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ABSTRACT:
The sound-transmission, beam-formation, and sound-reception processes of a short-finned pilot whale (Globicephala
macrorhynchus) were investigated using computed tomography (CT) scanning and numerical simulation. The results

showed that sound propagations in the forehead were modulated by the upper jaw, air components, and soft tissues,

which attributed to the beam formation in the external acoustic field. These structures owned different acoustic

impedance and formed a multiphasic sound transmission system that can modulate sounds into a beam. The recep-

tion pathways composed of the solid mandible and acoustic fats in the lower head conducted sounds into the

tympano-periotic complex. In the simulations, sounds were emitted in the forehead transmission system and propa-

gated into water to interrogate a steel cylinder. The resulting echoes can be interpreted from multiple perspectives,

including amplitude, waveform, and spectrum, to obtain the acoustic cues of the steel cylinder. By taking the short-

finned pilot whale as an example, this study provides meaningful information to further deepen our understanding of

biosonar system operations, and may expand sound-reception theory in odontocetes.
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I. INTRODUCTION

Odontocetes of all sizes can use ultrasound to detect

and prey upon targets (Au, 1993; Cranford et al., 1996).

Their ability to echolocate was first demonstrated over six

decades ago (Schevill and Lawrence, 1956; Kellogg, 1958;

Norris et al., 1961) and has been further confirmed in vari-

ous experiments. Odontocetes whose eyes are covered can

still avoid obstacles and complete challenging tasks by emit-

ting ultrasound (Norris et al., 1961; Busnel and Dziedzic,

1967). The subsequent decades have witnessed the develop-

ment of bio-sonar research in odontocetes. In 1996,

Cranford et al., used computed tomography (CT) scanning

to investigate the nasal complex of 40 samples, and they

proposed a standard mechanism for sound generation in

odontocetes (Cranford et al., 1996): Odontocetes generate

ultrasounds using their dorsal bursae and monkey lips,

which form a complex that is forced to vibrate under pres-

surized air from the nares; adjacent air sacs facilitate the

recycling of air and generate a periodically repeating sound

(Cranford et al., 1996).

After generation, sounds are transmitted to the fore-

head, which contains fat, muscles, and connective tissues

(Aroyan et al., 1992; Cranford et al., 2008; Song et al.,
2015). These soft tissues have different acoustic impedan-

ces, which produce a gradient distribution from inner core

to outer layers in forehead. The sounds are modulated by the

interactions between soft tissues, solid skull structures, and

air sacs, thereby forming sound beams (Aroyan et al., 1992).

The solid upper jaw functions as a seat base for soft tissues

and can induce interfacial waves along the solid–fluid inter-

face (Song et al., 2016). Wisniewska et al. (2015) deter-

mined that the harbor porpoise can adjust its sound beam

(acoustic window) when approaching targets. This adjust-

ment may help in target discrimination, which has been con-

sidered from multiple perspectives, including investigation

of the materials, shapes, and wall thicknesses of targets

(Evans and Powell, 1967; Au and Turl, 1991; Aubauer

et al., 2000; Au et al., 1980; Pack et al., 2002; Au and

Pawloski, 1992). Odontocetes possess a sophisticated bio-

sonar system to distinguish targets based on echo features in

both the time and frequency domains and can efficiently ful-

fill target detection in a long range (Madsen et al., 2004; Au
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et al., 2007; Au et al., 2009). Considerable knowledge has

been obtained regarding the target-detection operations of

odontocetes’ bio-sonar systems. However, in most studies,

the echoes expressing acoustic features of the targets were

received by receptors located in water. No studies have

sought to analyze odontocetes’ echo-reception systems

because it is unethical to implant sensors into live animals.

The problem can be approached via numerical modeling

(Cranford et al., 2008; Song et al., 2018).

