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ABSTRACT:
Humpback whale breathing-related sounds were recorded on elements of a coherent hydrophone array subaperture
deployed vertically at the Great South Channel on the US Northeastern continental shelf in Fall 2021, where half of
the hydrophones were in-air and the rest submerged underwater. In-air hydrophones recorded breathing sounds with
approximately 2.5 s duration,but smaller bandwidths compared to underwater hydrophones where signal energies
extended beyond 50 kHz, and a mean underwater source level of 161 6 4 dB re 1 lPa at 1 m, based on measurements
at 22.9 m. The underwater recorded humpback whale breathing sound spectra displayed a broadband dip centered at
15.7 kHz, with approximately 400 Hz half-power bandwidth, likely caused by attenuation from propagation through
pulsating air bubbles.The air bubble radius for naturalfrequency of oscillations at15.7 kHz is estimated to be
0.205–0.21 mm.These bubbles are capable of removing energy from the forward propagated humpback breathing
sounds via resonance absorption most pronounced at and near bubble natural oscillation frequency. Humpback whale
distances from the vertically deployed hydrophones are estimated and tracked by matching the curved nonlinear
travel-time wavefront of its breathing sounds, since the whale was in the near-field of the subarray.
VC 2025 Author(s).All article content,exceptwhere otherwise noted,is licensed undera Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0036353
(Received 29 October 2024; revised 10 February 2025; accepted 11 March 2025; published online 1 April 2025)
[Editor: Aaron M. Thode] Pages: 2304–2318

I. INTRODUCTION

Humpback whales (Megaptera novaeangliae), a species
belonging to the baleen whale (Balaenopteridae)family
(Clapham,2000; Erbe, 2002), produce an assortmentof
sounds ranging from vocalized moans and songs to dynami-
cal surface-breaching,breathingand foreflipperflaps.
Humpback whalesbreathethrough theirtwo blowholes
located at the top of their head. The air is carried from their
blowholes down their nasopharynx, and eventually reaching
a thick ridge of tissue, known as the u-fold. The u-fold is an
importantaspectin the sound production and breathing
mechanism for baleen whales. The u-fold resembles the lips
on a human,which is capable of opening and closing and
residesalongside the laryngealsac (Cazau et al., 2016;
Damien et al., 2019). Air which is held in the laryngeal sac,
is moved to and from lungs through the contraction and
expansion of muscles.When air is moved back and forth
between the sac and lungs, it must pass by the u-fold, creat-
ing vibrations.Audible sound is produced from the force
and muscle exertion used to move air from the laryngeal sac
to the lungs and eventually expelled through the blowholes.
These sounds can be generated through breathing,or even

as a way of communication(Gandilhonet al., 2015;
Reidenberg and Laitman, 2007b). The analysis of this paper
focuses on the former. A humpback whale surface breathing
spray or blow can be described as a balloon or bushy shaped
blow that is typically 2–3 m high (Leatherwood etal.,
1982), with a mean blow velocity ranging from 13 to 23 km/
h (Horton etal., 2017). Blows are a mixture of seawater,
exhaled gases,and intrinsically generated aerosoldroplets
(Yeates et al.,2020).Using a mean length of 10.1 6 3.8 m
for a female humpback whale (Reidenberg and Laitman,
2007b), with a whale length to lung capacity ratio derived in
Krogh (1934),the whale can expel a mean of 5200 6 1900
liters of air (5.2 6 2.0 m3 lung capacity) per blow. Although
Krogh (1934) derived the lung capacity for a blue whale, it
is considered to be a rough estimate after correcting for the
size difference. Humpback whales have a distinct character-
istic, unlike otherbaleen whales according to Reidenberg
and Laitman (2007a),in thatthey expellarge amounts of
air underwater,creating a bubble cloud orwall. Images
of humpback whales can be seen in Fig.1 with surface
breathing sprays in Fig. 1(b) and underwater bubble cloud in
Fig. 1(c).

The humpback whale breathing sound signals analyzed
here were acquired using a coherent hydrophone array suba-
perture during an experimentin the GreatSouth Channela)Email: radermacher.m@northeastern.edu
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(GSC) of the U.S. Northeastcontinentalshelf (Fig. 2) in
Fall 2021. The large-aperture densely populated coherent
hydrophone array system,capableof digitizing acoustic
data with a sampling frequency up to 100 kHz, was designed
and fabricated in-house atNortheastern University (NU)
(Mohebbi-Kalkhoran et al., 2022; Radermacher et al., 2022;
Schinaultet al., 2022). The array system can be deployed
in both drifting verticaland towed horizontalmodes,and
we present recordings of humpback whale breathing sounds
in both configurations.The coherenthydrophonearray
has been effective forinstantaneouswide-area detection,

classification, and localization of marine mammal vocaliza-
tions including humpback whale songsand social moan
calls in pastexperiments,where data were analyzed using
the passive ocean acoustic waveguideremotesensing
(POAWRS) technique (Huang etal., 2016; Ratilal et al.,
2022; Wang et al., 2016), leading to a multifaceted and
extensive list of uses: from monitoring marine biodiversity
and ecology (Garcia et al., 2019; Wang et al., 2016) to man-
made objects,such as ship radiated sounds(Zhu et al.,
2020),to rain and other geophysical processes (Wilson and
Makris, 2006, 2008).

Humpback whale moans and songs have been exten-
sively recorded and studied previously (Huang et al., 2016;
Noad et al., 2000; Payne and McVay, 1971; Winn and
Winn, 1978), but there are limited recordings and studies on
humpback whalebreathingsounds.In Watkins (1967),
humpback whale blows were categorized into two types;
ordinary/normalblows and wheezingblows. Wheezing
blows are believed to be voluntarily made and can be heard
both in-air and underwater, unlike ordinary blows which can
be heard only in-air.During Watkins 1961 experimentoff
Cape Cod, the underwaterhydrophone and in-airmicro-
phone recording systems had flatresponses from 50 Hz to
10 kHz, but spectrograms were only shown up to 4 kHz.
Both the wheezing and ordinary blows recorded an upper
frequency value of2 kHz, where the wheezing blow had
about35 dB loudersound thatlasted around 2 s,almost
twice thatof the ordinary blow.Here, our recordings of
humpback whale breathing sounds are sampled at 100 kHz,
a factor of 12.5 times higher sampling rate than the measure-
ments of Watkins (1967). This higher sampling rate is essen-
tial for capturing a fuller bandwidth for the humpback whale
breathing sound signals, especially underwater.

The humpback blows were also analyzed by Thompson
et al. (1986) and categorized asshrieksand trumpetlike
horn blasts, where the shrieks had a maximum frequency of
2 kHz, and the blasts with a mean frequency of414 Hz.
Thompson et al. (1986)shows humpback whale blow sound

FIG. 1. (a) Two humpback whales,three meters off the starboard side of
RV Endeavor, photographed on Monday September 6,2021 at 20:07 EDT
at the GreatSouth Channel;(b) humpback whale surfacing on Monday
September 6, 2021 at 20:00 EDT; and (c) humpback whale blowing bubble
cloud under the port side of the boat on Wednesday September 8,2021 at
15:04 EDT, photographed using GoPro.

