 6.5d shows two sperm whales clicking simultaneously at 1.2 and 
1.6 Hz (as indicated by arrows). The dynamic evolution of the lower frequency to 
1 Hz at time marker 16 s can also be seen. The higher frequency content of the 
cadence frequency spectrogram (above 2 Hz) does not represent any new informa-
tion. The prominent frequency components above 2 Hz are amplitude-modulated 
harmonics of the fundamental cadence frequencies due to properties of the Fourier 
Transform. It should be noted that a careful record of time axis resolutions has been 
kept for associating time points in the raw signal, energy function, and cadence 
frequency spectrograms. The algorithm is not affected by the multipulse structure of 
sperm whale clicks or reflections because they will have the same cadence fre-
quency. These may appear in later iterations of the CFA algorithm when the strong 
clicks of an individual whale (following the cadence spectral line) are removed from 
an original raw signal to reveal low amplitude phonations. The number of whales in 
a group and the click association with a particular whale will remain unchanged.

The method was applied to a 90-s segment of the experimental dataset collected 
in the Northern Gulf of Mexico in 2007 by the Littoral Acoustic Demonstration 
Center (LADC) and verified by comparison with results provided by two indepen-
dent algorithms: manual association of clicks from the time difference of arrival 
maps (Tiemann et al. 2006), and self-organizing map clustering based on three click 
attributes (temporal structure, spectral structure, and wavelet transform structure) 
(Ioup et al. 2004). Figure 6.6 shows the cadence analysis final time-frequency maps 
for three hydrophones N1, N2, and N3 (N1 and N2 are about 2 km apart, N1 and N3 
are about 2 km apart, and N2 and N3 are 4 km apart). Eight iterations of CFA are 
applied to the data from each hydrophone. The iteration number is identified by a 
colored arrow, and the same color-coded symbols correspond to the click time and 
cadence frequency pair. Hydrophone N2 clearly shows three whales phonating at 
1.0, 1.2, and 1.6 Hz (1, 0.83, and 0.62 interclick intervals (ICI), respectively) during 
the first 30 s. The same cadence frequency pattern is seen on hydrophone N1. The 
distant N3 hydrophone does not pick up all three whales, probably due to click 
directionality. To verify the cadence frequency-whale association made based on 
the results produced by the CFA, we compared it with the manual click association 
from the TDA and the self-organizing map methods for the same segment of data. 
Results show over 80 % agreement among all three methods in associating clicks 
with individuals and their click production times (see Fig. 6.7). Due to the cleaning 
algorithm and iterative approach, the CFA algorithm is much more sensitive to 
weak signals, which explains why many CFA click detections are unmatched by the 
TDA and self-organizing map algorithms in Fig. 6.7.
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In summary, the CFA algorithm shows good agreement with other algorithms 
targeting identification of individuals in a group of simultaneously phonating marine 
mammals. It also supports the hypothesis of “polite speakers,” i.e., sperm whales 
adjust their interclick intervals so that they do not overlap with the interclick inter-
vals of divemates.

6.6  Identification of Individual Whales from Click 
Properties by Clustering

The initial motivation for working with individual clicks came when G. Ioup and 
J. Ioup noticed that all the clicks in a sperm whale coda were similar both in the time 
and frequency domains, but that they could differ from coda to coda. Coda clicks are 
used for communication, and they occur in groups of 6–15 clicks with an interclick 
interval of approximately 40 ms and a click duration of 3 to 6 ms. It has been shown 
that the time difference between peaks (intraclick interval) within a sperm whale 
echolocation click is related to the size of the whale (Norris and Harvey 1972; Møhl 
et al. 1981; Gordon 1991; Goold 1996; Rhinelander and Dawson 2004; Teloni et al. 
2007; Growcott et al. 2011). The observation that coda clicks from a given whale 
are similar to each other but differ from the clicks of other whales is consistent with 
the connection of click properties to the size of the whale.

Baggenstoss (2011, 2013) has developed sophisticated mathematical approaches 
to associate echolocation clicks into click trains originating from individual sperm 
and beaked whales. The methods can break down if there are too many overlapping 
click trains and/or if some of the click trains are sparse. Baggenstoss has advanced 
his method by using the cross-correlations among the clicks to assist in associating 
the clicks into click trains. His work provides another independent confirmation that 
properties of clicks differ from one individual whale to another.

Figure 6.8 displays one minute of EARS recorded underwater acoustic data from 
2001. The top graph is an amplitude proportional to pressure plotted versus time. 
The middle figure is a data spectrogram showing frequencies up to 6000 Hz on the 
vertical axis and time on the horizontal axis. Color gives the intensity of the trans-
form, with red indicating the highest intensity. The bottom figure is the 0–1000 Hz 
portion of the spectrogram. The 6000 Hz spectrogram shows that there are many 
echolocation clicks and some codas. The lower spectrogram shows clearly the seis-
mic airgun firing every 11 s. The source ship was 107 km from the EARS buoy.

Figures 6.9a, b show the time domain signals and the spectrograms of two seg-
ments of four seconds of sperm whale clicks; each contains a coda. As in Fig. 6.8, 
the top figure in each group of three is proportional to the pressure plotted versus 
time. The middle figure shows the spectrogram with frequency to 6000 Hz on the 
vertical axis and time on the horizontal axis. Color indicates the magnitude of the 
transform. The bottom figure shows the frequency to 1000 Hz.
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Fig. 6.8 One minute of recorded data. The top graph is an amplitude proportional to pressure plotted 
versus time. The middle figure is a data spectrogram showing frequencies up to 6000 Hz on the verti-
cal axis and time on the horizontal axis. Color gives the intensity of the transform, with red indicating 
the highest intensity. The bottom figure is the 0–1000 Hz portion of the spectrogram. The 6000 Hz 
spectrogram shows that there are many echolocation clicks and some codas. The lower spectrogram 
shows clearly the seismic airgun firing every 11 s. Reprinted from G.E. Ioup et al. (2009)
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Figure 6.10 shows an overplot of the magnitude spectra of all the clicks in a coda 
for five different codas. The similarity for clicks within a coda is striking. Figure 6.11 
shows an amplitude versus time overplot of the clicks within a coda offset in the 
vertical axis, with similarity among the clicks evident.

