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Abstract

Regular clicks of diving sperm whales Physeter macrocephalus were recorded in deep
oceanic water off the Azores, and subsequently sampled to computer disk for analysis. A
total of 8540 clicks were marked and analysed. Simple temporal analysis of inter-click
intervals revealed mean click rates for male sperm whales of 1.1713 s™', and for female
sperm whales of 1.9455 s™'. Fourier analysis showed distinctive peaks in the spectra of
bull male sperm whale clicks at approximately 400 Hz and 2 kHz, which were stable over
extended periods of up to 20 minutes. The clicks of smaller female sperm whales showed
similar spectral peaks, shifted to approximately 1.2 kHz and 3 kHz, but which were less
pronounced and less stable with time than the male peaks. All clicks contained
broadband components up to at least 15 kHz. The previously reported multiple pulsed
structure of sperm whale clicks is confirmed, and waveform filtering shows the structure
to emerge only above certain threshold frequencies, approximating to estimated air sac
dimensions in the sperm whale head. It is considered that the function of sperm whale
clicks is echolocation.

Sound velocity was measured in samples of spermaceti oil from the spermaceti sac of a
15.6 m male sperm whale Physeter macrocephalus under varying temperature and
pressure regimes. Measured sound velocities were in the range 1390 to 1530 ms’
between the limits 22°C to 38°C and 0 to 9.1 MPa. Sound velocity was later measured in
castor oil, spermaceti oil from the melon of the dwarf sperm whale Kogia simus, and a
final sample of the original Physeter spermaceti oil. Measured sound velocities in castor
oil were in the range 1490 to 1560 ms™ between the limits 6°C to 40°C and 0 to 9.1 MPa.
Measured sound velocities in Kogia melon core spermaceti oil were in the range 1395 to
1670 ms™ between the limits 9°C to 38°C and 0 to 9.1 MPa. Measured sound velocities
in Kogia melon peripheral spermaceti oil were in the range 1430 to 1510 ms™' between the
limits 7°C to 38°C and O to 9.1 MPa. Measured sound velocities in the final Physeter
spermaceti oil sample were in the range 1420 to 1520 ms™" between the limits 12°C to
38°C and 0 to 9.1 MPa. In all cases, sound velocity increased linearly with increasing
pressure, but decreasing non-linearly with increasing temperature.

Waveform autocorrelation and cepstrum analysis techniques were used to measure intra-
pulse intervals from sequences of male and female sperm whale clicks. Autocorrelation
was generally successful provided that click signals were bandpass filtered, to reveal the
high frequency pulsed structure, prior to analysis. Cepstrum analysis revealed that sperm
whale click spectra contain ripples with periods equal to the reciprocal of the intra-pulse
interval, in line with theoretical expectations. Cepstrum analysis was successfully used to
assess intra-pulse intervals, the resulting data having less scatter than autocorrelation
results. Neither autocorrelation or cepstrum analysis were sufficiently robust methods for
making spot measurements of intra-pulse intervals from individual clicks, but realistic
trends were obtained by analysing clicks over individual sequences of 6 minutes. With
both autocorrelation and cepstrum analysis, a 50 point moving average was applied to the
resulting data to visualise the trends in intra-pulse interval with time. Overall cepstrum
analysis produced results with less scatter than autocorrelation analysis, and reasonable
estimates of sperm whale body lengths were extrapolated from the data.
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Chapter 1

The Sperm Whale Head

The head of the sperm whale is a structure of evolutionary extreme among the odontocetes
(toothed whales & dolphins). The members of the cetacean sub-order odontocete are
virtually all capable of emitting pulsed sounds, or “clicks” as they have generally become
known. Over evolutionary time there seems to have evolved a generalised homology
between the nasal structures of odontocetes, particularly evident in the dolphin species
(Cranford et al, 1996). Although the precise method by which odontocetes produce clicks
has eluded numerous workers over past decades, it seems likely that click production is the
result of a mechano-pneumatic action in the nasal structures (Norris et al 1971, Hollien et al
1976, Ridgeway et al 1980, Amundin & Anderson 1983, Ridgeway & Carder 1988, Au
1993). Sound production has been variously attributed to the larynx (Purves & Pilleri,
1973), the nasal plugs (Evans & Prescott, 1962) but perhaps most significantly to the
complex of structures that occur around the so called “monkey lips”. The monkey lips are,
as the name suggests, a tough lip like structure resembling the simian muzzle which almost
certainly regulates the passage of air through the nasal airways. Cranford et al (1996)
demonstrated in x-ray CT scans, magnetic resonance scans and cryosections of 40
odontocete specimens, encompassing 19 species including the Physeteridae (sperm whales),
that the monkey lips are a common structure - and probably common to all odontocete

species. In addition these workers describe in detail the air passages and monkey lips of
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several odontocete species, and also the associated lipid sacs (bursae) that form part of the
lip structure [Fig 1.1]. They propose that click production in the dolphin head is the result
of mechanical impact of tissue projections in the airway against the posterior end of the lipid
melon. The melon conducts the energy of this mechanical impact as sound waves to the
surface of the head and couples it to the surrounding seawater, which is of reasonably
matched acoustic impedance to the melon lipid. The mechanical impact mechanism is
proposed to occur in the gaseous medium of the nasal airways, where fluid friction on the
movement of the impacting tissue projection prior to impact is minimal. The mechanical
events are further proposed to be driven by compressed air in the nasal airways, and the air
release regulated by the monkey lips. In essence the lips act as a tightly occluding valve that
allow the build up of pressure in the nares. At the desired instant this pressure is released
dorsally through the monkey lips into the vestibular sac, and during it's passage past the
complex drives the impacting tissue structure to produce the sharp transient click typical to

dolphins.

It is interesting to note that Cranford and his colleagues point to the fact that in dolphin
species there are two pairs of monkey lips and associated bursae on the left and right side of
the spiracular cavity, and that these structures tend to be considerably asymmetric, from one
pair to the other, in both size and lateral position. It is hypothesised by the aforementioned
workers that this asymmetry is used by dolphins to create the relatively broadband clicks
that such species produce. Porpoises have paired monkey lips similar to the dolphins but
which are much more symmetrical in size and position. This symmetry is implicated in the
relatively narrow band clicks that porpoises produce. The fact that sperm whales have only

a single pair of monkey lips is noted at this point and will be addressed in later discussions.
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(a)

(b)

Figure 1.1 Dolphin head and nasal sac morphology (a) sagittal section schematic of Tursiops
head and (b) detailed schematic of nasal complex; both redrawn from Cranford et al (1996).

AB anterior bursa, AML anterior ridge of monkey lip, BC brain cavity, BH blowhole, BL blow-
hole ligament, CR bursal cartilage, FB frontal bone, IV inferior vestibule, M melon, MU intrinsic
muscle of nasofrontal sac, N bony naris, NB nasal bone, NP nasal plug, NS anterior nasofrontal
sac, PB posterior doral bursa, PMB premaxillary bone, PML posterior ridge of monkey lip,

PS premaxillary sac, R rostrum, SC spiracular cavity, VS vestibular sac.
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Although homology exists in the nasal structures of the odontocete head, these structures are
greatly distorted in the sperm whales (Physeteridae) when compared to the dolphin case.

The gross morphology of the bony structures of the head of the sperm whale Physeter
macrocephalus [Fig 1.2] are similar in overall appearance to the dolphin structure, with a
long narrow rostrum and mandible anterior to the main skull. In sperm whales the mandible
(lower jaw) is lined on either side with peg like teeth, whereas teeth tend to be absent in the
upper jaw - except in mature animals where vestigal teeth may sometimes erupt in the upper
jaw. The remainder of the facial bones are to the rear of the skull forming the brain case, ear
bullae, muscle anchorage and articulation points for the jaw. However the rear skull
formation of the sperm whale is a distinctly cup shaped structure, often described as a
forward facing “amphitheatre” - the dolphin skull does not exhibit this extreme forward
curvature. Near the base of the amphitheatre skull of the sperm whale are two bony
penetrations, which are the left and right bony nares respectively [Fig 1.3]. It is notable that
the left bony nares is considerably wider than the right bony nares, and together suggest very
much an asymmetric function. From exterior observation of the living animals it is clear
that the gross head shapes of sperm whales and dolphins are considerably different.

Whereas dolphin heads viewed from the side have a generally fusiform shape with a narrow
beak like rostrum and a bulbous but streamlined melon posterior to it, the sperm whale head
viewed from the side appears almost square. There is no narrowing of the fleshy tissue to
the front of the head, at least in side view, and the lower jaw of an adult animal appears
dwarfed by the overall bulk of the head. In addition the anterior tip of the jaw terminates up

to a metre behind the front of the upper head tissue.
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Figure 1.2 Skull of female sperm whale from the scientific collection of the Natural History

Museum, London. Specimen is mounted upright but the gross morphology with ampitheatre
skull, long narrow rostrum (upper jaw) and long narrow mandible (lower jaw) is clear.