FIG. 2. (a) Experimental region where subapertures of a 160-element coherent hydrophone array were deployed from September 6–8, 2021. (b) Closer view
of the research vessel tracks at the Great South Channel acquiring data, where the (solid) red track shows locations of the array in vertical drift mode on
September 6,2021 and the (dashed) blue track is where the array was horizontally towed on September 7–8,2021.Images generated with QGIS System
Software.
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spectrograms with a wider bandwidth of up to 8 kHz than
thatof Watkins (1967).Thompson etal. (1986) accredits
the sequence of these sounds to a form of communication or
encounterwith social significance,where the estimated
source level for shrieks range from 179 to 181 dB re 1 lPa at
1 m,and blasts range from 181 to 185 dB re 1 lPa at1 m.
There are some distinctfrequency and source leveldiffer-
ences between song and non-song humpback whale calls,
providing some insight into the range threshold detection for
different sounds (Au et al., 2006). Recording and classifying
these breathing sounds help gain a deeper understanding of
humpback whale communication,including the ways they
interact and signal each other above the water surface.

The humpback whale surface breathing activities gener-
ate blows and sprays that entrain air bubbles at the sea sur-
face, as well as from breaking waves due to dynamical body
motions.Likewise, their underwaterblows also generate
bubbles.Here, we examine the impact of humpback
breathing-related or underwater bubble generation and com-
pare it to othermechanisms thatgenerate bubbles in the
ocean, in particular,precipitationand wind-dependent
breaking waves. Rainfall is a source of significant underwa-
ter sound and the characteristics of the sound is dependent
on the rainfallrate,drop size and terminalvelocity which
has been investigated in Barclay and Buckingham (2013a),
Ma et al. (2022),Ma and Nystuen (2005),Medwin (1977),
Nystuen (1992),Pumphrey and Crum (1990),Pumphrey
et al. (1989),Pumphrey and Elmore (1990),and Pumphrey
and Walton (1988).

Small raindrops (0.8–1.1 mm diameter) produce a dis-
tinct broadband peak in the spectra around 15 kHz, a sound
characteristic of drizzle and light rain,where the total rain-
fall rate is less than 2.5 mm/h (Medwin et al., 1992; Nystuen
et al., 1993). Medwin et al. (1992) demonstrates the correla-
tion between drop size and bubble radius,where small
raindrops produce an underwater bubble radius of approxi-
mately 0.217 mm,Pumphrey and Elmore (1990) associate
that radius to a naturalfrequencyof roughly 15 kHz.
Medium to heavy rainfall have higher sound spectral levels
than drizzle and light rainfall, and decay roughly monotoni-
cally with increasing frequency out to 50 kHz,with no dis-
tinct peaks (Anagnostou etal., 2008). Similar to rainfall,
breaking waves are a source of underwater sound that varies
depending on wind speeds and wave height. This phenome-
non was investigated in Deane and Stokes (2002), where the
acousticphaseof a breaking wavelasts approximately
1.2–1.5 s, with a broad bandwidth and a spectral peak below
1 kHz.

Here, we analyze humpback whale breathing sounds
recorded simultaneously in-airand underwater,providing
time-seriesand power spectraldensity (PSD) analysis.
Comparing these measurements provides insights and key
differencesbetweenin-air and underwaterrecordings.
Whale ranges from the receiver array are estimated from the
underwater recorded humpback breathing sounds by match-
ing the nonlinear curvature of the acoustic wavefront, due to
their close proximity in the near-field ofthe submerged

hydrophonesubarray. These localization results are
employed to estimate the source level distribution for under-
water recorded humpback breathing sounds, which are then
compared to those published in Dunlop etal. (2013) and
Thompson etal. (1986). Finally, the underwater recorded
humpback breathing sound PSDs are compared to those gen-
erated by geophysicalprocesses such as precipitation and
breaking waves,to provide an understanding and further
insights into humpback breathing-related sound effects.

II. MATERIALS AND METHODS

A. Experiment and data collection

The data analyzed here is a subset drawn from the U.S.
Northeastcoast2021 experiment(Schinaultet al., 2022)
conducted on the research vesselEndeavorwhile at the
GSC, a region beginning lessthan 50 NM east of the
NantucketShoals,from September6–8, 2021. Humpback
whale breathing sounds were recorded on a 32-element sub-
aperture of a densely populated coherent hydrophone array
deployed in two configurations, vertical drift and horizontal
tow. One of the mostprominentspecies,captured both
acoustically and on video, was the humpback whale. Periods
occurred where dozensof humpback whalessurrounded
the boat, so the array could not be towed for those time peri-
ods.This became an opportunistic time period to deploy a
32-element HF (high frequency, with roughly 0.375 m inter-
element spacing) subaperture of the array vertically in drift
mode. In this configuration, hydrophones 1–13 were consis-
tently in-air,14–17 transitioned between in-air and under-
water due to surface waves,and hydrophones 18–32 were
consistently underwater.During verticaldeployment,spec-
trogramsof the recorded datawere generated foreach
hydrophoneindividually, encompassing both in airand
underwater measurements.

When the array wastowed subsequently,66 hydro-
phones were used for beamforming,providing an enhance-
ment in signal-to-noiseratio (SNR), that leads to an
increased detection range and improved signalclarity. In
this experiment,beamformed spectrograms were generated
in near-real-timespanning all 360 azimuthsaboutthe
receiverarray.The beamformed spectrograms captured a
variety of vocalizations from marine mammal species, such
as humpback songs,fin whale 20 Hz pulses,minke whale
buzz sequences,orca and other delphinid whistles,as well
as sperm whale and other delphinid echolocation clicks in
the 10 Hz to 50 kHz range (Seri, 2024). Other signals present
in the beamformed spectrogram imagery include fish grunts
and knocks,and ship-generated tonal,broadband,and tran-
sient sounds.The POAWRS technique typically detects
hundreds of thousands,to severalmillion acoustic signals
per day, in the 10 Hz to 50 kHz frequency range when
deployed in biodiverse hotspots (Garcia et al., 2020). Here,
we focus our analysis specifically on humpback whale
breathing sounds.

Concurrentin-air and underwaterhydrophone record-
ings of whale breathing sounds were acquired across a 40
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minute time interval from 20:29 EDT to 21:09 EDT contain-
ing 274 breaths on September 6, 2021, where the array was
deployed vertically.Video recordingswere leveraged to
help aid in narrowing in on specific time windows.This
proved to be quite crucial when identifying the spectrograms
for humpback whale breaths, both above and below the sur-
face of the water.On September 6,2021 at 18:06 EDT,an
iPhone video captured multiple whales surfacing adjacent to
the boat. This recordedvideo was convertedinto a
Waveform Audio File Format (WAV) in MATLAB,which
was then used to generate a spectrogram,as seen in Fig.3,
with the full videos included assupplementary material.
This spectrogram,along with othervisual sightingsand
video recordings were used to coregister sounds recorded on
individual hydrophones of the subarray.It was pertinent to
have a template to be able to manually classify spectrograms
as humpback whale breathing sounds, which were originally
documented as unknown acoustic signals.