Sounds can reach the odontocetes’ ear complex via var-

ious pathways (Norris 1964, 1968; Cranford et al., 2008;

Song et al., 2018; Popov et al., 2019). The external mandib-

ular fat located between the skin and a thin portion of the

posterior mandible known as the “pan-bone” constitutes an

important sound entrance. Upon entry, sounds traverse the

pan-bone, reach the internal mandibular fat, and are then

conducted further into the ear complex. This “jaw hearing”

pathway proposed by Norris has been confirmed by subse-

quent experiments (Bullock et al., 1968; Brill et al., 1988;

Brill and Harder, 1991; Møhl et al., 1999). Using finite ele-

ment modeling, Cranford et al. (2008) identified an addi-

tional sound-reception pathway—the so-called “gular

pathway”—by which sounds enter the internal mandibular

fat through the ventral margin of the mandible; these find-

ings were based on a case study of a Cuvier’s beaked whale

(Ziphius cavirostris). In addition, sound-reception channels

in which the solid mandible may play a significant role were

introduced in both the experiments and numerical models

(Castellote et al., 2014; Mooney et al., 2008; Mooney et al.,
2015; Mooney et al., 2018; Song et al., 2018). These results

indicate that the entire head may function as an antenna sys-

tem for sound reception (Popov et al., 2019).

Odontocetes echolocation involves sound-generation,

transmission, beam-formation, and sound-reception processes

(Au, 1993; Cranford et al., 1996; Norris, 1964, 1968).

In this study, we used the short-finned pilot whale

(Globicephala macrorhynchus) as an example, investigating

these processes. Short-finned pilot whale populations are

distributed around the globe in warm temperate zones, and

they inhabit offshore waters (Olsen, 2009). This species has

an almost negligible beak and bulbous melon. The sound

speed and density of soft tissues in its bio-sonar transmis-

sion system are within the ranges 1224–1749 m/s and

874–1090 kg/m3, respectively (Dong et al., 2017). This spe-

cies emits echolocation clicks, which predominately peak

below 40 kHz (Baumann-Pickering et al., 2015); mean-

while, they can hear up to high frequencies over 100 kHz,

with a peak sensitivity in the range 20–40 kHz (Greenhow

et al., 2014). Much work remains to be performed regarding

the echolocation capacities of this species’ bio-sonar system.

We combined CT and numerical simulations to enhance our

understanding of these whales’ echolocation process.

II. MATERIAL AND METHODS

In 2016, a female short-finned pilot whale was found

dead in Lingshui waters, Hainan Province, China; it was

immediately frozen at �20 �C. The whale was considered

to be freshly dead, because no obvious decomposition was

noted (Dong et al., 2017). After 20 days, the specimen was

removed to be naturally thawed. The head was cut such

that it could be scanned in a CT machine. The forehead

soft tissue pack was extracted and cut into small pieces for

sound speed and density measurements. More details can

be found in our previous study (Dong et al., 2017). Here, a

brief introduction to the model development is provided.

The sound emission and reception systems are located at

the forehead and lower head, respectively (Fig. 1). We

FIG. 1. (Color online) (a) The reconstructed sound-transmission system of the short-finned pilot whale, represented in three dimensions. (b) Projected trans-

mission plane. (c) Reconstructed sound-reception system. (d) Projected sound-reception plane. (e) Geometrical model depicting the integrity of the sound-

transmission and -reception systems. The major components of the bio-sonar transmission and reception systems are the skull, air, acoustic fats, muscle, and

connective tissue. IMF: internal mandibular fat; EMF: external mandibular fat; P1: sound source; P2: reception point in far field; P3: reception point near the

steel target; P4: reception point in sound reception pathway near the tympano-periotic complex (TPC).
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combined these two systems to construct a complete

SONAR model [Fig. 1(e)].

A model of the emission system pathway in the sagittal

plane (y-z plane), located slightly to the right of the blowhole,

was developed [Fig. 1(e)] by referring to the obtained anat-

omy [Figs. 1(a) and 1(b)]. The sagittal plane of the reception

system was also reconstructed, to provide geometrical infor-

mation for the subsequent model-development stages [Figs.