Chapter 1

(b)

Figure 1.3 Two examples (a) and (b) of male sperm whale skulls viewed from end of rostrum

to the anterior face of the amphitheatre. In each photograph the left bony nares and right bony
nares are indicated by LN and RN respectively.
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Internally the sperm whale head is a complex 3-dimensional structure of oil sacs, air
passages and connective tissue. The entire soft tissue head space is dominated by a huge
lipid filled structure called the spermaceti organ. To give a simplified description, this
“organ” is a long lozenge shaped pair of oil sacs that sit one above the other atop the long
narrow rostrum which runs the entire length of the head from the cusp of the amphitheatre
skull to a point overlapping the anterior end of the rostrum [Fig 1.4]. The spermaceti organ
accounts for almost the entire soft tissue bulk of the sperm whale head and in an adult male
the oil sacs may contain over 2,000 litres of spermaceti oil, for which the animal was highly
prized by the whalers of the 19™ and early 20™ century. The spermaceti organ is not really
an organ in the true sense of the word, but rather a complex of oil sacs and associated air
sacs and tissue structures. The term spermaceti organ has become rather engrained in the
popular literature, but in this dissertation the entire structure will be referred to as the
“spermaceti complex”. The upper of the two main oil sacs is termed the “spermaceti sac”
and is composed of a matrix of spongy tissue containing pure spermaceti oil along its length.
If a section of this tissue is dissected out of a dead animal it may be squeezed much like a
washing up sponge and spermaceti oil will exude from it; this tissue will hereafter be
referred to as “spermaceti tissue”. The lower of the two sacs is termed the “junk”, a name
from the old whaling days as it was of somewhat lower commercial value than the
spermaceti sac. The junk is composed of alternating blocks of spermaceti tissue and
connective tissue along its length. Sandwiched between the spermaceti sac and the junk,
running the long axis of the head, is a broad flattened tube which is the right nasal passage.
This tube terminates at it's posterior end in the nasofrontal sac and at it's anterior end in a
single pair of monkey lips on the posterior wall of the distal sac. These monkey lips have

been variously described, and generally the structure that they form is termed the museau de
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Figure 1.4 Anatomy of the sperm whale head, drawn after Clarke 1979 copyright 1979
Scientific American Inc, all rights reserved. ML monkey lips, DS distal sac, BL blowhole,

RNP right nasal passage, LNP left nasal passage, SK skull, FS nasofrontal sac, SS spermaceti
sac (stippled), JK junk.
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singe or monkeys muzzle. This is clearly the same structure that Cranford et al (1996) find
homologous throughout the odontocete sub-order and term monkey lips; the structure in the
sperm whale head will therefore be called monkey lips hereafter. Just anterior to the
monkey lips is the distal sac (synonymous with the vestibular sac of dolphins) which takes
the form of a flattened dish shaped air cavity. A small air passage runs dorsally from the
distal sac to a chamber just below the blow hole that connects with the left nasal passage.

The left nasal passage is a direct pathway for respiration from the blow hole to the lungs,
and runs dorsoventrally from the blowhole around the left side of the spermaceti complex
and down through the left bony nares of the skull into the lungs. A small air passage
diverges from the left bony naris and connects with the nasofrontal sac. The nasofrontal sac
is a broad, flattened air space covering an area at the cusp of the amphitheatre skull. This
sac is essentially a thin, concave air bladder stuck to the anterior face of the bony
amphitheatre skull. The inner posterior surface of the nasofrontal sac is covered with liquid
filled nodules [Figs 1.5 & 1.6] and it is thought that this arrangement helps to support the
anterior face of the sac under high hydrostatic pressure and maintain a filigree of air in the
spaces between the nodules. A slit in the anterior face of the nasofrontal sac opens into the

posterior end of the broad flattened right nasal passage previously described.

It is clear from the above description and Figure 1.4 that the air sacs and passages in the
sperm whale head form a cyclic system. The hypothesis most generally favoured is that
click production in the sperm whale head is produced by pneumatic action on the monkey
lips, similar to the mechanism of dolphin click production. Norris & Harvey (1972)
described the anatomy of the sperm whale head and the hypothesis of click production at the

monkey lips. Essentially it is thought that air pressure is built up in the broad tube of the
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(a)

(b)

Figure 1.5 Photographs of (a) unusual longitudinal dissection of spermaceti sac during whaling

operations, revealing the nasofrontal sac; AW anterior wall of nasofrontal, PW posterior wall of
nasofrontal sac, SST spermaceti sac tissue. Picture (b) shows a close up view of the nasofrontal
sac and fluid filled nodules, ND. Photgraphs courtesy of Malcolm Clarke.

10
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(a)

(b)

PR R R e
8 170 130 Mo 80 160 470 '8

Figure 1.6 Small nodular section of tissue taken from posterior wall of nasofrontal sac of

a 10 m female sperm whale killed off Durban in 1972. In (a) the nodular surface is clearly
visible and in (b) the cavities normally filled with fluid can be seen; ruler scale is in mm.
Tissue section courtesy of Malcolm Clarke.

11
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right nasal passage, perhaps through peristaltic action of the smooth muscle which lines its
length, and high pressure air released in impulsive bursts through the monkey lips into the
distal sac. Although no “hammer & anvil” structure in the monkey-lip/distal-sac complex
has been adequately described .in the sperm whale literature, such detailed anatomical
observation 1s difficult and it is possible that a similar mechanism may occur to couple
mechano-pneumatic energy forwards into the surrounding seawater through the tissues of
the front of the head. If a release of compressed air into the distal sac indeed occurs, the
system of airways would enable recycling of the air for further use in click production. Such
air recycling would seem to be a pre-requisite for a pneumatically driven sonar system of an
animal that may spend over an hour submerged and produce several thousand clicks during

the course of a dive.

At this point it is necessary to describe the general features of sperm whale clicks, and these
are addressed in the next chapter. The acoustic structure of sperm whale clicks, however,
seems inextricable bound to head anatomy and discussion of this will be raised later. The
aim of this dissertation is to examine the temporal and frequency characteristics of sperm
whale clicks in some detail and to discuss their possible utility to both the animal and also to
human observers who may study them in the open ocean. In addition the sound velocity
characteristics of spermaceti oil are examined with a view towards its functional
significance in sound transmission within the sperm whale head, and again the significance
of its variability to human observation which attempts to study sperm whales in the wild

through passive acoustics.
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Chapter 2

Time and Frequency Domain Characteristics

of Sperm Whale Clicks

2.1 Introduction

During the course of the last four decades acoustic emissions from sperm whales have
generated much interest. Sperm whale sounds were first recorded in the 1950's and later
identified (Worthington & Schevill, 1957). These workers reported that sperm whales
produce loud, impulsive clicks at various repetition rates; an observation that has since been
confirmed by several workers (Backus & Schevill, 1966; Bunsel & Dziedzic, 1967; Norris
& Harvey, 1972; Gordon, 1987; Weilgart & Whitehead, 1988). A variety of sounds have
been attributed to sperm whales (see Gordon, 1987 & Weilgart, 1990 for a review). Sperm
whales are prodigious divers and frequently undertake vertical excursions in excess of 500
metres in search of food, primarily deep sea squid (Clarke et al, 1993). Dives of even
greater vertical extent, in excess of 2,000 metres, have also been reported (Lockyer, 1977,
Watkins et al, 1993). While undertaking these dives, which may last up to 90 minutes,
animals invariably produce a monotonous series of clicks with repetition rates between 0.5 -
25 It is generally assumed that the primary function of these sounds is echolocation, and
at intervals during the dive click rates increase markedly leading to very “faint” but rapid

bursts of clicks with repetition rates of up to 200 s (Gordon, 1987). Such rapid bursts
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sound similar to the final echolocation runs of dolphins (Au, 1993) and bats (Suga, 1990),
and it is assumed that these also represent final echolocation runs as sperm whales close on
their prey. These rapid bursts are commonly referred to as “creaks” in the sperm whale

literature, and the use of this term will be continued in this dissertation.

The regular clicks are broad-band transient signals with a duration of some 10 - 20 ms
depending upon the size of the animal producing them. Watkins (1977) noted click energy
ranging from below 100 Hz to well in excess of 20 kHz, with major emphases in the 2 - 6
kHz range. Other workers report dominant frequencies of 5 kHz (Backus & Schevill, 1966),
1 kHz (Bunsel & Dziedzic, 1967), 2 - 8 kHz (Levenson, 1974) & 2 kHz (Weilgart &
Whitehead 1988). Levenson (1974) calculated a mean broadband (250 Hz - 16 kHz) off
axis source level for sperm whale clicks of 171 dB re IpPa @ 1m. Individual clicks within
creaks have received little attention in the literature and their presence is merely noted in this

study, which concentrates exclusively on the so called “regular clicks”.

One striking feature of sperm whale clicks, noted by Backus & Schevill (1966), is that they
consist of a series of regularly spaced pulses with decaying amplitude. An example of such
a click, recorded from a diving female sperm whale off the Azores, is shown in Figure 2.1.

In a classic paper Norris & Harvey (1972) attributed this pulsed structure to multiple
reflection of an initial sound pulse between the nasofrontal and distal air sacs within the
head of the sperm whale. These air cavities are proposed to act as sound reflectors due to
the large difference in acoustic impedance between air and spermaceti oil, even under the
elevated pressures encountered at 2,000 metres depth. A meshwork of rounded fluid filled

nodules cover the posterior wall of the nasofrontal sac and may help to maintain air spaces
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Figure 2.1 Example click from a diving female sperm whale showing regularly spaced
pulses with decaying amplitude.
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in the regions surrounding each nodular apex by supporting the anterior face of the sac at
high pressures [Figs 1.5 & 1.6]. A similar nodular covering has not been described for the
distal sac, but if the click production event is the result of a forward release of high pressure
air through the monkey lips into the distal sac it may be expected that this event in itself
would inflate the distal sac sufficiently for it to present a temporary acoustic boundary,
capable of sound reflection for at least the duration of the click. If sound is produced at the
front of the sperm whale head by pneumatic action on the monkey lips, multiple reflections
within the head may be an inevitable consequence of a section of the expanding wavefront

channelling through the oils of the spermaceti sac between the two air spaces.