B. PSD estimation of humpback whale breathing
sounds measured on a coherent hydrophone
subarray

PSD analysis demonstratesthe power distribution
across a signal’s frequency range. The PSDs are first calcu-
lated via Fouriertransform analysis forindividualwhale
breathing sound signals,which were then combined to cal-
culate the time averaged power spectrum. The PSDs are cal-
culated separately for the three configurations; individual in-
air and underwaterhydrophonesin vertical deployment
mode,and beamformed signalwhile the array was towed.
All in-air measurementswere normalized to theirpeak
because of the unknown in-air hydrophone sensitivities due
to the change in acoustic medium.In contrast,results of
underwater power spectra are converted to dB re 1 lPa2=Hz
aftercorrecting forknown hydrophone sensitivities.It is
important to note that the sound transmission between both
mediums was not considered, given the unknown in-air sen-
sitivity for the hydrophone.Where,on average,for a flat
surface, the transmission loss is approximately 30 dB, which
can vary depending on severalparameters,such as surface
roughnessand frequency (Godin,2007, 2006, 2008a,b;
McDonald and Calvo, 2007).

C. Range estimation of humpback whale breathing
sounds

Here,we estimate the range of humpback whales from
the receiver subarray by employing timedifferenceof
arrivalof the breathing sounds received on individualsub-
merged hydrophones.Due to the close proximity (less than
25 m), based upon visual sightings of the humpback whales
in the near-field of the subarray,the received breathing
sound wavefrontsare curved.By utilizing the nonlinear
travel time information, range estimation of the whales will
be solved as a least squarescost function optimization
problem.

The underwater hydrophones utilized in the range esti-
mation were 24–28,30, and 32,due to their location away
from the hullof the boat.The setup is modelled in Fig.4
showing the vertical array deployment. Let h be the depth of
the first shallowest hydrophone from the sea surface used in
the analysis and the depth of the nth hydrophone is h þ Dzn,
where Dzn is the separation of the nth hydrophone to the
first. Let, zw be the depth of the whale from the sea surface.
The whale is assumed to be on the surface of the water, but
the mechanism for creating sound in the whale is assumed
to be slightly below the surface of the water.Due to this,a
value of 1 m was assumed for zw.

The difference in the distance,an the sound needs to
travel between the first element (hydrophone 24), r1, to each
subsequent element, rn, is

an ¼ rn  r 1 ¼ ðDtnÞ  c; (1)

where c is the sound speed assumed to be 1500 m/s and Dtn
is the measured time-delay in seconds between the nth and
first elements. The distance the sound needs to travel to the
first element is

r1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðh  z wÞ2

q
; (2)

where x is the unknown horizontal range of the whale from
the subarray.Each of the subsequentelements calculated
distance is given by

FIG. 3. Spectrogram from iPhone video recording ofseveralhumpback
whale breathing sounds on September 6,2021 at 18:06 EDT in the Great
South Channel.

FIG. 4. Schematic of the subarray’s vertical deployment underwater, show-
ing the geometry used to formulate the equations needed to estimate whale
horizontal range x.
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rn ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ ðh þ Dzn  z wÞ2

q
: (3)

In order to determine values for x and h,a grid search
from 0 to 50 m for x and 0 to 25 m for h,both with a step
size of 0.1 m was used.The constraints ofthe grid were
determined based upon visualsightings forx and known
inter-elementspacing forh. A least squares costfunction
was used as an optimization technique, where the optimized
solution is the minimum of the function. The equation used
for the cost function optimization is

Cost ¼
XN

n¼1
an  ðr n  r 1Þ2; (4)

where N is 7, the totalnumberof hydrophones analyzed.
This optimization technique was applied across a subset of
data to determine a series ofhumpback whale horizontal
range estimates from a sequence of their measured breathing
sounds.Forty-minutes of data were analyzed on September
6, 2021, from 20:29 EDT to 21:09 EDT, where the array
was deployed vertically.

D. Focused near-field beamforming of humpback
whale breathing sounds on vertical subarray

Two separate beamforming methods are utilized here to
combine data from multiple elementsof the submerged
hydrophone subarray,focused near-field beamforming and
traditionalfar-field beamforming.The focused beamform
analysis uses data from seven underwaterhydrophones
24–28, 30, and 32 during verticaldrift deploymentand
employs the measured curved non-linear traveltime-delay
between elementsand known inter-elementspacings.A
Hanning window function is applied across the hydrophones
in the beamforming.The far-field beamformerfollows a
similar approach but uses a linear travel time-delay instead
due to plane wave assumption. Beamforming with data from
an array of hydrophones typically enhances the SNR over
measurements ofa single hydrophone,especially true for
large horizontal arrays, since they filter out signals and noise
from all otherbearings,exceptfor the steered direction
(Garcia et al., 2019; Wang et al., 2016). Here, the subarray
is deployed vertically and only 7 hydrophones are used,so
we will examinethe beamformedresult for potential
enhancements.

E. Source level estimation of humpback whale
breathing sound

The source level (SL) of each humpback whale breath-
ing sound during underwater vertical deployment in units of
dB re 1 lPa at 1 m was estimated from itsrespective
received pressure level(RL) by accounting forone-way
transmission loss,where Seriet al. (2023) took a similar
approach.Using the equationsderived in Francois and
Garrison (1982) for absorption,and the transmission

equation provided in Sec. 5.3 of Urick (1983), the following
equation was implemented:

TL ¼ 20 log10ðrÞ þ aðf Þr  103 : (5)

Here,TL is the transmission loss in dB re 1 m,r is the
distance in meters,aðf Þ is the frequency dependent absorp-
tion coefficient in dB/km, where 103 is required for conver-
sion from meters to kilometers. Due to the broad bandwidth
of the humpback breathing sound, the absorption coefficient
was integrated across the frequency range. Here,
SL ¼ RL þ TL, and RL ¼ 20 log10ðjPj=PrefÞ, where P is the
sound pressure level of the whale breathing sound and Pref
is the referencesound pressure,1 lPa. This equation
assumes no bubbles or otherinhomogeneities are present,
and due to the close proximity of the whale, the source level
could be approximated by strictly considering spherical
spreadingloss, verified by the absorptionparameter
accounting for less than 0.1 dB. Given whale location at the
sea surface, it is important to determine if the whale acted as
a dipole or monopole source. Due to the whale being right at
the surface of the water and not below it,no mirror reflec-
tions from the air-water interface were observed.This was
validated by comparing the RL at different depths where the
mean and standard deviation were 137.4 6 0.7 dB re 1 lPa,
and the RL for each hydrophone are random deviations, and
not following a deterministic trend as would be observed for
a dipole source with directionalbeampattern.The whale
breathing sound time domain signals were high-pass filtered
to remove ship tonals,and then a band-stop filterwas
applied to filter-out the echosounder signal.

