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1. Introduction

Acoustic models based on physics and mathematics may yield significant
advances in the understanding of sound production, propagation, and inter-
action associated with whales and dolphins. Models can be used to estimate
the limits of intensity and frequency that are physically possible given the
anatomy of a species. Models can also tell us what kind of anatomical struc-
tures would be necessary in order to produce sound having specific char-
acteristics. Models can be used to clarify what type of measurements should
be performed to answer specific questions. Many areas of bioacoustics stand
to benefit from simulation of sound propagation through biological tissues
and the media surrounding them. However, accurate modeling of biologi-
cal subjects with complex anatomical features is extremely challenging, and
few modern studies exist of sound production and propagation in whales
and dolphins.

In this chapter, we will consider two acoustic models, the first dealing with
the propagation of echolocation signals through the head of a dolphin. This
model combines a novel tissue modeling approach with techniques of
numerical wave propagation to study the acoustic principles operating in
the biosonar emission and reception processes. The second model deals with
the production of low-frequency sounds by the blue whale, Balaenoptera
musculus. The features of blue whale sounds are considered and a sound
production mechanism is derived taking the structures of the whale’s
anatomy into account along with the physics of acoustics. The first model
results from the research of Aroyan (1996) and the second model is the
result of research by the remaining authors.
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2. Three-Dimensional Numerical Simulation of
Biosonar Emission in the Common Dolphin

Measurements of the acoustic field of echolocating dolphins have demon-
strated that dolphins emit a rapid series of intense pulses in a narrowly
focused beam that emanates from the forehead and rostrum. Despite appli-
cation of a variety of experimental techniques, the exact mechanisms
involved in the generation, emission, and reception of delphinid biosonar
signals have remained conjectural. Advances in the methodology of bioa-
coustic simulations have led to powerful combinations of techniques
capable of addressing questions that have proven difficult to resolve exper-
imentally. Aroyan (1996) combined methods for three-dimensional (3-D)
acoustic simulation and far-field extrapolation with a novel approach to the
mapping of acoustic tissue parameters from X-ray computed tomographic
(CT) data. These techniques, applied to models of the forehead and lower
jaw tissues of the common dolphin, Delphinus delphis, enabled a detailed
study of the patterns of sound propagation within the modeled tissues and,
hence, of the acoustic principles operating in the biosonar emission and
reception processes. The following sections discuss the methods used in this
investigation and present a series of results concerning the location of the
biosonar signal source tissues, the roles of the skull, air sacs, and soft tissues
(including the melon) in beam formation, and the acoustical consequences
of forehead asymmetry in Delphinus delphis.

2.1 Computational Methods

The following approach was used to investigate the D. delphis emission
system. First, computer models of the tissues of the dolphin’s head were
constructed using a novel mapping of both tissue density and acoustic veloc-
ity from X-ray CT attenuation data to a simulation grid. Second, 3-D finite
difference programs were used to simulate acoustic propagation into the
tissue models to locate the source region of the dolphin’s biosonar emis-
sions (analogous to the use of inverse seismologic simulations to pinpoint
the underground source point or “hypocenter” of an earthquake, or to
reversing the emission/collection role of an optical lens system). Third,
sources were placed at these inverse simulation “hypocenters™ or at con-
jectured anatomical source locations, and finite difference programs were
again used to propagate the acoustic ficld of the source and tissue models
out to a surface surrounding the tissue region of the grid. Fourth, bound-
ary extrapolation programs were used to compute the emitted acoustic far-
field from the pressure and its normal derivative over this surface. Biosonar
mechanisms were investigated by visualizing the acoustic energy density
within a variety of tissue models and by comparing the fields emitted by
these models to the experimentally measured sonar emissions of live
animals. Conceptually, this approach involves: (1) contructing the best pos-
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sible acoustical model of the dolphin’s tissues from the available data; (2)
utilizing the reversibility of wave propagation to let the model tell us what
its focal characteristics are; and (3) applying the resulting focal information
in forward simulations to determine the emission properties for each
model. Each step of this procedure has yielded new insights into the
acoustic mechanisms of delphinid biosonar.

In order to study the patterns of sound propagation within the forehead
tissues, propagation through tissue models was simulated by numerical inte-
gration of the acoustic wave equation. Shear wave velocities for soft tissues
remain less than 1% of the compressional wave sound speed for frequen-
cies below 1 MHz, and soft tissue shear wave attenuation coefficients are of
the order of 10* times the compressional wave attenuation coefficients
(Frizzell et al., 1976; Carstensen 1979; Madsen, et al., 1983). Additionally,
the fact that air sacs normally cover much of the skull surface in the vicin-
ity of the nasal passages in delphinids also suggests that shear modes do not
play a significant role in biosonar emissions. In the current simulations,
tissues (including bone) were modeled as inhomogencous fluids and shear
wave modes were ignored.

In fluids of inhomogeneous density and velocity, the lincarized wave
equation for acoustic pressure p is (Pierce 1981; Aroyan 1990):

1 dp _, Vp-Vp(x)
b _v:V = & I
c*(x) ot~ ¥ p(x) (1a)

Both the sound speed c and density p are functions of position x, while the
acoustic pressure p is dependent on position and time, p = p(x, t). By
mapping the values of tissue velocity and density onto a grid, finite differ-
encing schemes can be used to propagate the solution of Eq. la forward
in time. The following discretization of Eq. la, solved for the numerical
value of the acoustic pressure P/} at grid position (i, j, k) and time step
(m + 1), was applied over the tissue region of the grid:
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In this equation, x;;, = (//h)c;;, is a nondimensionalized version of the spa-
tially varying acoustic velocity c;;4; p,;« is the spatially varying density; and
I = At and h = Ax = Ay = Az are the temporal and spatial grid increments,
respectively. This scheme is fourth order in the spatial derivatives of pres-
sure, second order in the spatial derivatives of density, and second order in
the time derivative of pressure. The first three lines of Eq. 1b constitute the
scheme for the homogeneous wave equation. This homogeneous scheme
was used outside the tissue regions of the grid and greater than two points
away from the grid edges. A second order spatial derivative scheme was
applied at the next-to-last grid points. Absorbing boundary conditions were
applied at the extreme grid edges to reduce reflections from grid bound-
aries to very low levels.

Figure 10.1a illustrates a typical simulation grid layout. The region of the
grid containing the tissue model is indicated. Except for a few trials on half-
resolution grids, a 1.5-mm cubic grid corresponding to the finest X-ray CT
data voxel size was used in the forehead simulations. For the inverse simu-
lations, the front face of the grid was used as a flat source to ensonify the
tissue model region with a cosine-windowed “echo” at a fixed frequency
and angle of return. A windowed aperture function was used to reduce the
near-field diffraction of this source. The energy density at the focal maxima
found in the inverse simulations were two to three orders of magnitude
above variations caused by near-field diffraction and uneven ensonification
of the model region.

Several different quantities may be calculated from the simulated pres-
sure field and visualized with graphics packages in order to illustrate the
patterns of sound propagation within the tissue models. For example, one
may visualize the time-averaged magnitude of the total acoustic energy
density W, as the sum of the potential acoustic energy density W otential
and the kinetic acoustic energy density Wi (Pierce 1981; Morse and
Ingard 1968)

1 2 2
Wrnm! = pr.'.z’miui + kam'f e [RC(P)i s B]Re(lln (2)
2pc” 2

where the vector fluid velocity u = Vp/(iwp). Alternatively, one may visual-
ize the time-averaged magnitude of the potential energy density Wioenia =
[Re(p)]/(2pc?), as in Aroyan (1996). In this chapter, we will visualize either
the total or the potential acoustic energy density, although all three forms
of energy density (potential, kinetic, or total) and/or the acoustic intensity
vector yield significant information regarding propagation within tissues.
In order to compute the emitted far-field patterns of various source and
tissue models, the simulated pressure field and its normal derivative over
a rectangular surface immediately surrounding the tissue region of the
grid was used as input to boundary integral extrapolation programs. The
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Figure 10.1. (A) Typical simulation grid layout. All inverse simulations used the
front face of the grid as a flat source to ensonify the tissue region with “echoes” at
various angles of return. In the inverse forehead simulations, the acoustic energy
density within the subvolume labeled “PSR™ was visualized. In all forward simula-
tions, the pressure and its normal derivative over a surface immediately surround-
ing the source and tissue model were used to compute the far-field emission
patterns. (B) Diagram of the geometry assumed by Eq. 3. Field points R are assumed
to lie in the sourceless and homogeneous region exterior to the extrapolation
surface S, which encloses an arbitrary source volume.

Helmholtz integral equation relates the pressure p and the normal
derivative of the pressure dp/on over a surface S surrounding an arbi-
trary distribution of sources to the pressure p(R) produced by those sources
at any field point R (Baker and Copson 1953; Copley 1968; Schenck
1968). The geometry assumed here is illustrated in Figure 10.1b. For
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points R lying exterior to the source volume enclosed by surface S, the
Helmholtz integral equation has the form (Junger and Feit 1986; Aroyan
1996)

- dG(o.R) . ap(cJ}d
PR) = ﬁp(o)——an Glo,R)1=— 1dS(0) 3)

Here o defines the vector coordinates of surface S. while 3/0n = n- V denotes
the directional derivative along the outward pointing unit vector n normal
to surface S. We have also used the notation G(o, R) for the 3-D free-space
Green'’s function,

e.l’k|o’-R| elk!
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r=0-R, (4)
where k = w/c is the acoustic wave number, o is the angular frequency of
the field, and ¢ is the (constant) speed of sound propagation at surface §
and in the medium external to S. No assumptions are made about the dis-
tribution of sound sources, speeds, or other properties of materials inside
surface S—this source region may be arbitrarily complex. In addition, § may
be any closed surface surrounding the source region. The medium external
to S, however, is assumed to be infinite, homogeneous, and sourceless.
Because the extrapolation surface S can be located immediately outside the
tissue model region of the simulation grid, an enormous reduction of the
grid size required for far-field calculation is realized. In the current bioa-
coustic application, a far-field form of Eq. 3 was utilized: Appendix A gives
this far-field formulation and notes aspects of its numerical implementa-
tion. Appendix A also provides an example of a simple computed far-field
pattern and introduces an efficient representation of this data over all emis-
sion directions, which is used in all emission diagrams of Section 3.

2.2 Model of the Dolphin

This section outlines a new approach to modeling the acoustic parameters
of delphinid soft tissues from X-ray CT attenuation data. This method gen-
erates approximations of the 3-D density and velocity distributions within
scanned delphinid tissues that agree well with reported measurements.
An X-ray CT scan of the head of a male (body length = 1.92m) common
dolphin, D. delphis, was provided by Dr. Ted W. Cranford (identified as
speciment D4 in Cranford et al. 1996). The spacing of the scan planes in
the original CT data set varied from 5.0mm over the rostrum, to 1.5mm
over the narial region, to 3.0mm over the posterior cranium. Individual
scans consisted of 320 x 320 pixel transverse sectional images on a 1.5-mm
square grid. For simulation purposes, the tissue region of the original data
was lincarly interpolated in the x-direction to planes uniformly spaced
L.5mm apart. The resulting data set was then used either at full resolution
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(on a 1.5-mm cubic grid) or half resolution (on a 3.0-mm cubic grid).