If the above described hypothesis of pulsed click generation is correct, it follows that the
time delay between successive pulses within a click should be a function of the distance
separating the frontal and distal air sacs and the velocity of sound through the intervening
medium. In other words the time delay between pulses is directly proportional to the length
of the spermaceti sac. The spermaceti sac length is itself a function of the total body length
and hence it should be possible to estimate body length from click intra-pulse intervals and a
knowledge of sound velocity in spermaceti oil. A few studies since have suggested this to
be the case (Alder-Fenchel, 1980; Mohl et al, 1981; Gordon, 1991; Mohl & Amundin in
Amundin 1991), and an empirical relationship to relate the intra-pulse interval (IPI) to the
spermaceti sac length, and hence body length, of individual animals is quoted in Gordon

(1991).

Since Norris & Harvey's (1972) paper, several workers have studied sperm whales in their

deep ocean environment, often employing hydrophones and recording equipment for the
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purposes of tracking and acoustic studies (Watkins, 1977; Gordon, 1987; Weilgart &
Whitehead, 1988; Whitehead & Weilgart, 1990). Passive acoustic monitoring has great
potential for the study of cetacean populations in the open sea. Sperm whale clicks
propagate well in oceanic water and are easily received at several kilometres range using a
hydrophone or array of hydrophones (Gordon, 1987). With the appropriate array geometry,
bearing and range to source animals can be calculated. With towed arrays of hydrophones
the potential exists to count sperm whale numbers along given transects of ocean
(effectively a whale census). A methodology for passive acoustic censusing has already
been developed for sperm whales (Hiby & Hammond, 1989), although it has not yet been
applied on the scale of ocean basins. While the methodology exists to count sperm whales
in the open sea by purely acoustic means, further analysis of the fine structure of the
vocalisations may yield additional information. Enhanced processing of sperm whale click
structure may enable automated measurement of intra-pulse intervals during surveys, and in
turn body lengths of individual animals may be extrapolated. Such information would be

useful in evaluating sperm whale population structure in terms of animal size.

2.2 Methods

2.2.1 Field Data Collection

Between 1987 and 1993 the International Fund for Animal Welfare (IFAW) sponsored
benign research into the behaviour and ecology of sperm whales in the waters around the

Azores, a group of nine North Atlantic islands situated between latitudes 36° SON - 39°
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50'N and longitudes 31° 30'W - 24 50W. Regular clicks of diving sperm whales were
recorded from the IFAW research vessel Song of the Whale, a 14 metre Ketch, through the
field seasons 1987 to 1993. Stereo recordings were made on magnetic tape through towed
hydrophones and selected recordings of sperm whale clicks were later taken for analysis at

the School of Ocean Sciences, University of Wales Bangor.

The hydrophone assembly used to receive sperm whale sounds consisted of two Benthos
AQ-4 transducers, each with separate pre-amplifiers and integral 200 Hz high pass filters,
mounted 20 metres apart along the axis of the tow line in a plastic tube filled with castor oil
for close impedance matching to seawater. The assembly was towed on 100 metres of
strengthened cable behind the vessel. When under sail the array geometry was simply 2
elements 100 metres and 120 metres aft, when stationary the hydrophone assembly and tow
cable sank thereby resulting in a geometry of elements 100 metres and 120 metres directly
below the vessel. During the field seasons 1987 - 1990 the signals were recorded on a
Nagra IV-SJ reel to reel tape machine, from 1991 onwards signals were recorded on Digital
Audio Tape (DAT) using a Sony TCD-D10 Proll DAT recorder. According to
manufacturers specification [Appendix 1] the frequency response of Benthos AQ-4
elements is flat, -201 dB re 1V/uPa 1.5 dB (from 200 Hz to 15 kHz) and flat 3 dB (from
15 kHz to 30 kHz). A similar hydrophone assembly using similar component parts, i.e. a
benthos AQ-4 element and miniaturised transistor pre-amplifier, were calibrated at the
Loughborough University of Technology in a test tank against a precise reference
transducer. The voltage response curve is shown in Figure 2.2 and indicates that the system
output is -172 dB re 1V/uPa £1.5 dB between 4 kHz and 25 kHz. Calibration was

performed broadside to the AQ-4 element, but manufacturers data [Appendix 1] indicates
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Figure 2.2 Calibration curves for benthos AQ4 hydrophone element with miniaturised

transistor preamplifier in line, (a) shows full frequency range tested and (b) shows
frequency range pertaining to sperm whale recordings.
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that the element is essentially omnidirectional at frequencies up to at least 20 kHz so the
response in Figure 2.2(b) can be assumed at any aspect. Although calibration could not be
performed at frequencies below 4 kHz due to tank reverberation, it is assumed that the
frequency response will remain flat +1.5 dB re 1V/uPa down to at least 200 Hz. The
response of the hydrophone system used to record sperm whales will therefore be
considered flat 1.5 dB between 200 Hz and 25 kHz. The response of the Nagra IV-SJ
recorder with an equalised tape is flat +1 dB re 1V from 25 Hz up to 35 kHz at maximum
tape speed according to manufacturers specifications [Appendix 2], although recordings
were generally made at half speed where the response is specified as flat £1 dB re 1V up to
20 kHz. The frequency response of the Nagra was not measured independently and the
equalisation status of the reel-reel tapes during field recording is unknown. As the Nagra
specifications give no indication of the likely error for unequalised tapes the frequency
response for the Nagra recording system can only be considered as flat >+1 dB from 25 Hz
to 20 kHz; however from the good quality recordings obtained it seems unlikely to be
greatly in excess of this figure. According to manufacturers specifications the Sony DAT
recorder frequency response is flat 1 dB re 1V from 20 Hz to 22 kHz [Appendix 2], and
this is again assumed to apply to sperm whale recordings on this medium. Low pass filters
in the DAT line input sharply attenuate any signal at frequencies higher than 22 kHz to
minimise the risk of aliasing; sampling frequency of the DAT recorder is 48 kHz. As error
tolerances accumulate through the recording system the click recordings made in the field
can not be expected to have a frequency response better than +2.5 dB in any instance. In
addition the original field recordings were copied onto second generation DAT via analog

channels, hence compounding the final frequency response error to not better than £3.5 dB.
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Typically, during daylight encounters with sperm whales off the Azores, the survey vessel
Song of the Whale was positioned some 300 metres behind a target whale, or as close as
possible without causing disturbance to the animal, and maintained this position until the
whale “fluked up” and commenced its dive. The action of fluking up usually signifies the
beginning of a feeding dive, where the whale brings its tail flukes clear of the water as it
assumes a near vertical, head downwards posture and descends beneath the surface. Once a
target whale was submerged, a continuous stereo recording was made of its clicks through
the hydrophone array, ideally with the vessel holding station and allowing the hydrophones
to descend as far as possible from the surface. Deep hydrophones maximise the time delay
between the reception of a click at the elements and reception of a “ghost click” after the
sound has been reflected back down onto the elements from the ocean surface - which acts
as an almost perfect sound reflector. Typically the hydrophone array would take some 3-5
minutes to settle into a vertical position once the vessel had come to a halt and since whales
rarely began clicking until 2 - 3 minutes into their dives the array always had time to make
sufficient descent for direct path click waveforms to be separate from ghost click waveforms
on recordings. From 1990 onwards a Furuno paper trace depth sounder was installed on the
boat and was used on occasion to measure the descent rate of target animals. Immediately
after a whale fluked up, a characteristic patch of disturbed surface water, known as the
“slick” or “footprint” was visible and conveniently marked the point of the whales'
submergence. On occasion the vessel was moved quickly onto the slick and the echo
sounder activated to yield one strong echo from the target whale. The echo returning from
the whale was traced on a moving roll of paper, calibrated vertically in fathoms (1 fathom =
1.8288 metres) and horizontally in minutes. The depth sounder operated to a maximum

depth of 900 metres, although it was generally only possible to track the descent of sperm
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whales over the first half of this range. Sperm whale descent rates were typically about 1.6
ms™ (100 m/min), and whales began clicking some 2 to 3 minutes after fluking up. All
clicks recorded through the hydrophone array were therefore being received from behind the
whales during the early dive stages. Although the voltage response of a similar hydrophone
assembly to the one used during the sperm whale recordings has latterly been obtained, the
voltage through-put of the composite field recording system was never calibrated, and a
transient crew composition on Song of the Whale usually meant that recorder gain settings
were not noted. Absolute sound pressure level at the hydrophone elements cannot therefore
be extrapolated, and as the depth sounder traces were not well documented or matched with
recordings, source levels of sperm whale clicks cannot be estimated. Even if this data had
been recorded, the sensing position of the hydrophone was never placed directly ahead of
the diving animal so the on-axis peak source level and power spectrum could not actually be

measured.