1(c) and 1(d)]. The appropriate sound speeds and densities of

the transmission [Fig. 2(a)] and reception [Figs. 2(b) and

2(c)] systems were assigned in the numerical model.

Alongside soft tissues, the model contained skull and air com-

ponents, whose compressional sound-wave speeds and densi-

ties were set as 3380 m/s and 2035 kg/m3, and 343 m/s and

1.12 kg/m3(Graf et al., 2008; Song et al., 2016). The shear

wave speed of the solid skull structures was set to 2200 m/s.

The integrated model was placed in a circular water environ-

ment of radius 1.5 m, and the sound speed and density of

water were set as 1500 m/s and 998 kg/m3, respectively.

COMSOL Multiphysics software (Stockholm, Sweden)

was used to compute the wave propagation and beam forma-

tion in finite elements. The computational domain was

meshed with 10 elements per wavelength. Acoustic theories

describing sound-wave propagation in fluid and solid media

have been proposed (Aroyan et al., 1992; Song et al., 2016).

First, we examined the wave propagation through the trans-

mission system and the formation of the main beam and side

lobes in the time domain. A short-duration pulse was trig-

gered at the sound source [point P1 in Fig. 1(e)] as follows:

Qm¼ A0e a1tþa2t1ð Þ sin 2p f0t 0 � t � t1; (1)

Qm¼ A1e �a1tþa1t2ð Þ sin 2p f0t t1 � t � t2; (2)

where A0 and A1 are the parameters to set relative ampli-

tudes and f0 is the peak frequency, which was set to 20 kHz

(Baumann-Pickering et al., 2015). a1 and a2 are parameters

used to control the pulse bandwidth; t1 and t2 quantitatively

control the times of signal onset, peak location, and closure;

and t is the time variable. The resulting waveform and spec-

trum of the source pulse were shown in Fig. 3. These param-

eters were based on a previous report of clicks for this

species (Baumann-Pickering et al., 2015). Next, the simula-

tion was extended to target detection and sound reception. A

circular target model (radius: 0.04 m) of steel was positioned

1 m away from the sound source. The speeds of the com-

pressional and shear waves were set as 6144 and 3095 m/s

for the steel and density was set as 7850 kg/m3 (Feng et al.,
2019). The echo propagation was examined in detail, to

identify the various pathways through which sounds are con-

ducted to the tympano-periotic complex (TPC). The sound

pulse was activated at the sound source, and the sound

waves propagated through the forehead into water. After

reaching the target, the backward-reflected waves (echoes)

containing acoustic features of the target were propagated

toward the model of the head; these were tracked at recep-

tion points P3 near the target and P4 near the tympano-

periotic complex (TPC). Finally, the waveforms and

amplitudes of echoes received at these two locations were

compared to examine the modulation of sound reception

pathway on echoes.

III. RESULTS

Six propagation snapshots were obtained in succession

(Fig. 3), indicating that sounds mostly propagated forward,

parallel to the upper jaw extension, producing a main beam

FIG. 2. (Color online) Sound speed and density reconstructions of the short-finned pilot whale’s sound-transmission and -reception systems in the sagittal

(y-z) plane: (a) transmission system, (b) plane 1, and (c) plane 2 of the sound-reception system.
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with a –3 dB bandwidth of 8.2� [Figs. 3(e) and 3(f)]. A frac-

tion of the sound waves was reflected by the media interfa-

ces, producing side lobes. The main-beam and sidelobe

characteristics in the external field were attributed to wave

propagation in the internal forehead transmission system,

which was controlled by the interaction of forehead soft tis-

sues, solid skull structures, and air spaces. Aside from acting

as a reflector, the solid upper jaw also functioned as an inter-

facial wave conductor [Figs. 3(c) and 3(d)], inducing a

series of waves that merged with those generated by the soft

tissues at the upper jaw tip to propagate further into the

water. The main beam was oriented almost �30� down-

ward, in contrast to the upward angle obtained for

bottlenose dolphins (Au et al., 1978; Au, 1993). The short-

finned pilot whale has a longer and more skewed

downward upper jaw than the bottlenose dolphin. This

may produce different main-beam orientations between

the two species, because the upper jaw is an important

sound reflector that can influence the beam formation

(Aroyan et al., 1992). These details suggest a complex

physical mechanism in the beam-formation process of the

short-finned pilot whale.

