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A pulsed-air model of blue whale B 
call vocalizations
R. P. Dziak1, J. H. Haxel2, T.-K. Lau2, S. Heimlich2, J. Caplan-Auerbach3, D. K. Mellinger2,  
H. Matsumoto2 & B. Mate4

Blue whale sound production has been thought to occur by Helmholtz resonance via air flowing from 
the lungs into the upper respiratory spaces. This implies that the frequency of blue whale vocalizations 
might be directly proportional to the size of their sound-producing organs. Here we present a sound 
production mechanism where the fundamental and overtone frequencies of blue whale B calls can 
be well modeled using a series of short-duration (<1 s) wavelets. We propose that the likely source 
of these wavelets are pneumatic pulses caused by opening and closing of respiratory valves during 
air recirculation between the lungs and laryngeal sac. This vocal production model is similar to those 
proposed for humpback whales, where valve open/closure and vocal fold oscillation is passively driven 
by airflow between the lungs and upper respiratory spaces, and implies call frequencies could be 
actively changed by the animal to center fundamental tones at different frequency bands during the call 
series.

Over the last three decades, significant progress has been made in quantifying the signal characteristics and global 
variation of low-frequency sounds produced by blue whales, Balaenoptera musculus spp1–5. Baleen whale vocal-
izations in general are low frequency (<1000 Hz)1, 5–8 and have been related to a variety of behaviors including 
feeding, navigation, mate attraction, and aggression6, 9, 10. As low frequency sounds travel much farther than high 
frequencies before attenuating, baleen whales likely use low frequencies to communicate over long distances11–13. 
Environmental factors such as an increased ambient noise from human activities may impact the range over 
which low frequency sounds can be detected14. Recent studies of blue whale calls suggest this has resulted in 
lowering the fundamental frequencies of calls over time, although several other factors have also been invoked 
such as increased blue whale population density or a gradual decrease in mean vocalization depth3, 15. The source 
of low frequency calls produced by a blue whale is currently thought to be resonance of the cavity spaces in the 
animal’s upper respiratory system16–19 which implies that body size is proportional to the frequencies generated 
(the larger the resonating organs, the lower the frequency of sound produced)1, 2, 18, 19. Therefore, understanding 
the internal physical processes behind sound production in blue whales, and how they regulate their call fre-
quencies, provides important insights into how blue whale populations respond to environmental stressors such 
as increasing ocean noise. Since all blue whale populations are currently listed as endangered by the IUCN red 
list20, gauging blue whale response to changing marine environmental conditions is of utmost importance for 
their conservation.

Blue whale call structure and resonance models
Blue whales have a distinctive call repertoire, with significant variability among populations. For example, north-
eastern Pacific blue whale calls (one of the best-studied studied populations) can be divided into four fundamen-
tal types, A, B, C, and D calls18. The A call, typically the first in a call series, consists of ~20 individual pulses less 
than 1 sec apart subdivided into multiple non-harmonic components (Fig. 1). The B call is a tonal harmonic signal 
typically 10–20 sec in duration with a fundamental frequency that steps down between 20 and 16 Hz (Fig. 1). 
The C call, is a 9–12 Hz upswept tone that precedes the B call. These three calls are often produced together in a 
pattern. The D call is a highly variable 80 to 30 Hz downswept signal 2–5 sec in duration that is often produced 
as a counter-call and not produced with the other call types1, 4, 18. The B call has traditionally been used to con-
strain sound production models because its long duration means the source mechanism is unlikely to involve 
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re-circulated air to make the call3. B calls have reported source levels of up to 190 dB re 1 μPa based on record-
ings made off California21 most of the energy is in the first and third harmonics, where the energy distribution 
between the first and third is variable and either can be the most energetic in a given call.

Many questions exist with regards to the physics of baleen whale sound production mechanisms. Early work 
concentrated on bubble resonance, where a given volume of air (encased in an organ or chamber within the 
whale) at a given depth resonates at a fundamental frequency proportional to the chamber size16, 17. Aroyan et al.18 
proposed that blue whales produce sound by a monopole source oscillation of an air-filled cavity, and the animal’s 
anatomy suggest that calls are due to Helmholtz resonance (i.e. resonance caused by airflow over an opening in a 
cavity or chamber), which allows for efficient constant frequency sound production over changing depths. There 
are many possible internal mechanisms for blue whales to radiate sound into seawater, where the oscillating 
source could be made of water, bone, or air. However, sound production systems that involve compressing water 
or dense tissue require much higher differential pressures and are therefore less efficient than air–filled systems18.

The primary energy source to cause airflow over a cavity or chamber would be the change in pressure pro-
duced as the animal rises and descends in the water column as it provides the volume displacements needed 
to produce the B call3, 18. It is generally assumed no air escapes from baleen whales during sound production23 
because this would imply that water could enter the respiratory system and thus eliminate the whales’ ability to 
make the observed call series. The volume of air that can be held by adult blue whale lungs has been estimated 
at 2000 liters3. While a blue whale can provide a slight change in pressure through muscular compression of the 
lungs, it is unable to produce the 10 Bars of differential pressure at the sea surface needed to move this volume 
of air to the upper respiratory system18. Moreover, it seems likely that blue whales produce B calls only during 
ascent, eliminating the need to produce the positive differential pressure with its lungs that would be required 

Figure 1. Top diagram shows location of hydrophone mooring (red triangle) ~8 km off the coast of Newport, 
Oregon. Seafloor depth contours are labeled. Bottom diagram shows example spectrogram of blue whale A and 
B calls recorded on the hydrophone (8 kHz sample rate) on 28 September at 01:57z (27 September at 18:57 PST). 
Bathymetric map was created using ArcGIS, [version 10.0], (http://www.esri.com/software/arcgis) software 
(Environmental Systems Research Institute) from a 100 m resolution xyz file of multibeam depth measurements, 
collected in 2011 by C. Goldfinger (Oregon State University, Active Tectonics Lab).

http://www.esri.com/software/arcgis
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during descent18. However, a study by Oleson et al.24 showed that the average change in depth during calling was 
<2 m, and therefore the animals are relatively stationary within the water column while vocalizing. Thus blue 
whales may not need to rise in the water column to reduce hydrostatic pressure and enable vocalizations. The lung 
volume assumed here would limit B call production depth to 90 m, which is consistent with field observations that 
indicate B calls are made at <30–40 m depth18, 21, 24, while maximum dive depths are estimated to be 300 m25. Air 
flow rates have been estimated at 25–50 l/s based on resonance quality factors and duration of B calls18.