2.2.2 Laboratory Data Acquisition

High quality recordings of sperm whale clicks were selected from the field data, and copied
from the master tapes (either analog or digital) onto a second generation of Digital Audio
Tape. The selection criteria for click sequences were (i) single, or very few, whale
vocalisations making it possible to follow with confidence the clicks of a particular
individual over extended time periods and (ii) click sequences with high signal to noise
ratio. A total of nine individual click sequences were chosen for analysis and are detailed in

Table 2.1. Tape recordings of click sequences were sampled from the analogue output of
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Click Sequence Code Whale Sequence Total Number of Clicks
Sex Duration
(minutes)
SW1 o 20.7 1,056
SwW2 o 20.1 1,125
SW3 o 11.0 655
SwW4 o 14.0 175
SW5 o 13.9 975
SW6 Q 10.8 1,032
SW7 2 11.1 664
SW8 Q 7.4 547
SW9 Q 15.0 1,711

Table 2.1 General information on the nine sperm whale click sequences selected for

analysis.
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the DAT recorder onto computer hard disk using a Cambridge Electronic Design (CED)
1401 laboratory interface. The click sequence recordings were sampled in long continuous
sections of 3 minutes duration at a sampling frequency of 62.5 kHz (sample interval 16s).
Such a high sampling rate comfortably oversampled the maximum frequency reproducible
by the DAT medium. Sampling in continuous 3 minute sections was the longest sampling
period possible given the software and disk space available, and was useful for continuity

when examining precise time intervals between clicks in long sequences.

2.2.3 Data Analysis

Analysis of the sampled waveform data was performed using CED SPIKE2 software V4.70.
This software enabled the display and manipulation of long sections of waveform data, and
output of analysis results to ASCII data files on disk. Important features of the package
were power spectrum analysis and digital filtering using FIR filter coefficients designed by
the user. The features of sperm whale clicks studied were (i) rates of clicking, (ii) frequency
domain characteristics of clicks, (iii) time domain characteristics of clicks & (iv) combined

time-frequency characteristics of clicks.

2.2.3() Click Rates

For each animal the click sequence was viewed sequentially and the onset of each click

marked by inspection with the waveform channel cursor. Click onset times were stored
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sequentially to an ASCII file and used to calculate the intervals between successive clicks by
simple subtraction; click rates were calculated as reciprocal values of these intervals. Time
intervals between clicks of greater than 4 s were taken as intervals between sub-sequences of
clicks, i.e. a whale may stop clicking briefly and then resume clicking at a rate
approximately equal to that at which it stopped. Intervals between clicks of greater than 4 s

were not included in the reciprocal calculation of inter-click intervals.

2.2.3(1i) Frequency domain analysis

Each click, marked by previous inspection, was transformed to the frequency domain in the
form of a power spectrum. Stored click onset times were used as reference points for the
analysis of short waveform segments (i.e. individual clicks). The SPIKE2 analysis package
employed a 2048 point Fast Fourier Transform (FFT) on 32.768 ms of waveform data,
beginning at a point approximately 8 ms preceding each click onset, thus encompassing all
significant components of the click. Figure 2.3 shows example time domain views of male
and female sperm whale clicks extracted for FFT analysis. As the click waveforms were not
significantly truncated, no windowing of waveform data was performed prior to analysis.

The FFT routine employed a radix-2 method across 2" data points, producing n/2+1 power
magnitude estimates and n/2-1 phase estimates. Thus, with a sampling frequency of 62.5
kHz, a 2048 point FFT produced 1025 magnitude estimates, each with a frequency
resolution of approximately 30.5 Hz. Magnitude estimates were stored to 11 decimal places
in ASCII files, phase estimates were discarded. The power magnitude data, held in serial

access ASCII files, was subsequently converted to random access format for ease of access
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Figure 2.3 Typical sperm whale clicks recorded during first few minutes of feeding dives:
(a) click from large bull male, (b) click from smaller female.

26



Chapter 2

and compression of data. A computer program was then written in Turbo Pascal V6
[Appendix 3] to display the power magnitude data in the form of a 3D cascade of power-
frequency graphs along a time axis. To display all the spectral data in this manner would
have required a very large number of plots, so the bulk of data was reduced by averaging to
enable display of entire click sequences on single plots. Each power-frequency slice of the
cascade was normalised and successive blocks of 10 spectral slices averaged to a single
slice. These data were then displayed as cascade plots for each click sequence showing an
overview of the spectral distribution of energy through the full duration of the respective

click sequences.

2.2.3(iii) Time domain analysis

Time domain characteristics of sperm whale clicks were investigated by selective filtering of
the original click sequence wavedata files to pass only the components in selected frequency
bands. Digital FIR filters were used, filter coefficients being generated using the Kaiser
design parameters [Appendix 4], with emphasis placed on sharp passband-stopband
transition and low sidelobe ripple levels (Lynn & Fuerst, 1992). Typically filters were
generated with passband-stopband transition widths of 3° (/30 radians), with stopband
attenuation more than 50 dB re 1 waveform-unit down on the passband. Maximum
magnitude of sidelobe ripples was -38 dB re 1 waveform-unit down from the passband.

Once a suitable filter was designed the coefficient values were stored as an ASCII data file
in the form of a symmetrical impulse response. This file was then used by the SPIKE2

software to filter the waveform data file by digital convolution (Lynn & Fuerst, 1992). As
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an odd number of filter coefficients was always used (usually ncee=251), and filtering began

(neoet/2)+1 points into the wavedata file, the filtering process exhibited zero phase shift.

2.2.3(iv) Time/Frequency analysis

Selected sections of clicks were subjected to time/frequency analysis using a Short-Time
Fourier Transform in order to investigate changes in the levels and distribution of spectral
energy within individual clicks as a function of time. The technique employed a sliding FFT
window that was short in comparison to the waveform section of interest (i.e. the whale
click). The window was stepped through the wavedata sequentially from start to finish,
calculating the power spectrum for each frame. A 256 point (approximately 4 ms) window
was used, the right hand edge beginning at a point immediately preceding the click onset, so
as to begin on a “blank” section of background noise wavedata. STFT analysis was
performed across a total of 18 ms of the whale click, advancing in steps of 0.32 ms. For
each step the 256 wavedata points in the analysis window were modulated with a raised
cosine function (the only tapering window available within SPIKE2), then transformed to a
power spectrum with a 256 point FFT. After each FFT operation the SPIKE2 software
made automatic compensation for a 3/8 power loss in the spectra, caused by cosine
windowing of the source wavedata . The resulting power magnitude data and time shift
values were stored and presented in a 3-D cascading waterfall display similar to the

sequential click spectra.
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2.3 Results

2.3(1) Click rates

Figure 2.4 shows click rates of the male sperm whales SW1 - SW5. Figure 2.5 shows click
rates of the female sperm whales SW6 - SW9. Each plot shows click rates as reciprocal
values of inter-click intervals against the time since the first click. The time lag between a
whale fluking up and the first click was usually only 2 - 3 minutes, so the time axes could,
as a crude approximation, be considered as the time during the dive cycle. The figures show
that click rates generally begin between 0.5 and 1 click s and increase gradually over the
first 2 - 4 minutes, whereupon click rates tend to oscillate around an equilibrium level. The
click rate plot of SW7 [Fig 2.5(b)] is unusual in that it shows click rate to increase across an
extended period. Interestingly the amplitude of oscillations in click rate are generally
greater in the female sequences than in the male sequences, evident by virtue of all plots
scaled to the same axes. During the male sequences [Figs 2.4(a) - (e)] sharp increases in
click rate can be seen every few minutes, the majority of these immediately precede creaks.
If creaks signify final feeding events, as an animal homes in on its prey, such click rate

increases might be expected in the closing stages before a creak.

Mean equilibrium click rates have been calculated for each sequence using the data from 4
minutes onwards in each case, results are shown in Table 2.2. The large bull males SW1-
SW4 have the slowest click rates and the females SW6 - SW9 the highest. Interestingly

SW5 was judged (from its' IPI) to be a male smaller than a bull, but larger than the females,
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Figure 2.4 Click rate plots from feeding dives of male sperm whales (a) SW1 and (b) SW2.
Occurence of creaks indicated by "c".
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Click Sequence Code Mean Lower Upper
Equilibrium | Confidence Confidence
Click Rate Limit Limit
™) 6™ 6™

SW1 1.0706 1.0554 1.0858
SwW2 1.0691 1.0548 1.0835
SW3 1.2943 1.2591 1.3295
SwW4 1.0944 1.0790 1.1099
SW5 1.4044 1.3865 1.4223
SWe 1.9205 1.8991 1.9419
SW7 1.5235 1.4860 1.5611
SW8 1.8270 1.8076 1.8464
SW9 2.1543 21372 2.1714

Table 2.2 Mean equilibrium click rate for each of the nine sperm whale click
sequences selected for analysis, with lower and upper confidence limits.
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and its' mean click rate lies between the other two sets. The confidence limits in Table 2.2
indicate that the mean click rates of SW1, SW2 & SW4 are all similar at the 95% level,
SW3 is significantly greater than all three & SWS5 is greater still. The mean click rates of
SW6 - SW9 cover a broader range but retain tight confidence limits individually. All the
mean click rates of females are significantly different from each other at the 95% level, but
are all significantly greater than the males. Pooling the male and female click rate data into
two separate samples a one way analysis of variance shows that male and female click rates
are significantly different with a probability value of 0 and an F value of 8162. Using the
pooled data the overall mean click rate for males is 1.1713 s (standard error 0.0048 s™') and

for females is 1.9455 s (standard error 0.0075 s™).