As has been pointed out by Tiemann (see, for example, Sect. 6.4), identification 
of sperm whale echolocation click trains by humans is far too laborious when 
needed for many days or even hours of recordings. Baggenstoss’ (2011, 2013) auto-
mated methods are one approach to solving this problem for sperm and beaked 
whales echolocation trains. The method of cadence analysis, Sect. 6.5, is another. 
A method of associating clicks with individuals, which avoids the need for click-
train identification, and also applies to sperm whale coda clicks, is clustering of 
clicks. Clustering (Hartigan 1975; Seber 1984; Spath 1985; Estivill-Castro 2002) 
means putting clicks which closely resemble each other into individual clusters 
(classes), each of which presumably represents the clicks from one whale. Clustering 
is normally performed by computer analysis. The fact that the whale clicks have 
some natural biological variation from click to click for the same animal, and also 
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Fig. 6.10 Overplot of the magnitude Fourier spectra versus frequency for all the clicks in five 
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Fig. 6.11 Amplitude 
versus time for all the 
clicks in one coda from 
Fig. 6.10 plotted. 
Amplitude in each click is 
offset for clarity. Reprinted 
from Tiemann et al. (2011)
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changing physical parameters, such as whale depth and aspect between the whale 
and the receiver (the latter especially important for sperm whale echolocation 
clicks), means that the received signal from one whale will change over time and 
that the clustering must be designed with these factors in mind.

Clustering methods, mainly K-means (Lloyd 1982; Seber 1984; Spath 1985) and 
Self Organizing Maps (SOM) (Kohonen 1989; Pandya and Macy 1995), have been 
compared for application to whale clicks. SOM has been found to be more useful. 
It is iterative and allows straightforward incorporation of stopping criteria such as 
minimizing the Euclidean distances within a cluster and maximizing the Euclidean 
distances between cluster centers. It adds new clusters as it iterates. If adding a new 
cluster worsens the quality measures, the iterations are terminated and SOM gives 
the number of clusters needed. This number has turned out to be a good first esti-
mate of the number of whales present.

SOM has been applied to both sperm whale coda and echolocation clicks and 
beaked whale echolocation clicks. LADC scientists have been using cluster analysis 
since 2004 (Ioup et al. 2005, 2009, 2010; Tiemann et al. 2011). The coda clustering 
results are shown in Fig. 6.12, which gives the results of clustering 43 sperm whale 
codas occurring over a 3-min interval for data collected in 2001 in the northern Gulf 
of Mexico. The clustering is done by taking an average click for each coda and 
clustering the 43 codas using the average click for each. Figure 6.12a shows the 
clustering results based on the time data. Figure 6.12b is based on clustering the 
magnitude of the discrete Fourier transform (DFT), and Fig. 6.12c is obtained by 
clustering the discrete wavelet transforms (DWT) of the time signals. As stated 
above, SOM algorithms determine how many clusters are needed to obtain optimum 
results. The time and wavelet clustering found that four clusters (four whales) were 
optimal, whereas the Fourier clustering put two codas in a fifth cluster. The time and 
wavelet clustering agreed completely; the Fourier clustering disagreed for three 
codas out of the 43 total codas. More recent work has shown that if clustering is 
done with the complex DFT instead of simply using the magnitude, better agree-
ment is obtained with the time and wavelet clustering.

Tiemann used 46 sperm whale echolocation clicks from the LADC07 data to do 
a click-train analysis. He concluded that there were two whales clicking. When the 
same 46 clicks were clustered using SOM, the output showed three clusters. This is 
still a grey area in clustering, as sometimes minor differences in clicks will lead to 
the creation of an additional cluster when none is needed. It is hoped that incorpo-
rating click change detection (Sect. 6.7) into clustering will make the cluster count 
more accurate. In this case, to compare the clustering to Tiemann’s manual click- 
train analysis, the maximum number of clusters was set to two in SOM. The results 
are shown in Fig. 6.13a, b, c. Figure 6.13a gives the two clusters for the time signals, 
(b) displays the two clusters for the complex DFT (showing only the magnitude), 
and (c) shows DWT clusters. Figure 6.14 shows the average click for each cluster, 
overplotted. The top figure is the time signal, the middle is DFT magnitude, and the 
bottom is the DWT. All amplitudes are normalized to one. Figure 6.15 shows the 
comparison of the SOM clustering to Tiemann’s identification. The top figure shows 
the DFT classes (clusters) and the bottom shows the classes of Tiemann. There is 
85 % agreement.
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Fig. 6.12 The results of clustering 43 average coda clicks, one from each of 43 sperm whale 
codas. (a) displays the clicks in four clusters determined by SOM using the time signal; (b) shows 
the five classes found by SOM based on the DFT magnitude; and (c) gives the four classes result-
ing from applying SOM to the DWT, which are the same results as in (a)
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Figure 6.16 shows the clustering of Cuvier’s beaked whale data from the Third 
International Workshop on Detection and Classification of Marine Mammals using 
Passive Acoustics, Boston, July 2007. The data were provided by Johnson of Woods 
Hole Oceanographic Institution and the reference for the data is Zimmer et al. 
(2005b). SOM found that six clusters were needed for these clicks, implying that six 
whales are present. Although the figures are quite busy, it can be seen that the clicks 
within each cluster generally match in shape. Clustering on the linear amplitude of 
the DFT proved to be much more satisfactory than clustering on the DFT given in dB.