For the GE CT9800 scanner used to collect the D. delphis data, a linear
mapping between X-ray attenuation values in Hounsfield Units (HU) and
human tissue density has been shown to be accurate to within 5% for den-
sities ranging from soft tissue to cortical bone (Henson, Ackland, and Fox
1987). The slope of this correspondence varies with the beam energy of the
scanner. Application of more precise medical techniques for tissue HU-to-
density mapping could potentially reduce these errors to well below 1%
(Erlichman 1986; Cann 1988; Hunter 1988). The present study assumed that
the scan image pixel values were linearly related to Hounsfield Units, and
mapped tissue densities from HU values using the linear model shown in
Figure 10.2a. Three calibration points confirming this map were provided
by the known density (0.90g/cc) of the inner melon (Varanasi et al. 1975),
the known density (1.18g/cc) of the plexiglass specimen registration frame,
and the maximum density (roughly 2.7g/cc) of delphinid periotic bone
(Lees et al. 1996). The image scale ranges from —1,024 to +2.519HU. The
low end of the scale (below —138 HU) was below all soft tissue structures
(except air sacs, which were handled separately). Since it was necessary to
map the air surrounding the scanned specimen to seawater, this lower range
is mapped to the density of secawater (1.03 g/cc) in Figure 10.2a.

Tissue velocity was then deduced from the above tissue density infor-
mation and the following experimental data. Figure 10.2b plots average
experimental density and velocity values and approximate ranges for
several types of normal (fresh) terrestrial mammalian soft tissues and
delphinid melon lipids at 37°C from literature sources. Terrestrial mam-
malian tissue data was taken from Parry and Chivers (1979), Goss et al.
(1980), Lele and Sleefe (1985), and Miles (1996). Bottlenose dolphin melon
lipid velocity data was taken primarily from Norris and Harvey (1974) and
secondarily from Litchfield et al. (1979), since the latter study measured the
velocities of lipid samples after extraction from melon and blubber tissues.
Extraction of the lipids from connective tissue components probably
lowered the values reported for the velocities of the “outer” and “under”
melon. Both papers agree approximately on the velocity range for the inner
melon tissues. Melon and lower jaw lipid densities (down to .90g/cc) are
taken from Varanasi, Feldman, and Malins (1975) assuming a 60% to 40%
by weight triglyceride-isovalerate wax ester melon lipid composition, which
is similar across the family Delphinidae (Litchfield et al. 1975). Although
few measurements of intact tissue velocity, density, and temperature are
available, an attempt was made to define the ranges for the normal mam-
malian tissues in Figure 10.2b as 1-sigma deviations in the tabulated values.
The density and velocity ranges for delphinid melon lipids shown in
Figure 10.2b correspond to the ranges that exist within the layered melon
tissues.

It is important to note that the velocity of terrestrial mammalian soft
tissues is correlated approximately linearly with density in the range from
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normal fat to tendon. The lipids of the delphinid melon and lower jaw are,
however, chemically and acoustically distinct from other body fats and
blubber (Litchfield et al. 1973; Litchfield et al. 1975, 1979; Malins and
Varanasi 1975; Varanasi et al. 1975; Varanasi et al. 1982). It therefore makes
sense to correlate the velocities of all soft tissues except the melon and
lower jaw fats with their densities using a linear mapping from ordinary fat
to tendon for the characteristic mammalian soft tissue range. The unique
“acoustic fats” can then be incorporated by adding an extension from
normal fat down to the lower melon lipid density and velocity threshold.
Given the magnitude of the variations in mammalian soft tissue densities
and velocities, a two part linear mapping was deemed satisfactory for the
series of simulations reported here. The acoustic phenomena of interest to
this study result mainly from relatively short propagation paths (10 wave-
lengths or less) through dermal layers, blubber, melon fat, muscle, and con-
nective tissues. Because biologically reasonable variation of the velocity
mapping did not produce significantly different results, the velocities of
these tissues was presumed to be adequately represented by the current
model. This piecewise linear mapping of density versus velocity for the soft
tissue range is indicated by the solid line in Figure 10.2b, demonstrating that
a good correspondence can be achieved between soft tissue velocity and
density. The current study is the first to have approximated the 3-D density
and velocity structures of all soft tissues including the melon and lower jaw
fats and to have accurately simulated 3-D acoustic propagation within those
structures. Diagrams of the resulting tissue density, velocity, and impedance
structure in a right parasagittal section through the core of the D. delphis
melon can be found in Aroyan (1996). Previous analytical and ray trac-
ing studies had assumed highly simplified two-dimensional tissue den-
sity and/or velocity models. (Compare, for example, Evans et al. 1964,
Dubrovskiy and Zaslavskiy 1975; Litchfield et al. 1979; Aroyan et al. 1992;
Au 1993).

Because the HU-to-density map has already been specified (Figure
10.2a), the empirical density-to-velocity map (Figure 10.2b) then deter-
mines the soft tissue HU-to-velocity mapping. The HU-to-velocity mapping

<
FiGure 10.2. (A) Plot of the linear mapping from CT values (in Hounsfield Units)
to tissue density used in the simulations. Tissue types corresponding to mapped CT
ranges have been indicated. (B) Plot of approximate values and ranges of density
and velocity for several types of normal terrestrial mammalian soft tissues and del-
phinid melon lipids measured at 37°C. Tendon A refers to propagation perpendic-
ular to the tendon fiber bundles. Tendon B refers to propagation along the tendon
fiber axis. The solid line indicates the piecewise linear mapping of density to veloc-
ity used in the simulations over the range of soft tissues. (C) Plot of the mapping
from CT values (in Hounsfield Units) to tissue velocity used in the simulations. This
mapping (over the soft tissue range) is implied by the upper two figures. Tissue types
corresponding to mapped CT ranges have been indicated.
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used in this study is pictured in Figure 10.2c. The soft tissue range of this
mapping generates good agreement between Cranford’s (1992) plots of HU
values through a Tursiops truncatus melon and Norris and Harvey’s (1974)
T. truncatus melon velocity measurements. While intact tissue velocities for
D. delphis have not been measured, it is reasonable to expect that a mapping
based on the measured acoustic properties of mammalian tissues and that
appears to work for T. truncatus will work for other delphinids as well, pro-
vided the data ranges for each specimen have been properly determined.
Similar triglyceride and isovalerate wax ester lipid mixtures (roughly 60%
and 40% composition by weight, respectively) are found in the melon and
lower jaw fats across the family Delphinidae (Litchfield et al. 1975). These
ratios differ substantially from blubber compositions. Slight variations of
the delphinid lipid density and velocity mapping presented here should
be sufficient for modeling the odontocete families Phocoenidae and
Monodontidae. The families Platanistidae, Ziphiidae, and Physeteridae,
however, may require different treatments.

Several aspects of Figure 10.2c merit mention. First, the attenuation range
below —-138HU (below all soft tissue structures except air sacs) is again
assigned the velocity of seawater (1,500m/s). Next, soft tissue velocities
above tendon (at 150 HU) and up to the bone threshold (at 300 HU) are
modeled as a constant 1,730 m/s. This was done because the data range 150
to 300HU corresponded to the range of partial-volume blurring of the soft
tissue—bone interface, and because measured soft tissue velocities do not
appear to exceed this value. The “partial-volume” effect is one of several
potential sources of error in X-ray CT data (Cann 1988). It occurs when a
scanned volume element straddles a sharp tissue interface, effectively blur-
ring the interface. A large discontinuity in velocity at the bone threshold
was introduced to correct for the artifact of partial-volume blurring of the
soft tissue-bone interface. We also mention that partial-volume blurring of
the skin-seawater interface was corrected using a simple technique
(Aroyan 1996, p 91), but that no correction was made in the current model
for tissue velocity dependence on temperature near the skin of the animal.
Finally, note that the velocity above the bone threshold was modeled as a
constant 3.450m/s. The threshold for bone at 300 HU was determined by
examining the thickness and continuity of skull surfaces crucial to acoustic
behavior, As in previous two-dimensional simulations (Aroyan 1990;
Aroyan et al. 1992), the 3-D results are not strongly dependent on the exact
acoustical parameters assigned to bone.

Modeling of air spaces within soft tissue introduces unique difficulties.
While the geometry of skull-soft tissue and external soft tissue—air inter-
faces is generally well represented in high-resolution X-ray CT data, air sacs
inside soft tissues can suffer distortion due to postmortem changes. Mod-
eling of a dolphin’s nasal passages is further complicated by the common
observation that the uppermost nasal sacs in live animals are, to some
extent, mobile during phonation (Dormer 1979). Therefore, the author
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FiGure 10.3. Visualizations of the model of the narial, vestibular, and premaxillary
air sacs used in the simulations. Upper figure (A) is an elevated right-side view
of the sac surfaces; lower figure (B) is an elevated front view. Labels identify the
individual sacs included in the model.

chose the simplest model of the upper nasal sacs that was supported by the
X-ray CT data and by previous anatomical studies.

Perspective views of this simplified air sac model are shown in Figure
10.3. Outlines of the narial air spaces were very clear in the D. delphis CT
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data. The vestibular sacs, however, were only marginally discernable. By
extracting all CT data coordinates with values below soft tissue thresholds,
the narial sacs and portions of the vestibular sacs were located. Unfortu-
nately, the inferior vestibule, the spiracular cavity, and the premaxillary,
nasofrontal, and accessory sacs were not even marginally discernible in this
data. Nevertheless, the location of the premaxillary sacs is so well docu-
mented in the literature that the author deemed it permissible to include
their positions above the premaxillary shelves of the skull in the model
(Mead 1972; Dormer 1979). Note that portions of both left and right
vestibular sacs, as well as other sacs in their entirety, are missing from this
model.

As in previously reported simulations (Aroyan 1990; Aroyan et al. 1992),
air sacs were simulated as pressure release surfaces by setting the pressure
to zero at all sac coordinates. Note that this procedure eliminates any poten-
tial air-cavity resonance behavior.

3. Results of the Simulations

To provide an overview of the acoustical focal behavior of the head of the
common dolphin, consider first the result of ensonifying a full head model
with a (cw) 50-kHz sound beam incident from directly forward of the
animal. Figure 10.4a illustrates the skin isosurface of this full model, which
incorportated the skull, soft tissues, upper nasal air sacs, the peribullar
sinuses surrounding most of the inner ears, and the pterygoid sinuses of the
lower skull and palate. The full head model utilized the entire CT data set
at half resolution (mapped to a 3.0-mm cubic grid). Figure 10.4b illustrates
an isosurface at 30% of the maximum total acoustic energy density W,
(Eq. (2)) within the same model volume (and perspective) illustrated in
Figure 10.4a. Significantly, three bright focal points occur within the model,
each with an associated “funnel” or “channel” of energy density leading up
to it. Funnels occur within both left and right fat bodies of the lower jaw,
which narrow back to create sharp maxima against the lateral surfaces of
each respective (left and right) tympanoperiotic complex. This channeling
behavior of the lower jaw fat bodies strongly improves the forward recep-
tivity of the simulated hearing patterns of both left and right ears (Aroyan
1996). The thinner-at-the-center thickness profile of each (left and right)
lower jaw pan bone surrounded by low-speed fat apparently acts as a “fast”
lens structure contributing to the creation of distinct forward receptivity
peaks for each ear. The peribullar sinuses were also found to be highly effec-
tive in shielding the ears from directions of incidence other than forward
and downward. All three results suggest mechanisms potentially funda-
mental to lower jaw hearing by delphinid cetaceans (Norris 1968, 1980);
however, project results concerning the biosonar reception process must
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Ficure 10.4. (A) Visualization of the skin isosurface of the full head model using
the complete CT data set mapped to a 3.0-mm cubic grid. This rectangular model
volume has x, y, z side-lengths of 44.7, 26.1 and 27.9cm. (B) Illustration of an iso-
surface at 30% of the maximum total acoustic energy density W\, within the same
tissue model volume (and perspective) illustrated in Figure 10.6 for a 50-kHz (0, ¢)
= (0%, 07) inverse simulation (sound beam incident from straight ahead). The loca-
tions of the three bright focal maxima that occur within the model are labeled.

be discussed elsewhere. A funnel also occurs within the melon tissue of
the forehead, which narrows back to create a bright maximum just below
the right monkey lips-dorsal bursae (MLDB) complex (Cranford 1992;
Cranford et al. 1996) within the soft tissue of the right nasal complex.
This focal structure in the forehead and the locality of its maxima
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recur over a range of ensonification directions for all frequencies tested
and are quite robust with respect to biologically reasonable variation of
the HU-to-density and HU-to-velocity model mappings discussed in
Section 2.2.