2.3(11) Frequency domain analysis

Figure 2.6 shows waterfall spectral plots for the first 120 clicks of the large bull males SW1
- SW5, displayed as cascading time series of power spectra. Each graph in a cascade is the
power magnitude spectrum of é single click, with time increasing from front to back along
the cascade axis. Although all frequencies in the range O - 22 kHz were captured, only those
components in the 0 - 16 kHz range are displayed, as virtually all the power is represented in
this band. The cascade plots of male sperm whale click spectra reveal prominent peaks at
approximately 400 Hz and 2 kHz, these peaks have a tendency to dominate the spectrum
during the early stages of the dive, although there are exceptions such as the first few clicks
of SW1 [Fig 2.6(a)] which can be seen to contain substantial levels of higher frequency

energy up to 10 kHz. Another general feature evident in the male click spectra cascades is

36



Chapter 2

Fig 2.6(a)
SW1

Fig 2.6(b)

s

o

N it

SW2

X ——
. s e »’:ﬁ‘wh-‘\v-“.'ﬁ-..-:.—-.-.-—-_.
e A Y gl o
e massas e

x10°®

w
o

Power (V?s™)
[6)]

Frequency (kHz)

Figure 2.6 Waterfall displays of sequential click spectra, showing power magnitude data over
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axes show time elapsed since the first click of the respective sequences.
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Figure 2.6 Waterfall displays of sequential click spectra, showing power magnitude data over
approximately the first 120 clicks from male click sequences (c) SW3 and (d) SW4. Cascade

axes show time elapsed since the first click of the respective sequences.
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Figure 2.6 Waterfall display of sequential click spectra, showing power magnitude data
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Figure 2.7 Waterfall displays of normalised and averaged click spectra, showing overall power
spectral distribution over the full duration of male click sequences (a) SW1 and (b) SW2.
Each individual graph in a cascade is the average of ten sequential normalised power spectra.
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Figure 2.7 Waterfall displays of normalised and averaged click spectra, showing overall power
spectral distribution over the full duration of male click sequences (c) SW3 and (d) SW4.

Each individual graph in a cascade is the average of ten sequential normalised power spectra.
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Figure 2.7 Waterfall displays of normalised and averaged click spectra, showing overall
power spectral distribution over the full duration of male click sequence (e) SW5. Each
individual graph in a cascade is the average of ten sequential normalised power spectra.
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that the power level of the low frequency peak (400 Hz) tends to decay fairly rapidly with
time over the first twenty or thirty clicks, whereas the 2 kHz peak does not follow a similar
pattern over the same range of clicks. Exceptions are again evident such as SW4 [Fig
2.6(d)] in which the 400 Hz peak does not decay greatly at any point over the first hundred
or so clicks. When looking at the 2 kHz peak it is generally the case that power around the 2
kHz peak actually increases, or at least fluctuates around an approximately constant level,
across the first 100 or so clicks. This can be clearly seen in the cascade plots of SW1 - SW3
and SW5 [Figs 2.6(a) - 2.6(c) and 2.6(e)]. All five cascade plots [Figs 2.6(a) - (e)] show
that energy in male click spectra is ‘present throughout the higher frequency range up to 15
kHz, but not concentrated at any sharply defined frequency above 2 kHz. These cascade
plots give clear illustrations of early click characteristics for bull male sperm whales as
recorded behind diving animals by surface hydrophones; the original recordings were of
very high signal to noise ratio. As the signals were recorded from behind diving whales and
off the centre of the main transmission beam they are likely to appear heavily weighted
against the higher frequency components present in the on-axis signals. Figure 2.7(a) - (e)

shows normalised and averaged power spectra of all clicks in the five male click sequences
SW1 - SW5, giving an overview of the power spectral distribution within clicks over
extended time periods. It can be seen that the 400 Hz and 2 kHz peaks are largely stable

features throughout the duration of the click sequences over tens of minutes.

Figure 2.8 shows waterfall displays of power spectra of the clicks from the early stages of
female sperm whale click sequences SW6 - SW9. As with the males there is a
concentration of energy at the lower end of the spectrum, but the spectral peaks are not as

clearly defined. All four click spectra cascades of SW6 - SW9 [Fig 2.8(a) - (d)] are
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Figure 2.8 Waterfall displays of sequential click spectra, showing power magnitude data over
approximately the first 120 clicks from female click sequences (c) SW8 and (d) SW9. Cascade
axes show time elapsed since the first click of the respective sequences.
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Figure 2.9 Waterfall displays of normalised and averaged click spectra, showing overall power
spectral distribution over the full duration of female click sequences (c) SW8 and (d) SWO.
Each individual graph in a cascade is the average of ten sequential normalised power spectra.
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suggestive of a strong peak in the region of 1 kHz. The corresponding normalised and
averaged spectral cascades clarify these features over the duration of the respective click
sequences [Fig 2.9(a) - (d)]. There is a tendency for energy to concentrate at about 1 kHz as
noted from the individual click cascades. However the normalised and averaged spectra are
variably suggestive of a second peak at around 3 kHz, most evident in the cascades of SW6,
SW7 and SW8 [Fig 2.9(a) - (c)]. However these peaks appear less sharply defined and less
stable with time in terms of magnitude and frequency than the prominent peaks in the male
spectra. Even the normalised and averaged cascade of SW9 [Fig 2.9(d)], which has such
prominence of power around 1 kHz, also shows a small but consistent series of peaks at 3
kHz spanning virtually the entire 15 minutes of the sequence (constituting 1,711 clicks).

The spectral peak observations are consistent with the distal sac acting as a circular
transducer. The distal sac diameter is estimated at approximately 0.5 m in female sperm
whales and approximately 0.75 m in male sperm whales. Sound velocity in the whale head
tissue (essentially aqueous) can be approximated as 1500 ms™ and the half beam width for a
circular transducer is given as 30A/D. A 3 kHz pulse in the female head gives a wavelength
of 0.5 m and a 2 kHz pulse in male head gives a wavelength of 0.75 m. It is clear that these
values will give half beam widths of sperm whale click components at 2 and 3 kHz in males
and females respectively of 30°. This is a broad beam-width and hence the small but visible
fluctuations in the 2 kHz peaks of males, and to a lesser extent the 3 kHz peaks of females,
may be explained by the changing orientation of the whales with respect to the surface
hydrophone, i.e. the directional transmission beam is sweeping past the hydrophone as the
whales orientation changes. Although the on-axis signal ahead of the sperm whale, to which
the directivity estimate strictly pertains, is not being measured it is to be expected that a

similarly directional rearward transmission lobe will be present. For the 1 kHz components
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in female clicks and the 400 Hz components in male clicks the wavelengths are greatly in

excess of the estimated distal sac diameters and the 30A/D relationship shows these

components to be omnidirectional.

2.3(iii) Time domain analysis

Figure 2.10 shows the results of filtering the click of a large bull male sperm whale in
several incremental frequency bands. Figure 2.10(a) shows the unfiltered signal and (b)
shows isolation of the low frequency component (approx 400 Hz) with a 500 Hz lowpass
FIR filter. The waveform of this component is a heavily damped sinewave, and represents
the typical waveform of the sub kilohertz components of clicks from large males. There is
no evidence of a repeating series of pulses, which is to be expected as the wavelength at this
frequency, approximately 2.8 m in spermaceti oil (assuming Cspermaceti = 1400 ms"’), 18 much
larger than the dimensions of the proposed reflective surfaces of the nasofrontal and distal
air sacs (less than 1 m). The cascades of male spectral plots [Figs 2.6 & 2.7] indicate very
little energy in the band between 500 Hz - 1.5 kHz, and Figure 2.10(c) shows the fairly

formless, low level waveform components in this frequency band.

The second prominent peak in the male click spectrum occurs at approximately 2 kHz, and
encompasses a slightly broader range of frequencies, from about 1.5 kHz - 3 kHz. These
components were isolated with a bandpass FIR filter centred on 2.25 kHz with -3 dB points
at 1.5 kHz and 3 kHz. Figure 2.10(d) shows a typical waveform that results from isolation

of this narrow frequency band. The initial burst of waveform energy at about 2 kHz
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Figure 2.10 Isolation of incremental frequency components within a bull male sperm whale
click. The unfiltered signal is shown in (a) with subsequent plots showing isolation through
various incremental frequency band filters as labelled on each plot. Time base is 30 ms in
each plot, waveform units are in volts.
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constitutes much of the sharp onset of the click, and the bulk of energy at this frequency is
largely confined to the click onset of some 2 - 3 ms duration. Note also that a decaying
pulse train is becoming visible, the wavelength of sound now approximately 0.7 m in
spermaceti oil, at which reflection of sound from the frontal and distal air sacs is more
feasible. The decay in energy with successive pulses is very rapid, as might be expected,
and the pulse spacing is very regular, approximately 7 ms, which conforms with the Norris
& Harvey (1972) hypothesis for an animal of this size (approximately 16 - 18 metres).

However, it was observed that a clearly defined pulsed structure in this frequency band did
not persist as dive time progressed, although visual definition of pulsed structure would
sharpen and degenerate intermittently. As previously mentioned in the context of beam
widths, the variable definition of the click waveforms is most likely an effect of a whales’

changing orientation.

Above 2 kHz there are no particularly prominent peaks in the male click spectrum, so
waveform components at higher frequencies were visualised by progressively widening the
filter bandwidths, namely 3 - 6 kHz and finally 6+ kHz. A bandpass FIR filter centred at
4.5 kHz, with -3 dB points at 3 kHz & 6 kHz, and a highpass FIR filter with -3 dB point at 6
kHz were used respectively. In the 3 - 6 kHz band the pulse structure is quite well defined
and generally persists throughout the dive [Fig 2.10(e)]. However, it is notable that the
envelope of the first and second pulses in the click become dissimilar, with the first pulse
envelope retaining a short spike form of some 2 - 3 ms duration, and the second pulse
envelope becoming more spread across some 4 - 5 ms. In addition it can be seen that the
amplitude of successive pulses decay less rapidly than in the 1.5 kHz - 3 kHz band.