III. RESULTS

A. Humpback breathing sound bandwidth and signal
duration

Subapertures of the coherent hydrophone array recorded
humpback whale breathing related sounds from September
6–8, 2021, with majority recorded while the array was
deployed in vertical drift mode on the sixth.The array also
captured humpback breathing sounds in the late morning on
the eighth while the array was being towed. This led to three
distinctmeasurementscenarios;in-air and underwater sub-
array recordings during vertical drift deployment,and fully
submerged subarray beamformed results during horizontal
tow.These three measurement scenarios resulted in signifi-
cantly distinctspectrograms and spectra due to differences
in recorded humpback breathing sound signalbandwidth,
duration and intensity.

The comparison between concurrentin-air and under-
waterhydrophone recordings during verticaldrift deploy-
ment can be made from Fig. 5, with the full videos included
as supplementary material. The spectrogram of an underwa-
ter hydrophone recording during vertical deployment shows
four distinct humpback whale breathing sounds in Fig. 5(a).
The gray (background noise)and magenta(signal with
background noise) bounding boxes show the duration and
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https://doi.org/10.1121/10.0036353

 10
 A

pril 20
25

 14
:48:1

7



frequency rangeincluded in calculating theirrespective
power spectrum.A consistentbroadband frequency nullor
dip centered at15.7 kHz was observed in recordings of all
underwaterhydrophonesduring verticaldeploymentand
will be discussed furtherin Sec. IV. The corresponding
time-series is shown in Fig.5(b), where the filtered time-
series (in red) has low frequency ship tonaland high fre-
quency echosounder pulses removed via a 300 Hz to 10 kHz
bandpass filter.The spectrogram ofconcurrently recorded
humpback whale breathing sounds on an in-air hydrophone
is shown in Fig. 5(c), showing a significantly smaller fre-
quency bandwidth than the underwater case,mainly due to
higher acoustic attenuation in-air versus water and location
of in-air hydrophone.The corresponding in-air time-series
of the recording is shown in Fig.5(d), where the filtered

time-series (in red) is obtained from the normalized signal
after bandpass filtering over 30 Hz to 1.2 kHz, capturing the
breathing sound bandwidth forin-air and filtering outthe
low-frequency noise.

The power spectra for humpback breathing sounds and
background noise are calculated using signaltime-series
subsets within the same data file.Examples are shown in
Figs. 5(a) and 5(c) for an underwater and an in-air hydro-
phone,respectively,with a pink bounding box demarcating
humpback breathing sound segments and a gray bounding
box demarcating noise segments.The spectra are plotted in
Fig. 6, where the results are time-averaged across 20 distinct
humpback breathing sound and corresponding noise seg-
ments.Background noise iscomputed in the absence of
humpback breathing soundsbut residualbubblesremain,
leading to a broadband dip of 15.9 6 0.6 kHz with an inten-
sity value of 41.3 6 2.9 dB. The spectra are based on indi-
vidual hydrophone recordings with a 5 Hz running average
applied. Both log-scale and linear frequency scales are used
in the plots to provide a clearer comparison in signal versus
noise spectralamplitudes,especially at low frequencies,
allowing for a more accurate determination of bandwidth.
The underwater humpback breathing sound signalhas fre-
quency componentsextending beyond 50 kHz ascan be
seen in Figs. 5(a) and 6(c). The large spectral peak at about
12 kHz seen in Figs. 6(c) and 6(d) was caused by the ship’s
onboard EDO UQN 323C transducer (echosounder),which
occurred during the entire vertical drift deployment with an
approximate 1-s inter-pulse intervalrate.There is no evi-
dence to suggestthe 12 kHz echosounderis creating the
broadband frequency dip.Two explanationssupportthis
conclusion:(1) the dip is not periodic butratherconstant
and (2) the echosounderis a mechanicalacoustic source
radiating independently from the whale and therefore not
generating waves to coherently interfere with whale breath-
ing sound. A power spectrum showing humpback breathing
sounds in the absence of echosounder signals can be seen in
Fig. 12(b), where the acoustic data segments are taken from
intervals between echosounder pings.The echosounder sig-
nal was ignored when determining the energy of humpback
breathing sound in underwaterhydrophone measurements
during vertical drift deployment.

Sixty-six hydrophone elements were utilized to gener-
ate the beamformed spectrogram in Fig.7 for the horizon-
tally towed subarray case,where the humpback breathing
sound was located at 80.1 bearingrelative to array
heading, where 90corresponds to forward endfire (towards
ship). In both the in-air and underwatervertical deploy-
ments,the signalduration was 2.5 s,while for the towed
case,it is only roughly 1 s in duration,which will be dis-
cussed further in Sec. IV. In addition, due to the humpback
whale breathing sound being low in intensity compared to
the background noise during the horizontaltow configura-
tion, it was difficult to detectand manually classify the
sounds. Background noises can consist of a wide variety of
sounds,including biological noise (Cato,1978,1992),flow
noise (Auvinen et al., 2020), and wind-generated noise

FIG. 5. (a) Spectrogram of measurement from underwater hydrophone 28,
during verticaldeploymentshowing severalrecorded humpback whale
breathing sounds;(b) time-series analysis ofunderwaterhydrophone 28
measurement, including result after bandpass filtering with cut-off frequen-
cies set at 300 and 10 kHz (red); (c) spectrogram of measurement from in-
air hydrophone 10,during verticaldeploymentshowing severalrecorded
humpback whale breathing sounds; (d) time-series analysis of in-air hydro-
phone 10 measurement, including result after bandpass filtering with cut-off
frequencies set at 30 Hz and 1.2 kHz (red). All plots recorded on September
6, 2021 at 20:53 EDT, with the array being deployed vertically.
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(Barclay and Buckingham,2013b). The 3 dB frequency
bandwidths for humpback breathing sound in each measure-
ment scenario is tabulated in Table I.

B. Humpback whale range estimation from near-field
breathing sounds measured on vertical array
subaperture

The waterfall plot [Fig. 8(a)] shows the time-series and
hence time-delay fora humpback breathing sound signal
received on the seven underwaterhydrophonesanalyzed
here. Matched filtering [Fig. 8(b)] was used to provide more

accurate time-delay estimates across the hydrophones. Here,
the signal from hydrophone 28 was used as the model signal
for each humpback whale breathing sound by applying a
time reversal to its time-series.This time-reversed signal is
then convolved with each ofthe seven individualhydro-
phone data,where the resultant is used due to its ability to
create sharp peaks,leading to a more defined and accurate
time-delay measurement.