Anatomical sources of sound
Previous studies have provided detailed anatomical information of the upper respiratory tract of baleen whales 
and used this as a basis to propose mechanisms for how baleen whales may produce their calls26–31. For example, 
in humpback whales, specific anatomical components and vocal production mechanisms have been related, and 
modeled, to show their relationship to particular acoustic call characteristics29–31. The source of vocalizations 
produced by baleen whales is thought to be via airflow within the respiratory system (Fig. 2a,b), where two sym-
metric lungs are connected to the trachea, a short, broad cone-shaped canal. In the laryngeal region, there are 

Figure 2. Schematic diagrams showing (a) generalized upper respiratory structures in a baleen whale (after 
Reidenberg and Laitman19), with specific location and relative position of respiratory valves (after Cazau et al.29) 
in the attached insert. (reproduction permissions granted by John Wiley & Sons, Inc. and AIP Publishing LLC) 
and (b) simplified sound source model based on structures in (a) (after Aroyan et al.18; permission granted 
by Springer publishing), (a) Red area shows upper respiratory tract including nasal passages and trachea; 
purple shows the digestive tract; pink shows the laryngeal sac or lumen; green shows the air inflated borders 
of laryngeal sac; white shows midline, cricoid and thyroid cartilages; light blue shows the vocal or U-fold; the 
insert shows the position, relative to the U-fold, of the two other respiratory valves present in the laryngeal 
region (epiglottis and corniculate cartilage29) that also contribute to controlling airflow. Sound is thought to be 
produced by airflow from the lungs, through the oscillating, respiratory valves (the U-fold) then flow through 
the laryngeal sac and nasal passages. In the pulse model proposed here, repeated rapid adduction and dorsal 
elevation of the U-fold vocal process, against the cricoid cartilage, causes pulsed (restriction and release) airflow 
from the trachea to upper respiratory structures. Sound production likely originates by combining valve states 
and air recirculation by the lungs and the laryngeal sac through two opposite functions. The U-fold edges and 
laryngeal sac walls may also vibrate with airflow, potentially amplifying pulses. Laryngeal sac pulsed inflations 
may also cause pulsed distention of ventral throat grooves, facilitating sound transfer into water.
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three respiratory valves: the epiglottis, the corniculate flaps and the U-fold. The U-fold possesses some strong 
similarities to common mammal vocal folds19, particularly in regards to its geometrical dimensions (length to 
thickness ratio) and slit-like glottal shape, tissue composition (presence of a thin mucosa in the outermost layer), 
and associated laryngeal muscles and cartilages (e.g., presence of homologous thyroid and arytenoid cartilages)29. 
Anterior to the U-fold (toward the nasal passages) is the epiglottis, whose valve function is to protect the lower 
respiratory system from foreign bodies (mainly water), and the corniculate cartilage flaps (Fig. 2a) characterized 
by its long shape, the high elasticity of its tissues, and the proximity of its two symmetric lips. The laryngeal sac 
can be seen as a soft extensible oval balloon with an extensive surrounding musculature. Opposite to the laryngeal 
sac, the nasal region is composed of the nasopharynx, a short flexible region of muscles and soft tissues, and two 
tube-like parallel nasal cavities with rigid walls which have thick plugs at the dorsal opening of the skull.

It is thought that the mechanism for low frequency sound production in baleen whales involves generat-
ing fundamental frequencies via U-fold vibration, followed by sound quality modification through variation of 
laryngeal parameters (by means of muscle contractions), and then sound transduction by means of laryngeal 
sac wall vibration to ventral throat pleat pulsations impinging on the surrounding water column19, 29, 30. Sound 
production likely originates by combining respiratory valve states (open when an airflow can pass through it, or 
closed otherwise) and air recirculation by the lungs and the laryngeal sac through two opposite functions (i.e. 
storing the incident airflow or emitting it back in the respiratory tractus)29, 30. This system would provide the air 
volume displacements needed to produce blue whale B calls whether or not the animal rises, descends, or remains 
relatively stationary within the water column. The strong muscular structures surrounding both the laryngeal sac 
and the lungs (i.e., respectively, abdominal muscles, the diaphragm, and the intercostal muscles) should pressur-
ize the system to a specific pressure different from the depth related ambient pressure and allow it to withstand 
large variations in hydrostatic pressure while diving and surfacing. Thus airspaces inside the whale may be largely 
undisturbed by the changes in hydrostatic pressure with changes in the depth of the animal29.

The U-fold appears to be homologous to the vocal folds of terrestrial mammals based upon position, attach-
ments, and composition19. Although oriented parallel to the airflow (versus the perpendicular vocal folds of 
terrestrial mammals), it nevertheless appears to have a similar function in airflow regulation and pneumatic 
sound generation. The U-fold structure is thick, lip-like, with numerous closely packed folds separated by narrow 
and often deep, irregular grooves, supported by arytenoid cartilages, and controlled by skeletal muscles19. This 
configuration of the folds is thought to lend great flexibility to the surface of the U-fold, permitting movements 
in different planes as well as the capability to stretch extensively and recoil back to the folded shape. When the 
lateral walls of the U-fold are approximated, they resemble two opposed lips. Airflow though the gap surrounded 
by the U-fold may cause the edges of these lips to vibrate, generating sound19. The U-fold’s orientation in the 
laryngeal lumen allows it to serve as a valve to narrow or seal the passageway for airflow between the upper and 
lower respiratory tracts. A thick, rigid U-fold may be expected, because thicker structures correlate with gener-
ating lower frequencies, and mysticetes vocalize in the low frequency range19. Thus, U-fold movements probably 
control sound output by varying U-fold thickness, length, tension, and the size of the gap between the U-fold’s 
lateral walls19. This movement of the U-fold structure has been invoked as another possible resonant source of 
sound in baleen whales19, 29, 30 where changes in vocal fold stretch/recoil (length, tension, and thickness) are 
necessary to achieve different frequencies. However, U-fold adduction/abduction and elevation/depression also 
control airflow and therefore the muscles that regulate the tension of the U-fold could control the production of 
short duration bursts of air, or pneumatic pulses, during airflow from the lungs to the upper respiratory passages 
or back from the laryngeal sac. A recent study modeling sound production sources of vocal nonlinearities in 
humpback whale songs31, show that fundamental frequency modulations are obtained by increasing (gradually) 
the stiffness factor of each side of the U-fold through modeling of the laryngeal muscle activity that controls the 
U-fold tension.

