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Bottlenose dolphins project broadband echolocation signals for detecting and locating prey and

predators, and for spatial orientation. There are many unknowns concerning the specifics of bioso-

nar signal production and propagation in the head of dolphins and this manuscript represents an

effort to address this topic. A two-dimensional finite element model was constructed using high

resolution CT scan data. The model simulated the acoustic processes in the vertical plane of the

biosonar signal emitted from the phonic lips and propagated into the water through the animal’s

head. The acoustic field on the animal’s forehead and the farfield transmission beam pattern of the

echolocating dolphin were determined. The simulation results and prior acoustic measurements

were qualitatively extremely consistent. The role of the main structures on the sound propagation

pathway such as the air sacs, melon, and connective tissue was investigated. Furthermore, an inves-

tigation of the driving force at the phonic lips for dolphins that emit broadband echolocation signals

and porpoises that emit narrowband echolocation signals suggested that the driving force is differ-

ent for the two types of biosonar. Finally, the results provide a visual understanding of the sound

transmission in dolphin’s biosonar. VC 2018 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommon-
s.org/licenses/by/4.0/). https://doi.org/10.1121/1.5034464

[JJF] Pages: 2611–2620

I. INTRODUCTION

Bottlenose dolphins have been the most studied species

of all odontocete species in every area of research includ-

ing biosonar research. Norris et al. (1961) demonstrated

echolocation in a dolphin by covering its eyes with neo-

prene suction cups and detecting click signals while the

bottlenose dolphin navigated its tank environment.

Bottlenose dolphins emit brief (70–100 ls) broadband

clicks with peak frequencies as high as 120–130 kHz. The

biosonar signals are emitted in a relatively narrow beam of

about 10� (Au, 1993, 2015). The anatomical structures in

the acoustic pathway of biosonar production and propaga-

tion in the heads of dolphins and porpoises are extremely

complex (Cranford, 1992; Cranford et al., 1996; Aroyan

et al., 1992). Although there are differences in head shapes

and sizes across species, the acoustic path in the odonto-

cete’s head is mainly influenced by three different struc-

tures: the air sacs and spaces; the bony structures (skull

structures) which include the cranium, maxilla, and mandi-

ble; and the soft tissues which include the melon, connec-

tive tissue, musculature, blubber, etc. Complex reflection

and refraction occur when the emitted biosonar signal prop-

agates through these structures and radiates into the water.

Although traditional experimental methods have been per-

formed, the underlying mechanism of how the internal

structures function in the processes is still understood only

in a very general fashion.

In order to investigate the specific details of how these

structures function and further increase our understanding

of the mechanics of biosonar sound production and propa-

gation, numerical modeling techniques have been applied

to simulate the biosonar systems of odontocetes (Aroyan

et al., 1992; Aroyan et al., 2001; Krysl et al., 2006;

Cranford et al., 2014; Wei et al., 2014; Wei et al., 2016;

Song et al., 2016; Wei et al., 2017; Wei et al., 2018). There

is a general consensus on the roles of the skull and air sacs
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from the results of prior numerical simulation research and

experimental measurements (Aroyan et al., 1992; Houser

et al., 2004; Au et al., 2010; Finneran et al., 2014; Cranford

et al., 2014; Wei et al., 2014; Song et al., 2016; Wei et al.,
2016; Wei et al., 2017; Wei et al., 2018). Although there

are differences in the geometry of the air sacs and rostrum

across species, these structures act as acoustic reflectors

because of impedance mismatch between them and the sur-

rounding soft tissues directing the waves forward to form a

radiating beam. The melon fills a large portion of the fore-

head and has a low acoustic impedance core with the

impedance, gradually increasing towards the surface of the

melon (Norris and Harvey, 1974). Previous studies have

considered the melon as an individual structure while

investigating its function in forming the biosonar beam

(Jing et al., 1982; Cranford, 1988; Kloepper et al., 2012).

However, evidences from the numerical simulation of

acoustic propagation in the heads of dolphins by Aroyan

et al. (1992) and Wei et al. (2016) have indicated that the

melon is not the major entity in the dolphin’s head respon-

sible for the focusing of the biosonar beam, as suggested by

Norris and Harvey (1974), Cranford (1988), and more

recently by Kloepper et al. (2012, 2015). The numerical

simulation results suggest the melon does slightly narrow

the beam but it also functions as a collimator and imped-

ance transformer. From a two-dimensional (2D) numerical

simulation of sound propagating through a dolphin’s head,

Wei et al. (2017) showed in a pictorial fashion how echolo-

cation signals propagated through the melon of a harbor

porpoise’s head in the vertical plane. They also calculated

the beam pattern and sound pressure at different positions

as the sound traveled through the melon. The results sup-

ported the notion that the melon functions as a collimator

or acoustic waveguide in the vertical plane. However, there

are other soft tissues with different acoustic properties and

configurations in the animal’s forehead besides the melon,

such as the dense connective tissue, musculature, etc. The

role of these soft tissues in forming the beam has been

neglected to a certain degree, but these tissues may provide

a selective advantage to dolphins. It is therefore important

to determine if and how these tissues contribute to biosonar

beam formation in the dolphins.