Inspection of the components above 6 kHz revealed a marked dissimilarity between the
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envelopes of first and second pulses in the click [Fig 2.10(f)]. The first pulse envelope is
still confined to some 2 - 3 ms, whereas the second pulse now spreads across some 5 - 6 ms.
There is also a large concentration of energy in the high amplitude, long duration second
pulse relative to the first, but multiples following this second pulse are of extremely low
amplitude. These effects are consistent with increasing directionality of click components

as frequency increases.

Figure 2.11 shows the result of applying identical filtex-'s to the click of a smaller female
sperm whale. It can be seen [Fig 2.11(b)] that waveform components below 500 Hz are
virtually absent, whereas in the male click a significant sinewave component can be isolated.
The approximate equivalent to this sinewave is to be found in the 500 Hz to 1.5 kHz band
[Fig 2.11(c)], representing the low frequency component of the 1 kHz peak seen in the
spectral cascades [Figs 2.8 & 2.9]. Waveform components isolated in the band 1.5 kHz - 3
kHz [Fig 2.11(d)] show no evidence of a pulsed structure, unlike the male click. This might
be expected as the dimensions of a mature female sperm whale head are considerably less
than those of a bull male, and as such the potentially reflective air sacs will also be
proportionately smaller. A decaying pulsed structure emerges when viewing waveform
components in the 3 kHz - 6 kHz band [Fig 2.11(e)], corresponding to sound wavelengths in
spermaceti oil of between 0.5 m and 0.25 m resﬁective]y. Waveform components above 6
kHz [Fig 2.11(f)] show, similar to male clicks, a marked dissimilarity of pulse envelope
between first and second pulses and a high amplitude second pulse. The click waveforms
portrayed in these figures, while merely snap shots of the whole, show features that are

generally representative of the majority of male and female sperm whale clicks sampled

during this study.
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Figure 2.11 Isolation of incremental frequency components within a female sperm whale
click. The unfiltered signal is shown in (a) with subsequent plots showing isolation through
various incremental frequency band filters as labelled on each plot. Time base is 30 ms in
each plot, waveform units are in volts.
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2.3(iv) Time-Frequency analysis

Figure 2.12 shows the time-frequency cascade that resulted from a STFT performed on one
of the first clicks from the bull male sequence SW2. The picture confirms the complex
time-frequency structure already visualised by digital filtering. The onset of the click shows
energy at approximately 400 Hz and 2 kHz. The underlying 400 Hz sinewave can be seen
to peak about 2 ms after the 2 kHz component peaks. The initially strong 2 kHz component
decays very rapidly whereas the 400 Hz component persists for several ms, these features
are evident in the waveform plots [Fig 2.10(b) & (d)]. Frequencies from 3 - 12 kHz can be
seen to dominate some 6 ms after the initial click onset, with a peak at about 4 kHz. These
high frequency components have energy levels greater than occurred at the click onset in the
corresponding bands. Again these latter features are evident in the time domain plots [Fig
2.10(e) & (f)] which show the emergence of considerable waveform energy above 3 kHz in

the second pulse of the click.

2.4 Discussion

The results of the analyses in this chapter show that sperm whale clicks are indeed broad
band in a general sense, but that their spectra contain one or two distinct peaks. These peaks
are particularly evident in the spectra of male sperm whale clicks. Clicks are emitted almost

constantly by submerged sperm whales during feeding dives and click rates tend to oscillate
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Figure 2.12 Waterfall display showing short-time fourier transform sequence across the duration
of a click from bull male sperm whale SW2. Cascade axis indicates time shift of the FFT window

from a point immediately preceding the click onset.
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around an equilibrium level after the first few minutes of the dive. Pulsed waveform
structure is evident from inspection of individual clicks as observed by other workers, but
the threshold frequency at which this pulsed structure emerges clearly differs between the
clicks of male and female sperm whales. Sperm whales exhibit extreme sexual dimorphism,
with mature bull males growing to almost twice the length of mature females. There is an
equivalent dimorphism between the head sizes of males and females, and it is very
noticeable that male clicks have longer intra-pulse interval and overall duration that female
clicks. It has been observed during the course of this chapter that the clicks of large male
sperm whales have almost twice the duration and IPI of female sperm whale clicks [Figs
2.3, 2.10 & 2.11]. Given that the male head has larger dimensions than the female head,
some 5 metres in length as opposed to the females 3 metres, the associated spermaceti and
air sac structures will be proportionately larger in overall dimension. Sound energy is only
reflected effectively when its wavelength is equivalent to, or pfeferably smaller than, the
dimensions of the reflective surface presented to it. Therefore the approximate 2.8 m
wavelength of a 400 Hz sound wave in spermaceti oil will be greatly in excess of the lateral
dimensions of either the nasofrontal or distal air sacs in either male or female sperm whale
head. As a result, very little reflection of sound energy will occur at either air sac and at this
low frequency the energy can not be collimated effectively by the spermaceti sac so this
component will radiate with little directivity. An absence of pulsed structure is indeed
observed in both male and female sperm whale clicks in the sub-kilohertz range [Figs
2.10(b) and 2.11(b)]. Precise dimensions of the nasofrontal and distal air sacs are not a
matter of record for either male or female sperm whales, indeed the nasofrontal air sac has
been notoriously difficult to observe in carcasses flensed aboard whaling ships (Clarke,

personal communication). However, just considering the dimensions of the amphitheatre
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skull [Fig 1.3] it is clear that the nasofrontal sac lateral dimension in a large male sperm
whale would be in the order of 1 metre diameter. Figure 1.5 shows the nasofrontal sac from
a sperm whale of undetermined length exposed during whaling operations. Although there
is no precise reference scale the height of the man in the foreground suggests the
aforementioned dimension of the nasofrontal sac to be reasonable. The distal sac in the
male sperm whale head would probably be slightly smaller than 1 m across, perhaps in the
order of 0.75 m. Wavelength of sound in spermaceti oil at a frequency of 2 kHz, observed
as a peak in male click spectra, would be about 0.7 m and is a frequency at which pulsed
structure is evident in male sperm whale clicks. The 0.7 m wavelength of sound
approximates to the likely dimensions of the nasofrontal and distal air sacs, and it is feasible
that sound of this wavelength will undergo reflection from air sacs of the aforementioned
dimensions, resulting in the pulsed click structure observed. By the same reasoning it is to
be expected that click pulsed structure will only emerge in the clicks of smaller female
sperm whales at higher frequencies than are observed in the males. Pulsed structure is
indeed observed to emerge in female clicks only within the higher frequency bands of 3 - 6
kHz and upwards [Fig 2.11(e) & (f)], and does not emerge in the 1.5 - 3 kHz band [Fig
2.11(d)]. If anything these observation supports the original Norris and Harvey (1972)
hypothesis which explains the click pulsed structure as the result of passive reflection of an

initial sound pulse between the nasofrontal and distal sacs.

It is assumed that the clicks of diving sperm whales are produced for the purposes of
echolocation and food finding in the abyssal depths of the open ocean where little or no light
penetrates. Indeed it is difficult to imagine how a sperm whale would be able to sense its

environment without the aid of a sonar system and the high frequency components of the
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clicks in the region of 10 kHz are appropriate for resolution of the sperm whale prey given
the wavelength of a 10 kHz pulse in seawater and the size distribution of sperm whale prey
items. Clarke (1993) reported on the various families and size ranges of sperm whale prey
off the Azores and found that the majority of contributors to the diet were the
Octopoteuthidae, Histioteuthidae, Architeuthidae, Ommastrephidae, Pholidoteuthidae and
the Cycloteuthidae. Mean mantle lengths of these groups ranged from 0.11 m - 1 m, and
comparing this with the 0.15 m wavelength of a 10 kHz sound pulse in seawater (taking
Cocawater = 1476 ms™ ~: value for 600 m depth, 4°C and 35 ppt salinity [Bark et al, 1964]) it is
clear that even individual prey items at the lower end of the size range are at least equivalent
in size to the incident wavelength, below which point they become Rayleigh scatterers and
hence poor acoustic targets. Smith (1954) demonstrated echo-returns off squid Loligo
pealei (mantle length = 0.15 m) at 10 kHz, the squid having target strength of -40 dB re
1pPa. Selivanovsky and Ezersky (1996) state that typical TS for squid of 0.15 to 0.25 m
mantle length is between -45 dB re I1pPa and -55 dB re 1pPa at 20 kHz, further
demonstrating the presence of detectable echo-returns from only moderately high frequency
pulses. In addition it should be noted that sperm whales are very unlikely to be searching
out individual prey items at long range but rather aggregations of prey. Multiple discrete
targets reflecting within the same range resolution cell of a sonar beam increase the
individual target strength by approximately 3 dB for every doubling of the numbers present,
hence prey aggregations will be much easier for the sperm whale to resolve at long range.