6.7  Click Change Detection

Tiemann has analyzed clicks collectively by doing manual click-train identification 
(see, for example, Sect. 6.4). This involves following the click sequence of an echo-
locating whale, including the identification of multiple reflections, and distinguish-
ing it from overlapping click sequences of other whales. He has developed several 
tools to facilitate the difficult work.

Meanwhile G. Ioup and J. Ioup have led the investigation of click change detection 
(CCD) (Ioup et al. 2010, 2011) to deal with the problem of turning sperm whales, 
which change their aspect with respect to the detector and therefore the properties of 
their received clicks (Møhl et al. 2003). Starkhammar et al. (2011) have independently 

Fig. 6.12 (continued) 
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Fig. 6.13 SOM clustering results for 46 sperm whale echolocation clicks, which were also analyzed 
by Tiemann to determine click trains present. (a) Shows the two clusters resulting from using the 
time signal, (b) gives the results of clustering based on the complex DFT, with the magnitude shown 
in the graphs, and (c) displays the results of clustering the DWT. Clicks from LADC07 data sets
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Fig. 6.14 Average clicks for each of the two SOM clusters found for 46 sperm whale echolocation 
clicks. The top graph gives the cluster average time signals; the middle plot shows the magnitudes 
of the cluster average complex DFT; and the lower figure contains the cluster average DWT’s

developed a click change approach. Click change detection is also helpful in dealing 
with the change of clicks with depth (pressure) for diving whales and with the natu-
ral click-to-click variation for an individual whale.

The click change detection method used to determine whether the successive 
clicks are from the same or a different whale is based on taking successive cross- 
correlation maximum values and comparing these values to a threshold. Proper 
 normalization of the cross-correlation is essential. For this purpose, division by the 
product of the square root of the energy of each click gives the normalization 
needed. The normalization expression is

 
CCmax

max

= ( )( )éë ùû-S S Si i i j i iX Y X Y2 2
1 2/

 

and CCmax value is between 0 and 1. The threshold value, based on analysis of the 
data and on comparison with Tiemann’s results, is 0.4.

The data used by Tiemann for sperm whale click-train identification is from data 
given in conjunction with the 4th International Workshop on Detection, Classification 
and Localization of Marine Mammals Using Passive Acoustics, University of 
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Pavia, Italy, in September 2009. Dataset 3—NEMO ONDE deep-sea platform—
was Sperm whale sounds recorded at 96 K sampling rate—four hydrophones on a 
tetrahedron placed at 2000 m depth, 25 km off Catania (Eastern coast of Sicily, 
Italy). Most files contain sperm whale sounds; one contains other clicks, similar to 
those emitted by Cuvier’s beaked whales.

Tiemann has selected 550 successive sperm whale echolocation clicks for analy-
sis. By grouping the clicks into trains, he is able to identify which whale is produc-
ing any given click. In particular, his analysis can be used to determine whether any 
click comes from the same whale as the preceding click in time.

The normalized cross-correlation was then calculated between each click and the 
preceding click and the maximum value of these cross-correlations is plotted versus 
time, as shown in Fig. 6.17. The plotted points are also color-coded. Green is used 
when, according to Tiemann’s analysis, class(i) = class(i − 1) (where i is the time 
index), and red is used when class(i) ≠ class(i − 1).

As can be seen in Fig. 6.17, almost all the green points are above the selected 
threshold of 0.4 and almost all the red points are below the threshold. Click change 
detection agrees with manual click-train analysis 98.5 % of the time. This is strong 
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Fig. 6.15 Comparison of SOM clustering with manual click-train identification. Two classes or 
clusters (two colors) represent two whales. The top figure gives the SOM identifications and the 
bottom figure the click-train identifications of the two whales. There is 85 % agreement. Reprinted 
from G. Ioup et al. (2009)
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evidence that the cross-correlation analysis does a very good job identifying whether 
the same or a different whale produces a succeeding click.

As part of his analysis, Tiemann identified about 30 successive clicks, as shown 
in Fig. 6.18, between 125 and 145 s, which appear to be coming from a turning 
whale. Although there is a significant amount of change in click structure over that 
period, because sperm whales turn slowly, the amount of change from one click to 
the next is small. Therefore, click change detection applied to these clicks shows all 
clicks to be from the same whale. Not only are the cross-correlations above the 
minimum of 0.4, they are all greater than or equal to 0.5. Click change detection, at 
least in this case, has successfully dealt with the problem of a turning sperm whale.

While the success of click change detection is notable, it is not by itself capable 
of identifying which whale is clicking. It remains to be combined with clustering, or 
otherwise advanced, to accomplish identification.
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Fig. 6.16 SOM clustering for Cuvier’s beaked whale clicks. Clustering is based on the magnitude 
of the DFT. Six clusters resulted. Data are from the Third International Workshop on Detection and 
Classification of Marine Mammals using Passive Acoustics, Boston, July 2007, and were supplied 
by Johnson of Woods Hole Oceanographic Institution. Data are filtered with a 20–60 kHz 
Butterworth filter
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Fig. 6.18 A sequence of about 30 clicks (part of the 550 clicks analyzed) identified by Tiemann 
as being emitted by a turning sperm whale
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6.8  Passive Acoustic Localization

Passive acoustic localization includes various methods to estimate the position of a 
phonating marine mammal, relative to a receiver or array, using only an acoustic 
record without the benefit of tags or visual observations (Tiemann et al. 2006, 2011; 
Tiemann 2008; Baggenstoss 2011, 2013). Benefits of acoustic localization include 
the ability to monitor whale behavior continuously and relatively inexpensively, 
even in times of reduced visibility. While localization and tracking are useful in 
studies of marine mammal behavior, they can also be considered another identifica-
tion tool complementary to the others; acoustic localization is a way to sort or asso-
ciate acoustic events geographically. For example, the estimated source positions 
for several consecutive sperm whale clicks should form a continuous track of ani-
mal motion. If they do not, there has likely been an error during click association. 
When used in that manner, localization serves as a way to check the results of any 
click associations derived through the methods above.