The echolocation clicks emitted by odontocetes can be

roughly classified into narrowband high frequency and

broadband echolocation signals (Au, 1993; Au et al., 1999).

Most of the odontocetes use broadband echolocation signals,

although smaller porpoises and dolphins that do not emit

whistles use narrowband high frequency signals for echolo-

cation (Au et al., 1999). There are some distinct differences

in regard to the signal waveform and spectrum. Clicks from

bottlenose dolphins contain 4–8 cycles within a duration of

40–70 ls, and have a 3 dB bandwidth of about 30–60 kHz

(Au, 1993; Au and Simmons, 2007). The echolocation

signals used by harbor porpoises have a minimum of about

12 cycles within a duration generally greater than 100 ls,

and a 3-dB bandwidth of about 10–15 kHz (Au et al., 1999).

Although these two types of echolocation signals have dif-

ferent characteristics, the animals seem to have a similar

physical mechanism to excite vibration of the right phonic

lips to produce projected signals (Madsen et al., 2013). It is

still unknown whether the anatomical difference of the fore-

head is the reason for the differences in the projected

signals.

In this study, a high-resolution computer tomography

(CT) scan was used to create an impedance model of an

Atlantic bottlenose dolphin’s (Tursiops truncatus) head.

A finite element model was then used to simulate the

acoustic propagation of an echolocation click emitted

from right phonic lips into the water after propagating

through the complex structures in the animal’s head in the

vertical plane. The acoustic field and the output signals on

the animal’s forehead, as well as the farfield transmission

beam pattern of the echolocating dolphin, were calculated

and compared with previous measurement results. The

comparison results showed the similarity between the

simulation results and the measured results. The role of

the main structures on the sound propagation pathway

such as the air sacs, melon, and connective tissue was

investigated.

II. METHODS

A. Acoustic impedance model construction

A CT scan was used to extract the anatomical geometry

of the dolphin’s head. The specimen involved in this study

was an expired stranded animal. The Institutional Animal

Care and Use Committee (IACUC) Animal Use Committee

of the Woods Hole Oceanographic Institution (WHOI) has

reviewed and granted a blanket IACUC approval for han-

dling and examining the cadaveric specimens. The CT of

the head of a bottlenose dolphin was provided by the

WHOI Biology Department. The specimen was a ten-year-

old male bottlenose dolphin. The head was obtained from

the carcass of the animal after it had died and was immedi-

ately frozen to avoid decomposition artifacts. A Siemens

Volume Zoom CT scanner was used to scan the head. A

spiral protocol was employed with 120 kV� 125 mA and

1 mm acquisitions. Figure 1(a) shows one of the slices from

the CT scan in the sagittal plane. No tissue property mea-

surements were performed on the bottlenose dolphin’s

head. However, the studies regarding the relationships

between animal tissue properties and Hounsfield Unit (HU)

values have shown similar results from different species

(Soldevilla et al., 2005; Wei et al., 2015). Therefore, we

assumed that the relationships between tissue properties

and HU values in the bottlenose dolphins are similar to

those of the Yangtze finless porpoise (Neophocaena
asiaeorientalis) obtained by tissue property measurements

in Wei et al. (2015). With the distribution of HU values

derived from the CT data of bottlenose dolphin, we used

the relationships obtained by Wei et al. (2015) to calculate

the distribution of acoustic impedance in the head of the

bottlenose dolphin in this study. The same approach was

applied in the study of Wei et al. (2017) to configure the

acoustic impedance model of the head of a harbor porpoise.