The click rate plots [Figs 2.4 & 2.5] indicate that a fairly constant rate of clicking is
maintained for the majority of sperm whale dive time. Assuming that sperm whale clicks
are active sonar pulses the click rate plots obtained in deep ocean near anechoic conditions

suggest that increased rate of clicking with decreasing range to target is unnecessary, at least
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when targets are not within immediate striking distance. Such an observation is not
iﬁconsistemt with a sonar functioning at long ranges of hundreds or thousands of metres, as
target information will change very little from one echo-return to the next. The observed
click rates strongly suggest that individual squid are not being separated as individual targets
during the initial dive. It is quite probable that a clicking whale is only responding to the
presence of the large numbers of shoaling prey and/or the scattering layers on which they
feed. At close ranges, however, the angular position of a target, especially escaping prey,
will change more rapidly and information on its position must be gained at an increasing
rate to aid capture (Suga, 1990). Increased click rates preceding creaks, and the creaks

themselves, may be indicative of the final stages of prey pursuit.

Figures 2.4 & 2.5 show that click rates approximately doubled from the beginning of each
click sequence to a point some 4 minutes or so into the sequence (with the exception of
SW7 [Fig 2.5(b)]). This time period represents the initial stages of the dive where sperm
whales are usually descending in a near vertical posture towards the seabed. Initial click
rates at the beginning of click sequences for both males and females are in the region of 0.5
= T &% implying maximum ranges of useful echo-return between 1476 and 738 m
respectively (taking Cscawate=1476 ms"), assuming that the whale emits a click upon
immediate reception of the echo from its previous click. These ranges are comparable to the
water depths in which the animals were feeding, and therefore the seabed proximity appears
to have had some influence on the increase in click rate during the early dive stages. Sperm
whales off the Azores dive almost vertically towards the seabed during these first few

minutes and typical descent rates were measured by echo sounder at approximately 1.6 ms™

(100 m/min). Thus in 4 minutes a descending whale is 400 m closer to the seabed,
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shortening the total transmission path of a signal in the vertical plane by 800 m and thus the
round trip time for a signal-echo from the seabed by about 0.5 s. The water depths and
proposed transmission ranges certainly bear a feasibly close relationship, and a large
expanse of seabed presents a very strong target to a sperm whale sonar receiver. After the
first few minutes of the dive sperm whales may have reached an “operating depth” at which
they assume a new aspect and direct their bodies (and transmit and receive beams) more
horizontally into the water column than toward the seabed. Under these circumstances the
inter-click interval may represent a time window in which they expect to receive a desired

target echo-return (i.e. prey).

Overall mean click rates, discounting the initial 4 minute rises in click rate, have been
calculated for bull males é.t 1.1713 s and for females at 1.9455 s™ using the click rate data
from SW1 - SW4 and SW6 - SW9 from 4 minutes onwards. These equilibrium rates imply
maximum ranges of useful echo-return of about 630 m for large males and about 380 m for
females (taking Cseawaer=1476 ms™). One possible explanation for the difference is that,
being physically much larger than females and having more massive heads, bull males can
produce more powerful source level clicks and thereby gain target information over greater
ranges than females. One might expect the interval between clicks to be representative of
the potential (or anticipated) maximum target detection range. The 2 kHz component of the
male sperm whale click and/or the 3 kHz component of the female click are unlikely to be
of great utility in close range echolocation and target discrimination, given the respective
wavelengths in seawater and that fact that the reflected energy vs geometric size falls very

rapidly 4™ power) as target size falls below one wavelength.
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Returning to the subject of beam forming it has been mentioned that directional
transmission of the high frequency sperm whale click components may largely explain the
observed trends in pulse envelope within the various frequency bands. Indeed it is possible
to visualise the frequency dependent variation of click spectral density with dive time by
computing %" octave band levels from the power spectral cascade data (illustrated in Figs
2.6 & 2.8). This has been done for (i) the first 3 minutes of sequences SW1, SW2 and SW3
and (ii) minutes 9 to 12 of the same sequences, by summing power data bins in %™ octave
bands (as close as possible given the FFT bin resolution) centred on 500 Hz, 2.5 kHz, 5 kHz
and 10 kHz and dividing by the respective %™ octave bandwidths. Figures 2.13 - 2.15 show
the resulting 15" octave band levels across the first 3 minutes of the sequences. It is
immediately obvious that spectral density in the band centred on 500 Hz decays with time
(an unquantified but increasing function of distance in these cases) in a manner largely
consistent with spreading loss from a constant sound source level as distance increases
between source and receiver. Figures 2.13(a) and 2.15(a) suggest power output in the band
at source to be approximately constant and the received signal to be attenuating with
distance, and the transmission to be either omnidirectional or otherwise directional but
continually on axis to the hydrophone (the latter being less likely). At higher frequencies the
patterns are markedly different, suggesting either varying power output and/or a directional
transmission beam varying in aspect with respect to the surface hydrophone. Curiously in
some cases spectral density in the high frequency bands increases with time (distance),
perhaps suggesting a gradual alignment of the on axis beam with the hydrophone or a real
increase in source power. Figure 2.15(b) is particularly striking in that it shows oscillating
spectral density, as if the whale were systematically “sweeping” its transmit beam - with the

power maximum of the on-axis signal sweeping back and forth across the hydrophone. The
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Figure 2.13 Plots showing spectral density in %" octave bands from clicks across the first

3 minutes of sequence SW1. Abscissae show time since first click, centre frequencies of /5"
octave bands are (a) 500 Hz, (b) 2.5 kHz, (c) 5 kHz and (d) 10 kHz; background noise levels
are below scale in all plots.
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Figure 2.14 Plots showing spectral density in %5" octave bands from clicks across the first

3 minutes of sequence SW2. Abscissae show time since first click, centre frequencies of /4"
octave bands are (a) 500 Hz, (b) 2.5 kHz, (c) 5kHz and (d) 10 kHz; background noise levels
are below scale in all plots.
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Figure 2.15 Plots showing spectral density in %" octave bands from clicks across the first
3 minutes of sequence SW3. Abscissae show time since first click, centre frequencies of 15"

octave bands are (a) 500 Hz, (b) 2.5 kHz, (c) 5 kHz and (d) 10 kHz; background noise level

is indicated by horizontal line in (a), but is below scale in (b)- (d).
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pattern also appears similar at higher frequencies in this same click sequence [Fig 2.15(c) &
(d)], indeed possibly more pronounced in (d) suggesting a more tightly focused beam as
might be expected. From minutes 9 to 12 the whales are at depth and the transmit beams,
especially at high frequency, cannot be expected to direct towards the surface hydrophone.
There is somewhat more similarity between the low and high frequency band levels,
variation in the band centred on 500 Hz may now represent more variability in received
power than spreading loss with increasing range would account for, and the variability is
clearly no longer systematic. There are, however, still differences in the pattern of variation
between low and high frequency bands, e.g. Figure 2.16(a) & (b). At approximately 10.5
minutes in Figure 2.16(b) spectral density dips considerably whereas this does not occur at
the low frequencies in part (a). Again this could be the result of receiving a directional
beam at varying aspect, whereas the low frequency is essentially omnidirectional and power
output at source may be the major cause of variability - in part (c) there is also a dip in
power. Similarly in Figure 2.17(a) spectral density decreases between 9 and 10.5 minutes,
whereas in parts (b) and (c) power increases and in (d) is approximately level. Notably,

however, the variation in all bands in Figure 2.18 is similar.

Assuming that sperm whale clicks become directional at frequencies upwards of 3 kHz,
consider the case of a diving sperm whale emitting clicks which are recorded by surface
hydrophones directly above it - which is the case for sperm whale sounds analysed in this
dissertation. Sound energy would radiate outwards from the monkey lips with the low and
sub-kilohertz components radiating omnidirectionally, but with the higher frequency
components forming progressively narrower beams along the long axis of the whale. A

proportion of the sound energy in the expanding wavefront of the initial pulse, i.e. a
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Figure 2.16 Plots showing spectral density in 5" octave bands from clicks across minutes
9 to 12 of sequence SW1. Abscissae show time since first click, centre frequencies of %" octave
bands are (a) 500 Hz, (b) 2.5 kHz, (c) 5kHz and (d) 10 kHz; horizontal line in each plot
indicates the average background noise level.
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Figure 2.17 Plots showing spectral density in ¥5™ octave bands from clicks across minutes
9 to 12 of sequence SW2. Abscissae show time since first click, centre frequencies of %" octave

bands are (a) 500 Hz, (b) 2.5 kHz, (c) 5 kHz and (d) 10 kHz; background noise level is
below scale in each plot.
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Figure 2.18 Plots showing spectral density in %" octave bands from clicks across minutes
9 to 12 of sequence SW3. Abscissae show time since first click, centre frequencies of 15" octave
bands are (a) 500 Hz, (b) 2.5 kHz, (c¢) 5kHz and (d) 10 kHz; background noise is indicated

by horizontal line in each plot.
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composite of all transmit beam patterns of the initial pulse, would reach the surface
hydrophones directly. Assuming the hydrophone is not oriented exactly with the long axis
of the diving whale (a very likely assumption) a different composite of beam patterns will be
directed posteriorly through the lipid of the spermaceti sac and impact the air filled
nasofrontal sac. The sound will partially reflect and travel anteriorly through the spermaceti
sac where it will impact the distal air sac at the anterior end of the head. A section of
wavefront from the outward radiating reflection from the distal sac directed towards the
surface hydrophone will almost certainly be received as a different composite of beam
patterns to the initial pulse. In other words, the rearward radiation pattern across the
spectrum of the initial sound pulse and that of the first reflection from the distal sac are
likely to be dissimilar from the point of origin along the path to the surface hydrophone. If
the initial pulse signal had a major rearward transmission lobe along the axis of the whale,
and the animal were oriented such that the surface hydrophones were outside this major
lobe, then one might expect to receive energy from the initial pulse at a level somewhat
reduced from the condition where a similar signal is received on axis. These speculations

are supported by the observations made in this chapter.