The passive acoustic localization of marine mammals is frequently accomplished 
by measuring the time of arrival of a given animal phonation at different acoustic 
sensors. The differences in arrival times, or time lag, can then be used to geometri-
cally estimate an animal’s position at the time it made the sound. A common tech-
nique called hyperbolic fixing uses a measured time lag to trace out candidate source 
positions on hyperbolic paths relative to a receiver pair. As time lags for the same 
sound event are measured by other receiver pairs, more candidate source positions 
can be defined. Finally, a candidate source position shared by all time lags is 
declared the most likely whale position. As an example, Fig. 6.19 shows the candi-
date locations for a clicking sperm whale estimated by time lags measured at two 
receiver pairs for a single click event. The intersection of the hyperbolic paths of 
possible source positions indicates the most likely whale location approximately 
6 km from the hydrophone array.

6.9  Identification Cues and Their Integration

The developments summarized in Sects. 6.4 through 6.8 can all be used to help 
identify individual clicking whales. Consideration of these results has led to these 
research questions:

 1. How can the methods of 6.5, 6.6, and 6.7 be verified?
 2. How can the methods be made more robust and perhaps more efficient?
 3. What do the results tell us about how whales identify each other?

Investigation of these topics is still very much work in progress, but some obser-
vations can be made at this stage.

Although coupling the methods of Sects. 6.5, 6.6, and 6.7 with visual identifica-
tion may provide verification in the future, this has not been possible for LADC 
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cruises to date. The most promising approaches for verifying cadence analysis, 
clustering, and click change detection have been manual (or, in the future, auto-
mated) click-train analysis and click localization. The work of Tiemann and col-
leagues (Sects. 6.4 and 6.8, and Tiemann and Porter 2003; Tiemann et al. 2006, 
2011, Tiemann 2008), Baggenstoss (2011a, b, 2013, 2014, 2015), and Nosal and 
colleagues (2006, 2007a, b, 2008, 2013a, b; Young et al. 2013) is the key for pro-
gressing in this direction. One of the main challenges with LADC data is having 
enough sequential clicks from one whale (especially for beaked whales) to identify 
click trains, and having detection on more than one sensor to do tracking. (Single 
sensor tracking, Tiemann et al. 2006, is not applicable unless there are enough mul-
tiple reflections, usually present with a hard ocean bottom and not in the Gulf of 
Mexico.) LADC deployments have been mainly for detection, but future exercises 
will have one site with six clustered hydrophones, to achieve better localization and 
click- train identification. Thus far, click-train analysis by Tiemann (Sect. 6.4) has 
been compared to cadence analysis (Sect. 6.5), clustering (Sect. 6.6) and to click 
change detection (CCD) (Sect. 6.7) for echolocating sperm whales. The results are 
excellent for CCD and very good for cadence analysis and clustering.

Increasing the robustness and perhaps the efficiency of the identification meth-
ods will be important, but it will be difficult to do until verification is used to get 
confidence in the accuracy of the methods. Verification will also guide the combin-
ing of methods for increased accuracy.
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Fig. 6.19 Hyperbolic curves trace out candidate whale positions associated with a single sperm 
whale click recorded by the northern receiver array during LADC07. The intersection of the curves 
represents the most likely whale position
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It is likely that whales use elements of all of the methods described in Sects. 6.4 
through 6.8 to identify and locate each other. Binaural hearing can give good enough 
localization to distinguish separated speakers. If better localization is needed, a few 
directed echolocation clicks, coupled with the whales’ superb echolocation abili-
ties, could locate companions.

It seems fairly certain that whales know which whale is speaking. Mothers and 
calves identify each other, and whales synchronize their dives. Whales have highly 
developed cochlea and copious ganglia (Ketten 1994; and references cited therein). 
As mentioned, their ability to echolocate prey is advanced. Although humans might 
be misled by the shortness of whale clicks, it is quite possible that whales know 
which one is phonating just from listening to individual clicks.

It is instructive to consider an analogy with human hearing, which may offer 
guidance, although the analogy could break down for several reasons. Humans are 
known to need about three cycles to identify a low frequency tone (50 Hz), about 20 
cycles to identify a mid-frequency tone (2000 Hz), and about 250 cycles to identify 
a high frequency tone (10 kHz) (Bürck et al. 1935; Rossing et al. 2002). Sperm 
whale clicks can have energy up to 25 or 30 kHz, but the bulk of the energy is below 
17 kHz. At 10 kHz, which is roughly mid-frequency, a 6 ms click contains 60 cycles. 
For beaked whales, which have click duration between 240 and 900 μs and a click 
frequency range from 20 to 60 kHz, a mid-frequency 40 kHz signal will have 24 
cycles in 600 μs. Therefore, the possibility that sperm and beaked whales can iden-
tify individuals from the properties of single clicks merits investigation. Data analy-
sis by LADC scientists and others provides important supporting evidence.

For diving whales, whose click properties change due to changing pressure 
(Thode et al. 2002), it is plausible that the whales use some form of click change 
detection (CCD) to keep track of which companion is phonating. The same is pos-
sible for turning sperm whales, whose click properties change slowly with time at a 
receiving point.

Since whales foraging together appear to have the ability to adopt different 
cadences for their echolocation click trains probably to reduce interference with 
each other, the cadence of an individual can be a component of identifying echolo-
cating companions for each whale.