The humpback breathing sound signals from multiple
whale individuals were recorded ata rate of roughly 6.85
breathsper minuteduring verticaldrift deploymenton
September6, 2021. Fifteen humpback breathing sounds
were analyzed individually to estimate sequence of whale
horizontal ranges, x, and depths of first element (hydrophone
24), h. Figure 8(c) shows the measured,an ¼ Dtnc, versus
calculated, Drn  Dr 1, relative travel distancesfor a

FIG. 6. Average power spectrum of 20 humpback whale calls and background noise region with array deployed vertically. (a) In-air measured power spec-
trum with linear frequency-axis;(b) in-air measured power spectrum with log-scale frequency-axis;(c) in-water measured power spectrum with linear
frequency-axis; (d) in-water measured power spectrum with log-scale frequency-axis.

FIG. 7. Spectrogram ofa humpback whale callat relative bearing 0.89,
equating to 80.1, where 90corresponds to forward endfire (towards ship)
while the array is being towed on September 8,2021 at11:41 EDT (full
video included as supplementary material).

TABLE I. Frequency bandwidths formeasurements in the three distinct
configurations of humpback whale breathing sounds.

Configuration Sound type fLOW (kHz) fHIGH (kHz) fBW (kHz)

Vertical: Air Infrasound 0.004 0.012 0.008
Vertical: Air Audible/Ultrasound 0.070 0.400 0.330
Vertical: Water Infrasound 0.005 0.012 0.007
Vertical: Water Audible/Ultrasound 0.700 >50 >49.3
Towed Audible/Ultrasound 1.000 3.750 2.7500

2310 J. Acoust. Soc. Am. 157 (4), April 2025 Radermacher et al.

https://doi.org/10.1121/10.0036353

 10
 A

pril 20
25

 14
:48:1

7



received humpback breathing sound signal.The calculated
travel distances to the individual hydrophones relative to the
firstelement(hydrophone 24) were obtained from Eqs.(2)
and (3) using the x and h parametervaluesat the least
squares cost function global minimum in Fig. 8(d).

Each measuredhumpbackwhale breathingsound
resulted in a calculated x and h value. Due to surface waves,
each h value corresponding to the depth of the first element
(hydrophone 24)varied slightly.The average h value is
3.9 m and this result is consistent with visual observations.
The horizontal distance,x, estimates of the received hump-
back breathing sound signals across the analyzed time dura-
tion is shown in Fig. 9(a), having a mean of 16.2 m,a
minimum of 9.1 m, and a maximum of 22.9 m. These results
demonstrate a strong correspondence with visualsightings
and were used to estimate source level values as seen in Fig.
9(b). The error bars are calculated from the 3 dB bandwidth
of their respective leastsquarescost function minimum,
which shows the potential distance estimation errors.

C. Focused beamforming of subarray underwater data
during vertical drift deployment

Data from hydrophone 28 was compared with near-field
and far-field beamforming results. These spectrograms were
normalized to theirrespective peak intensity value which
was calculated between the frequency range of700 Hz to
4 kHz, during a 3-s time duration. Both beamformed results
have lowernoise halos surrounding the humpback whale
breathingsoundsin the spectrogram,comparedto the
single-hydrophoneresult.Since the differenceswith the

FIG. 8. (a) Waterfall plot of time series containing a humpback whale breathing sound recorded on September 6,2021 at 20:53 EDT measured by seven
underwater hydrophones deployed vertically. (b) Match filtered result of the given time series where data from hydrophone 28 is employed as the filter. (c)
Calculated versus measured relative travel distances, with respect to the first hydrophone (hydrophone 24) analyzed; (d) the least squares cost function mini-
mum showing estimates for x and h.

FIG. 9. Humpback whale breathing sounds recorded during horizontal drift
deploymenton September6, 2021 from 20:29 EDT to 21:09 EDT. (a)
Fifteen humpback whale horizontaldistance values,x, vary from 9.1 to
22.9 m with an average of 16.2 m. The (red) error bars are calculated from
the 3 dB bandwidth ofthe costfunction minima,showing the potential
range estimation errors.(b) Histogram of15 humpback whale breathing
sound source level estimates ranging from 152 to 168.7 dB re 1 lPa at 1 m
with a mean and standard deviation of161 6 4 dB re 1 lPa at 1 m,and
mode or most probable value of 157 dB re 1 lPa at 1 m.

J. Acoust. Soc. Am. 157 (4), April 2025 Radermacher et al. 2311

https://doi.org/10.1121/10.0036353

 10
 A

pril 20
25

 14
:48:1

7



beamformed results are only marginal, the rest of the analy-
sis uses data from a single hydrophone.

D. Source level distribution for humpback whale
breathing sounds measured underwater

The received pressure level(RL) of humpback whale
breathing sounds measured on submerged hydrophone 28
while deployed in verticaldrift mode ranged from 131 to
141.6 dB re 1 lPa. With the humpback whale floating on the
surface of the water,and with hydrophone 28 ata known
depth of 5.245 m,the transmission losses (TL) from whale
locations to hydrophone locations were first calculated and
averaged acrossa rangeof frequenciesover the whale
breathing sound bandwidth.The TL corrections were next
applied to the measured RL,where mean transmission loss
value was 24.5 dB re 1 m.The 15 source level estimates of
whale breathing sounds range from 152 to 168.7 dB re 1 lPa
at 1 m, as seen in Fig. 9(b). The mean and standard deviation
for humpback whale breathing sound source level distribu-
tion are 161 6 4 dB re 1 lPa at1 m,with a mode or most
probable value of 157 dB re 1 lPa at 1 m.

IV. DISCUSSION

We applied visualsightingsand video recordings to
identify and coregisterhumpback whale breathing sounds
recorded on individualelements of a coherenthydrophone
subarray during verticaldrift deploymentand to beam-
formed results during horizontaltow. The 1 s duration of
humpback breathing sounds in beamformed spectrograms of
subarray horizontaltow measurements is smallerthan the
2.5 s duration measured by the hydrophone elements during
verticaldriftdeployment.This is because the hydrophones
in vertical drift are much closer to the humpback whales and
in the near-field distance,while hydrophones in horizontal
tow are furtheraway and in the far-field distance to the
whale sounds.Close inspection ofhumpback breathings
sounds in Fig. 5(a) from vertical deployment show that each
2.5 s duration signalis dominated by two to three highly
energetic segments of roughly 1 s duration and these ener-
getic segments are the only sounds thatstand above the
background noise during horizontaltow.The in-air hydro-
phone spectrograms during vertical drift deployment show a
smallerfrequency bandwidth than thatfrom the iPhone
video recording.This is because during the iPhone record-
ing, the humpback whales were adjacent(less than 3 m)
from the boat,while the whales were on average,16.2 m
away from the array during the in-air hydrophone
recordings.