We now proceed to examine in detail the focal behavior of the forehead
tissues suggested by Figure 10.4b. Results of inverse and forward simula-
tions are presented below for three different models of the forehead of the
common dolphin: for a skull-only model, for a skull and soft tissues (includ-
ing the melon) model, and for a complete skull, air sacs, and soft tissue
model. We will also present the results of several moved source simulations
using the complete model.

3.1 Skull-Only Simulations

The region of the CT data set selected for more detailed forehead simula-
tions is illustrated by an isosurface at the CT data bone threshold (300 HU)
in Figure 10.5a and by bone and skin isosurface in Figure 10.5b. This tissue
region is a rectangular volume having x,y,z side-lengths of 27.0, 12.6, and
12.6cm, represented on a 1.5-mm cubic grid. In the skull-only model, the
HU-to-density and HU-to-velocity mappings of Section 2.2 were used to
assign velocity and density values only to tissue coordinates with Hounsfield
numbers equal to or greater than the bone threshold. All other model
coordinates were mapped to background seawater density (1.03g/cc) and
velocity (1,500m/s). The last few points of the density and velocity grids
along the back, bottom, and side edges of the tissue region were graded
back to seawater values in order to reduce spurious reflections at the model
boundary.

The maxima of the inverse forehead simulations all occurred within a
small volume of the supranarial region in all models. We will therefore illus-
trate the detailed inverse simulation data only within a subvolume of the
forehead tissue model here referred to as the “potential source region”
(PSR), which includes the supranarial region and extends forward to
include about half of the melon body. The rectangular PSR volume (x,y,z
side-lengths of 12.0, 9.0 and 9.0cm) of the forchead model is outlined
(boxed) in Figures 10.5a and b. To help establish positional reference with
respect to the skull and soft tissue structures, Figure 10.5c illustrates a
parasagittal slice through the center of the right MLDB complex within the
PSR. Cranford et al. (1996) provide a review of relevant delphinid forehead
tissue structures. The center of the left MLDB complex lies within the PSR,
approximately 3.3cm to the left and about 0.7 cm downward from the center
of the right MLDB.

Figures 10.6a and b illustrate the acoustic potential energy density
Wisieniia In the PSR planes containing the maxima or “hypocenters” for
skull-only inverse simulations at (cw) frequencies of 50 and 75 kHz, respec-
tively. The direction of return propagation in this case was 5° below the
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FiGure 10.5. (A) Visualization of the outer skull isosurface within the region of the
CT data set selected for the detailed forehead simulations. (B) Visualization of skin
and bone isosurfaces within the same region of the CT data set. The potential
acoustic energy density within the subvolume labeled “PSR” was visualized. (C)
Perspective view of a parasagittal CT data slice through the center of the right
MLDB complex in the PSR region. Several tissue structures are indicated and the

skull isosurface added in order to provide positional reference in later diagrams of
the results of the inverse simulations.
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negative x-axis, which corresponds (via reciprocity) to a forward beam
direction of 5° above the positive x-axis. Recall the logic of the inverse pro-
cedure: the maxima produced by a return beam will correspond to those
positions within the tissue model that could, were sources placed there, best

FiGure 10.6. (A) and (B) Perspective illustrations of the potential energy density
in parasagittal slices of the PSR containing the maxima for inverse (8, ¢) = (5°, 0°)
simulations with the skull-only model at frequencies of 50kHz and 75kHz, respec-
tively. (C) and (D) Positions of the “hypocenters” from inverse (8, ¢) = (5°, 0°) sim-
ulations with the skull-only model at four frequencies. (C) is a PSR view of the
maxima positions from the right and (D) is a PSR view from the front. For multi-
ple maxima, the size of the symbols is scaled to the energy of the maxima repre-
sented. The skull isosurface was added to all diagrams for positional orientation.
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Ficure 10.6. Continued

recreate a forward (emission) beam in the direction opposite the return
beam. Focal tissue properties should be observable as a clustering of
maxima over the relevant angles and frequencies. Because sonar beam
angles are not well known for D. delphis, a limited range of vertical angles
was tested for each tissue model in Aroyan (1996). In Figures 10.6a and b,
patterns of spatial interference caused by reflections off of different por-
tions of the skull surface are evident. Note that the positions of the maxima
appear below the (right) MLDB and also up against the frontal bone. The
maxima lying immediately against the skull may be caused in part by the
process of reflection at hard surfaces, where the pressure amplitude nearly
doubles, and the potential energy density almost quadruples. Indeed, the
reader is cautioned against jumping to the conclusion that any one of these
single frequency focal maxima is optimal for the animal—especially for the
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simpler tissue models. As we shall see, multiple maxima appear in most of
the models, although the ambiguity decreases significantly when the soft
tissue density and velocity information and the air sacs are included. This
is analogous to the situation in inverse seismologic simulations where ambi-
guity decreases with the accuracy and completeness of the geologic models
assumed.

The positions of these ‘hypocenters’ for inverse simulations at the four
frequencies, 25, 50, 75, and 100kHz, are shown in two PSR projections
(viewed from the right and the front) in Figures 10.6¢ and d for the same
direction of return propagation (an inverse (8, ¢) = (5°, 0°) beam in the
angular coordinate system of Figure 10.Ala in the Appendix). The maxima
up against the skull is shown when it exists and also the “soft tissue” posi-
tion (not against the skull) of highest potential energy density for each fre-
quency. The general trends in the positioning of these skull-only focal
maxima are clear. Along an anterior to posterior axis, foci only occur in the
region of the upper narial depression, within a distance of about 3cm (gen-
erally less) from the slope of the frontal bone. Along a transverse axis, they
appear to fall along a line running up the right side of the narial depres-
sion, and not on the left. The two lowest foci appear to lie within the verti-
cal range of the right nasal plug, while the main cluster lies roughly 1cm
behind and below the location of the right MLDB.

Consider now the emission patterns that result from placing point sources
at the focal positions of the skull. Figure 10.7 illustrates the far-field emis-
sion distributions computed (using the forward simulation and extrapola-
tion techniques discussed in Section 2.1 and Appendix A) for a point source
with a frequency of 75kHz placed at the (8, ¢) = (5°,0°) inverse simulation
point of maximum potential energy density shown in Figures 10.6¢c and d
(see Appendix A for explanation of the mapping of emission directions).
Peak emission angles (in degrees) and the directivity indexes for these pat-
terns are included in the figure. While a fair amount of energy is projected
to the sides and upward, the skull by itself is capable of forming significant
forward beams solely via reflection off of its upper surface for sources
placed in the vicinity of the right narial depression. Emission simulations
at 25,50, and 100kHz also resulted in forward beams similar to Figure 10.7,
with directivity indexes increasing approximately linearly with the loga-
rithm of frequency.

3.2 Skull and Soft Tissue Simulations

For the skull and soft tissue model, the density and velocity of all points
within the selected forehead region (see Figures 10.5a and b) were assigned
by the mappings described in Section 2.2. Because these mappings assign
all air CT scan voxels to the background seawater density (1.03g/cc) and
velocity (1,500m/s) values, air sac regions were effectively “filled” with sea-
water in this model.
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Skull Model
Freq=75kHz, (8,9)=(6.8,4.1); DI=12.4dB

Behind

FiGure 10.7. Extrapolated far-field emission pattern at 75kHz for the skull-only
model. The source point was the focal position of highest potential energy density
obtained from a 75-kHz inverse (6, ¢) = (5°,0°) simulation. Diagram (A) plots inten-
sity as height in a perspective view of the global far-field data. Diagram (B) is a
contour plot of the same data projected downward into the plane of the global map.
Direction angles (in degrees) of the emission peak and the directivity index for this
pattern are indicated.

A surprising shift occurs in the patterns of acoustic energy flow through
the PSR region when the soft tissues of the dolphin’s forehead are added
into the model. Figures 10.8a and b illustrate the potential energy density
Wioeniar i the parasaggital PSR slices that contained the soft tissue maxima
from inverse (8, ¢) = (5°,0°) simulations with the skull and soft tissue model
at frequencies of 50 and 75kHz. The patterns no longer look simply like
spatial interference caused by specular reflection from the hard skull



428 JL. Aroyan et al.

FiGure 10.8. (A) and (B) Perspective illustrations of the potential energy density
in parasagittal slices of the PSR containing the soft tissue maxima for inverse (0,0)
= (5% 0°) simulations with the skull and soft tissue model at frequencies of 50kHz
and 75kHz. (C) and (D) Positions of the “hypocenters” from inverse simulations
with the skull and soft tissue model at four frequencies. (C) is a PSR view of the
maxima positions from the right; (D) is a PSR view from the front. For multiple
maxima, the size of the symbols is scaled to the energy of the maxima represented.
The skull isosurface was added to all diagrams for positional orientation,

surface. A clear tendency toward collimation or channeling of energy is
exhibited by the melon tissues. Energy is channeled in both vertical and
horizontal sections back through a region passing approximately 1.0cm
ventral to the right MLDB complex. This channeling is most pronounced
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Ficure 10.8. Continued

within the posterior throat of the melon. The results at 25 and 100kHz (not
pictured here) exhibit this same behavior.

Figures 10.8¢ and d shown the locations of the PSR focal maxima (viewed
from the right and the front) from simulations at frequencies of 25, 50, 75,
and 100kHz for an inverse (8, ¢) = (5°, 0°) beam direction in the skull and
soft tissue model. The maxima up against the skull is shown if it exists
and the soft tissue position of highest potential energy density for each
frequency. Again, note that the focal positions occur in the nasal passage
region within a few centimeters of the cranial slope. Most appear on the
right side, but two were located within 3mm of the cranial slope on the
left side (left-sided maxima occurred in three instances with this model
only). These left-sided maxima were positioned about 1.5cm posterior
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to, and about 1.0cm medial to, the center of the left MLLDB complex. Also,
three maxima of the inverse (8, ¢) = (10°, 0°) pattern (not pictured here)
occurred against the skull down within the right nasal plug. Generally,
however, the foci not lying against the skull appeared below the right
MLDB.

The far-field emission pattern at 75 kHz for the skull and soft tissue model
is illustrated in Figure 10.9. The distribution was computed for a point
source at the 75-kHz inverse simulation foci of maximum potential energy
density shown in Figures 10.8c and d. Note that addition of the soft tissues
has narrowed the skull-only emission pattern. The melon (in combination
with other soft tissues of the forehead) collimates much of the energy pro-
jected to the side and upward by the skull alone. The increased directivity
index indicates a significant contribution by the melon to the formation of
narrow biosonar beams.