6.10  Sperm Whale Coda Classification  
and Repertoire Analysis

As noted in Sect. 6.3 and 6.1, during the summer of 2001, the Littoral Acoustic 
Demonstration Center (LADC) conducted the acquisition, deployment, and retrieval 
of three bottom-moored environmental acoustic recording system (EARS) buoys in 
the Northern Gulf of Mexico (GoM). The original focus of the project was to inves-
tigate ambient noise and upslope propagation in the area, but after consultation with 
the Minerals Management Service (MMS) Sperm Whale Acoustic Monitoring 
Program (SWAMP), the focus was expanded to include an examination of sperm 
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whale acoustic behavior. The data collected during the summer of 2001 have been 
used in several studies examining the contributions of marine mammals and off-
shore drilling to the ambient noise level at the edge of the continental shelf in the 
Northern Gulf of Mexico (e.g., Newcomb et al. 2004, 2002a, b, c; Snyder et al. 
2003). The project presented here is focused on identifying the coda repertoire of 
sperm whales in the area.

6.10.1  Location

EARS buoys, as described in Sect. 6.2, were used for the measurements in 2001, 
which produced the data analyzed in this section. The buoys were deployed from a 
ship on July 16th–19th. The deployment site was chosen to optimize LADC’s goal 
of measuring noise propagation up the continental slope, as well as maximizing 
exposure to the largest concentration of previous sperm whale sightings in the gen-
eral area. This area has been identified as an area rich in sperm whale activity, spe-
cifically around the 1000 m depth contour south/southeast of the Mississippi River 
delta (Mate et al. 1994; Würsig et al. 2000). The first buoy, EARS 1, was moored at 
approximately 28° 15′ N and 88° 50′ W. The other two buoys, EARS 2 and EARS 
3, were deployed along a 43 km line extending from the 200 m contour to just 
beyond the 1000 m contour, along which oceanographic data were collected. Data 
were also collected along a cross track. The LADC01 and 02 buoy locations shown 
in Fig. 6.3. are specified in greater detail in Fig. 6.20. Total separation between 
buoys was approximately 25 km with roughly 7 km separating EARS 2 and EARS 
3. The buoy closest to land, EARS 3, was located approximately 55 km from the 
Louisiana shore. EARS 1 was moored at a depth of approximately 1000 m, EARS 
2 at 800 m, and EARS 3 at 600 m.

Fig. 6.20 The EARS 
deployment sites in the 
Northern Gulf of Mexico. 
Adapted from image 
provided by Joal Newcomb
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Each EARS buoy continuously recorded acoustic signals with frequencies up to 
5859 Hz for a period of approximately 36 days (digital sampling rate of 11.7 kHz). 
Each buoy gathered 72 GB of acoustic data for a three-buoy total of 216 GB. A total 
of 2592 h of audio data were recorded and then inspected visually and acoustically 
using Raven 1.1 (Bioacoustics Research Program 2003).

6.10.2  Classification and Repertoire Identification

Codas are stereotyped sequences of sperm whale clicks lasting from approximately 
0.2 to 5 s, which occur in a pattern of about 3–20 clicks (Whitehead 2003). Some of 
the codas we observed are shown in Fig. 6.21. Codas are sometimes produced at the 
end of a usual echolocation click train, so in following musical terminology, Watkins 
and Schevill (1977a) called them “codas.”

Codas are most frequently heard when whales are at or near the surface and are 
moving slowly in and around one another (Weilgart and Whitehead 1997; Whitehead 
and Weilgart 1991), but are also heard in small numbers during dives (Madsen et al. 
2002). Furthermore, they seem to occur only between whales that are in close physi-
cal proximity to one another (Watkins and Schevill 1977b).

Codas appear to be used primarily as intragroup communication, rather than in 
communication between groups since codas lose their acoustic integrity after 
approximately 2 km and groups are usually separated by much greater distances 
(Madsen 2002; Weilgart and Whitehead 1997; Whitehead 2003). In addition, there 

Fig. 6.21 Spectrograph image illustrating three codas (between solid black arrows) and a creak 
(between dashed arrows) from the EARS 3 buoy recording file 08652121
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is regional geographic variation in coda types (Weilgart and Whitehead 1997). 
Weilgart and Whitehead (1997) suggest that this variation results from the distinc-
tive coda dialects of particular social units, which have preferred geographic ranges. 
Strong group-specific dialects that persist over a number of years seem to exist 
(Weilgart and Whitehead 1997). Furthermore, differences in repertoire have been 
found in different geographical locations (Apple 2002; Moore et al. 1993; Pavan 
et al. 2000; Weilgart and Whitehead 1993, 1997).

To determine the coda repertoire of the whales recorded in this study, codas were 
classified based on methodology used in previous studies (Apple 2002; Moore et al. 
1993; Weilgart and Whitehead 1993, 1997). Using both the number of clicks in the 
coda and the structure of the click pattern, a coda type was determined. For  example, 
5-click codas were labeled as type: 5R (Regular: with equal spaces between clicks), 
5V (Variable: unevenly spaced clicks), 5 + 1 (plus-one: contained a double interval 
between the last two clicks), or 5 1+ (one-plus). The one-plus structure is a devia-
tion of the protocol used in previous studies and was created here due to the fre-
quency of codas with a double interval after the first click of the coda.

A total of 5035 codas were identified from the EARS recordings and were clas-
sified into 34 types (Table 6.1). Representing 19.09 % of all codas, the type 6V was 
the most prevalent, with 4V (13.45 %) and 7R (11.88 %) ranking second and third.

The identification of the coda repertoire from sperm whales in a given area can 
provide information not only about vocal behavior, but also about group structure and 
group affiliation. This LADC project recorded a large number of codas over the 
course of the study period. Because codas from known breeding grounds are often 
produced by socializing females (Goold 1999; Gordon et al. 1992; Marcoux et al. 
2006), and this study area is known to be inhabited by a mixed group of mature 
females and immatures (Watwood et al. 2006; Würsig et al. 1999), it is likely that 
there were mature females in or passing through the area for much of the study period.