The humpback breathing sounds recorded by in-air and
underwaterhydrophonesduring verticaldrift deployment
are similar to those shown in spectrogramsof Watkins
(1967) and Thompson et al. (1986). Although the humpback
whale breathing sound signalduration forvertical drift
deployment matches those in Watkins (1967), the measured
frequency bandwidth of humpback wheezing blows in that
publication did notmatch the bandwidth found here.This

could be due to the lower sampling frequency (factor of ten
smaller) used in Watkins (1967),leading to the inability to
accurately compare signal energies above 4 kHz. Thompson
et al. (1986) also analyzed humpback breathing sounds,
classifying them as two different types; shrieks and trumpet-
like horn blasts. After further review of the data recorded in
the GSC, it was determined that the results align more with
shrieks than with blasts,due to signalduration and band-
width.The shrieks have an estimated duration of1-1.5 s.
This is roughly 1 s shorter than the recorded bandwidth of a
single hydrophone in vertical drift deployment. However, an
accurate comparison is difficultbecause Thompson etal.
(1986) spectrogramshave an unknownintensity scale.
When reviewing the shriek bandwidth analyzed in
Thompson et al.(1986), it appears the majority of the sig-
nal’s intensity resides between 555 and 2000 Hz,but the
spectrogramsshow the signalextending up to the 8 kHz
upperspectrogram limit.Therefore,a comparison above
8 kHz cannotbe made.The GSC is a major ecological
region,residing between the Nantucket shoals and Georges
bank providing a key migratory path for a myriad of marine
wildlife species including the humpback whale.

The estimated source leveldistribution forhumpback
whale breathing sounds has a mean of 161 6 4 dB re 1 lPa
at 1 m and mode of 157 dB re 1 lPa at 1 m. These estimates
are between 18 to 24 dB lowerthan the source levelof
179–181 dB re 1 lPa at1 m proposed in Thompson etal.
(1986) for blowhole shrieks.Humpback whale socialsong
and non-song vocalization source levels were also analyzed
in Dunlop etal. (2008), Dunlop etal. (2013), and Dunlop
et al. (2007) based on measurements along the east coast of
Australia. A similar approach by assuming spherical spread-
ing for transmission loss across the bandwidth of the signal
was implemented to estimate source levels.Dunlop etal.
(2013) provided rootmean square (RMS) source levels
(SLRMS) for a plethora of surface-sounds such as grunts and
trumpetlike horn blasts. Dunlop et al. (2013) estimates have
an average SLRMS value of 158 dB re 1 lPa at 1 m for grunts
and 159 dB re 1 lPa at 1 m for trumpetlike horn blasts, pro-
viding values close to the estimated source level distribution
mean and mode obtained from our measurements here.

The frequency null/dip in the spectrogram [Fig. 5(a)] is
a phenomenon observed in measurements of all underwater
hydrophones of the subarray while deployed vertically. The
strongestdip or null occurred athydrophone 28 (depth of
5.245 m),and the effectdecreases with increasing hydro-
phone depth.This phenomenon can be seen in Fig.10,
where a 10 Hz running average is applied to each ofthe
underwaterhydrophonesused during vertical drift
deployment.

Possible hypotheses for this nullare investigated here,
with the first being due to the Lloyd’s mirror effect (LME).
The LME was considered here since it was found in spectro-
grams of other marine mammal sounds,such as a series of
fin whale 20 Hz pulses,with nulls observed at specific fre-
quencies within the bandwidth of the fin whale calls (Pereira
et al., 2016). The LME is a phenomenon that occurs due to
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coherentinterference of the acoustic wave fields reflected
from sea-surface boundary with those from direct-path prop-
agation atthe receiver,causing nullsand peaksin the
received signalintensity.Using the array geometry from
Fig. 4 and equations from Audoly and Meyer (2017), Carey
(2009), Jensen et al. (2011), and Norton et al. (1998), analy-
sis was performed to determine the impact the LME would
have on humpback breathing sound spectrograms.Two dif-
ferentscenarios were modeled and the acoustic intensities
calculated: (1) varying frequency for a whale at fixed hori-
zontal distance from receiver, as shown in Fig. 11(a), or (2)
varying whale horizontal distance from receiver [Fig. 11(b)]
at fixed frequency. From (1) it was determined that multiple
nulls would occur at distinct frequencies including roughly
2.3, 4.6, 6.9, 9.2, 11.5, 13.8, 16.1, and 18.4 kHz [Fig. 11(a)]
over the bandwidth of the humpback breathing sound, which
was not observed. In (2), the interference pattern changes as
a function of range so that the observed null at f ¼ 15.7 kHz
would not be consistently present, and the acoustic intensity
at that frequency would vary from null to peak as a function
of increasing whale range,which was also not observed in
the data.Therefore,it is unlikely thatthe LME is creating
the consistent frequency null centered at 15.7 kHz frequency
observed here in the vertically deployed underwater hydro-
phone dataset.

The next hypothesis considered for causing the roughly
15.7 kHz frequency null/dip in observed humpback breath-
ing sound spectrogram wasthe attenuation(Cho and
Makris, 2020; Ratilal and Makris, 2005) from forward prop-
agation through surface bubble layercaused by precipita-
tion. Nystuen (1992) provides insights into rainfall rates and
drop sizes associated with various categories of precipita-
tion.Underwater noise measured in the presence of drizzle
or light rainfall has a peak frequency ofaround 15 kHz,
which coincides wellwith the frequency ofthe intensity
null/dip measured here. During vertical drift deployment of
the hydrophone subarray on the evening ofSeptember6,
2021, no precipitation occurred during ourmeasurement

time interval at the GSC. With wind gusts of roughly
11.29 kt (5.8 m/s) and a wave height of 1.5 m,which corre-
sponds to a Beaufortscale sea state levelof 4, creating
breaking waves thatare a source ofunderwaterbubbles.
Breaking waves create bubbles ofall sizes, where Deane
and Stokes (2002) discusses their radius could range any-
where from 0.1 mm to more than 10 mm depending on the
wave phase, where the majority of the noise created is below
1 kHz. With the wide range of bubbles created by the break-
ing waves, it is unlikely that they are the source ofthe
15.7 kHz centered frequency null observed here, since more
frequenciesover significantly widerbandwidth would be
attenuated.

The mostlikely cause of the observed frequency null/
dip in the measured spectrograms is attenuation from for-
ward propagation through bubbles generated by humpback
whales themselves,from surface breathingblows and
sprays,underwater bubble clouds,or swimming and other
behavioralmotions.It is hypothesized thatthe blow of a
humpback whale creates sprays thathit the watersurface

FIG. 10. Power spectrum of the 7 underwater hydrophones used during ver-
tical drift deployment with a 10 Hz running average applied on September
6, 2021 at20:53 EDT, where the strongestdip occurs athydrophone 28
(green).