In this paper, Software Mimics 10.1 (Materialise, Belgium)

was used for CT data analysis, a distribution of HU values

of each structure in the head of the bottlenose dolphin

2612 J. Acoust. Soc. Am. 143 (5), May 2018 Wei et al.



sample was exported. The CT data were converted into an

acoustic impedance model of the head of the animal using

prior knowledge of HU-to-sound velocity and HU-to-den-

sity relationships in the heads of odontocetes (Wei et al.,
2015), which are shown in Fig. 1(b). The average values of

sound velocity and density we adopted for the various

structures in the dolphin’s head are shown in Table I. From

the CT data, the distributions of sound velocity and density

of the melon of the bottlenose dolphin showed significant

inhomogeneities, both sound velocity and density values

increased from the inner core to the outer layer, which was

consistent with the earlier findings by Norris and Harvey

(1974). Although the grid points were separated by at least

1/10 of a wavelength at the center frequency, the peaks in

the distribution of acoustic impedance mapped out into four

distinctive contours [see Fig. 1(c)]. The “layers” were com-

posed by many discrete points based on the CT data in a

similar fashion as Aroyan et al. (1992) and Cranford et al.
(2014).

For the live animals, the volume of the air in the air

space is dynamic. There have been little to no empirical

measures of air sacs volumes in live animals to suggest how

much air volume can be contained within the air space at

any given moment during echolocation, nor what the ulti-

mate deformations of the air space might be. Thus, the shape

of the air sacs during echolocation can only be approximated

according to the CT scan data and the anatomic information

provided by the previous studies (Cranford et al., 1996;

Houser et al., 2004). The air sacs of our specimen were par-

tially inflated during the CT scanning, therefore, we assumed

that the nasal passage, vestibular sac, and premaxillary sac

are partially inflated in this model. The beam patterns in

these air situations are therefore estimated. The impact from

the different volumes within the air space will be investi-

gated in future work.

B. Modeling

A finite element model (FEM) was used to simulate the

processes of biosonar signal emission and propagation

through the tissues of an Atlantic bottlenose dolphin’s head

and into the surrounding water. A 2D geometrical model of

the animal’s head that passed through the right phonic lips

was exported from the sagittal cross section of CT data

(54 cm length� 32 cm height). In the coronal view of the CT

data, we observed that the length of the right phonic lips was

approximately 22.5 mm and oriented nearly perpendicular to

the midline of the animal’s head, the distance between them

are approximately 6.5 mm. We selected the slice which was

closest to the midline to configure the 2D numerical model.

The model included two main parts: the head of the dolphin

and the surrounding sea water. All of the structures, such as

the melon, blubber, brain, musculature, mandibular fat, con-

nective tissue, bony structure, vestibular sac, nasal passage,

and premaxillary sac were included in the head. COMSOL

Multiphysics finite element modeling software (Stockholm,

Sweden) was used to conduct the simulation and analyze the

data. Second-order Lagrangian elements are commonly used

in COMSOL Multiphysics to discretize the geometry and the

solution for solving most physics problems, including acous-

tics. The second-order element can more accurately repre-

sent the curved boundaries of elements and represents a

good compromise between accuracy and computational

requirements. Besides, the triangular elements have better

performance in dealing with irregular boundaries and com-

plex structures such as the oddly shaped animal head.

Therefore, the second order triangular mesh grid was

selected to overlay the whole model. The mesh layout in the

lateral view of the model is displayed in Fig. 1(c). A mesh

refinement analysis was performed to choose the optimal

element size for this model. For obtaining the solution with

sufficient numeric precision, we set the maximum element

size as ten elements per wavelength of the center frequency

of the excitation signal at the source in the simulation

(k ¼ cwater=fc). The low-reflecting boundary condition

FIG. 1. (Color online) (a) One of the midline, sagittal slices from the CT

scan of the head of an Atlantic bottlenose dolphin. The gray level in the fig-

ure represents the different HU values; (b) a 2D acoustic impedance model

of the head of the Atlantic bottlenose dolphin based on the sagittal slice

through the right phonic lips. (c) The impedance model overlaid with a tri-

angular mesh grid used in the later simulation, the model includes the main

structures in the dolphin’s head: air spaces, bony structure, melon, connec-

tive tissue, blubber, mandibular fat, brain, musculature, etc. For display pur-

poses, the element size is enlarged by a factor of 8 over the element size

used in the simulation. L1, L2, L3, and L4 represent four distinctive contours

in the melon, the acoustic impedance values of the points in the melon area

increase from L1 to L4.

TABLE I. The average values of sound velocity and density of various

structures in the dolphin’s head used in the simulation.

Structures Sound velocity (m/s) Density (kg/m3)

Blubber 1473 990

Muscle 1590 1031

Mandibular fat 1431 970

Melon 1344–1480 934–982

Connective tissue 1553 1006

Bony structure 3800 2000

J. Acoust. Soc. Am. 143 (5), May 2018 Wei et al. 2613



(B�erenger, 1994) was applied to model the signals propaga-

tion through the free space and into the seawater.

The finite element computation was operated in the time

domain based on the physics of sound propagation in a fluid.