6.11  Statistical Modeling and Population Estimation

6.11.1  Modeling Acoustic Data

Monitoring deepwater marine mammal abundance based on acoustic recordings has 
been introduced as a new tool when visual observations are limited or unavailable 
(Marques et al. 2009; Barlow and Taylor 2005). However, only a few case studies to 
estimate population densities based on acoustic cues have been published in the 
literature. In this section, we describe a statistical methodology that was recently 
developed (Ackleh et al. 2012) which utilizes passive acoustic data collected before 
and after the 2010 Deepwater Horizon oil spill incident to assess its impact on the 
population abundance of endangered sperm whales.

We begin discussion of the statistical models for the acoustic data collected from 
buoys in the northern and southern sites in years 2007 and 2010. The click rate  
histograms imply a “power law" pattern. Therefore, we adopt a general power law 
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Table 6.1 Summary of category types, visual description of click patterns, number of codas in 
each type, and the percentage of the total coda repertoire that each type had

Type Description # of Codas % of Total

3R / / / 71 1.41

3V / // 193 3.83

2 + 1 / / / 15 0.30

1 + 2 / / / 156 3.10

4R / / / / 408 8.10

4V // // 677 13.45

3 + 1 / / / / 17 0.34

1 + 3 / / / / 67 1.33

5R / / / / / 180 3.57

5V // // / 274 5.44

4 + 1 / / / / / 50 0.99

1 + 4 / / / / / 116 2.30

6R / / / / / / 402 7.98

6V // // / / 961 19.09

1 + 5 / / / / / / 28 0.56

7R / / / / / / / 598 11.88

7V // / // / / 171 3.40

6 + 1 / / / / / / / 87 1.73

1 + 6 / / / / / / / 58 1.15

8R / / / / / / / / 75 1.49

8V / /// / / // 132 2.62

7 + 1 / / / / / / / / 23 0.46

1 + 7 / / / / / / / / 10 0.20

9R / / / / / / / / / 24 0.48

9V // / / /// / / 124 2.46

8 + 1 / / / / / / / / / 5 0.10

1 + 8 / / / / / / / / / 13 0.26

10R / / / / / / / / / / 36 0.71

10V / / //// / / / / 9 0.18

11R / / / / / / / / / / / 13 0.26

11V // / / / / // / / / 14 0.28

1 + 10 / / / / / / / / / / / 4 0.08

12R / / / / / / / / / / / / 8 0.16

12V /// / / / // / / // 16 0.32

Total 5035 100.00

Note: The visual description for each variable (V) type is only one example of several forms the 
variable coda might take
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model (Johnson et al. 1992) for probability density functions P, to fit the histograms 
formed for selected datasets for a specific experiment and location.
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The log-likelihood function L for a given dataset with random observations, 
x1, x2, …, xn, of the number of clicks recorded at n consecutive minutes is given by

L b x x x k b b xn i
n

iq q q
, | , , , ln /1 2 1( ) = ( ) +( )( )=  , .

Estimates of the parameters b and θ (denoted by b̂  and q̂ ) are obtained by 
maximizing the above log-likelihood function over a parameter space 
W = ( ) > >{ }q q,b b| , .1 0  However, maximization of L with respect to θ and b 
simultaneously runs into the “saddle point” type problem, where L is monotoni-
cally increasing with respect to θ and b. Thus, to resolve this problem, a different 
approach is used in Ackleh et al. (2012). In particular, for a fixed b, L is maximized 
with respect to θ and the optimal value θ, which depends on b, is obtained and 

denoted θ(b).
All power law fitting curves for buoys in the northern and southern sites are 

overlaid in Fig. 6.22. The power law functions indicate a sharp difference between 
years 2007 and 2010 in the northern area but similar fittings in the southern area. 
Acoustic activity of sperm whales at the closest northern site (9 miles away from the 
incident site) shows a decrease between 2007 and 2010, but no obvious differences 
are observed at the southern site (23 miles away).
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Fig. 6.22 Comparison of the power law fittings for the northern (Left) and southern (Right) sites. 
N1–N3 and S1–S3 correspond to data collected in 2007, A1–A3 correspond to data collected in 
2010. (Extracted from earlier work (Ackleh et al. 2012))
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6.11.2  Estimating Population Density

The objective of this section is twofold: (1) to formulate a statistical methodology 
for the point and interval population abundance estimation based on passive acous-
tics, and (2) to apply this model to data collected before and after the oil spill in the 
Gulf of Mexico (GoM) and to assess its impact on the sperm whales population.

Following Marques et al. (2009), a point estimate of population density D̂  based 
on the number of detected cues nc over a time period T can be given by

ˆ
ˆ

ˆ ˆ
D

n c

K w P Tr
=

-( )
( )

c 1
2p

.

Here, ĉ is the estimated proportion of false positive detections and K is the num-
ber of replicate sensors used in the experiment ( K =1  in our experiment). A target 
region is considered to be a circular area centered at the buoy location with w repre-
senting the maximum detection radius. The expected number of cues per unit time 
by a single mammal is denoted by r. The estimated average probability of detecting 
a cue is given by P̂ .

Different approaches have been applied to obtain a suitable value of P̂ . In the 
first procedure (Marques et al. 2009), parameters py and h(y) can be evaluated by 
relating sensor detection events to the sounds produced by tagged animals. This 
requires tagging a considerable number of animals in a survey area (which was not 
conducted during LADC deployments). The second approach (Tiemann et al. 2006) 
is computationally and operator-time costly since it involves a localization of an 
animal producing each detected cue. The third approach (Zimmer et al. 2005; Küsel 
et al. 2011) is based on modeling utilizing environmental data and the animal’s 
beam pattern that are absent for GoM. We adopt a different approach and assump-
tions to obtain P̂  (Ackleh et al. 2012). In particular, let h(y) be the probability of 
the whale being y units away from the buoy location, and py be the probability a cue 
is detected provided that the cue is generated at a distance y. Then

P̂ p h y y
w

= ( )ò
0

y d .