FIG. 11. Modeling Lloyd mirroreffect (LME) to investigate potential
impacton measured data for verticaldrift deploymentsubmerged hydro-
phone 28 on September 6, 2021 at 20:53 EDT. (a) The LME varying with
acoustic frequency, and (b) the LME varying with range. Both these effects
were not observed in the measured data, so LME cannot account for attenu-
ation at 15.7 kHz in measured data shown in Fig. 5(a).
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entraining air bubbles, similar in size to that of light rainfall
or drizzle. These strong bubbles have natural oscillation fre-
quencies near 15 kHz (Nystuen and Farmer,1987; Nystuen
and Ma,2002; Nystuen etal., 1993; Pensieriet al., 2015;
Scrimger et al.,1987),and likely also remove energy from
any acoustic field propagating through the bubble,leading
to the frequency null/dip.This approximation assumes that
the bubble maintains a spherical shape, due to its small size
(Medwin etal., 1992; Prosperettiet al., 1988). Humpback
whales also expel large volume of air underwater,creating
bubble walls or clouds often observed to coincide with feed-
ing activities.Reidenberg and Laitman (2007a) state these
bubble clouds can span 10 m in diameter and are comprised
of individualbubbles,where Qing etal. (2019) records a
mode radiusof 0.019 mm,measured at-sea by Leighton
et al. (2004). Based upon the mode radius of the bubbles
created from the underwater cloud,and using the Minnaert
(1933) relationship between bubble size to naturaloscilla-
tion frequency [Eq.(7)], results in an approximate value of
171.7 kHz.Based upon that value,and the range in bubble
sizes created from the cloud,it seemsunlikely thatthis
would create the observed frequency null/dip centered at
15.7 kHz.Given thatthe size of bubbles in the underwater
cloud is small,one mustdetermine whether the humpback
surfacespray createsbubblesof equal or similar size.
Reidenberg and Laitman (2007a)determined thatbased
upon the nasalconstruction ofa humpback whale,it is
unlikely that air released from surface blows produce similar
minusculebubblescharacteristicof underwaterbubble
clouds.

It is important to discuss other humpback whale surface
processes as potential origins for the formation of underwa-
ter bubbles.Clapham (2000)describes severalbehavioral
displays such as surface (headfirst) and tail breaching, pecto-
ral and tail surface slaps,and spyhopping.Given the visual
accounts,and the humpback whales proximity being less
than 30 m from the boatduring the forty-minute vertical
drift deployment,the only observedbehavioralsurface
activity that occurred the evening of September 6 was spy-
hopping [Fig.1(a)], which took place over 20-min prior to
this analyzed data subset.Since the frequency null/dip was
observed throughoutthe forty-minute verticaldriftdeploy-
ment,it is believed thatthe only mechanisms possible of
creating the frequency dip/null is from the humpback whale
surface spray or swimming motions occurring underwater.

It is difficult to estimate the exact droplet sizes associ-
ated with humpback whale spray,butthey are mostlikely
comprised of both small and large droplets with a maximum
radius of approximately 2 mm (Butterworth,2006). Given
the variability in droplet sizes, it is important to consider the
potential for Mesler entrainment.Mesler entrainment is the
phenomenon where the impactof a single dropletcreates
the entrainment of numerous bubbles. The entrained bubbles
radiate very small amounts of noise, and have a mean radius
of 0.025 mm (Carrolland Mesler,1981; Esmailizadeh and
Mesler, 1986; Pumphrey and Elmore, 1990). Pumphrey and
Elmore (1990) describe the inconsistencies in the amount of

bubbles entrained for even a consistent environment (clean
fresh water,constanttemperature,and verticaldrop trajec-
tory), and we must note that temperature, liquid cleanliness,
and drop trajectory associated with humpback whale spray
presumably varies. Due to the lack of literature surrounding
humpback whalespray droplets,we will be using the
approximations put forth by Pumphrey and Elmore (1990),
and mustnote the uncertainties in drop trajectory and bio-
logical contaminants in the spray. Although Mesler entrain-
ment is inconsistentas described previously,it is most
common when the drop is at a low impact velocity.Based
upon a drop size diameter ranging from 0.8 to 1.1 mm (light
rainfall/drizzle),and the third-degree regression terminal
velocity formulafrom Dingle and Lee (1972), 0.8 and
1.1 mm drop diameters have terminal velocities of 3.28 and
4.35 m/s,respectively.In order to determine if the hump-
back whale spray drops produce regular entrainment, as first
described in Pumphrey and Walton (1988),we must deter-
mine the distance needed for these drops to reach terminal
velocity,and in-turn produce underwater sound (Pumphrey
and Elmore, 1990). Humpback whalesurfacebreathing
sprays typically reach heights of 2–3 m (Leatherwood et al.,
1982),therefore,based upon these drop sizes,they need to
reach terminal velocities prior to a distance of 2 m. With the
known terminal velocities from Dingle and Lee (1972),we
can next estimate the distance needed to reach that velocity
in air,

d ¼ v2
t

2g; (6)

where d is the distance it takes to reach terminal velocity, g
is the acceleration due to gravity, and vt is the constant ter-
minal velocity of the droplet. Using this equation, we arrive
at an approximate distance of 0.55 m for a 0.8 mm droplet,
and 0.96 m for a 1.1 mm droplet. Based upon these findings
and assumptions,it is concluded thatthe spray from the
humpback whales have the possibility of reaching terminal
velocity, and therefore could produce regular entrainment.

We next infer bubble sizes thatwould lead to natural
frequencies between 15 and 16 kHz and subsequent attenua-
tion in the forward propagated acoustic field atthatfre-
quency.All 76 data files on the evening of September6,
2021 from 20:29 EDT to 21:09 EDT are analyzed, and spec-
tra from hydrophone 28 calculated with a 10 Hz running
average and overlain in Fig.12(a), along with the mean
spectrum. The precise frequency of occurrence of the inten-
sity null/dip varied between individual spectra ranging from
15.55 to 15.92 kHz with a mean of 15.72 kHz.The bubbles
pulsating atthese frequencies have varying radiiranging
from 0.2048 to 0.2098 mm and mean of 0.2074 mm, as tabu-
lated in Table II. It should be noted that larger bubbles oscil-
late atlower frequencies compared to smaller bubbles,the
transformation from bubble radius to oscillation frequency
is inverse and nonlinear.In order to accurately characterize
and quantify the broadband dip, it is necessary to obtain the
average powerspectrum in the absence ofechosounder
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signals.Out of the total 76 data files analyzed,20 of them
were recorded in the absence of echosounder signals.This
subsetof echosounder-freerecordingsare analyzed and
spectra with 50 Hz running average overlain in Fig.12(b),
along with the mean spectrum.

A pulsating air bubble has a sharp sub-resonance rise,
and a more gradual super-resonance fall (Gong et al., 2010;
Medwin, 1977; Pumphreyand Crum, 1990; Pumphrey
et al., 1989) in both acoustic scattered and naturaloscilla-
tion intensities. Consequently, the attenuation caused by the
pulsating bubble will show a similar pattern with a sharper
pre-resonanceattenuation dip and a more gradualpost-
resonance attenuation rise.Here, the intensity dip/nullin
Fig. 12(b) is bestapproximated as a band-stop filter,with
center frequency 15.7 kHz, and bandwidth 5.5 kHz [marked
by red verticallines in Fig. 12(b)] The pre-resonance dip
has a sharp roll-off around 89 dB/octave beginning at
14.5 kHz,equivalentto a 15th order filter.The postreso-
nance rise is more gradualwith slope of around 55 dB/
octave extending out to 20 kHz, equivalent to a 9th order fil-
ter. The pre- and post-dip intensity variations provide further
confirmation that the null or attenuation is caused by bubble
oscillation.