Methods and Acoustic Vocalization Models
The fundamental frequency and overtones of a blue whale B call are thought to result from similar mechanisms 
proposed for humpback whales29–32, that is mainly from resonance due to flow of air through the U-fold, where 
flow induces self-oscillation of the U-fold leading to resonance whose spectral energy is then modulated by the 
nasal cavities and laryngeal sac. Early bio-acoustic signal-analysis research by Watkins33 showed that the varia-
ble repetition rate of sound pulses can be used to explain the harmonic frequency and spacing of dolphin clicks 
(e.g. Tursiops truncatus) and toadfish grunts (Opsanus tau). Moreover, it is known from seismo-acoustic source 
studies that a series of short duration pneumatic bursts, rather than Helmholtz resonance, can result in harmonic 
signals that vary in frequency. For example powerful, low-frequency harmonic acoustic signals can be produced 
by a rapid series of gas bubble bursts from a magma conduit in volcanoes34, 35 or frictional stick-slip movement of 
an iceberg keel plowing through the seafloor36. The mechanism behind these volcanic and cryogenic harmonic 
acoustic sources is the time spacing of the pneumatic or seismic pulse series, where a variation in the Δt spacing 
of the pulses results in a change in the fundamental and overtone frequencies, and/or the frequency spacing 
between the overtones.

An example of how repeating wavelets can produce harmonic signals is shown in Fig. 3a, where a short dura-
tion pulse is repeated in series to generate a longer duration signal. A series of these wavelets (shown in inset) 
were then aligned using a constant inter-pulse time to construct the 15 sec long waveform, with a cosine window 
used to taper the signal. The fundamental frequency and overtones observed in the resulting spectrogram of the 
pulse-series waveform are inversely proportional to the time spacing of the maximum amplitude of the wavelet 
series. By varying the inter-pulse interval, Fig. 3b shows that the fundamental and overtone frequencies of the 
waveform are changed, while the harmonic frequency spacing remains the same.
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A detailed display of the blue whale B call from Fig. 1 is shown in Fig. 4a. This B call was recorded using a 
sample rate of 2 kHz, and has a fundamental frequency of 14.7 Hz with 5 overtones at 29.5, 44.2, 58.9, 73.6, and 
88.4 Hz.

To model this B call, we first constructed a short duration pulse P(t) using the equation:

=P t dq
dt

( ) (1)

where,

= − + . <q t t a a( ) 1/[( ) 0 01)]; for t2

and

= − + . >q t t a a( ) 10/[( ) 0 1)]; for t2

where a is a constant value used to set the time length of the pulse. Here we set a = 0.3 so that t > 0 and the pulse 
duration remains under a second. The upper right of Fig. 4b shows the 0.068 sec duration pulse wavelet produced 
using equation (1). This pulse was then repeated in series 3081 times to construct the 7 sec long B call waveform 
model shown in Fig. 4b.

Model comparison and acoustic propagation. To test the quality of the model fit, we cross-correlated a 
blue whale B call recorded on a seafloor hydrophone at 55 m depth (Fig. 4a) with the model waveform (Fig. 4b). 
A more detailed comparison of the observed and model call signals is also shown in Fig. 5a. The example B call 

Figure 3. Example waveforms and spectra demonstrating wavelet model for generating repeating pulse 
harmonic signals. (a) Upper panel shows example of repeating pulse source model produced using a tapered 
amplitude sequence of wavelets of constant length. Upper right inset shows wavelet used (0.23 second for 
this demonstration). A series of these wavelets are aligned using constant inter-event time to construct the 
waveform below. A cosine taper is also used on the pulse series waveform. The frequency and overtones in the 
spectrogram of the waveform are inversely proportional to the time spacing of the maximum amplitude of 
the wavelets. (b) Upper panel shows a tapered amplitude sequence of wavelets with variable inter-event time 
(range from 0.16–0.23 sec). Lower panel shows resulting spectrogram with shifting frequencies due to change in 
wavelet time length in original signal.
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presented here is a very clear signal with little high frequency noise interference. Both Figs 4 and 5 show remarka-
ble similarities in amplitude, phase difference, pulse width and polarity between the blue whale call and the pulse 
model. The repeated, high amplitude phase seen in the call and in the model is the fundamental frequency of 
14.73 Hz (0.068 sec time spacing, labeled with black arrows). Moreover, the resulting correlation function r of 0.93 
(where a maximum correlation = 1) indicates our pulse model well matches the B call signal structure.