The inhomogeneous acoustic wave equation describing the

transient acoustic phenomena in a stationary fluid was solved

at each grid. The equation can be written as

1

qc2
s

@2p

@t2
þr � � 1

q
rp

� �
¼ Qm; (1)

where q denotes the equilibrium density (kg/m3), cs is the

sound velocity (m/s), p ¼ pðx; tÞ is the acoustic pressure

(Pa), and Qm is a monopole source (Wei et al., 2016). The

density and the sound velocity can both be non-constant in

space. They are assumed to vary with time on scales much

larger than the period of the acoustic waves and are therefore

considered time independent in Eq. (1).

There are two sets of phonic lips located on both the left

and right sides of the membranous nasal septum below the

blowhole (Cranford et al., 1996). The phonic lips are sur-

rounded by a number of air sacs, the sound generation com-

plex associated with the phonic lips is supported by a stiff

cartilaginous blade and is anchored by a stout ligament

(Cranford et al., 2000). Previous studies by Cranford and his

colleagues (Cranford et al., 2000) operated high-speed video

endoscopy and acoustic monitoring to observe movements

in both sets of phonic lips during sound production. They

showed that the phonic lips open and close immediately after

air is forced through them, which caused the surrounding

tissues to vibrate. A short-duration impulsive sound with

subsequent damped oscillations is generated at this moment.

In this study, a short-duration broadband pulse from the right

set of phonic lips was used since acoustic measurements by

Madsen et al. (2010, 2013) indicated that only the right pho-

nic lip is involved in the production of biosonar clicks. In the

sagittal slice in Fig. 2(b), the size of the right phonic lips is

approximately 3–4.5 mm, which is significantly smaller than

a wavelength (1.85 cm) used in the simulation. Thus, a point

source was used to model the source region in this study.

The pulse generated by the source can be written as

Qm ¼ �Ae�2p2f 2
0
ðt�tpÞ2 sinð2pf0tÞ; (2)

where A is the pulse amplitude (Pa), f0 is the center fre-

quency (Hz), tp is the time from the onset of the signal to its

FIG. 2. (Color online) Comparison of the simulation results to biosonar measurements. (a) Simulation results and measured results on the surface of the echo-

locating bottlenose dolphin’s head. Points A–E represent the five receiving points located at the same positions of suction cup hydrophones in the study by

Au et al. (2010). The amplitudes of the received signals from the simulation results in (a) were relative to the highest amplitude at point A. (b) Signal wave-

form (above) and frequency spectrum (below) both measured (in the farfield) and from the finite element calculations (at 0.6 m from the sound source on the

main beam axis). The dashed lines represent the simulated results from this study and the solid lines represent the measurements from an echolocating

dolphin.
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peak amplitude (s), and t is the time (s). The time of the

pulse had to satisfy the following equation:

tp �
1

f0
< t < tp þ

1

f0

: (3)

III. RESULTS

A comparison of the results of the finite element (FE)

simulation to actual acoustic measurements by previous

work (Au et al., 2010; Au, 1993) is shown in Figs. 2 and 3.

Au et al. (2010) measured the acoustic field on the forehead

of an echolocating Atlantic bottlenose dolphin by placing a

linear array of suction cup hydrophones along the midline of

the animal’s forehead to record the echolocation signals. In

this study, the acoustic field on the animal’s forehead at five

receiving points (from A to E), which corresponded approxi-

mately to the same positions as the suction cup hydrophones

in the study by Au et al. (2010) were determined. The com-

parison results are shown in Fig. 2(a). It should be noted that

with a live animal, the situation is dynamic and there are

slight variations in both waveform and amplitude from click

to click.

In the FE simulation results, all the peak-to-peak ampli-

tudes of the output signals were normalized according to the

highest peak-to-peak amplitude to obtain relative ampli-

tudes. From the transient solution, very detailed sound prop-

agation processes inside the forehead could be observed

when the time steps were set as 0.8 ls. Complex reflections

and refractions occurred in the animal’s head when the expo-

nentially damped sinusoid traveled through the oddly shaped

internal structures with inhomogeneous impedance distribu-

tions. Indirect and direct signal components combined to

form the received signals with different characteristics at

each receiving point on the surface of the forehead. Au et al.

(2010) determined that the major axis of the radiation beam

was located at the anterior portion of the forehead and very

little energy was radiated from the top of the forehead in the

vertical plane. From the signal amplitude distribution in Fig.

2(a), the relative amplitudes of points A, B, and C are higher

than those of points D and E. The signal amplitudes drop off

when the positions of the receiving points move to the top of

the head, indicating the major axis of the beam is in the

region between point A and point C. The simulation results

are qualitatively consistent with the conclusions of Au et al.
(2010).