3.3 Skull, Air Sacs, and Soft Tissue Simulations

The air sac model illustrated in Figure 10.3 was added to the skull and soft
tissue model to form the skull, air sacs, and soft tissue model. This combined
model constitutes a fairly complete representation of the dolphin’s fore-
head tissues, although the air sac model was conservative (see Section 2.2).
The results of this model are therefore of special interest.

Figures 10.10a and b illustrate the 10% isosurface level of the maximum
PSR potential energy density Woyenia (viewed from above and from
the right, respectively) for an inverse (6, 0) = (5°, 0°) skull, air sacs, and
soft tissue simulation at 75kHz. Energy collimation is clearly occurring in
the melon, with strong channeling in both the vertical and horizontal
directions back through a region passing approximately 0.7cm ventral to
the right MLDB complex. Again, this channeling is most pronounced
within the posterior throat of the melon. Note that the anterior melon
also appears to be functioning as a lensing element (note the curvature of
the anterior energy fronts in Figure 10.10a). Except for slightly sharper
maxima, parasagittal PSR slices of the energy density in this model look
very similar to the results pictured in Figure 10.8 for the skull and soft tissue
model.

The focal maxima locations are plotted in Figures 10.10c and d (as viewed
from the right and the front, respectively) for inverse (8, 9) = (5°,0°) sim-
ulations at frequencies of 25, 50, 75, and 100kHz in the skull, air sacs, and
soft tissue model. Again, the maxima up against the skull is shown when it
exists and the soft tissue position of highest potential energy density for
each frequency. Note that all of the foci occur on the right side of the nasal
passages, not on the left, and that they have become fairly well grouped
along the guide channel of the posterior melon, which passes roughly
0.7cm below the right MLDB. Besides the 8 = 5° maxima shown in Figure
10.14, focal positions were also determined for vertical return angles of 15°,
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Ficure 10.9. Extrapolated far-field emission pattern at 75 kHz for the skull and soft
tissue model. The source point was the focal position of highest potential energy
density obtained from a 75-kHz (8, ¢) = (5°, 0°) inverse simulation, Diagram (A)
plots intensity as height in a perspective view of the global far-field data. Diagram
(B) is a contour plot of the same data projected downward into the plane of the
global map. Direction angles (in degrees) of the emission peak and the directivity
index for this pattern are indicated.

10°,0°,=5°, ~10°, and —15° in the skull, air sacs, and soft tissue model. The
focal positions appear well clustered throughout the 6 = 5° to —5° range
of inverse results, and the average position of the cluster does not move
appreciably.

Emission patterns, however, are most tightly focused for sources placed
at the 6 = 5° inverse maxima of the skull, air sacs, and soft tissue model.
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B

FiGure 10.10. (A) and (B) Visualizations of the isosurface at 10% of the PSR poten-
tial acoustic energy density from a 75-kHz inverse (8. 0) = (5°. 0°) simulation with
the skull, soft tissue, and air sacs model. (A) is a view of the PSR from above and
(B) is a view of the PSR from the right. (C) and (D) Positions of the “hypocenters”
from inverse (8, ¢) = (5°,0°) simulations with the skull, soft tissue, and air sacs model
at four frequencies. (C) is a PSR view of the maxima positions from the right and
(D) is a PSR view from the front. For multiple maxima, the size of the symbols is
scaled to the energy of the maxima represented.

Figures 10.11 and 10.12 plot the far-field emission patterns that resulted
from placing 25-, 50-, 75-, and 100-kHz point sources at the focal maxima
of the inverse (8, ¢) = (5°, 0°) simulations with this model. The complete
forehead tissue model does indeed produce well-focused and relatively uni-
formly directed forward beams. Again, directivity indexes for these patterns
increase approximately linearly with the logarithm of frequency. Incom-
plete diffraction rings are also noticeable at the lower frequencies.
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Ficure 10.10. Continued

3.4 Moved Source Simulations

Finally, we illustrate emission patterns for the complete skull, air sacs, and
soft tissue model when the source point is moved to four locations previ-
ously conjectured to be the biosonar signal source location. Patterns were
computed for 50- and 75-kHz point sources placed at the tip of the larynx,
within the node of the right nasal plug, at the center of the left MLDB
complex, and at the center of the right MLDB complex. The full head (half-
resolution) model was used in the laryngeal source simulation: the trun-
cated forehead (full-resolution) model was used in the other three moved
source simulations.

Figure 10.13 illustrates the 75-kHz far-field pattern contours for these
four conjectured source locations. Note that the laryngeal source location
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mainly produces scattered downward and sideways emissions. Sources
placed in the right nasal plug node projected sound forward at rather high
vertical angles (average 0 = 38°) and somewhat left of forward. The left
MLDB source location projected beams averaging about 26° right of
forward. The right MLDB source location produced approximately cen-
tered beams with some secondary lobe energy into higher vertical angles.

4. Discussion of Results

As with all bioacoustic tissue simulations, the results of this study are depen-
dent on both the accuracy of the wave propagation techniques and on the
fidelity of the tissue models to in vivo tissue geometry and acoustic
properties. Although shear wave modes were ignored, the accuracy of the
compressional wave propagation techniques was demonstrated in Aroyan
(1996) to be excellent. Tissue geometry is generally well represented in
high-resolution X-ray CT data, but some displacement of the supranarial
soft tissues may have occurred through air sac collapse. However, the scan
methodology of Cranford (1992) was developed to minimize gross post-
mortum tissue distortion. While approximate, the technique used to model
the acoustic properties of soft tissues is based on established tissue mass
density scan practices and on the measured acoustic properties of mam-
malian and unique delphinid tissues. In addition, simulation results were
found to be quite robust with respect to biologically reasonable variation
of the HU-to-density and HU-to-velocity model mappings. This may in part
be due to the relatively short tissue propagation paths (generally less then
10 wavelengths) involved in the simulated emission processes. While many
opportunities exist to refine the analysis, the work presented here is suffi-
cient to reach a number of interesting conclusions.

The role of the skull in acoustic beam formation has been investigated
using both acoustic sources and ray tracing techniques (Evans et al. 1964),
using lightbulb-as-source techniques (Dubrovskiy and Zaslavskiy 1975),
using acoustic sources with and without soft tissue present (Romanenko
1973), and using two-dimensional bioacoustic simulations (Aroyan 1990,
Aroyan et al. 1992). The results of the three-dimensional skull-only fore-
head simulations have corroborated and extended the conclusions of these
previous studies. The common dolphin’s skull plays a predominant role in
beam formation by establishing the basic focal geometry of the forehead.
The skull by itself is capable of forming significant forward beams solely by
reflection off of its upper surfaces. Focal maxima were found only in the
immediate vicinity of the asymmetrically enlarged right narial depression,
and not elsewhere. The fact that these maxima occurred only on the right
side of this depression and not on the left suggests that the focal geometry
of the skull is functionally related to its asymmetry. Because air sacs cover
portions of the skull surface in the vicinity of the nasal passages, the focal
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geometry demonstrated here apparently also shapes and supports the
highly reflective flesh-air sac boundaries. In the common dolphin, skull
acoustic asymmetry parallels the asymmetry of the refractive soft tissues of
the forehead, as discussed below.

Much speculation has surrounded the acoustic role of the fatty melon
tissues of the delphinid forehead. Wood (1964) suggested that the melon
may both focus and acoustically couple internally generated sound to sea-
water. Sound speed measurements on the melon of a Pacific bottlenose
dolphin (Norris and Harvey 1974) revealed a low-velocity core and a
graded outer shell of high-velocity tissue. A number of biomolecular studies
have confirmed that the lipids of the delphinid melon are chemically dis-
tinct from other body fats and blubber. Evans et al. (1964) found that the
presence of the soft tissue of the bottlenose dolphin’s forehead caused nar-
rower beams to be emitted than were produced by the skull alone. Roma-
nenko (1974) measured horizontal beam widths with the whole head that
were roughly half as wide as the widths obtained using the skull alone for
frequencies of 80kHz and higher. Previous two dimensional simulations
(Aroyan 1990; Aroyan et al. 1992) suggested that a melon velocity profile
of the magnitude measured by Norris and Harvey (1974) is capable of mild
focusing.

The current project substantiates the results of these earlier investiga-
tions of the acoustic function of the delphinid melon. The 3D skull and soft
tissue simulations have demonstrated that the melon and other soft tissues
of the D. delphis forehead significantly narrow the main forward beam, cor-
roborating the results of Evans et al. (1964) and Romanenko (1974), and
confirming the conjectures of Wood (1964) and Norris (1968). The melon’s
efficiency in narrowing the horizontal beam width generally appears greater
than its effect on the vertical width. In addition, the inverse skull and soft
tissue simulations demonstrated a pronounced tendency towards collima-
tion or channeling of acoustic energy within the posterior throat of the
melon. The posterior throat of the melon appears effective as a partial
wave-guide, while the larger forward lobe of the melon has been confirmed
lo operate as a lens in the acoustic emission process.* Perhaps the magni-
tude of these effects explains the extraordinary metabolic investment that
the specialized melon tissues represent in the evolution of odontocete
cetaceans, as suggested by Morris (1986).

*See the discussion of fundamental acoustic mechanisms in Aroyan (1996, pp.
28-34). A three-component model of the delphinid biosonar emission system is pro-
posed consisting of an impulsive source mechanism (the MI.DB source hypothesis
of Cranford et al. 1987), a damped resonant chamber surrounding this source
(formed by the partially air-bounded soft tissue of the delphinid nasal passages),
and a projector of the ensuing signal consisting of the skull, the melon and other
soft tissues of the forehead. Simplified calculations with this model correctly predict
the frequency ranges and modal/bimodal signal structures of several odontocetes as
a function of signal source level and body size. The surprising consequences of this
simple model will be discussed in later reports.
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To illustrate the physical basis of melon focal behavior, Aroyan (1996)
plotted the density, velocity, and impedance structure in a two-dimensional
slice through the D. delphis melon and forehead using the modeling tech-
niques of Section 2.2. These plots reveal an impedance matched melon-sea-
water interface, confirming the matched impedance hypothesis of Wood
(1964). They also reveal a broad velocity depression in the anterior melon
that narrows posteriorly to form a well defined channel through the rear
throat of the melon. The broad velocity depression is indicative of a lensatic
function for the anterior melon, as conjectured by Wood (1964) and pro-
posed in greater detail by Norris (1968). The posterior velocity channel
appears analogous to a flared wave-guide. The velocity of the melon “wall”
rises somewhat gradually to a maximum of about 20% above the velocity
of the channel in the posterior melon. While a velocity reduction of 20%
within a waveguide of uniform geometry may permit highly efficient
guiding of specific wavefunctions, the short and widely flared throat of the
posterior melon in this dolphin is probably best characterized as a partial
or “leaky” wave-guide of biosonar clicks.

An incomplete model of the nasal air sacs has been shown to improve
the forward reflection of energy projected upward, sideways, and downward
by the skull and soft tissue model. Addition of the air sacs into the model
always raised the directivity indexes of the patterns, although the impor-
tance of this contribution varied with frequency. Generally speaking, the air
sac model was effective in forward collimation of energy projected upward,
sideways, and downward by the skull along, while the melon was effective
in narrowing (focusing) the main forward lobe. Both the air sac model and
the melon, however, contributed to both effects. Nevertheless, a precise
evaluation of the relative contribution of the nasal air sac system to beam
formation must await better information on the exact configuration of the
air sacs during click production.