The sound-transmission complexity was also reflected

in the differences between the near and far fields [Fig. 4(a)].

We distributed individual reception points along the main

beam axis between the sound source P1 (0, 0) and furthest

point (1.2 m, 0), with an interval of 0.05 m along the z axis.

The waveform of the signal at point P2 is provided as an

example. The amplitude of the received signal at these

points was tracked, and a dynamic trend was observed [Fig.

4(a)]. The entire computational domain was roughly divided

into three subfields [Fig. 4(b) and 4(c)]: internal head field

(R1), near field (R2), and far field (R3). In the internal head

field, the pressure amplitude fluctuated dramatically and

entered the far field rapidly (below 0.1 m) after the sound

left the head. Thereafter, the signal amplitude decreased

monotonically with distance.

In our simulations, we placed a steel target model

within the main beam window in the far field region. Echoes

from the target reached the anterior head; then, a series of

sound waves were induced to propagate along the mandible

and through the internal mandibular fat [Figs. 5(b) and

5(c)]. Another series traveled along the external mandibular

fat and was further redirected towards the ear complex

[Figs. 5(c) and 5(d)]; this is consistent with the “jaw-hearing

pathway” and “gular pathway” proposed by Norris (1964,

1968) and Cranford et al. (2008), respectively. The main

peak of the echoes near the target was followed by reflection

signals from the steel; this produced many narrow peaks in

the spectrum, as noted in other studies (Au and Pawloski,

1992; Qiao et al., 2017; Feng et al., 2019). More impor-

tantly, in this study, we found that after propagating along

the sound-reception pathway, the echoes changed in both

the time and frequency domains. Although the relative

energy amplitude distribution remained almost unchanged

in the low-frequency range for echoes received at P3 and P4,

a slight frequency shift was indicated in the spectrum peaks

between these two cases, and considerable energy attenua-

tion was observed above 100 kHz [Fig. 5(h)] compared to

the example in Fig. 5(f).

The sound propagation inside the head suggested that

the mandible and internal fat formed an important pathway

(pathway 1 in Fig. 6), guiding a certain proportion of the

sounds into the TPC (Fig. 6). After sounds originating from

the front of the head model made contacted with the lower

region [Fig. 6(a)], waves were induced in the mandible and

FIG. 3. (Color online) Sound excitation in the (a) time domain and (b) frequency domain. Propagation plots for the transient sound waves at (c) 150 ls, (d)

300 ls, and (e) 800 ls. (f) Beam pattern. The formation of the main and side beams was determined by initial wave propagations within the forehead sound-

transmission system.
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propagated to the pellucid fat located within its internal cav-

ity [Figs. 6(c) and 6(h)]. These waves were then propagated

posteriorly along the internal mandible and merged with

those from another pathway (pathway 2) before finally arriv-

ing at the TPC. In pathway 2, the external mandibular fat

played a primary role in transferring sounds to the TPC. The

series of sound waves propagated along pathway 2 are

depicted by arrows in Figs. 6(g), 6(h), and 6(i). Sounds

entered the internal mandibular fat channel via the posterior

mandible and external mandibular fats before reaching the

TPC; this is similar to the pathways described in the jaw

hearing and “gular” pathway theories (Norris et al., 1961;

Norris, 1964, 1968; Cranford et al., 2008). The sounds from

these different pathways were aggregated as the final acous-

tic stimuli for the TPC.