The waveform and its corresponding spectrum are

shown in Fig. 2(b). The location of the received signal was

set at 0.6 m from the sound source on the main beam axis.

According to Finneran et al. (2016), the nearfield/farfield

transition distance of bottlenose dolphin is �0.4 m from the

blowhole. Therefore, the signal in Fig. 2(b) is considered as

the transmitted signal in the farfield. The waveform of the

simulated signal and measured signal both contain four

cycles, and the durations of the signals are approximately

40–50 ls. The peak frequency of simulated signal is close

to 100 kHz, approximately 10 kHz lower than that of the

measured signal. The 3-dB bandwidths of both signals’ cor-

responding spectrum are approximately 50 kHz and 45 kHz,

respectively. The comparison in Fig. 2 indicates the similar-

ity between the simulation results and the measured results,

indicating the signal in Fig. 2 is a typical broadband echolo-

cation signal of an Atlantic bottlenose dolphin.

The vertical beam pattern in the farfield of the FE simu-

lation was plotted by determining the peak-to-peak sound

pressure of an echolocation click spreading from the source

over a circle with a radius of 1.2 m. The results are compared

with the acoustic measurements in the farfield performed by

Au (1993), as shown in Fig. 3. The elevation of the simu-

lated beam was 5.3�, very close to the results of previous

measurements (Au et al., 1986; Au, 1993). The 3-dB beam-

width calculated from the FE simulation was 11.1�, slightly

greater than the measured data (10.2�) from Au (1993).

The boundaries of the connective tissue can be clearly

distinguished in the CT scan data and impedance model

since there is a significant increase in the acoustic impedance

compared to the surrounding tissues, such as the melon. The

connective tissue envelops the posterior portion of the melon

and forms the supporting elements of the animal’s phonic

lips (Cranford et al., 1996). In order to investigate the role of

the connective tissue in the processes of sound production

and propagation, and compare it to the other main structures

such as the air sacs and melon, three hypothetical cases were

simulated and compared with the “full head” case. We used

the same method for plotting Fig. 3 to obtain the beam pat-

tern results for the three hypothetical cases and compared

with the results of “full head” case [Fig. 4(c) is the same as

the dashed line in Fig. 3]. In the “full head” case, all of

the structures in the animal’s head were included. In case I,

only the air components associated with the air sacs were

removed from the “full head” (replaced with voxel values

similar to that of “neighboring” soft tissues) model and the

rest of the structures remained the same as those in the “full

head” so that no air sacs were present in the animal’s head

FIG. 3. (Color online) Comparison between the beam pattern calculations

from the simulation results and actual measurements by Au (1993) in the

vertical plane. The solid line represents the measurement results from Au

(1993) and the dashed line represents the simulated data in this study.

J. Acoust. Soc. Am. 143 (5), May 2018 Wei et al. 2615



(no vestibular sac, nasal passage, premaxillary sac, etc.). In

case II, only the connective tissue was removed from the

“full head” (replaced with voxel values similar to that of

“neighboring” soft tissues) and the rest of the structures

remained the same as those in the “full head” so that there

was no connective tissue embracing the melon. In case III,

only the impedance gradient of the melon was removed from

the “full head” case (the acoustic properties of all layers in

the melon were set the same as that of the outer layer of the

melon) and the rest of the structures remained the same as

those in the “full head” so that the melon was homogeneous.

Case IV represented the “full head.” The comparison of the

beam patterns and the acoustic field results are shown in Fig.

4 and Fig. 5, respectively.

From the comparison results in Fig. 4, more side lobes

were found in the three hypothetical cases, especially in case

I. The polar plot of case I shows that part of the energy of

the biosonar beam propagates to the top and bottom in the

absence of the air sacs. The large acoustic impedance mis-

match between the air components and surrounding tissues

causes the air sacs to act as acoustic reflectors directing the

beam forward and reducing side lobes. When the connective

tissue was removed in case II, the side lobes were increased

and the elevation of the main beam decreased more than 10�.

In case III, when the inhomogeneous melon was replaced by a

homogeneous melon, the side lobes were greater than those in

full head case (but significantly less than those in case I and

case II), and the elevation angle of the main beam was found

to be approximately 5� lower compared to the full head case.

In order to further examine the role of the air sacs, con-

nective tissue, and melon in the propagation of echolocation

clicks through the forehead and into the water, a time history

of the click wavefront traveling through the forehead was

determined for each case. The wavefront at five moments

(T1–T5) was captured from the analysis and shown in Fig. 5

to visualize the specific changes in the wavefront as the click

propagated through five positions in the forehead.