We further assume that py is one of two general types:

 
p y w wy for= -( ) - -( )( ) - -( )( ) >exp / exp / / exp /b b b b1 0

 
(6.1)

 p y wy = - ( )1 /  (6.2)

We generalize h(y) used in Marques et al. (2009) to h y d y wd d( ) = +( ) +1 1/ .
The most appropriate values of parameters β and d are unknown and probably 

hard to obtain. For various combinations of β and d this methodology is applied to 
data collected before and after the 2010 spill, as the acoustic detection techniques 
used are the same, to see if there is a significant difference between 2007 and 2010 
models.
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Due to difficulties encountered in estimating the variance of D̂  directly, we 
apply the following nonparametric bootstrap method for the interval estimates of 
population density.

 1. Specify the location and survey of interest, obtain the k consecutive hourly point 
estimates of D for the given survey, and denote them by ˆ ˆ, ,D Dk1

.

 2. Draw with replacement a bootstrap sample of size k from ˆ ˆD Dk1,, ,,{ } , denote 

this sample by ˆ ˆ, ,* *D Dk1 , and then calculate the sample average 
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By a comparison of manual and automatic detections we obtain ˆ .c = 0 059 . From 
the literature on sperm whales (Watwood et al. 2006: Whitehead and Weilgart 1990) 
we take the cue production rate to be 1.22 clicks per second per whale and the 
 maximum detection radius as w = 20  km. The values b = =2 5 1. , d  are chosen so 
that the estimated sperm whales density before the spill matches the NOAA reported 
population of 1665 in the Northern GoM (Waring et al. 2009). The confidence level 
is set to be 1 0 95- =a . , and the number of replications is M = 5000 . Based on the 
values and assumptions chosen above, we obtain estimates of population density as 
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Fig. 6.23 The 95 % confidence interval of the average hourly density for all survey sites in north-
ern and southern locations. Light gray denotes northern sites and dark gray denotes southern sites. 
(Extracted from our earlier work (Ackleh et al. 2012))
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presented in Fig. 6.23. These results show that there is a considerable decrease of 
the population abundance from 2007 to 2010 at the northern site closest to the DWH 
incident site and an apparent increase at the southern site. One can further observe 
that the decrease in the population density at the northern site nearest to the DWH 

site exceeds statistical uncertainties and can be accepted as an existing trend.

6.12 Summary

This chapter presents the work of the Littoral Acoustic Demonstration Center 
(LADC), a consortium comprising University, private industry, and U.S. Navy sci-
entists, formed in early 2001. The Universities currently represented are the 
University of Louisiana at Lafayette (UL Lafayette), the University of Southern 
Mississippi (USM), the University of New Orleans (UNO), and Oregon State 
University (OSU). LADC was formed to utilize technology developed by the Naval 
Oceanographic Office (NAVOCEANO) to make environmental underwater acous-
tic measurements. Specifically, the technology consists of buoys containing elec-
tronics and power and having an external hydrophone(s), which are moored to the 
ocean bottom to make acoustic measurements over extended periods of time. The 
buoys are named Environmental Acoustic Recording System (EARS). LADC is 
using EARS to make measurements which are not part of NAVOCEANO’s mission. 
NAVOCEANO provides technical guidance and support to LADC.

A list of LADC scientists and their affiliations is in Sect. 6.1. This section also 
elucidates the developments which led LADC into recording marine mammals.

Initially the EARS technology used by LADC recorded to about 6000 Hz. Then 
buoys which measured to 25,000 Hz were developed. Now our Generation 2 EARS 
can measure to 25 kHz on four channels or to 96 kHz on one channel. The latter con-
figuration makes possible the measurement of beaked whale clicks and much of the 
spectral band of offshore dolphin clicks and whistles. A description of the features of 
EARS buoys which are important for LADC applications is given in Sect. 6.2.

After recording sperm whales in 2001 and 2002, and a seismic airgun array on 
one mooring in 2003 (Tashmukhambetov et al. 2008), LADC made the first record-
ings of beaked whales in the Gulf of Mexico (GoM) in 2007. These measurements 
were at sites which are located 9 and 23 miles from the Macondo well. Then in 
September 2007, LADC conducted a large exercise to produce detailed measure-
ments of the acoustic field of a seismic airgun array. In 2010, after the oil spill at 
Macondo, LADC went back to the 2007 sites close to Macondo and to a 2001–2002 
site, 50 miles from Macondo. This enabled before and after comparisons to be 
made. An article comparing before and after abundances for sperm whales has been 
published (Ackleh et al. 2012). Important details of all LADC marine mammal 
experiments and experimental collaborations are given in Sect. 6.3.

Since the early 1970s, significant progress has been made in understanding the 
bioacoustics of sperm and beaked whales. Much of the research is reported in the 
references given in this chapter and in references cited therein. Various facets of 
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click generation and the properties of the clicks themselves are becoming well 
characterized. Those aspects of the bioacoustics of these whales which are not yet 
well understood are mainly related to identification of and communication among 
the whales and the relation of these to their behavior and the environment. Although 
these topics are difficult to study because there are not animals in captivity, the clar-
ity and volume of the recordings available have permitted advances to be made, 
even though the science is still in its early stages. Sections 6.4 through 6.10 describe 
LADC research in these areas. Section 6.8 on Passive Acoustic Localization also 
stands on its own, since it can be applied to understanding other areas of whale 
science.