Admittedly, by adjusting the time length of the pulse (the value of a used above), we are employing a forward 
modelling methodology (subjective) where source metrics are chosen that allow us to best match the model to 
the real signal, as opposed to discrete inverse methods that use the recorded signal to objectively derive the source 
parameters. We employed a forward modelling approach in this study because, while there are several physiolog-
ical aspects to sound production in humpback whales that have been previously determined and modeled19, 29–31,  
the precise physical mechanism or process that produces the amplitude and pulse width of the observed blue 
whale B call waveforms is not fully known. Thus a forward model is our attempt to provide a new approach 
and different view of the B call source mechanism. The time duration of air pulses that produce blue whale B 
calls may be controlled by a wide variety of physiological factors that could vary between individual animals  

Figure 4. (a) Top panel shows small scale plot (7 sec duration) and corresponding frequency spectra of blue 
whale B call from Fig. 1. Note fundamental at 14.73 Hz with multiple overtones. (b) Top panel shows repeating 
pulse model with source wavelet (0.18 sec duration) used to produce time series on upper right. This repeating 
pulse model of a blue whale B call was produced by 8000 successive wavelets and tapering the amplitude 
sequence. Pulse model was cross-correlated with original B call with resulting r shown.
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(e.g. respiratory valve thickness, tissue elasticity, strength of controlling muscles, etc). Adjusting the pulse 
time-decay parameter a in the model to match the observed signal is a way to account for this wide range of var-
iables in the actual sound generation mechanism.

Closer inspection of Fig. 5a also shows the call has lower amplitude components with pulse widths and 
polarities that arrive between the peaks of the 14.73-Hz fundamental (highlighted with green arrows). These 
time-delayed, lower amplitude arrivals are also observed in B calls recorded at different times within the acoustic 
data set. Figure 5b and c show examples of other B calls recorded ~30 min later than the call in Fig. 5a and a call 
recorded 6 days later.

These lower-amplitude signal components in between the fundamentals have arrival times that do not match 
the expected time delay for discrete overtones. For example, the lower amplitude phases in Fig. 5a have time 
delays of 0.03 and 0.04 secs after the fundamental, representing 37.6 and 24.5 Hz, respectively, whereas expected 
overtones should be at integer multiples of the fundamental frequency; 29.5 Hz, 44.2 Hz, etc. Therefore, while 
these low amplitude arrivals do include the signal energy from the B call overtones, the time delays and lower 
amplitudes are likely caused by multipath effects from the signals reflecting/refracting off the sea-surface, seafloor 
and/or reef structures in this shallow water propagation environment. Moreover, because the model matches the 
observed B call so closely in Fig. 5a suggests the multipath effects from this particular instance are not strong, 
which may mean the whale was relatively close to the hydrophone at the time of this recording. In Fig. 5b,c, our 
model does not match the recorded B call as well, suggesting the whale was farther from the hydrophone receiver 
resulting in more complex propagation. Producing model estimates of the propagation paths for rays travelling 

Figure 5. Three detailed records of B calls recorded by a hydrophone (dark blue) and model of B call produced 
using eq. 1 (light blue). Signal (a) is from 28 September (same signal as in Fig. 1), (b) is ~30 min after (a), and 
(c) is call recorded 6 days later. Arrows point at significant components of the actual B call signal (dark blue). 
Red arrows show the fundamental frequency of the B call which is the direct arrival phase (the acoustic phase 
with a direct path from the whale to the hydrophone). Green arrows highlight later arriving, lower amplitude 
signal components that include the call overtones. Time delays as well as amplitude and polarity changes are 
introduced into these lower amplitude signal components by propagation effects such as reflection off nearby 
seafloor structures (e.g. reefs, sand bars) or possibly cavities or bony structures within the whale. Signal (a) 
shows best match of model to real blue call. Signals (b) and (c) show more mismatch in signal width, amplitude 
and polarity of later arriving phases possibly due to changing position and orientation of the whale relative 
to seafloor structures. Ocean noise levels are also much higher before and after 28 September which likely 
contributes to mismatch of model in (b) and (c).
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from the blue whale to the hydrophone in order to map the arrival times of the various components of the B call 
signal structure is challenging in this shallow water environment. Since the depth of the hydrophone (~55 m) is 
much less than the wavelength of the B call (~100 m), a ray approximation model that yields arrival time estimates 
(e.g. Bellhop37), will not produce valid estimates of the multipath interference38.

However, it still seems highly likely that this mismatch in the non-fundamental components of the actual B 
call and the model may be due to time delays and amplitude/polarity changes due to reflections from the seafloor 
or nearby structures (e.g. reefs, sand bars). Evidence that these phases may be reflections comes from the observa-
tion that these components of the actual blue whale call have very different signal characteristics when recorded 
on different days. For example, as noted, Fig. 5a shows the best match of both fundamental and overtones with 
our model to an actual blue whale B call, whereas Fig. 5b and c show the same strong correlation in the funda-
mental frequency of the data and model, but now accompanied by a much greater degree of mismatch in signal 
width, amplitude and polarity for the overtones of these later arrivals. These mismatches between actual data and 
model might be due to variability of the real signal caused by the arrival of acoustic reflections off nearby seafloor 
structures as the blue whale approached, or even as the animal changed orientation or position in the water col-
umn relative to these structures. Moreover, ambient noise levels in the ocean, recorded on the hydrophones, were 
much higher before and after 28 September due to increased wind speeds and sea-surface wave heights. Ambient 
ocean noise generated by wind and surface waves is known to be broadband centered at 200 Hz39 but can go as 
low as <10 Hz40, even in shallow water. We think it is also possible that the discrepancies between the model and 
observed calls in Fig. 5b,c may be due to relatively high background noise levels, which will be present in the 
observed signal despite filtering because the noise and the whale call occur in the same frequency band

The non-fundamental signal components may also result, in part, because the blue whale is not a “perfect” 
signal generator. The waveforms produced by any natural system will have internal reflections from anatomical 
structures and/or cavities within the animal itself. These ancillary sound sources from within the animal can be 
further complicated by acoustic propagation effects within the water-column. Although, as noted by Reidenberg 
and Laitman19, once the sound is generated inside the animal the signal is likely not distorted much by propa-
gation through the animal’s tissues and throat pleats, since the density of the tissues and pleats is closer to the 
density of sea water than air.

If high-resolution bathymetry were to be collected in the vicinity of the hydrophone, it might be possible to 
identify seafloor structures that act as these acoustic reflectors. However, without the exact three-dimensional 
path of the blue whale through the water-column, it is not possible to precisely calculate the propagation path and 
arrival time of these reflections in order to identify these phases in the B call signals.