One observation made by Cranford et al (1996) is the fact that dolphin species with
asymmetrical monkey lip/bursal complexes tend to produce echolocation clicks which are
generally more broadband than the clicks of porpoises or sperm whales. Porpoises have
largely symmetrical monkey-lip/bursal complexes and sperm whales have only one pair of
monkey lips. Cranford speculates that the broad bandwidth of energy contained in dolphin
clicks results from interference patterns in the sound waves generated by the asymmetric

monkey lip complexes, and that dolphins may even be able to alter this interference pattern
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to achieve the desired output characteristic of their clicks. Porpoises are known to produce
short transient clicks that are very narrow band in comparison to the dolphin clicks
(Goodson and Sturtivant, 1996), and Cranford speculates that the apparent symmetry of the
harbour porpoise monkey lip pairs does not allow for interference patterns which may give
rise to a broadband sound characteristic. Similarly Cranford also points to the fact that
sperm whale clicks have previously been observed to exhibit narrow band spectral peaks
(e.g. Weilgart & Whitehead, 1988) and implicates the single pair of monkey lips as a
possible reason for this, since there is no second sound source to generate an interference
pattern. The observations in this chapter [Figs 2.6 & 2.7] clearly show that there are
distinct, narrow-band spectral peaks in male sperm whale clicks which would be consistent

with Cranford's speculations.
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Sound Velocity Measurements in Spermaceti Qil under the
combined influences of Temperature and Pressure.

3.1 Introduction

The anatomical layout of oil sacs and air spaces within the sperm whale head [Fig 1.4]
almost certainly has some influence on the structure of sperm whale clicks, and in all
probability gives rise to the multiple pulsed structure. The intra-pulse interval within clicks
is hypothesised to be a function of the longitudinal air sac separation and velocity of sound
in spermaceti oil. If one has good estimates of the velocity of sound in spermaceti oil, and
can measure IPI's to reasonable precision, the air sac separation (essentially head length) can
be determined by simple algebra. Head lengths of sperm whales can be used to extrapolate
total body lengths (Gordon, 1991), and such information would be of great value to
population biologists if it could be obtained through passive acoustics during oceanic
surveys. As sperm whales dive to great depths the barometric pressure on the head and
spermaceti oil contained therein will undergo considerable variation, and there is also the
possibility that temperature of the oil may be altered during dives (Clarke, 1978c). For these
reasons it is important to measure, and ultimately predict, the effects that varying

temperature and pressure will have on sound velocity in spermaceti oil.

Spermaceti oil is a mixture of wax esters and triglycerides (Morris 1973, 1975) and

undergoes a transition between solid and liquid states at a threshold temperature of

71



Chapter 3A

approximately 29°C. At 30°C the oil is a pale, relatively low viscosity liquid with a density
of about 862 Kgm™ at atmospheric pressure. As temperature drops below the 29°C
threshold the oil crystallises into a waxy solid reaching a density of about 889 Kgm™ at
22.5°C (Clarke, 1978b). It has been argued (by Clarke, 1978c) that sperm whales use this
property of spermaceti oil to adjust their buoyancy during deep dives and at different
geographical locations. Clarke argues that the complex system of airways in the head, in
intimate contact with the oil, can be used to flush cold seawater for heat exchange, thereby
cooling the oil to effect phase change and density increase. Clarke further hypothesises that
the oil would be reheated by blood flow through a dense capillary network, using stored
muscular heat from swimming. Clarke (personal communication) has some indirect
evidence of this latter mechanism in a series of photographs of freshly dissected spermaceti
tissue showing areas crimson red with vascularisation, while adjoining tissue remains pale

yellow and devoid of blood - suggesting control of blood flow through spermaceti tissue.

Clarke's buoyancy hypothesis remains unproven and direct measurement of in-situ
spermaceti temperature in living, diving sperm whales presents extreme practical
difficulties. However, if IPI's within sperm whale clicks are indeed a function of sound
velocity in spermaceti oil, and if sound velocity in the oil is significantly affected by
temperature, observation of trends in IPI over dive time may need to take account of
possible temperature fluctuations within the head. Flewellen and Morris (1978) made
measurements of sound velocity in spermaceti oil at temperatures from 29°C to 40°C,
yielding an inverse linear relationship between the two. Valuable as these measurements
were the investigators only measured sound velocity in the oils' liquid phase at atmospheric

pressure. Since sperm whales undertake dives to extreme depths it is important to
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understand the effects that elevated pressures will have on sound velocity in the oil. To
account for every possibility it is also important to understand the effect that solid-liquid
transition will have on sound velocity in spermaceti oil. This chapter describes original
measurements of sound velocity in spermaceti oil under the combined influences of

temperature and pressure using purpose built apparatus.

SECTION 3A - 1994 Measurements : Sound Velocity in Spermaceti Qil

from Physeter macrocephalus

3A.1 Methods

3A.1.1 Spermaceti Qil Sampling

On 15" December 1993 a 15.6 metre male sperm whale carcass washed ashore on the East
coast of England, some 10 Ilni]es south of Bridlington. The carcass was intact and externally
undamaged, indicating that the animal had not been dead for too great a length of time; a
rough estimate was 48 hours. During an official autopsy approximately 1 litre of spermaceti
oil was sampled through a single penetration along the dorsal surface of the head,
approximately midway between the eyes and the “snout” [Fig 3A.1]. Flensing knives and a
chain saw were used to cut a hole approximately 30 cm square through the tough muscle
and tissues of the head and case. Spermaceti tissue containing semi-liquid oil, along with
impurities of blood and small quantities of extraneous tissue, were pulled by hand from the

peripheral region of the spermaceti sac (within half a metre of the dorsal surface of the head)
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Oil Sampling Penetration

Spermaceti Sac T,

Figure 3A.1 Schematic of sperm whale head showing approximate position of spermaceti sac
penetration through which oil was sampled. Carcass lay on its right side enabling oil sampling
horizontally through penetration.
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and sealed in clean glass jars. The carcass was lying on it’s right side, so oil could be
sampled horizontally through the penetration. During sampling, liquid spermaceti oil
trickled from the penetration in the whales' head and solidified on the cold outer surface.

Much of this solidified oil was collected by simply pulling it from the head with a knife and
dropping it into the sample jars. The samples were deep frozen to -20°C within 24 hours of
collection. When taking sub-samples of oil for experimentation reasonably clean pieces of
solid spermaceti oil were cut from the main sample while still frozen. Gently melting and
decanting the oil provided a final means of removing obvious, macroscopic impurities (e.g.
small pieces of extraneous tissue). Although the oil was not from a freshly dead animal it
did exhibit the expected physical characteristics, with a phase change between 28°C and

29°C.

3A.1.2 Velocity Measurement Apparatus

To measure variation of sound velocity in spermaceti oil as a function of both temperature
and pressure, a thermally conductive pressure cell assembly was constructed from CZ121
free cutting brass. This assémbly consisted of a thick walled brass cylinder designed to hold
the oil samples with an internal bore diameter of 29 mm, a maximum depth of 101 mm and
a wall thickness of 8 mm. A solid brass ram was machined precisely to fit the bore and
complete the liquid enclosure. A hydraulic rubber lip seal (Lockheed 2782) with a 12 mm
diameter hole punched through its centre was fitted to the front face of the ram to minimise
fluid seepage past the ram at high pressure. The entire pressure cell assembly was similar in

construction to an automobile hydraulic brake cylinder-piston assembly, with spermaceti oil
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replacing hydraulic fluid [Fig 3A.2]. A vent machined into the cylinder wall at the base of
the bore enabled trapped air to be expelled after the ram had been fitted by simply turning
the apparatus on its side to allow air bubbles into the vent tube, from where they could be
expelled. Sound transduction was provided by two 500 kHz piezoelectric disc transducers
(Morgan Matroc Limited, Transducer Products Division, Southampton). The active
transducer was sealed into the face of the ram and sound pulses emitted from this transducer

were received by an identical transducer sealed in the cylinder base.

In essence, sound pulses were fired by the ram transducer down through the sample and
received by the base transducer, enabling a time of flight measurement through a known
sample length of spermaceti oil. The transducers were squat, cylindrical piezeoelectrics
(PZT4D) with a diameter of 10 mm and a height of 5 mm. A circular recess 12 mm in
diameter was machined into the face of the ram to accommodate the transducer, and a small
centre hole was bored the entire length of the ram for electrical wiring. The rear face of the
transducer was glued to the exposed brass lip at the bottom of the recess with electrically
conductive silver paint, and the live connecting wire brought round to the front face of the
transducer via a keyhole cut in the edge of the recess [Fig 3A.3]. The live wire was soldered
to the front face of the transducer, the main ram-cylinder body was used as a common
electrical earth for both transducers. The peripheral ring of space between the edge of the
transducer and the recess wall was packed with non-toxic modelling clay (Tebro TB 856).

The remainder of the recess was then filled with epoxy resin-hardener mix (Resin: Ciba
Geigy MY753, Hardener: Ciba Geigy HY951) such that the front face of the transducer and
clay ring was completely covered by a plug of compound appro<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>