The biosonar signal source tissues in the common dolphin were found to
be localized within a remarkably small volume of the nasal passages. A dra-
matic clustering of inverse simulation foci for all frequencies tested in the
complete model implicates approximately 1cc of tissue centered about
0.7cm below the center of the right MLDB complex as the most plausible
“hypocenter” of the dolphin’s biosonar clicks. However, the posterior lip of
the MLDB complex is often displaced dorsally with respect to the anterior
lip in postmortem specimens (Cranford et al. 1996). It is possible that some
or all of the soft tissues of the supranarial region were displaced slightly
from their air-metering configuration during biosonar click production. In
the author’s opinion, the clustering of focal points best supports the con-
jecture that the right MLDB complex is the source tissue of the pulsed
biosonar signals of this dolphin. Inverse simulation foci were notably absent
from other previously proposed source locations including the left MLDB,
the larynx, and the right nasal plug node. In the complete model, foci were
found only on the right side of the nasal passageway and not on the left.
The nonviability of the larynx and right nasal plug as source locations for
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biosonar clicks was further illustrated by forward extrapolations of the far-
field patterns produced by point sources placed at the tip of the larynx and
within the node of the right nasal plug in the complete model.

A surprising degree of acoustic asymmetry was also discovered. In the D.
delphis specimen, forehead asymmetry is developed to a point where very
different beams are produced by left and right MLDB sources. The centers
of the left and right MLDB complexes are separated by about 3.4 cm in this
specimen. Sources placed just below the right MLDB complex produced
well-focused forward-directed beams, while sources placed at the left
MLDB produced somewhat scattered emission patterns peaked roughly
26° to the right of center forward. These differences have a significant
bearing on the conjecture that both complexes may be used simultaneously
to produce coherently interfering beams (Cranford et al. 1996). Dual
MLDB source simulations above S0kHz (not illustrated here) have shown
that coherent forward beaming is constrained by the well separated pattern
peaks. Even if dual MLDB source coordination on a time scale of microsec-
onds were biologically possible, phasing would have little effect on the
resulting multi-lobed emissions.

Perhaps the central conclusion of the current investigation was that the
forehead tissues of the D. delphis model exhibit a simple focal structure for
forward-directed beams, with the right MLDB (or slightly below) as focal
center. While the behavioral evidence generally does not support the occur-
rence of multi-lobed emission patterns in delphinids (Dormer 1979; Mackay
and Liaw 1981; Au 1993), it is possible that previous experiments have not
been designed to encourage this behavior. Some dolphins appear capable
of selectively producing sonar pulses at either the left or right MLDB
(Cranford, Chapter 3). Nevertheless, it remains probable that the asym-
metrically enlarged tissues of the right side are indeed specialized for click
production (Mead 1975). As suggested by Heyning (1989), “there may have
been selection for a single sound generating source in the narial region in
order to avoid interference generated from two sound sources.” The devel-
opment of separate motor control would also have contributed to the avoid-
ance of sonar beaming problems,

The overall beam forming capability of the forehead tissues demon-
strated here for the common dolphin is impressive. We have seen that the
complete forehead tissue model produces relatively uniformly directed and
well focused forward beams when appropriate source locations are used.
The -3dB beam widths of approximately 12° (vertical) and 11° (horizon-
tal) in the 100kHz pattern are consistent with the experimentally measured
broadband (peaked near 120kHz) beam widths of 10.2° (vertical) and 9.7°
(horizontal) for Tursiops truncatus (Au et al. 1978). The directivity indexes
computed here for the complete D. delphis model, however, fall roughly 10
dB below those reported for 7. truncatus (Au et al. 1978; Au 1980). Taking
both frequency and size differences into account for these animals, a dis-
parity of roughly 5dB remains. In this context, it is important to note that
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two peculiarities of the model may have contributed to lowering the com-
puted directivity indexes. First, the incomplete air sac model may have
lowered the computed indexes at all frequencies. Second, because point
sources emit uniformly in all directions, one expects the use of point sources
in these simulations to have lowered the computed directivity indexes by
amounts that depend on the frequency and assumed geometry of the signal
generator. For these reasons, the demonstrated focal characteristics of the
forehead tissues are expected to be conservative.

The forehead tissue structures of the common dolphin are representative
of members of the odontocete family Delphinidae having an intermediate-
to-moderate value of soft tissue asymmetry (Cranford 1992). It is expected
that similar if not identical mechanisms operate in all delphinids exhibiting
intermediate-to-moderate soft tissue asymmetry (including T truncatus). It
is also reasonable to suggest that similar mechanisms may operate in all
odontocetes that possess forehead tissue morphologies resembling those of
the common dolphin.

The techniques utilized here to investigate the biosonar system of D.
delphis are applicable to many other marine mammal species. Investigation
of odontocete species with better studied biosonar emission fields (i.e.. T.
truncatus, Delphinapterus leucus, Pseudorca crasidens) would serve to test
the generality of the emission mechanisms discussed above. In addition to
sound emission, the same techniques may be used to model hearing. Aroyan
(1996) simulated individual right and left ear receptivity patterns and tissue
reception pathways in the common dolphin using techniques that are widely
applicable to other marine mammals. Extensions of the method for mod-
eling the acoustical parameters of biological tissues from X-ray CT data
presented in Section 2.2 may enable a host of bioacoustic applications.
Finally, the power of combined propagation and extrapolation techniques
has yet to be exploited in several areas of physical acoustics.

5. On the Physics of Sound Production in the
Blue Whale

Blue whales (B. musculus) produce loud low-frequency underwater sounds,
providing a practical tool to study whale distribution and movements
(Thompson and Friedl 1982; McDonald et al. 1995; Stafford 1995). The
blue whale is not only the largest animal alive, but is also the loudest,
making it an excellent choice for sound production mechanism study. Pre-
vious publications on the physics of the baleen whale sound production
mechanism have concentrated on bubble resonance (Harris 1964; Barham
1973), a phenomena where a given air volume at a given depth will resonate
to produce sound efficiently at an acoustic frequency that can be calculated.
We propose that a Helmholtz resonance better fits the observations in
that, unlike bubble resonance, Helmholtz resonance provides efficient
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constant frequency sound production over changing depths, allowing
the whale improved efficiency in monotonic sound production. Previous
studies have provided anatomical information and speculation on how
baleen whales may produce sound (Hosokawa 1950; Yablokov et al. 1972;
Sukhovskaya and Yablokov 1979; Purves and Pilleri 1983; Quayle 1991;
Reidenberg and Laitman 1992, 1993; Haldiman and Tarpley 1993). Our goal
is to integrate the physics of sound production with blue whale laryngeal
anatomy to develop a verifiable model of how the blue whale produces
sound.

Before applying physical constraints to sound production in blue whales,
it is helpful to understand the variability within the blue whale call reper-
toire. Calls from the blue whales observed off the California shore have
been the most studies, and can be divided into four fundamental types,
shown in Figure 10. 14: (A) typically the first call of a series. consisting of
about 20 pulses spaced about 0.8s apart, with each pulse subdivided into
multiple, time-offset nonharmonic components; (B) a harmonic sound typ-
ically 19s in duration, sweeping or stepping down slightly in frequency from
about 20Hz to 16 Hz; (C) a 9- to 12-Hz upswept tone preceding a type B
call; (D) an 80- to 30-Hz downsweep typically 2 to 5s in duration. often pro-
duced by multiple animals as counter-calls and not produced in combina-
tion with the other call types. It is only the type B calls that provide a unique
constraint on the sound production model. Only the type B call is of con-
tinuous long duration such that the sound production mechanism is unlikely
to be able to recirculate the air used in producing the call. The calls shown
in Figure 10.14a were recorded in the Santa Barbara Channel using
sonobuoy arrays for localizing the sound source in combination with visual
localization, leaving little doubt that blue whales were the source of these
sounds. Similar calls have been recorded from blue whales off California,
Oregon, and Baja California, Mexico (Thompson et al. 1992; D’Spain et al.
1995; McDonald et al. 1995; Stafford 1995; Rivers 1997). Type B calls have
reported source levels up to 190dB re 1puPa in recordings made off San
Nicolas Island, California (Aburto et al. 1997). The duration of the type B
calls illustrated in Figure 10.14 ranges from 16 to 21s. The type A and B
blue whale calls often occur in patterns with regular pauses between calls
and longer pauses during breathing periods (Cummings and Thompson
1971; McDonald et al. 1995: Stafford 1995).

Blue whales have geographic call character variation. the animals off the
west coast of North America having similar call character for more than
thirty years (Thompson 1965) while blue whale calls from other regions are
distinctly different (Weston and Black 1965: Kibblewhite et al. 1967; Cum-
mings and Thompson 1971; Northrup et al. 1971; Thompson and Fried] 1982:
Alling and Payne 1988 Alling et al. 1991) suggesting learned call character
within geographic variations as occurs in birdsong (Kroodsma 1996). The
type B call off the west coast of North America provides the longest con-
tinuous sound from blue whales known to the authors.
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FiGugre 10.14. Examples of the four most common blue whale call types (A-D)
recorded off the west coast of North America are shown as spectrograms. (A)
Sequence of type “A” and “B” calls recorded on a sonobuoy array in the Santa
Barbara channel, California, the loudest “A”—“B” series is believed to be produced
by a single animal, interspersed with some short downsweep “D” calls produced by
a second animal. Weaker calls can be seen in the background from another animal.
The spectrogram was computed with 1s FFT length, 97% overlap, and a Hanning
window. Frequency response is boosted 1.5dB/octave above 10Hz.

See text for details on parts B and C.
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6. Blue Whale Sound Production Model
6.1 Water, Solid, or Air

All possible mechanisms for sound production in the blue whale must
involve radiating sound into seawater, but the oscillating media could,
theoretically, be made of water, bone, or air within the whale. Sound can
be produced underwater by fluctuations in water pressure (water), as in a
hydrodynamic oscillator (Albers 1965, pp. 176-177); by vibration of rigid
materials (solid), as in the sounds produced by snapping shrimp (Albers
1965, pp. 221-227) and possibly the jaws of whales (Brodie 1993); or by
oscillations of an air-filled chamber (air), as is the case in most biological
sound production systems. A water-filled source may be possible in a whale
using a hydrodynamic oscillator based on the large water-filled pleated
ventral cavity of a blue whale, perhaps using the flexible walls as a wave-
guide to shorten the dimensions required to achieve resonance at 17 Hz
(Fletcher 1992). Such a water-based sound source would appear to be very
inefficient due to losses associated with moving the whale's ventral tissues.
Another possibility is to design a resonant 17-Hz oscillator based on shear
mode vibrations of the lower jaw bone of a blue whale, but again this would
be an inefficient sound radiator, the bone dimensions being significantly less
than the 22-m optimum length for an efficient dipole radiator. Systems able
to compress water or bone are considered less efficient than air-filled
systems and require much higher differential pressures. The system that is
the least complex, most versatile, and most efficient is an air-filled cavity
oscillation.

6.2 Volume Displacement Requirements

Just as a human singer can hold a note only until all the air in the lungs is
expired, we believe the blue whale can only produce a continuous call of
given intensity and frequency for some maximum duration dependent on
the volume of air available. We assume the whale has no system equivalent
to a series of pumps and valves that would allow continuous recirculation
of air. The volume of air required to produce an underwater sound is then
dependent on the displacement required to produce each cycle of a sound
of given intensity, given frequency, and the resonance of the system, which
is a direct measure of the efficiency of producing that displacement. The
resonance quality factor is proportional to the efficiency and is discussed
later, but first we calculate the displacement requirements.