Comparison to Resonance Based Source Model. Previous models of blue whale calls have been based 
on either summation of sinusoids41, 42 or Gaussian curves43. A key distinction between our pulse model and pre-
vious sinusoidal/Gaussian models is that the latter is characteristic of a resonance source mechanism. To compare 
the match between our pulse and resonance-based models, a sinusoidal based blue B call model is shown in Fig. 6. 
The model developed by Mellinger et al.41, is a sine function summation but with a variable phase term introduced 
to better improve the match of the width of the model individual waveforms. This model dynamically changes the 

Figure 6. Example of a sinusoidal based blue whale B call model. The model here is a sine function summation, 
but with a variable phase term introduced (eq. 3) to better improve the match of the width of individual 
waveforms38. The model was cross-correlated with an original B call, and resulting r is shown.



www.nature.com/scientificreports/

9Scientific REPORTS | 7: 9122  | DOI:10.1038/s41598-017-09423-7

amplitude and frequency in the waveform, and is the basis for animal and non-animal signal detection algorithm 
that tracks the spectral peaks of the call frequencies over time. The algorithm function SP is given by:

∑ ∑π= + − − + 


− + 
=

− − −
=( )i jSP [A (A A )(N 1) ]sin P 2 R (F F )/N F (2)i

N
j
i

( 0)
( 2)

0 1 0
1 1

0 1 0 0

where R is the sample rate, P is the phase (here set to 0), and N is the number of data points (product of R and the 
duration in seconds). Also F0 and F1 are the observed fundamental and overtones frequencies (in this case 14.73, 
29.5 Hz) but varied at ±0.42 Hz, respectively, to simulate the slight frequency sweep of the tones. The values for 
A0 and A1 are the amplitude coefficients used to keep the signal range between ±1.5 and to adjust for variation 
in signal amplitude.

As with the pulse model (eq. 1), this sine-based algorithm (eq. 2) was cross-correlated to the actual B call 
signal to gauge the accuracy of the model fit. Correlation of the function in eq. 2 with the B call in Fig. 6 results in 
a r value of 0.87, indicating a good match of this model to the actual call. However, the pulse series model (eq. 1) 
still appears to do the best job of simulating the B call, as indicated by the higher correlation r value of 0.93, which 
lends support to our hypothesis that a series of air pulses may likely involved in the formation of a blue whale B 
call. Nevertheless, the high correlation of the sinusoid phase delay model (eq. 2) indicates that internal resonance 
within the animal may also contribute to generation of the B call.

Discussion
We suggest that blue whales produce B calls by rapid opening and closing of one of their respiratory valves, which 
yields a series of pneumatic air bursts or pulses. This opening and closing of respiratory valves is likely passively 
triggered by the physical interaction of airflow (through lungs and upper respiratory structures) and U-fold tis-
sues, i.e. the self-oscillating flow-induced vocal production model proposed by Cazau et al.29, 31 for humpback 
whales. These pneumatic bursts, taken in series, produce the fundamental and overtone frequencies of the B call. 
This signal process is demonstrated by the models shown in Figs 3 and 4, where the frequency and overtones of 
the B call are inversely proportional to the time spacing of the maximum amplitude of the pneumatic pulses. 
Moreover, any variation in this inter-pulse time spacing will result in a shift of the fundamental and overtone 
frequencies through time that also maintains the frequency spacing between the overtones. Thus similar to previ-
ous models for humpbacks29, 31, the pulse model described here also allows for changes in frequency of the B call 
through time as observed in actual calls.

We further suggest that these pneumatic air pulses can be produced, as outlined in Cazau et al.29 for hump-
back whales, by one of three physiological configurations for the laryngeal respiratory valves. In our view, the 
main source of the pneumatic pulses is likely from repeated rapid adduction and dorsal elevation of the U-fold 
vocal process against the cricoid cartilage, causing pulsed (restriction and release) airflow from the trachea into 
the laryngeal sac and upper respiratory structures19, 30. This adduction is likely passively driven by airflow as is 
thought to be the case for humpbacks29. However, the corniculate cartilage and the epiglottis are also respiratory 
valves and will open and close in association, and in various configurations, with the U-fold29. Thus all three 
valves may take turns being either the main valve controlling the rate and duration of the pneumatic air bursts, 
or may coordinate with the other vales in controlling the pulse of air. In addition, the U-fold edges and laryngeal 
sac walls may also vibrate and resonate with airflow, potentially amplifying these pulse signals19. Frequency mod-
ulation of the air pulses may also result from the inflation of the laryngeal sac, stretching in correspondence the 
U-fold through the particular free-floating attachment between its lumen and the arytenoid muscle, instead of 
being produced through the activity of dedicated laryngeal muscles19, 29. Pulsed inflation of the laryngeal sac may 
also cause pulsed distention of ventral throat grooves, facilitating sound transfer into the water19. While our pulse 
model implies that harmonic sounds of blue whales are primarily produced by pneumatic airflow through the 
respiratory valves, the laryngeal sac and nasal passages likely still produce resonance sound during airflow, adding 
to the overall B call energy and structure, and/or contributing to the generation of observed secondary pulses.

The pulse series model also implies that the whale can change the frequency of the B call while the call is being 
created, which may account for several examples of unusual B calls previously observed. For example, Stafford 
and Moore44 showed the existence of an atypical B call series recorded from blue whales in the north Pacific. The 
unusual B call pattern consisted of an abrupt rise in frequency within the call. Stafford and Moore44 attributed 
this unusual record to either an individual producing a hybrid song that included both northeastern and north-
western blue whale call units and/or two individuals from either population vocalizing in perfect synchrony with 
each other. Although we cannot rule out two individuals vocalizing, the unusually rapid change in call frequency 
could be due to a blue whale cognitively changing the time between pneumatic air pulses and, therefore, chang-
ing the frequency within the call. Similarly, Thode et al.22 showed examples of Channel Island blue whale B calls 
that had unusual U-shaped frequency modulation in addition to the well-established down-sweep. Thode et al.22 
attributed these call structures to mechanical resonance within the animal, but noted the vocalizing-depth to 
frequency-shift relationship does not fit any simple air-filled Helmholtz resonator model.