IV. DISCUSSION AND CONCLUSIONS

A. Sound transmission and reception

The sound-transmission and -reception pathways were

not located in the same sagittal plane. In previous two-

dimensional models, these two systems were typically sepa-

rated into their respective models (Zhang et al., 2017; Song

et al., 2018). However, this restricts our understanding of

FIG. 5. (Color online) (a) Propagation of echoes from steel at t1, where a reception point P3 was set near the steel to track echoes. (b) Propagation of echoes

at t2, where waves were partially induced to propagate along the mandible. (c) Propagation of echoes at t3, where waves were observed to propagate along

the external and internal mandibular fats. (d) Propagation of echoes at t4, where the reception point P4 was set in the sound-reception pathway near the

tympano-periotic complex (TPC). (e) Time series of echoes at point P3. (f) Spectrum of echoes at point P3. (g) Time series of echoes at point P4. (h)

Spectrum of echoes at point P4.

FIG. 4. (Color online) (a) Amplitude distribution of signals received at distinct points along the main beam axis; here, the signal waveform of point P2 is

given as an example. (b) Acoustic field sections along main beam axis. (c) Amplitude distribution of signals separated over an expanded range.
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the bio-sonar target-detection capabilities. Using a full echo-

location model, we can deepen our understanding of the

beam properties and sound reception mechanisms of short-

finned pilot whales. The radiating acoustic field entered the

far field within a short distance (0.5 m) of the source, similar

to the results obtained for bottlenose dolphins (Au et al.,
1978; Finneran et al., 2016). Short-finned pilot whales have

a larger head than finless porpoises and harbor porpoises.

The –3 dB beam width was 8.2� for the short-finned pilot

whale, smaller than the values of 16.5� (Phocoena pho-
coena, Au et al., 1999) and 13.3� (N. a. sunameri, Zhang

et al., 2017) and comparable to the values of 9.7�

(Pseudorca crassidens, Au et al., 1995) and 6.5�

(Delphinapterus leucas, Au, 1993) obtained for other spe-

cies with obtuse heads as well. The acoustic field and beam

properties can be influenced by factors such as the frequency

of bio-sonar clicks and size and shape of head (Au et al.,
1999; Urick, 1983). More samples are necessary to deter-

mine whether this inversely proportional relationship

between head size and beam width is more widely applica-

ble in odontocetes (Au et al., 1999).

Odontocetes can generate sounds to form beams. Air-

filled structures (e.g., the air sac and nasal passage) can pre-

vent the sound energy from leaking backward and upward,

focusing the majority of sound energy into the forward

direction. These conclusions regarding the roles of acoustic

structures in sound-beam formation are consistent with those

of previous studies (Aroyan et al., 1992; Zhang et al., 2017;

Wei et al., 2017). Acoustic fats exhibit the lowest sound

speeds and densities of soft tissues, and they are important

waveguides in both the sound-transmission and -reception

processes. Echoes can stimulate waves to travel along the

mandible, posteriorly to the internal mandibular fat; these

waves eventually arrive at the TPC. This bone-tissue sound-

reception pathway, identified in the finless porpoise (N. a.
sunameri), proves reliable in short-finned pilot whales as

well. The sound-reception process is complicated, embodied

in various pathways, and includes the “jaw hearing,”

“gular,” and mandible–mandibular fat pathways (Norris,

1964; Cranford et al., 2008; Song et al., 2018).

In the present study, when sounds entered the front por-

tion of the lower head, the anterior mandible and soft tissues

acted as the entrances of the two respective pathways. The

sounds from these two pathways were finally aggregated

before reaching the TPC. We have previously examined

similar sound pathways for finless porpoises (N. a. suna-
meri), in which higher-peak-frequency (exceeding 100 kHz)

clicks (Song et al., 2018) were used. Using a relatively

lower-peak-frequency (20 kHz) sound pulse in the current

simulations, we showed that the mandible-mandibular path-

way is also reliable for lower-frequency acoustic stimuli,

though in a different species. The TPC is accessible to

sounds propagating through various pathways, and the entire

head may function as a volume antenna to conduct sounds

as acoustic cues for hearing (Popov et al., 2019). Further

studies are needed to quantify the respective contributions

of these pathways in hearing. These pathways may influence

the directivity of hearing in odontocetes, many species of

FIG. 6. (Color online) Propagation of target echoes along the reception pathways of the short-finned pilot whale at (a) t1, (b) t2, (c) t3, (d) t4, (e) t5, (f) t6, and

(g) t7; meanwhile, (h) and (i) depict the enlarged propagation details at times t3 and t5. The sound waves were propagated to the TPC by two separate series.