When the click was emitted from the source point (T1),

the wavefronts in cases II–IV were approximately the same,

indicating the connective tissue and melon barely impacted

the waves. However, the waves in case I were distinctively

different from those in the other three cases where there

were no air sacs acting as acoustic reflectors to direct the

click forward. As a result, a more circular wavefront was

formed. When the click arrived at the melon (T2) in case I,

some of the energy propagated into the water from the top of

the head and some of the waves were reflected by the cra-

nium. The wavefront in the other three cases at this moment

were very similar. Only a slight difference in case II can be

observed: the beam was slightly wider in case II when the

connective tissue was removed compared to those in case III

and case IV. This difference was more distinct after the

waves entered the melon (T3); the beam in case II was sig-

nificantly wider than those in case III and case IV. The con-

nective tissue constrains most of the energy to within the

melon region as the wave travels through it. As time went

from T3–T5, the inhomogeneous melon (cases I, II, and IV)

with its impedance gradient caused the wavefront to bend as

it traveled through the melon region. The angle of outgoing

beam was changed by the melon (compared case III to cases

I, II, IV). The comparison results indicated the collimation

or acoustic waveguide role of the melon.

IV. DISCUSSION

Previous studies (Au et al., 1999; Au, 1993) have shown

that the size of the animal’s head has a certain relationship

with the outgoing beam properties. However, very little is

known about whether the anatomical differences will also

cause the different characteristics of the outgoing signals

across species. We previously simulated sound propagation

in the heads of narrowband echolocating porpoises (Wei

et al., 2017; Wei et al., 2018) by applying an exponentially

damped sinusoid to represent the driving force at source

excitation, shown as the following equation:

Qm ¼ Aect sin 2pf0t: (4)

The bandwidth of Eq. (4) was significantly narrower

compared to the broadband signal in Eq. (2) used in this

study (see Fig. 6). In the beginning, we assumed the different

characteristics of the echolocation clicks could be attributed

to anatomical differences between dolphins and porpoises,

FIG. 4. The modeled, farfield vertical beam patterns for four different model

manipulations. (a) Case I: full head with only the air sacs removed; (b) case

II: full head with only the connective tissue removed; (c) case III: full head

with a homogenous melon; (d) case IV: full head including the skull, melon,

air sacs, connective tissue, blubber, musculature, mandibular fat, etc. (d)

was plotted by using the data represented by the dashed line in Fig. 3.
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such as different head shape and size, length of the rostrum,

size of the melon, shape of the connective tissue, etc. In

order to examine our hypothesis, all the settings and parame-

ters in this bottlenose dolphin model were held constant,

except we used Eq. (4) as the driving force at the right pho-

nic lips. The calculated outgoing signals and beam patterns

did not resemble measured data even though we tried to use

different parameters in Eq. (4) (the values of the frequency,

damping rate, etc.). There were more cycles (at least ten

cycles) contained in the waveforms of the received signals

and the bandwidth of the signal received in the farfield was

narrower (approximately 25–35 kHz). The signals looked

more similar to the narrowband high frequency signals. In

another simulation, the short-duration broadband pulse [Eq.

(2)] was used as the driving force in a Phoceona model. The

results obtained did not match the corresponding measure-

ment results. However, broadband signals were produced

when the broadband pulse was used as the driving force.

Therefore, switching the driving waveform at the phonic lips

for the two models suggested that the driving force may be

responsible for the two types of biosonar signals typically

measured for dolphins and porpoises and not the anatomical

differences between the two species. Further research to

reveal the reasons for using the different driving forces in

sound sources of dolphins and porpoises is needed. One pos-

sible explanation to explore is the ecology of the animals.

Broadband signals provide more acoustic information to the

animals, but a porpoise might also change its signals by

using a different driving force to avoid being heard by

predators, such as killer whales. Thus, the information

returning in echoes might not be as information-rich, but the

risk of predation would be lower.

Au et al. (2010) suggested the air sacs play a big role in

the acoustic signals being projected toward the front of the

animals rather than toward the top of the animal’s forehead.