Beginning in the early 1990s, a unique series of whale calls were observed centered at 52 Hz, ~6 sec in dura-
tion, with no under- or overtones44, 45. Watkins et al.45 attributed this to an unknown large whale species, while 
Stafford and Moore41 observed that the call shared characteristics with the third harmonic of eastern north Pacific 
blue whale B calls and therefore may be part blue whale or perhaps a blue-fin hybrid. It is not uncommon to 
observe northeastern Pacific blue whale call series where the fundamental and first overtone of the B call are not 
recorded and only the third harmonic of the call is observed44. A simple resonating source model cannot account 
for removal of fundamental tone energy, and still allow high energy production of the high overtone. The pulse 
model presented here provides a physical mechanism, as does the Cazau et al.29, 31 model for vocal production in 
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humpback whales, whereby call frequencies could be actively changed by the animal to center fundamental tones 
at different frequency bands during the call series.

McDonald and Hildebrand3 observed that northeastern Pacific blue whale songs, measured at the fundamen-
tal frequency and third harmonic, have been exhibiting a long-term linear downward trend and are now 31% 
lower in frequency than they were in the 1960s. They suggest this downward shift is related to increased popu-
lation size post commercial whaling, modified by trade-offs between short- and long-distance communication 
and global ambient noise increases due to shipping. A similar long-term decrease in vocalization frequencies of 
both Antarctic blue and eastern Indian Ocean pygmy blue whales has also been observed15, 46. We speculate that 
our pulse model may provide a viable mechanism to account for this observed change in frequency whereby blue 
whales are able to cognitively lower their call frequency to adjust for long term changes in the ocean soundscape 
and their environment.

Despite the difference in physical mechanisms between a purely resonance and pulse model of sound produc-
tion in blue whales, the previously proposed limits on a whale’s B call structure and pattern imposed by maximum 
dive depth, inhalation, and feeding would still apply18. Global observations of tonal blue whale calls24, 47, 48 show 
sound level intensity of these calls is relatively constant over the duration of the call, indicating there is a near 
constant air flow rate from the lungs across the respiratory valves during the call production. Moreover, it might 
take less energy for the whale to vocalize during dive or ascent because the change in hydrostatic pressure may 
facilitate the flow of air from and/or into the lungs across the respiratory valves, allowing the animal to maintain 
the sound intensity over the typical time duration of B calls (~10–20 sec). Assumptions of lung and laryngeal sac 
volumes imply sound production at a maximum dive depth limit of <200 m3, 18, although models of airflow rates 
show vocalization depths may range from 0–90 m, consistent with observed vocalization depths of 10–40 m22. 
Thus these depth limits and differential pressure restrictions are still applicable to our proposed pulse model 
because the model is based on the whale’s ability to maintain a high airflow rate across the oscillating, respiratory 
valves.

While the pulse model presented here is still in the preliminary stages of development, our first-order analysis 
indicates the model may provide an alternative mechanism to explain unusual blue whale call characteristics 
that cannot be fully explained by resonance of air-filled organs within the animal. The pulse model may also 
be applied to vocalizations of other baleen whale species or marine animals to help understand how oddly-low 
frequency vocalizations can be produced by animals of small body size. For example, even though Atlantic cod 
(Gadus morhua) are typically <1 m in body length, they produce low frequency harmonic spawning sounds in 
the 50–150 Hz range49. These frequencies require sound wavelengths, as well as a resonating source dimension, 
on the order of 10–30 m. Hence an internal pneumatic pulsed air mechanism may help explain the low frequency 
vocalization characteristics of these animals.

References
 1. Mellinger, D. K. & Clark, C. Blue whale (Balaenoptera musculus) sounds from the North Atlantic. J. Acous. Soc. Am. 114, 1108–1119 

(2003).
 2. Stafford, K. M., Chapp, E., Bohnenstiel, D. R. & Tolstoy, M. Seasonal detection of three types of “pygmy” blue whale calls in the 

Indian Ocean. Mar. Mamm. Sci. 27, 828–840 (2011).
 3. Mcdonald, M. A., Hildebrand, J. A. & Mesnick, S. Worldwide decline in tonal frequencies of blue whale songs. End Species Res. 9, 

13–21 (2009).
 4. Stafford, K. M., Nieukirk, S. L. & Fox, C. G. Geographic and seasonal variation of blue whale calls in the North Pacific. J. Cetacean 

Res. Manage. 3, 65–76 (2001).
 5. Stafford, K. M., Nieukirk, S. L. & Fox, C. G. Low-frequency whale sounds recorded on hydrophones moored in the eastern tropical 

Pacific. J. Acous. Soc. Am. 106, 3687–3698 (1999).
 6. Thompson, P. O. & Cummings, H. Sounds, source levels, and associated behavior of humpback whales, Southeast Alaska. J. Acous. 

Soc. Am. 80, 735–740 (1986).
 7. Thompson, P. O., Findley, L. & Vidal, O. 20-Hz pulses and other vocalizations of fin whales, Balaenoptera physalus, in the Gulf of 

California, Mexico. J. Acous. Soc. Am. 92, 3051–3057 (1992).
 8. Richardson, J. W., Finley, K. J., Miller, G. W., Davis, R. A. & Koski, W. R. Feeding, Social and Migration Behavior of Bowhead 

Whales, Balaena mysticetus, in Baffin Bay vs. The Beaufort Sea – Regions with Different Amounts of Human Activity. Mar. Mamm. 
Sci. 11, 1–45 (1995).