The intensity of an underwater sound produced by oscillation of an air-
filled cavity can be directly related to the associated volume displacement
required to produce each cycle of that sound. The whale is compact in an
acoustical sense, so that the displacement is the total net fluctuation in the
volume of the whale each cycle, requiring air to be alternately compressed
and released. Assuming this compression occurs as air is moved past a fluc-
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tuating valve, so that there is no resonance or recirculation of the air, the
minimum volume of air required for producing the sound can be computed
for a given duration, loudness, and frequency. The fundamental equations
relating displacement to sound intensity for the case when the wavelength
is long relative to the dimensions of the source are derived in numerous
texts as variations of the following form (Harris 1964, p. 239; Seto 1971, p.
85; Lighthill 1978, p. 19):
2
p =Y )

4nr

where: P, is the sound pressure level in N/m? or Pa (i.e., 185dB re 1 uPa =
20 log (I/10™°) = 1,770N/m?), ® is 2nf where f is frequency, p is the density
of seawater = 1,025kg/m’, V is the volume change required to produce the
required pressure per cycle of the sound, and r is the distance from the point
source at which the pressure is measured or 1 m for our reference standard.
Rearranging terms and substituting for  gives:

s ©)
prf

The total air flow volume required for a monotone of given duration can
be calculated versus frequency and intensity using Eq. 6 and assuming no
resonance. The harmonic type “B” call intensities of 190dB RMS re 1pPa
are measured over a bandwidth including both fundamental and higher har-
monic frequencies (Aburto et al. 1997) while the air volume requirements
are primarily from production of the fundamental frequency (also called
the first harmonic), thus we must determine the intensity of that portion of
the call. Most of the energy in a blue whale “B” call is in the first and third
harmonics. The energy distribution between the fundamental and third har-
monic is variable, but the third harmonic is typically less intense. If we
assume the energy is equally divided between the first and the higher har-
monics, then the first harmonic intensity is 3dB less than the total. The esti-
mated first harmonic intensity is then 187dB re 1puPa at 1m. Figure 10.15
is a plot of Eq. 6 illustrating the sensitivity of the volume calculation to fre-
quency and intensity of the call. The shaded box in Figure 10.15 is plotted
for frequency and intensity best estimates of the type “B” blue whale call
first harmonics recorded offshore of California, indicating that the flow
volume requirement is 800 to a 1,100 liters assuming no resonance. Future
call recording studies may show a tradeoff between intensity, frequency and
duration, with the volume requirement remaining nearly fixed.

V=

6.3 A System for Underwater Sound Production

The production of sound requires a source of energy and a vibrating
element (Zemlin 1988). Our previous discussion concludes air is likely the
medium being oscillated and it is a logical extension to assume that the
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Figure 10.15. A plot of Eq. 6 illustrating the sensitivity of the volume calculation
to frequency and intensity of the call. The shaded box is plotted for frequency
and intensity best estimates of the type "B" blue whale call first harmonics
recorded offshore in California, indicating that the flow volume requirement is
800 to 1,100 liters assuming no resonance.

whales’ lungs must be involved to provide the great volume of air required
by blue whale type “B" calls. The simplest source model for generating
sound is a pulsating sphere, where the radius varies sinusoidally with time,
this being called a monopole source. If the wavelength of the sound pro-
duced is sufficiently long relative to the size of the source, the shape of the
expanding and contracting volume need not be spherical to meet the
required assumptions. The more complicated dipole source consists of
either two monopole sources placed some distance apart and being of oppo-
site phase, one expanding while the other is contracting, or of a vibrating
element such as a beam. Figures 10.16a and b illustrate the two most basic
types of air-filled oscillators, monopole and dipole. The wavelength of the
17-Hz sound, produced by a blue whale, is about 90 m in seawater. A mature
blue whale offshore of California averages 21 m long overall (Gilpatrick et
al. 1995), but its air-filled cavities are only several meters in length. Whale
dimensions that are small relative to an acoustic wavelength preclude all
but a simple acoustic source (monopole) since more complex sources need
to be near or greater than one-quarter wavelength long to operate effi-

25
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a. monopole radiator

rigid tube
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FiGure 10.16. The two most basic types of air-filled oscillators, monopole and
dipole.

ciently. Considering the case of a dipole source filled with air, the possible
anatomical separation between the two poles in a blue whale could be only
about 1m instead of the 22.5m that would be ideal for sound production.
While a dipole source can produce sound with a separation only 1/22 of the
ideal, it will operate very inefficiently, requiring huge volumes of air to be
shifted between the two halves of the dipole (Figure 10.16b). This makes

the monopole source the most likely sound production mechanism for the
blue whale.
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Ficure 10.17. A simple system containing all the elements of our sound source
model. Features from the blue whale anatomy have been included in the
drawing.

We propose that the monopole source will ideally include a rigid element
to avoid becoming a dipole source in the case of the whale. For example,
moving air back and forth between two balloons underwater, at frequen-
cies where the wavelength is much longer than the separation between the
balloons, results in an inefficient dipole source. A rigid component in the
system allows the air to compress without a corresponding expansion,
allowing the oscillating radiator to act as a monopole source. Without a rigid
component the whale would need to use simultaneous muscular contrac-
tion and expansion over the entire air volume.

A simple system containing all the elements of our sound source model
is illustrated in Figure 10.17, where we have included features from the blue
whale anatomy in drawing the figure. For instance, the rigid component is
appropriately sized to represent the nasal passages, the pliant components
to represent the lung and the laryngeal sac. It would be possible to leave
out the laryngeal sac portion of this system, but then the sound radiator
would have to be either the semirigid boundary corresponding to the nasal
plugs or the lungs. We leave the details of the oscillating valve, the equiva-
lent of the vocal cords in human speech, until the discussion on anatomy.
The system shown in Figure 10.17 will provide the volume displacements
needed to produce a blue whale type “B” sound as it is raised or lowered
through the water column, the pliant membrane compressing or expand-
ing, moving air into or out of the rigid chamber corresponding to the nasal
passages. The primary energy source for this sound production system is the
change in pressure produced by diving or ascending. Most of the energy
required to operate this sound production system is used to store the air
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rather than to produce the sound. It becomes obvious the whale’s lungs
cannot provide the nearly 10 bar of pressure differential needed to provide
such a volume displacement while remaining near the surface. The whale
would be required to provide a slight differential pressure through muscu-
lar compression of its lungs in order to keep the laryngeal sac inflated pref-
erentially during a dive and the whale would need to provide muscle control
over the oscillating valve. It seems possible the type “B” call is only pro-
duced during ascent, thus eliminating the need for the whale to provide pos-
itive differential pressure with its lungs as would be needed during descent.
If air were to escape from the system during sound production, such losses
would limit a whale’s total call production between breathing periods,
making the observed call series impossible. It is generally believed that no
air escapes from baleen whales during sound production (Conner 1994,
p. 80), although whalers do report occasional “blow wakes,” believed to
correspond to air expulsions, from submerged B. musculus while being
pursued with active sonar (Haines 1974).

The larger pliant membrane in Figure 10.17 will be completely collapsed
at a depth where the total air volume under pressure is just sufficient to fill
the smaller pliant and rigid volumes:

, BV
° pgV,

where Z, is the dive depth in m, P is the water pressure, and P, is pressure
at the surface, V; is the surface lung volume, p is the water density =
1,025kg/m’, g is the acceleration due to gravity = 9.8m/s? and V, is the
volume of the combined nasal passages and laryngeal sac.

As the system in Figure 10.22 is submerged, the volume flow rate of
air that passes the oscillating valve can be calculated as follows with m,
defined as

(7)

m, = V,p, 8)

as the mass of air on the narial side (including laryngeal sac) of the oscil-
lating valve corresponding to the arytenoid cartilages, V,, is the volume of
air on the narial side, and p, is the air density on the narial side. There must
be a fluctuating pressure in the laryngeal sac and nasal passages, but for the
purpose of calculating the change in the density of the air due to changes
in depth we assume the pressure on the narial side of the valve, is on
average, equal to the hydrostatic pressure in the seawater. The volume of
the air decreases with increasing pressure as the air is compressed during
descent. The density of air in the lungs increases linearly with depth as does
the pressure in the lung, P;:

i

po  p(2) ©)
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where P, is pressure at the sea surface, p; is air density at the sea surface,
and r(z) is air density at depth z. If the volume V, is constant, then air must
flow from the lungs through the valve during descent, or back into the lungs
during ascent from the narial side. If it is constant, the rate of change of the
mass of the air on the narial side is proportional to the rate of change of
the density:

= 0
5 =V (10)

om, _ ., 9p,

The mass flow rate through the valve, m, can be related to the volume flow
rate, O, by the air density in the lung, p,:

m=Qp, (11)
The volume flow rate can be expressed:
V. 9p,
=——— 12
Q P, ot (12)

From Eq.5, the change in air density with time is proportional to the change
in pressure:

dp paP
S 13
dt P dt (13)
Combining Egs. 12 and 13, the volume flow rate, Q, is
V, aP,
== 14
Q P, o (14)

The volume displacement, V), across the arytenoids from the lung side to
the narial side is the integral of the volume flow from surface to collapse
depth:

ty P(F?}:| [V(h)} ;
Vp=| Qdt=V,1 [——— =V, In| —— 15
»=[ 0 Py )™ MV, )
When substituting the maximum values the volume displacement Vp,,,
becomes:

Vv,

Vom =V, 1] 522 (16)
Equation 12 describes the volume of air moving past the oscillating clement
during a dive from the surface to the lung collapse depth. The total dis-
placement of the whale decreases with the dive as the air is compressed.
Sound is produced if the valve interrupts the flow of air so that air is alter-
nately dynamically compressed and released in the nasal passages so that
the total displacement of the whale fluctuates at the frequency of sound
production. The solution to Eq. 16 allows a comparison between a whale’s
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Figure 10.18.  Total volume flow (sound production capacity) for a range of
values for both lung volume and the volume on the rostral side of the arytenoids,
which includes the laryngeal sac and nasal passages. The shaded box represents
the range of best anatomical estimates for a typical offshore California blue
whale.

sound production capacity based on anatomical estimates, and the volume
requirement estimates for blue whale calls (Figure 10.22). Figure 10.18
graphs total volume flow (sound production capacity) for a range of values
for both the lung volume and the volume on the rostral side of the ary-
tenoids, which includes the laryngeal sac and nasal passages. The shaded
box in Figure 10.18 represents the range of best anatomical estimates for a
typical offshore California blue whale, as discussed later. These estimates
suggest that the whale can move a maximum of 600 to 7501 of air past the
oscillating element. These flow volume estimates are less than the air flow
volume requirements of Figure 10.15, which limit the duration and loud-
ness of a type “B” call assuming no resonance. In order to achieve a 19-s
duration 17-Hz monotone of 187dB re 1pPa, the flow volume would need
to be about 1,1001 instead of 6501. From this we conclude that either our
anatomical volumes are too small, our call intensity is erroneously high, or
resonance has improved the efficiency of the system, a topic further dis-
cussed later.
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7. Supporting Evidence

7.1 Anatomical Air Volumes

The volume of the lungs and associated air chambers in blue whales provide
a check on the plausibility of the proposed sound production model. Large
whales’ lung volumes have been reviewed previously (Lockyer 1981). Adult
blue whales found off California are typically about 21 m long (Gilpatrick
et al. 1995), and would have a lung capacity of about 2,0001. This estimate
is based on extrapolation from other mammals and agrees well with esti-
mates based on nozzle-type flow volume calculations using blow rise times
and nasal passage dimensions combined with percentage estimates of ex-
piration volume. A significant error may still exist in this lung capacity esti-
mate as methods based on thoracic cavity volume are substantially larger.
Following the analysis of Lockyer (1981), we have largely discounted the
thoracic cavity volume estimates.