Section 6.4, Click Structure Analysis and Sperm Whale Identification, discusses 
the structure of the clicks of an individual sperm whale and how this structure can 
differ from whale to whale. These differences are used to separate the clicks from 
different whales and associate them over time into click trains, one for each whale. 
These identified click trains allow several very important analyses to be made, such 
as determining interclick intervals for each animal. These are found to differ from 
animal to animal. They also facilitate identifying the click structure for each animal. 
It is important that they allow the determination of how that click structure can change 
as the whale changes its aspect with respect to the receiver. While manual click train 
identification is too laborious to perform on large sets of data, the analysis that has 
been done has greatly facilitated the development of related methods to study inter-
click intervals and identify individual whales from the properties of their clicks.

The idea of an interclick interval or an individual click frequency for echoloca-
tion clicks, referred to as a cadence frequency, is explored in great detail in Sect. 
6.5, Cadence Frequency Analysis and Identification of Individual Clicking Whales. 
A robust method is developed and applied to identify all different cadence frequen-
cies present among the group of phonating whales. The method allows the associa-
tion of clicks with individuals in a group of whales. It has been compared to passive 
acoustic localization in Sect. 6.8 and cluster identification in Sect. 6.6. The cadence 
frequency analysis algorithm is based on an approach developed for human motion 
analysis and is a significant improvement on other methods which have been devel-
oped to identify cadences. The important advantages of this approach are given in 
the section. The details of application of the algorithm are discussed. It has been 
used for sperm whales, beaked whales, pilot whales, and dolphins. It is found that 
simultaneously diving whales adopt somewhat different cadences from each other, 
presumably to keep from interfering with each other as they echolocate. The method 
shows good agreement with the other approaches mentioned.

In the analysis of the coda clicks of sperm whales, it became obvious that all the 
clicks in a coda were similar to each other in their time and spectral properties.  
In comparing codas, it was seen that some codas had the same click properties as 
some others, while other codas had different click properties. This led to the idea 
that clustering of coda clicks could be used to identify individual whales. Each 
cluster or class identified by the clustering method would be associated with an 
individual. Although several different clustering methods were tried, the one that 
led to the greatest success is a neural nets-based technique called self-organizing 
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maps. After achieving separation into clusters that were differentiated from each 
other and could identify sperm whales based on these codas, the method was 
extended to sperm whale echolocation clicks and beaked whale echolocation clicks. 
Good agreement was obtained when the clustering of sperm whale echolocation 
clicks was compared with click train identifications when two whales were 
present.

In order to deal with the change of received click properties from a turning sperm 
whale which is changing its aspect with respect to the receiver, a click change detec-
tion method was developed. This method is used to determine whether the clicks are 
from the same or a different whale. It is based on taking successive normalized 
cross-correlation maximum values and comparing these to a threshold. For the 
work with sperm whale echolocation clicks reported here, the threshold for the nor-
malized cross-correlation is 0.4. Tiemann has analyzed 550 successive echolocation 
clicks into click trains. From his analysis it is known for each successive click 
whether the same whale is clicking or a different whale. The same thing can be 
determined using click change detection. When the results of manual click train 
analysis are compared to click change detection, the agreement is 98.5 %, which is 
very strong supporting evidence for the click change detection method. A sequence 
of clicks from a turning sperm whale was isolated over a 20 s interval in these data. 
Click change detection showed a correlation with a minimum of 0.5, indicating that 
all clicks came from the same whale. In the future click change detection can pos-
sibly be used to deal with changing clicks due to changing pressure for a diving 
whale or the simply natural click to click variation for a single whale.

As stated previously, Sect. 6.8, Passive Acoustic Localization, is important for 
many applications in studying whale identification, communication, and behavior. 
Its special importance in this chapter is that it has given a way to check the results 
of cadence frequency analysis. In the future it can help verify the identifications 
given by clustering. It is one of the most important ground truth methods available 
for LADC analysis.

In Sect. 6.9, Identification Cues and Their Integration, an investigation of the 
combination of the methods of Sects. 6.4 through 6.8 is given. Questions of verifica-
tion, robustness, and efficiency are considered, as well as how the results of this 
section can further the science of understanding how whales identify each other. In 
the absence of sufficient visual identifications, the main bases for verifying the 
methods have been click train analysis and click localization. It is suggested that 
whales use elements of all the methods described in Sects. 6.4 through 6.8 to iden-
tify and locate each other. Consideration is also given as to whether whales can 
identify each other from individual clicks. An analogy with human hearing is given 
to illuminate the possibilities for identification from a single click.

Section 6.10, Sperm Whale Coda Classification and Repertoire Analysis, presents 
a detailed study of 5035 codas selected from the data of LADC01. It was found that 
there are 34 different rhythms identified, all given with their frequency of occur-
rence in the table in the section. Three coda rhythms accounted for almost 45 % of 
all the codas. These results can be used to give information about group structure 
and group affiliation among the sperm whales in the region, which are most likely 
to be mature females and immatures.
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Section 6.11, Statistical Modeling and Population Estimation, concerns estimat-
ing the population density for sperm whales at the northern and southern sites for 
LADC07 and LADC10. The estimation is based on using a formula given in the 
literature in 2009. Because some of the parameters needed for the formula were not 
measured in the LADC experiments, new techniques have been developed to deduce 
these quantities. Standard approaches were used to fit probability density functions 
to the histograms of the data, although different functional forms were needed than 
those used previously. One of the difficulties is knowing the estimated average prob-
ability of detecting a cue. None of the methods for estimating this probability used 
by others was available for the LADC data so a novel technique was developed. 
Estimating the variance of the density is also difficult, and a nonparametric boot-
strap method was developed to get interval estimates of the population density. 
Based on the assumptions given in the section, results show a considerable decrease 
in the abundance of sperm whales from 2007 to 2010 (before and after the Macondo 
well oil spill) at the northern site, 9 miles away from the spill, and an apparent 
increase at the southern site, 23 miles away.
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