 9. Payne, R. S. & McVay, S. Songs of Humpback Whales. Science 173, 585–597 (1971).
 10. Tyack, P. L. Studying how Cetaceans use Sound to Explore their Environment. Persp. in Ethol. 12, 251–297 (1997). In.
 11. Payne, R. & Webb, D. Orientation by means of long range acoustic signaling in baleen whales. Ann. New York Acad. Sci. 188, 

110–141 (1971).
 12. Würsig, B, Dorsey, E. M., Richardson, W. J., Clark, C. W. & Payne, R. Normal behavior of bowheads, 1980–84 in Behavior, 

disturbance responses, and distribution of bowhead whales (Balaena mysticetus) in the Eastern Beaufort Sea, 1983–84 (ed 
Richardson, J.), U.S. Mineral. Manag. Serv. Report PB87-124376/AS, 14–88 (1985).

 13. Clark, C & Ellison, W. T. Potential Use of Low-Frequency Sounds by Baleen Whales for Probing the Environment: Evidence from 
Models and Empirical Measurements in Echolocation in Bats and Dolphins (eds Thomas, J, Moss, C. & Vater, M.) 564−607 (2004).

 14. Hatch, L. T., Clark, C. W., Van Parijs, S. M., Frankel, A. S. & Ponirakis, D. W. Quantifying loss of Acoustic Communication Space for 
right whales in and around a U.S. National Marine Sanctuary. Conserv. Biol 26, 983–994 (2012).

 15. Gavrilov, A. N., McCauley, R. D. & Gedamke, J. Steady inter and intra-annual decrease in the vocalization of Antarctic blue whales. 
J. Acous. Soc. Am. 131, 4476–4480 (2012).

 16. Harris, G. G. Considerations on the physics of sound production by fishes in Marine Bioacoustics, Tavoga, W. N. (ed.), 233–247, 
Pergamon, New York (1964).

 17. Barham, E. G. Whale’s respiratory volume as a possible resonant receiver for 20 Hz signals. Nature 245, 220–221 (1973).
 18. Aroyan, J. L., McDonald M. A., S. C. Webb, J. A. Hildebrand & Clark, C. Acoustic Models of Sound Production and Propagation, In: 

Hearing by Whales and Dolphins, Au, W., Fay, R., and Popper, A. (eds), Springer-Verlag, New York, pp. 409–469 (2000).
 19. Reidenberg, J. S. & Laitman, J. T. Discovery of a low frequency sound source in mysticeti (baleen whales): anatomical establishments 

of a vocal fold homolog. Anat Rec. 290, 745–759 (2007).
 20. Reilly, S.B et al. Balaenoptera musculus in the IUCN Red List of Threatened Species. Version 2015.2. www.iucnredlist.org (2008).
 21. Aburto, A., Rountry, D. J. & Danzer, J. L. Behavioral Response of Blue Whales to Active Signals in Naval Command Control and 

Ocean Surveillance Center RDT&E Division, Technical Report 1746, San Diego, CA (1997).

http://www.iucnredlist.org


www.nature.com/scientificreports/

1 1Scientific REPORTS | 7: 9122  | DOI:10.1038/s41598-017-09423-7

 22. Thode, A. M., D’Spain, G. & Kuperman, W. Matched-field processing, goeacoustic inversion, and source signature recovery of blue 
whale vocalizations. J. Acous. Soc. Am. 107, 1286–1300 (2000).

 23. Conner, R. C. The Lives of Whales and Dolphins, Holt, New York (1994).
 24. Oleson, E. J. et al. Behavioral context of call production by eastern North Pacific blue whales. Mar. Eco. Prog. Series. 300, 269–284 

(2007).
 25. Ailing, A, Dorsey, E. M. & Gordan, J. C. D. Blue whales (Balaenoptera musculus) off the northeast coast of Sri Lanka: distribution, 

feeding and individual identification in Nairobi: United Nations Mar. Mammal. Tech. Rep. 3, Cetaceans and Cetacean Research in 
the Indian Ocean Sanctuary, Leatherwood, S & Donovan, G.P. (eds), 248–258 (1991).

 26. Quayle, C. J. A dissection of the larynx of a humpback whale calf with a review of its functional morphology. Mem Queensland 
Museum 30, 351–354 (1991).

 27. Reidenberg, J. S. & Laitman, J. T. Laryngeal cartilages of the humpback whale (Megaptera novaeangliae). Assoc. Res. Otolaryngol. 
(1992).

 28. Haldiman, J. T. & Tarpley, R. J. Anatomy and physiology in The bowhead whale, Burnes, J.J., Montague, J.J. & Cowles, C.J (eds), 
71–156, Allen Press (1993).

 29. Cazau, D., Adam, O., Laitman, J. T. & Redeinberg, J. S. Understanding the intentional acoustic behavior of humpback whales: A 
production-based approach. J. Acous. Soc. Am. 134(3), 2268–2273 (2013).

 30. Adam, O. et al. New acoustic model for humback whale sound production. J. Applied Acoustics 74(10), 1182–1190 (2013).
 31. Cazau, D., Adams, O., Aubin, T., Laitman, J. T. & Reidenberg, J. S. A study of vocal nonlinearities in humpback whale songs: from 

production mechanisms to acoustic analysis. Nature Scientific Reports 6, 31660, doi: 10.1038/srep31660 (2016).
 32. Gandilhon, N., Adam, O., Cazau, D., Laitman, J. T. & Reidenberg, J. S. Two new theoretical roles of the laryngeal sac of humpback 

whales. Mar. Mamm. Sci. 30(4) (2014).
 33. Watkins, W. A. The harmonic interval: Fact or artifact in spectral analysis of pulse trains in Marine Bioacoustics, Tavoga, W.N. (ed.), 

2, 13–43, Pergamon (1967).
 34. Lees, J. M., Gordeev, E. I. & Ripepe, M. Explosions and periodic tremor at Karymsky volcano, Kamchatka, Russia. Geophys. J. Int. 

158, 1151–1167 (2003).
 35. Dmitrieva, K., Hotovec-Ellis, A. J., Prejean, S. & Dunham, E. M. Frictional-faulting model for harmonic tremor before Redoubt 

Volcano eruptions. Nat. Geosci. 6, 652–656 (2013).
 36. MacAyeal, D. R., Okal, E. A., Aster, R. & Bassis, J. N. Seismic and hydroacoustic tremor generated by colliding icebergs. J. Geophys. 