The capacities of the blue whale laryngeal sac and nasal passages are
somewhat less studied, requiring extrapolation from a combination of
related anatomical measurements. The descriptions of blue whale laryngeal
anatomy available to the authors (Turner 1870; Beauregard and Boulart
1882) are somewhat confusing due to the use of archaic Latin names. The
description of Beauregard and Boulart (1882) describes two animals, one
as a 12-m female B. musculus and another as a 3.6-m male fetus of B.
sibbaldi, though both Latin names are considered to describe blue whales
today (Tomilin 1957; True 1983), despite significant differences in the
appearance of the thyroid cartilage in these two animals. The description of
Turner (1870) is based primarily on a 5.9-m male fetus taken from an animal
that measured 24m on the curve of the back. References are also made to
an earlier description (Malm 1867) that was not available. The larger of the
two blue whale larynxes described by Beauregard and Boulart (1882) had
an incompletely preserved laryngeal sac, thus only the fetus provided a
complete laryngeal sac length. We prefer to infer likely dimensions of the
blue whale laryngeal sac primarily from a 17.75-m female fin whale, B.
physalus, (Purves and Pilleri 1983) having dimensions proportionally con-
sistent with the smaller intact blue whale specimens described. From these
descriptions we infer a 21-m blue whale would have a laryngeal sac length
of 1.35m, depth of 0.45m, and width of 0.35m for a volume of 2101 before
possible pressure expansion.

Although skull measurements for blue whales are relatively well
described (Omura, Ichihara, and Kasuya 1970), the dimensions of the nasal
passages through the skull are not included, and we have not found nasal
passage volumes described for any of the mysticetes. In order to estimate
the volume of the nasal passages, a blue whale skull, Los Angeles County
Museum # 72562, for which a photograph is published (Heyning 1995,
p. 78 foreground) was measured and checked against skull photographs
(Yochem and Leatherwood 1985). Uncertainty remains in the thickness of
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Ficure 10.19. A sagittal cross section of blue whale laryngeal anatomy drawn to
scale for an adult of the size typically found offshore of California. The paired ary-
tenoid cartilages are dashed because they lie outside of the sagittal plane. The three
mechanisms that could provide an oscillating valve are the arytenoid cartilages, the
U-fold, and the laryngeal sac filling the tracheal lumen as indicated by the curved
arrow.

nasal passage linings and the extent to which nasal plugs and the palatal
sphincter extend within the nasal passages, but we estimate an air volume
length of 1.0m after scaling to our 21-m long model whale. We estimate the
average air-filled diameter of each nasal passage to be 0.25m for a total
nasal passage volume of 1001 (501 in each). The position and proportions
of the air chambers within a blue whale are illustrated in Figure 10.19,
drawn with interpretation from anatomical observations on other species
of baleen whales (Benham 1901; Hosokawa 1950; Yablokov 1972;
Sukhovskaya and Yablokov 1979; Purves and Pilleri 1983; Quayle 1991,
Haldiman and Tarpley 1993) where the blue whale descriptions (Beaure-
gard and Boulart 1882) are inadequate. During sound production the
epiglottis and arytenoids would be plugged into the nasal passages.

7.2 Oscillating Valve Mechanisms

The two most commonly suggested mechanisms for the oscillating valve are
the arytenoid cartilage and the U-fold (Reidenberg and Laitman 1996),
although it appears laryngeal sac expansion closing off the tracheal lumen
may provide a third possible valve. Figure 10.19 locates these three possible
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oscillating valves in an anatomical cross section. The U-fold has been the
preferred oscillatory valve for some researchers (Haldiman and Tarpley
1993; Reidenberg and Laitman 1993), while the arytenoid cartilages have
been the preferred oscillatory valve mechanism for others (Sukhovskaya
and Yablokov 1979; Purves and Pilleri 1983). The presence of well-
developed laryngeal folds in the blue whale is described by Beauregard and
Boulart (1882), as well as the ability of the paired arytenoid cartilage to
close the opening between trachea and laryngeal sac. It may be possible to
better determine the roles of the arytenoids and the vocal folds if we can
further validate a sound production model. One relevant aspect to consider
might be whether the oscillator is reversible. Can the oscillator produce a
similar sound from an airflow in either direction? We assume the whale
provides muscle control over the oscillating valve, determining the call
character.

7.3 Resonators

The calculation of accurate pipe, Helmholtz, or bubble resonance frequen-
cies in the blue whale is beyond the scope of our anatomical knowledge
and generally beyond the scope of this discussion even if we were to make
the needed biological assumptions. This topic continues to be the subject of
considerable importance and interest however, thus we offer some obser-
vations. Given the range in the fundamental frequency of the blue whale,
both geographic and within a single call, a resonator would have to be of
relatively low Q (resonance quality factor) to be sufficiently broad to aid
the animal in sound production. Resonance quality factor (Q) is propor-
tional to the energy expended per cycle to the energy stored in the system.
High Q systems reduce the amount of air required because the volume of
the resonant cavity varies each cycle by more than the volume admitted
through the valve. While it has been suggested that low Q bubble resonators
would still be useful (Barham 1973), we find a bubble resonator much less
applicable than a Helmholtz resonator because it appears difficult to main-
tain a significant bubble resonance over the depth range required by our
model. There are many formulas for bubble resonance, all of which may be
correct under different assumptions used to simplify the complexity of the
problem in the biological system, but these formulas do not suggest that a
significant resonance could be maintained over a significant portion of the
depth range from surface to collapse at 90m, thus limiting the calling whale
to a relatively narrow depth range. A Helmholtz resonator consists of an
enclosed volume vented through a pipe. On an anatomical basis we suggest
the laryngeal sac and nasal passage volume seems a more likely resonator
than the total air volume (Barham 1973) given the separation of the two
systems at the arytenoids and the relative stability of resonance frequen-
cies within the laryngeal-nasal volume. If the laryngeal sac and nasal
passages act as a resonator, then a fluctuating stream of air through the
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valve will excite large pressure fluctuations in the nasal passages, which
are accompanied by fluctuations in the volume of the laryngeal sac that are
large compared to the fluctuations in the air flow through the valve. The
sound intensity produced will be larger by the ratio of the volume of the
air stream fluctuations to the laryngeal sac-nasal passage volume fluctua-
tions. A realistic resonance calculation for the laryngeal-nasal volume will
take account of the Helmholtz resonator formed by the laryngeal sac at the
end of the rigid nasal passage and should take account of the semirigid ter-
minations at the nasal plugs. Following the analysis of Fletcher (1992, pp.
178-186) and assuming the anatomical dimensions discussed previously, the
sound speed of a 17-Hz wave in a nasal passage tube would have a veloc-
ity about (.65 times that of the sound speed in air. When we combine this
lowered velocity with the Helmholtz frequency calculation, applicable
because of the short tube length relative to the wavelength, we calculate
the resonance frequency as follows (Fletcher 1992, p. 185):

S
0y = \fw a7

where the angular Helmholtz frequency my = 2nf, the propagation speed in
the pipe ¢’ = 0.65 (330m/s), the tube cross section S = n7* = n(0.125m), the
length of the tube / = 1.0m, and volume of the laryngeal sac V = 0.2m’".
Solving Eq. 17 for the resonance frequency yields 17 Hz before considera-
tion of the semirigid nasal plug terminations on the nasal passages and
consideration of the nonrigid nature of the laryngeal sac. We consider it for-
tuitous that the value from our simplistic calculation is so close to the actual
fundamental frequency for our model animal, but it does suggest that some
resonance is likely, though it may not be as simple as our calculation
suggests.

The resonance quality factor (Q) in biological systems may be as high as
30 (Fletcher 1992), while mechanical systems may have Q values of hun-
dreds or thousands. One approach to estimating the maximum Q for a blue
whale type “B” call is by examining the rise time of the fundamental fre-
quency. A resonant system will approach the maximum amplitude in about
Q cycles given constant forcing, thus the call rise time, measured in cycles,
provides an estimate of the maximum Q for the blue whale. The onset of
blue whale call recordings is often altered by constructive or destructive
interference from reflections, but examination of numerous calls, each fil-
tered around the fundamental frequency to eliminate harmonics, reveals an
overall similarity. A representative “B” call onset is shown in Figure 10.20,
where theoretical rise time curves of the form

-nft
1=g* (18)
are plotted for Q values of 6, 10, and 14, appropriate to the transient
response of a resonant oscillator driven by a tone burst at the resonant fre-
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FiGURE 10.20. The start of a waveform of a representative blue whale type “B” call
is plotted after passband filtering around the fundamental frequency of 17 Hz. The
rate of rise in amplitude provides a maximum estimate of the resonance quality
factor (Q) in the system producing the sound. Q values of 6, 10, and 14 are plotted
suggesting a best fit of about 10. The actual amplitude rise does not conform well
to the theoretical, suggesting the forcing function is not constant and the actual Q
of the system is probably much less than 10.

quency (Kinsler et al. 1982). The maximum Q of 10 estimated from Figure
10.20 corresponds to a significant 20-dB amplitude increase due to reso-
nance although the actual Q of the blue whale resonator is probably less.
The poor fit of the theoretical curves suggests the forcing function is not
constant, thus the actual Q is lower. A 20-dB resonance gain, if actually
achieved in a blue whale Helmholtz resonator, would allow production of
sounds louder and longer than have been observed, based on the volume
estimates of the proposed model, but would require the ability to tune the
resonator if the whale is to choose a learned fundamental frequency. Future
work is expected to reduce the uncertainties in both the lung volume and
call intensity estimates, allowing the equations to solve for Q, the only
remaining variable. With our current best estimates for volumes and inten-
sities we need to include a resonance of about 6dB equivalent to a Q of 2.

Using human speech as an analogy, one might hope to find evidence of
resonance in the call character of blue whale calls and relate such charac-
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ter to dimensions within the sound production tract. Much of human speech
analysis is based on the presence of formants or resonant frequencies in the
sounds we make. The character of human speech provides indirect me sure-
ments of the speaker’s vocal tract, as “each human voice attains its unique
tone quality (either speaking or singing) from the particular resonant fre-
quencies of the three resonant cavities, the larynx, the mouth and the nasal
cavity” (Berg and Stork 1995, p. 108). Blue whale calls appear to lack such
formants, thus much of human voice analysis methodology (i.e., homolo-
gous deconvolution) may be inappropriate for analysis of blue whale calls.
Formants in a blue whale call would be seen as energy corresponding in
time and duration with the fundamental frequency, but at nonharmonic fre-
quencies. The type “A” pulsive call character is composed of temporally
offset sounds of noninteger frequencies repeated about 20 times in the Cal-
ifornia animals (Figure 10.14b), thus resonance may play a role in the pro-
duction of this sound, but because there is an apparent time offset between
pulses it is unclear how such a resonant system would work. The type “B”
call shows only harmonics, such as would appear in any system driven near
its physical limits, and lacks frequencies of noninteger multiples.