In pathway 1, the wave series was first propagated along the mandible to reach the internal mandibular fat. In pathway 2, sound waves travelled along the

external mandibular fat and traversed the mandible to reach the internal mandibular fat. The sound waves from these two pathways merged before finally

arriving at the TPC.
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which exhibit a variable sensitivity to sounds approaching

from different directions (Au and Moore, 1984; Møhl et al.,
1999; Aroyan, 2001).

B. Comparison of echoes at different locations

Numerous odontocetes can effectively use the spectral

and temporal cues of echoes as well as combinations thereof

to discriminate different targets (Nachtigall, 1980; Delong

et al., 2006). Such cues include target strength, number of

highlights in the echo waveform, and spectral contours (Au

and Pawloski, 1992). These reflect the physical features

(size, shape, material, and thickness) of the targets and are

informative for discrimination (Au and Pawloski, 1992; Au

et al., 1980; Au et al., 2009).

To quantitatively describe the physical characteristics

expressed via echoes, previous studies have used biomi-

metic clicks emitted by a transducer to interrogate targets;

the echoes were then used for further analysis of fish dis-

crimination (Au et al., 2007; Au et al., 2009). These studies

made available numerous research options for studying the

target-detection capabilities of odontocetes’ bio-sonar sys-

tems; however, the target echoes were recorded in the water,

instead of the internal sound-reception system (Feng et al.,
2019). Implanting recording equipment inside animals is

unethical, because of the destructive effects it entails.

Hence, numerical modeling is an important complement to

experiments, helping to investigate the physical mechanisms

of bio-sonar systems in odontocetes (Aroyan et al., 1992;

Cranford et al., 2008).

Inspired by previous numerical studies (Cranford et al.,
2008; Song et al., 2018), we extracted echoes from the inter-

nal sound-reception pathways of short-finned pilot whales.

The echoes received at different reception points exhibited

clear variations in their waveforms and spectral distributions

(Fig. 5). The spectral characteristics of the echoes [Figs. 5(f)

and 5(h)] received at reception points P3 [Fig. 5(a)] and P4

indicate that, in the frequency range 100–150 kHz, greater

energy attenuation occurred along the sound-reception path-

way [Fig. 5(h)]. This suggests the potential modulation

effect of the sound-reception pathway on the echoes. In

future studies (especially modeling-based ones), echoes

should be examined inside the sound-reception pathway,

rather than at locations near the targets. Odontocetes exhibit

a consistently good sensitivity to high-frequency sounds, but

within a certain range. When the frequency of acoustic stim-

uli extends further to over 128 kHz, the sensitivity usually

becomes poor (Castellote et al., 2014; Mooney et al., 2018;

Li et al., 2012). Therefore, we deem it worthwhile to inves-

tigate the potential relationship between the hearing sensi-

tivity and modulation of sound-reception pathways in future

studies.

Much work remains to be performed on sound-

emission, reception, and target-detection in odontocetes.

Our modeling results suggest that sound-reception pathways

can modulate the echoes and weaken the relative sound

energies at high frequencies. These results can contribute to

the understanding of the sound-transmission and -reception

pathways in short-finned pilot whales. The acoustic cues

of target echoes are fundamental in discrimination.

Furthermore, the sound-reception process is important and

should be considered in future studies when odontocete bio-

sonar models are used to obtain echoes. The approach

constructed in this study can be applied to other species, par-

ticularly those implementing models to investigate target

detection.
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