The simulation in this study provides the details of a sound

transmission pathway inside the head by showing a broad-

band signal travels through the animal’s biological structures

frame by frame. The simulation results (see Fig. 5) showed

that a directional beam is formed by reflections off the air

sacs before entering into the melon, strongly agreeing with

the measurement results from Au et al. (2010). Wei et al.
(2017) modeled the sound propagation in the head of a har-

bor porpoise and suggested that the melon function as a col-

limation of the outgoing biosonar signal. A similar role of

the melon in this bottlenose dolphin’s head can be found in

this study by comparing the results of case III with case IV

in Fig. 5. When the gradient in the acoustic impedance is

removed from the melon, the waves propagate directly to the

surface of the rostrum after being reflected by the air sacs

(see case III in Fig. 5). When the inhomogeneous melon is

present (see case IV in Fig. 5), the melon guides the waves

along the low-impedance core, which is positioned almost in

the middle of the melon. The direction of the beam is

changed slightly when the waves travel through the region

with the gradient in the acoustic impedance. Although there

are anatomical differences in the forehead structures

between the Tursiops and Phoceona, the melon of both

FIG. 5. (Color online) The time history of the click wavefront traveling through the animal’s forehead in each case study. T1 represents the moment a click

was emitted from the source excitation, T2 represents the moment the click enters in to the melon, T3 represents the moment the click travels through one-

third of the melon, T4 represents the moment the click travels through two-thirds of the melon, and T5 represents the moment the click leaves the melon. The

color intensity corresponds to the amplitude of the propagating wave.
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species functions as an acoustic waveguide to collimate the

projected biosonar signal.

The melon, as an adipose tissue with a sound speed gra-

dient has been mistakenly attributed as a focusing lens for

biosonar signals (Norris and Harvey, 1974; Cranford, 1988;

Kloepper et al., 2012; Kloepper et al., 2015). The measure-

ments by Finneran et al. (2016) clearly showed that focusing

does not occur as hypothesized by Kloepper et al. (2012,

2015) and the results of our numerical simulation are consis-

tent with the measurement results of Finneran et al. (2016).

Some beam width narrowing does occur but the major struc-

tures in the formation of the beam are the skull and air sacs

(Aroyan et al., 1992; Wei et al., 2016; Wei et al., 2017)

because huge impedance mismatches exist between the solid

component (skull), air component (air sacs), and the fluid

components (the soft tissues in the forehead and the water

outside the head). The dense connective tissue, which is con-

nected to the main body of the melon, has a role in that it is

required for muscular action that might act on the melon

(Cranford et al., 1996; McKenna, 2005; Harper et al., 2008).

The results showed that the connective tissue prevents the

waves from radiating into the water from the top of the fore-

head and transfers most of the energy into the melon because

it has a significantly higher acoustic impedance compared to

the melon. Overall, it acts as a transition region between the

sound source and melon to ensure the waves enter into the

melon effectively after reflecting off the air sacs. It should

be noted that the features and anatomic configurations of the

connective tissue in the heads of different odontocete species

are different (Cranford et al., 1996) and the different ana-

tomical arrangements could result in varying the propagation

characteristics through the connective tissue across species.

A prior study by Cranford et al. (2014), who used a

vibroacoustic finite element model to simulate acoustic beam

formation in the bottlenose dolphin, suggested that the bioso-

nar beam is focused in a series of stages. The structures

involved in the different stages were defined as the skull,

melon, nasal air spaces, and the configuration details of the

sound generation apparatus. Our results showed some agree-

ment with this by providing a more detailed sound propaga-

tion process and displaying how omnidirectional waves

emitted from the source can form a highly directional beam

by the combined effects of acoustic reflections and refractions

from the internal anatomic structures. However, in this study

the collimation role of the melon was emphasized. There are

some significant differences between both studies. First of all,

in order to closely represent an echolocating dolphin, a broad-

band transient signal was applied to describe the driving force

at phonic lips to simulate the sound production and propaga-

tion in dolphin’s head. The transient solution results obtained

FIG. 6. Comparison of the narrowband exponentially damped sinusoid (a) used by Wei et al. (2017) and Wei et al. (2018) and the short-duration broadband

pulse (b) used in this model.
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from this study proved that the output of the model would be

dramatically changed if different signals were used for the

driving force. There are no statements regarding the signal at

the driving source found in the study of Cranford et al.
(2014). Second, for the purpose of controlling the computa-

tional overhead in the three-dimensional (3D) model,

Cranford et al. (2014) placed a hemispherical screen at 36 cm

from the presumed sound source to map the sound pressure

level. Thus, the results of Cranford et al. (2014) are based on

the biosonar beam formation in the nearfield or close to the

nearfield/farfield transition. Using a 2D versus a 3D model

has the advantage of decreasing computational time, decreas-

ing computational resources, and improving accuracy

because the sizes of the elements in the model can be much

smaller and provide greater spatial resolution. It allows us to

obtain important qualitative information on the transition

from the acoustic nearfield to farfield (1.2 m). Third, the

results obtained from the model in this study were compared

to the signal characteristics and beam properties of actual

bottlenose dolphins. Our numerical results showed good cor-

respondence to the acoustic measurements. Cranford et al.
(2014) only compared the simulated beam pattern to the mea-

sured one. The results of the beam pattern could change sig-

nificantly when the different driving signals with different

characteristics are set (function, bandwidth, etc.). Finding the

similarity of signal characteristics and beam properties simul-

taneously between the finite element modeling and measure-

ment results is one of the highlights in this study. Finally, we

provided insight into the important role that the connective

tissue plays as sound was transferring to the melon and dis-

cussed the impact to the characteristics of outgoing signals

when different driving signals at the source excitation were

used.