8. Predictions from the Blue Whale Sound
Production Model

8.1 Dive Profile and Feeding Incompatibility

[f the proposed blue whale sound production model is valid, feeding activ-
ity would appear incompatible with the repetitive call behavior commonly
observed for tens of hours showing only breathing gaps. This incompatibil-
ity is predicted both by the necessary connection of the trachea with the
palatal sphincter during call production, which may block the esophagus,
and by the incompatibility of the required dive profile with searching for
and consuming prey. The type “B” call sound production model predicts the
whale to be either diving or ascending during call production and limits the
maximum type “B” call production depth to the lung collapse depth of
90m. Matched field acoustic methods (Baggeroer et al. 1993) allow the
depth of a blue whale during call production to be measured. Preliminary
results from analysis of a single call (D’Spain et al. 1995) suggest the call
depth during a type “B” call is 34 m averaged over the entire call duration,
a depth consistent with the model, where the depth averaged in time occurs
in the upper half of the required 90-m dive or ascent. Further applications
of matched field methods to blue whale recordings, and the development
of array Doppler and localization methods for motion detection in calling
blue whales, may result in significant call depth and vertical motion data
that can be used to test the model in the near future.

The intensity of the blue whale type “B” call is nearly constant over the
duration of the call, suggesting the ideal dive profile for the sound produc-
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FiGure 10.21. Constant flow rate dive profiles would not require holding significant
differential pressures during sound production, thus balancing the required flow rate
across the oscillating valve during diving. Two such dive profiles are plotted, 50V/s
to lung collapse depth with a spacing typical of minimum call intervals (30s) and a
horizontal spacing to match typical speeds (8 km/hr) during call production. The 25
I/s flow rate assumes the whale produces a call 6dB less intense than it is capable
of and does not approach lung collapse depth. The dive profile from left to right
corresponds to calling during descent while right to left corresponds to calling
during ascent.

tion model would maintain a constant flow rate across the oscillating valve,
eliminating significant differential pressures. Using a typical horizontal
swim speed (2.2 m/s), Figure 10.21 shows an ideal swim profile for a travel-
ing blue whale producing a series of type “B" calls. In Figure 10.21 we
assume the call is only produced while swimming downward, but it is pos-
sible the call could be produced in either or both directions. The most
typical blue whale call series consists of a 19-s duration “A” call followed
about 25s later by a 19-s duration “B” call, with a less intense 10-Hz call
preceding the “B.” As shown in Figure 10.19a, however, the whale some-
times repeats the “B™ call after an initial “A” call, an important fact since
only the “B” call is constrained by the sound production model. Depend-
ing on the importance of resonance, which reduces the volume change
required to produce a call sequence like that shown in Figure 10.14a, the
model predicts the whale must change depth from somewhere near surface
to somewhere near lung collapse depth or vice versa for each “B” call
produced. Figure 10.21 shows that the sound production model does not
require an unreasonable dive profile, if we assume a flow rate of 501/s, cor-
responding to a small resonance in the system (Q = 2) to reduce the total
flow needed (by a factor of two?). The average flow rate and the total depth
excursion required to produce the sound is markedly reduced if the Q of
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the resonance is higher. We also show profile for a flow rate of 251/s corre-
sponding to a Q of 4. The shallower dive profile corresponding to a Q of
4 would indicate the whale called at an intensity less than it is capable
of because it did not use all the air in its lungs, assuming we have the
anatomical volumes correct. The variation in the depth of the blue whale
during calling is the major testable hypothesis of the proposed model.

8.2 A Dive Depth Limit?

A question related more to blue whale anatomy than to sound production
is. Can the blue whale avoid flooding the nasal passages when making deep
dives? If we assume a 2,000-1 lung volume and 200-1 laryngeal sac volume,
both these will be totally collapsed, and all the air will reside in the 100-1
nasal passage volume, at a depth of 220m (see Eq. 7). Echo-sounder records
show blue whales diving to near 300m depth (Alling et al. 1991), so it seems
the whale must either flood the nasal passage, allow blood or tissue to fill
in the nasal passage, or hold a significant differential pressure. One approach
to estimating the minimum differential pressure a blue whale can hold is to
estimate the pressure associated with a blow. Using the rise time and rise
height to estimate flow velocity and treating the nasal passages as a nozzle
in a fluid dynamics calculation yields differential pressures of 1 to 2 bar, not
enough to allow diving 80m below the lung collapse depth (8 bar).

8.3 Gaps in Call Pattern Should Coincide with Surfacing

The presence of pauses between calls and breathing gaps is consistent with
the physical model presented here in that a type “B” call could not be pro-
duced without a depth change to compress or decompress the lung, thus
production of type “B™ calls must cease while the whale is at the surface to
breath. The pressure required to compress the lung volume into the volume
on the narial side of the oscillating valve is too great to expect muscle con-
traction along to provide, thus requiring the depth-related compression.

8.4 Application to Other Baleen Whale Species

The uniquely long, loud calls of the blue whale require volume displace-
ments greater than any other whale, limiting model applications primarily
to the blue whale, although similar methods may be applied to other mys-
ticetes. Humpback whale calls, fin whale calls, and the pulsive type “A” and
short duration blue whale calls could all be produced by laryngeal sac con-
tractions alone, the air being recycled between calls or call segments. Table
10.1 lists total volume displacement estimates for a variety of low-frequency
whale calls. If no resonance is present, the minimum flow. There appears to
be insufficient published data to adequately compare laryngeal sac volumes
among species, but Figure 10.22 is a compilation of published data on laryn-



460

JL. Aroyan et al.

Tasie 10.1. Some parameters of the blue and humpback whales signals

Fundamental Volume
Species and Frequency Duration Intensity displacement
Call Type (Hz) (seconds) (dB re 1 Pa) (liters)
humpback 200 4 165 1.5
fin 25-16 swept 0.8 185 35
bowhead 250100 swept 1.0 165 0.6
blue “A™ pulse 17 0.6 182 25
blue “B” call 17 19 185 1,000
blue “D™ call 70-30 swept 3 185 50
blue “C” call 10 7 155 25
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Ficure 10.22. Laryngeal sac length, defined here as the distance from the ventral
tip of the epiglottis to the caudal tip of the laryngeal sac cavity, is plotted as a per-
centage of total whale length versus total whale length for each specimen. It appears
studies on embryos are not useful in estimating relative laryngeal sizes in adult
animals. Relative size of the laryngeal sac and nasal passages may help determine
the sound production capabilities of each species. Some data points were interpo-
lated from drawings or other measurements when length as by our definition was
not provided. (From Turner 1870; Beauregard and Boulart 1882.)
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geal sac lengths plotted as a percentage of the whale’s length. Many of the
data points are unfortunately from embryos (Sukhovskaya and Yablokov
1979) or juveniles, which appear not to be representative of laryngeal devel-
opment in adult animals. More anatomical data are needed to constrain the
volumetric equations presented previously, as well as to address questions
of variability between species.

9. Summary

We have presented a new model for sound production by blue whales.
Several lines of evidence suggest that the type “B” blue whale call is
best represented by monopole source oscillations of an air-filled cavity.
Volume displacement requirements based on sound frequency, duration,
and intensity suggest that most of the whale’s lung capacity is required
to produce the loud, low-frequency type “B” calls. A system is proposed to
model blue whale sound production, in which air moves between the lungs
and the rigid nasal passages while the whale is diving or ascending in
the water column. An absolute depth limit for calling of any type occurs
when both the lungs and the laryngeal sac have totally collapsed at about
220m, while the time-averaged depth for producing the type “B” call is
required to be around 30 m. The model also predicts that feeding behavior
is incompatible with the swim profile and may be incompatible with
the requirement that the nasal passages connect to the trachea, possibly
blocking the esophagus. The lack of depth-related changes in call charac-
teristics and the anatomy suggest that resonance may be of the Helmholtz
type with a low to moderate quality factor (Q). Continued research is
expected to provide dive profile information from calling blue whales,
testing the proposed model.

Acknowledgments. James Aroyan wishes to thank Whit Au and Joel Kent
(Elo TouchSystems, Inc., Fremont, CA) for their insightful comments on his
dissertation, and Ted Cranford for providing the CT scan of a common
dolphin used in this investigation. The author also thanks Geoffrey Vallis
(Geophysical Fluid Dynamics Laboratory. Princeton University) and the
UC Santa Cruz Physics department for partial support during the final
phase of his doctoral project. James adds a dedication of this chapter to the
memory of his father, Harry J. Aroyan (1921-1998).

Help with the mathematics in developing the blue whale sound produc-
tion model was provided by Ron Kessel. Sue Moore and Kate Stafford
expanded our understanding of blue whales through many conversations
and their help at sea. John Heyning provided access to the L. A. county
museums collections.



462 JL. Aroyan et al.
Appendix A

This Appendix gives the far-field form of the Helmholtz integral equation
used in the modeling of Aroyan (1996) and notes aspects of its numerical
implementation. We also illustrate a simple example of a computed far-field
pattern and introduce an efficient representation of this data over all emis-
sion directions,

It can be shown that the following expression is proportional to the far-
field pressure [Eq. (3)] when R >> o [Aroyan (1996)]:

R) =ik IP(O)] -ixito
pﬁ(n)_ﬁ:kknp(cn = }.: ds(o) (A1)

where R = R/R defines the unit vector in the direction of the far-field point
(geometry diagrammed in Figure 10.2). The values of the pressure p and
the normal derivative of the pressure dp/dn over the extrapolation surfaces
were obtained from finite difference (FD) simulations. Since both the pres-
sure and the normal derivative fields were obtained by simulation, the dif-
ficulties normally associated with nonunique solutions at eigenfrequencies
of the interior problem were not encountered. These simulated p and dpldn
fields were then interpolated with continuous (complex bicubic) polyno-
mials, allowing a high-order approximation to the integral (Eg. A1) to be

Fiure 10.A1. Diagrams of the global emission representation used in Figure
10.A2A and in the biosonar emission results of Section 3. (A) defines vertical angle
6 and horizontal angle ¢ with respect to the simulation axes directions, Note 8 and
¢ are both defined to be zero in the forward direction. (B) diagrams the global equal-
area mapping of emission angles 6 and ¢. The viewer orientation may be thought
of as looking back at the emitter (center map) from a position forward of the emitter
at the unravelled globe of emission directions.
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FiGure 10.A2. (A) Spherical polar plot of the computed far-field emission pattern
of a 2-side square pressure sperture (unbaffled and unphased) of side-length 2.0 L
lying in the x = 0 plane. The normalized far-field intensity is plotted for 7,200 direc-
tions (3” increments in both latitude and longitude). (B) Alternate representation
of the same emission data: perspective view of a global mapping of the data with
height indicating intensity. (C) Contour plot of the same data projected down into
the plane of the global map.
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computed over each of the roughly 2 x 10° square subelements of the
six faces of the large rectangular extrapolation boxes used in the forward
simulations.

Although polar plots of emission data are dramatic, they do not permit
rapid examination of the pattern over all spherical angles. For this reason,
two alternate ways of visualizing the emission data are utilized in this
chapter. These alternate representations make use of the global mapping
of emission directions explained in Figure 10.A1l.

To familiarize readers with the output of the extrapolation process,
Figure 10.A2a illustrates the far-field intensity pattern computed for a 2-
sided square pressure aperture (unbaffled and unphased) of side-length
2.0A lying in the x = 0 plane. The surface pressure and normal derivative
data over a small 20 x 40 x 40 enclosing box was generated by FD simula-
tion and then input to an extrapolation program. The normalized square
magnitude of the far-field pressure computed for 7,200 directions (3° incre-
ments in both latitude and longitude) was plotted in spherical polar
projection to create the figure. The forward and backward emission lobes
produced by this type of aperture are the main features of Figure 10.A2a.
A perspective global mapping of this same emission data with height indi-
cating intensity is illustrated in Figure 10.A2b, while Figure 10.A2c is a
contour plot of the same data projected down into the plane of the global
map. Once understood, these alternative representations provide an excel-
lent means for rapid examination of the far-field data over all angles of
emission.
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