The frequency dip min,max and mean values,along
with standard deviation estimated from measured spectra
are tabulated in Table II with histogram shown in Fig. 13(a).
The 3 dB null bandwidths are calculated from each spectra

as the 3 dB higher intensity from the null, where large varia-
tion can occur as seen in Table II and Fig. 13(b). The corre-
sponding bubbleradius distribution thatwould lead to
bubble resonances atthe experimentally measured dip fre-
quencies are also tabulated and shown in Fig.13(c). These

TABLE II. Statistics of measured dip frequency values, measured 3 dB dip
bandwidths,and corresponding bubble radiiwith naturaloscillation fre-
quencies matching corresponding dip frequencies.These results are based
on analysis of76 data files from submerged hydrophone 28 containing
humpback whale breathing soundsduring verticaldrift deploymenton
September 6,2021 from 20:29 EDT to 21:09 EDT,as well as modeling
entrained air bubble natural frequency. Blue (min dip frequency, max bub-
ble radius) and brown (max dip frequency,min bubble radius) characters
show the inverse and nonlinear transformation between bubble radius and
dip frequency value.

Parameter Minimum Mean Maximum Standard deviation

Dip frequency (kHz) 15.548 15.723 15.923 65.354  10–3

3 dB dip bandwidth (Hz)35.734 285.651 503.807 113.652
Bubble radius (mm) 0.2048 0.2074 0.2098 8.61  10 –4

FIG. 12. These results are obtained from submerged hydrophone 28 mea-
surements during verticaldrift deploymenton September6, 2021 from
20:29 EDT to 21:09 EDT containing humpback whale breathing sounds. (a)
Power spectrum of 76 data files (overlain in gray) and average spectrum (in
black). (b) Power spectrum of 20 data files (overlain in gray),each with
absence of 12 kHz echosounder signals,and average spectrum (in black).
The error bars indicate spectrum standard deviation values at those particu-
lar frequencies.

FIG. 13. Results from analysis and modeling based on 76 data files of sub-
merged hydrophone 28 containing humpback whale breathing sounds dur-
ing verticaldrift deploymenton September 6,2021 from 20:29 EDT to
21:09 EDT. Histograms of (a) measured dip frequency; (b) measured 3 dB
dip bandwidth; (c) inferred bubble radius for corresponding dip frequency.
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results indicate that the bubble size distribution and densities
are varying in time leading to variations in dip frequencies
and dip bandwidth extent.

Here,the relationship between naturaloscillation fre-
quency and bubble radius used to infer the results in Table
II follow Minnaert (1933),

f0 ¼ 1
2pR0

ffiffiffiffiffiffiffiffiffiffi
3cP0
q0

s
; (7)

where f0 is the natural oscillation frequency, R0 is the bubble
radius,c is the ratio of specific heats,P0 is the static pres-
sure, and q0 is the density of seawater. The following values
were assumed for calculating the relationship atthe water
surface;c ¼ 1:40; P0 ¼ 101 325 Pa,and q0 ¼ 1030 kg=m3.
These values correspond to bubble radius sizes in water at
sea level shown in Medwin (1977).

The damping constants along with scattering,extinc-
tion, and absorption cross-sections are nextapproximated
to provide insightinto the dominantmechanism for sound
attenuationfrom the pulsatingair bubbles.The total
damping constant,d associated with the pulsating air bub-
bles is

d ¼ dth þ dac þ dvis; (8)

where dth is thermaldamping,dac is acoustic radiation
damping,and dvis is the viscous damping.These damping
coefficients are plotted in Fig.14(a) as a function of fre-
quency for bubble radius R0 ¼ 0:2074 mm using the formu-
lation of Devin (1959).Both viscous and thermaldamping
increase with frequency,with the exception of acoustic
damping,which remainsnearly constant.The scattering
r s, extinction re, and absorption ra cross-sections are deter-
mined following the formulation in Ainslie and Leighton
(2011),

r s ¼ 4pR2
0

x 2
0

x 2  1
2

þ d2
; (9)

r e ¼ d
xR 0=c r s; (10)

r a ¼ r e  r s; (11)

where x0 is the bubble resonance frequency.These equa-
tions produce the output as shown in Fig.14(b), with peak
cross-sectionsoccurring atabout15.7 kHz. The leading
cause of extinction or attenuation at the bubble resonance of
the acoustic intensity is absorption.

To validate the hypothesis that the null/dip frequency of
15.7 kHz originatesfrom humpback whale spray,droplet
samples atsea would need to be captured.This scenario
should then be recreated in the laboratory where the droplets
fall at their appropriate impactspeed into saltwater,to
determine if they have natural frequencies ranging between
15 and 16 kHz.Until then,it remains a hypothesis that the

humpback whale spray is the reason for the 15.7 kHz cen-
tered broadband frequency dip/null.

V. CONCLUSIONS

Breathing sounds from humpback whales in the Great
South Channel region of the U.S. Northeast continental shelf
have been measured and analyzed based on data acquired
with subapertures of a coherent hydrophone array during an
experiment in Fall 2021. Video recordings and visual sight-
ings enabled humpback breathing sounds to be coregistered
with those measured on the hydrophone subarray deployed
in both vertical drift and horizontal tow.A combination of
time-series, spectrogram and PSD analysis was conducted to
understand and characterize measured humpback breathing
sound signalsboth in-air and underwater,including fre-
quency ranges, bandwidths, and signal durations. This anal-
ysis sheds more lightinto sounds humpback whales make
both above and below the watersurface,as well as how
these sounds are perceived in air and underwater.

Here, the underwaterrecorded humpback breathing
sounds were used to infer humpback whale ranges from the
vertical hydrophone subarray by employing near-field non-
linear time of arrival analysis on individual hydrophone ele-
ments. The sequence of range estimates were then applied to
estimatehumpbackwhale breathingsound underwater
source level distributionwhich resultedin a mean of
161 6 4 dB re 1 lPa at 1 m and mostprobable value of

FIG. 14. (a) Damping constant,d varying with frequency fora bubble
radius,R0 of 0.2074 mm taken from Table II.Dotted line (red):thermal
damping dTH; dashed line (green):acoustic damping dAC; dot-dashed line
(blue): viscous damping dV I ; solid line (black) total damping d [after
Devin, Jr. (1959)]. (b) Shows the different cross-sections, where their peak
is at resonance.Dashed line (green):scattering;Dotted line (red):extinc-
tion; solid black line: absorption.
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157 dB re 1 lPa at 1 m. Furthermore,we discovered an
intensity reduction or dip in the measured spectra of the ver-
tical hydrophone subarray while deployed in the vicinity of
humpback whale breathing activity. The broadband dip/null
centered at15.7 kHz is mostlikely caused by attenuation
from pulsating air bubbles, probably generated by the hump-
back whales themselves through movement,breathing,or
underwater bubble clouds.

SUPPLEMENTARY MATERIAL

See the supplementary material for videos and spectro-
grams of humpback whale breathing sounds.
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