The previous study (Moore et al., 2008) demonstrated

that dolphins can control the width of the echolocation beam

in target detection. Based on the vertical model in this study,

there are several potential factors that could contribute to

variation in the outgoing beam. Animals could change the

frequency of the driving signal at the source to vary the

beamwidth. Moreover, animals could change the volume of

the air within the premaxillary and vestibular sacs associated

with the nasal passages near the sound source to alter the

shape of the reflect interface, causing the biosonar signals to

reflect to different angle when they are emitted from the pho-

nic lips. Muscular deformation of the forehead could also be

another important factor to help animals control the outgoing

beam. In the study of Moore et al. (2008), they mentioned

that “slight deformations of the melon were observed as a

melon ‘squeeze’, suggesting that subtle variations in melon

geometry/lipid density were potentially performed by the

dolphin.” As the shape of the melon changes, it would also

alter the shapes of other soft tissues connected to the melon

in the forehead, such as the connective tissue which embra-

ces the melon. Furthermore, it could also change the position

of the phonic lips to project the signals. Therefore, beam

steering is achieved by cooperation of the entire structures in

the animal’s forehead. A study of Zhang et al. (2017) manip-

ulated a finless porpoise’s forehead in a finite element model

by changing the size of the melon, changing the length and

orientation of the vestibular sac, and compressing the head

to show that the outgoing beam can be changed. Although

these deformations in this study (Zhang et al., 2017) might

not occur in the heads of the actual animals, it still provides

general information about how the beam might be

manipulated.

It should be noted that the wave radiation from a point

source in a 2D model and 3D model are different but only

slightly in this study. In 2D simulations, waves from a point

source spread circularly but not spherically due to the dimen-

sion difference, essentially similar to a slice through a 3D

cylindrical wave. The spherical loss in 3D follows a 1/r pat-

tern, the waves in 2D drop off in amplitude less rapidly then

spherical waves in 3D. However, the spreading losses would

be minimal since the distance of sound propagation in this

study is small. Our approach is similar to the approach that

has been used by ocean acousticians for over one-half

century in computing long range propagation. A 2D slice is

taken from a 3D ocean and the wave equation is solved by a

variety of techniques such as normal mode, parabolic simu-

lation, etc. These techniques have been validated over time

by propagation measurements. Our simulation has also been

validated by the consistent nature of our results compared

with empirical measurements. Apparently, the waves tend to

remain within the 2D plane with very little measurable con-

tributions from any 3D effects. The model in this study only

represents a 2D approximation of the beam pattern in the

vertical plane. The results would be improved if the model-

ling could be extended to a 3D model in future work when

more computational power is available to us. However, it is

important to realize that our 2D approximation provided

very consistent results with measurement results and there-

fore lends credence to our approach.

V. CONCLUSIONS

A 2D finite element model was constructed based on a

high-resolution CT scan and was used to simulate the pro-

cess of a short-duration, broadband impulsive sound emitted

from the right phonic lips into the water after propagating

through the complex anatomic structures in a bottlenose dol-

phin’s head in the vertical plane. The waveforms of the

transmitted signals on the forehead and in the farfield, as

well as the properties of the beam pattern in the farfield,

were compared with actual biosonar signal measurements on

and around the head of the live animals. The simulation

results were consistent with the acoustic measurement

results. The detailed sound propagation process was calcu-

lated and the time history of the click wavefront traveling

through the forehead at five different moments was captured

and compared. The comparison results suggested that the air

sacs are the major contributor in forming a directional beam

at the beginning when the sound was emitted from the

source. The connective tissue plays an important role of

effectively transferring the sound to the melon and prevent-

ing the sound from escaping from the top of the forehead.

The melon functions as a collimator or acoustic waveguide

directing the waves along the low-impedance core. Finally,

the study examined the driving signal at the source of
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echolocation in bottlenose dolphins (broadband clicks) and

harbor porpoises (narrowband clicks). The results indicated

that the signal waveform of the driving force is more likely

responsible for the two different types of projected signals

and not the differences in the anatomy of the forehead.
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