Res., 113, doi:10.1029/2008jf001005 (2008).
 37. Porter, M. B. The BELLHOP manual and user’s guide. Heat, Light, and Sound Research, Inc., La Jolla, CA, USA, Tech. Rep (2011).
 38. Bonnel, J., Thode, A. M., Blackwell, S. B., Kim, K. & Macrander, A. M. Range estimation of bowhead whale (Balaena mysticetus) calls 

in the Arctic using a single hydrophone. J. Acous. Soc. Am. 136, 145–155 (2014).
 39. Wenz, G. M. Acoustic ambient noise in the ocean: Spectra and sources. J. Acous. Soc. Am. 34, 1936, doi:10.1121/1.1909155 (1962).
 40. McCreery, C. S., Duennebier, F. K. & Sutton, G. H. Correlation of deep ocean noise (0.4–30 Hz) with wind, and the Holu spectrum –  

a worldwide constant. J. Acous Soc. Am. 93, 2639, doi:10.1121/1.405838 (1993).
 41. Mellinger, D. K., Martin, S. W. & Morrisy, R. P. A method for detecting whistles, moans, and other frequency contour sounds. J. 

Acoust. Soc. Am. 129, 4055–4061 (2011).
 42. Hoffman, M. D., Garfield, N. & Bland, R. W. Frequency synchronization of blue whale calls near Pioneer Seamount. J. Acous. Soc 

Am. 128, 490–494 (2010).
 43. Flore, S., Adam, O., Motsch, J.-F. & Guinet, C. Definition of the Antarctic and Pygmy blue whale call templates. Application to fast 

automatic detection. J. of Can. Acoust. 31 (2008).
 44. Stafford, K. M. & Moore, S. Atypical calling by a blue whale in the Gulf of Alaska. J. Acoust. Soc. Am. 117, 2724–2727 (2005).
 45. Watkins, W. W., Daher, M. A., George, J. E. & Rodriguez, D. Twelve years of tracking 52-Hz whale calls from a unique source in the 

North Pacific. Deep-Sea Res. 51, 1889–1901 (2004).
 46. Gravilov, A. N., McCauley, R. D., Salgado-Kent, C., Tripovich, J. & Burton, C. Vocal characteristics of pygmy blue whales and their 

change over time. J. Acoust. Soc. Am. 130, 3651–3660 (2011).
 47. Sirovic, A., Hildebrand, J. A. & Wiggins, S. M. Blue and fin whale call source levels and propagation range in the southern Ocean. J. 

Acoust. Soc. Am. 122, 1208–1215 (2007).
 48. Samaran, F., Adam, O. & Guinet, A. Detection range modeling of blue whale calls in Southwestern Indian Ocean. App. Acous. 71, 

1099–1106 (2010).
 49. Hernandez, K. M. et al. Acoustic monitoring of Atlantic cod (Gadus morhua) in Massachusetts Bay: implications for management 

and conservation. Jour. of Mar. Sci. 70, 628–635 (2013).

Acknowledgements
We wish to thank J Zeeman and Gigantic Pictures for initial financial support for this project, and K. Stafford for 
very helpful reviews of the manuscript and J. Hildebrand for insights into resonance and proper application of our 
model. We wish to thank the three anonymous reviewers for their helpful comments and suggested edits that greatly 
improved the manuscript. We also thank D. Bohnenstiehl for graciously providing Figure 3. This research was 
additionally supported by the NOAA/PMEL Acoustics Program. This paper is PMEL contribution number 4430.

Author Contributions
R. Dziak developed the original mathematical model, wrote the paper, and produced several of the figures.  
J. Haxel collected the hydrophone data, produced Figure 1, and co-authored the paper. T-K Lau assisted in 
developing mathematical model, produced software code of blue B call model and generated Figures 4 and 6. 
S. Heimlich performed original data analysis, contributed on Figures 2 and 5 and edited manuscript. J. Caplan-
Auerbach tested acoustic propagation models and edited manuscript. D. Mellinger assisted in application of 
equation 3 and development of model in Figure 6. H. Matsumoto assisted in development of call model and 
interpretation acoustic propagation model. B. Mate initiated project to review and analyze northeast Pacific blue 
whale calls on our hydrophone data.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1038/srep31660
http://dx.doi.org/10.1029/2008jf001005
http://dx.doi.org/10.1121/1.1909155
http://dx.doi.org/10.1121/1.405838


www.nature.com/scientificreports/

1 2Scientific REPORTS | 7: 9122  | DOI:10.1038/s41598-017-09423-7

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Western Washington University
	Western CEDAR
	2017

	A Pulsed-air Model of Blue Whale B Call Vocalizations
	R. P. Dziak
	J. H. Haxel
	T-K. Lau
	S. Heimlich
	Jacqueline Caplan-Auerbach
	See next page for additional authors
	Recommended Citation
	Authors


	A pulsed-air model of blue whale B call vocalizations
	Blue whale call structure and resonance models
	Anatomical sources of sound
	Methods and Acoustic Vocalization Models
	Model comparison and acoustic propagation. 
	Comparison to Resonance Based Source Model. 

	Discussion
	Acknowledgements
	Figure 1 Top diagram shows location of hydrophone mooring (red triangle) ~8 km off the coast of Newport, Oregon.
	Figure 2 Schematic diagrams showing (a) generalized upper respiratory structures in a baleen whale (after Reidenberg and Laitman19), with specific location and relative position of respiratory valves (after Cazau et al.
	Figure 3 Example waveforms and spectra demonstrating wavelet model for generating repeating pulse harmonic signals.
	Figure 4 (a) Top panel shows small scale plot (7 sec duration) and corresponding frequency spectra of blue whale B call from Fig.
	Figure 5 Three detailed records of B calls recorded by a hydrophone (dark blue) and model of B call produced using eq.
	Figure 6 Example of a sinusoidal based blue whale B call model.


