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Humpback whale (Megaptera novaeangliae) breathing sound
characteristics from simultaneous above and underwater
measurements
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Nicholas C. Makris? (%) and Purnima Ratilal

'Department of Electrical and Computer Engineering, Northeastern University, Boston, Massachusetts 02115, USA
’Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA

ABSTRACT:

Humpback whale breathing-related sounds were recorded on elements of a coherent hydrophone array subapertur
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 w
approximately 2.5 s duratibot 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 IPa at 1 m, based on measurement
at 22.9 m. The underwater recorded humpback whale breathing sound spectra displayed a broadband dip centered
15.7 kHz, with approximately 400 Hz half-power bandwidth, likely caused by attenuation from propagation through
pulsating air bubble3he air bubble radius for naturfrlequency of oscillations &t5.7 kHz is estimated to be

0.205-0.21 mnT.hese 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 wh,
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.
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I. INTRODUCTION as a way of communicatioriGandilhonet al., 2015;

Humpback whales (Megaptera novaeangliae), a SIOEzRi%isdenberg and Laitman, 2007b). The analysis of this paper
belonging to the baleen whale (Balaenopteridaamily ocuses on the former. A humpback whale surface breathing

(Clapham, 2000; Erbe, 2002), produce an assortmerf spray or blow can be described as a balloon or bushy shaped

: : that is typically 2-3 m high (Leatherwood etal.,
sounds ranging from vocalized moans and songs to dyr%%y!- ) : .
cal surface-breachindpreathingand foreflipperflaps. ). with a mean blow velocity ranging from 13 to 23 km/

Humpback whalesreathethrough theirtwo blowholes h (Horton etal., 2017). Blows are a mixture of seawater,

located at the top of their head. The air is carried from t%t?ﬁled gasesand intrinsically generated aerodobplets

blowholes down their nasopharynx, and eventually rea es et al.,2020). Using a mean .Iength of10.16 .3'8 m
a thick ridge of tissue, known as the u-fold. The u-fold is 3h female humpback whale (Reidenberg and Laitman,

importanispectin the sound production and breathing 2007b), with a whale length to lung capacity ratio derived in
mechanism for baleen whales. The u-fold resembles th&fipgh (1934)the whale can expel a mean of 5200 6 1900

on a humanwhich is capable of opening and closing anditers of air (5.2 6_2.0 fung capauty).per blow. Although .
residesalongside the laryngealac (Cazau et al., 2016; Krogh (1934) derived the lung capacity for a blue whale, it
Damien et al., 2019). Air which is held in the laryngeal sz considered to be a rough estimate after correcting for the
is moved to and from lungs through the contraction andize difference. Humpback whales have a distinct character-
expansion of musclesVhen air is moved back and forth istic, unlike othemaleen whales according to Reidenberg
between the sac and lungs, it must pass by the u-fold, cA@tLaitman (2007a)in thatthey expellarge amounts of

ing vibrationsAudible sound is produced from the forcedir underwatercreating a bubble cloud owall. Images

and muscle exertion used to move air from the larynge&fsadmpback whales can be seen in Figl with surface

to the lungs and eventually expelled through the blowhbregthing sprays in Fig. 1(b) and underwater bubble cloud in

These sounds can be generated through breathiexgn  Fig. 1(c).
The humpback whale breathing sound signals analyzed

here were acquired using a coherent hydrophone array suba-
@Email: radermacher.m@northeastern.edu perture during an experiméntthe GreatSouth Channel
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classification, and localization of marine mammal vocaliza-
tions including humpback whale songsd social moan

calls in pastexperimentsyhere data were analyzed using
the passive ocean acoustic waveguideremotesensing
(POAWRS) technique (Huang edl., 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 objectssuch as ship radiated sound&hu 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/normdblows 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-aiDuring Watkins 1961 experimeoitf
FIG. 1. (a) Two humpback whalethree meters off the starboard side ofaPe Cod, the underwatehydrophone and in-aimicro-

RV Endeavor, photographed on Monday Septemp@26at 20:07 EDT  phone recording systems had flegponses from 50 Hz to

at the GreatSouth Channelfb) humpback whale surfacing on Monday10 kHz, but spectrograms were only shown up to 4 kHz.

September 6, 2021 at 20:00 EDT; and (c) humpback whale blowing bu@%lfeh the wheezing and ordinary blows recorded an upper

cloud under the port side of the boat on Wednesday Septeniérag,

15:04 EDT, photographed using GoPro. frequency value o2 kHz, where the wheezing blow had
about35 dB loudersound thatlasted around 2 salmost

(GSC) of the U.S. Northeastontinentashelf (Fig. 2) in  twice thatof the ordinary blowHere, our recordings of

Fall 2021.The large-aperture densely populated coherefgmpback whale breathing sounds are sampled at 100 kHz,

hydrophone array systengapableof digitizing acoustic a factor of 12.5 times higher sampling rate than the measure=

data with a sampling frequency up to 100 kHz, was desigregds of Watkins (1967). This higher sampling rate is essen-

and fabricated in-house allortheastern University (NU) tial for capturing a fuller bandwidth for the humpback whale

(Mohebbi-Kalkhoran et al., 2022; Radermacher et al., 20B2eathing sound signals, especially underwater.

Schinaultet al., 2022). The array system can be deployed = The humpback blows were also analyzed by Thompson

in both drifting verticahnd towed horizontahodesand et al. (1986) and categorized ashrieksand trumpetlike

we present recordings of humpback whale breathing sdwrdsblasts, where the shrieks had a maximum frequency of

in both configurationsThe coherenthydrophonearray 2 kHz, and the blasts with a mean frequency o614 Hz.

has been effective forinstantaneouside-area detection, Thompson et al. (1986hows humpback whale blow sound
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FIG. 2. (a) Experimental region where subapertures of a 160-element coherent hydrophone array were deployed from September 6-8, 2021. (b) Close
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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
September €021 and the (dashed) blue track is where the array was horizontally towed on Septa®brimRjes generated with QGIS System

Software.
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spectrograms with a wider bandwidth of up to 8 kHz tharydrophonesubarray. These localization results are

thatof Watkins (1967). Thompson etl. (1986) accredits employed to estimate the source level distribution for under-

the sequence of these sounds to a form of communicatieater recorded humpback breathing sounds, which are then

encountemwith social significancewherethe estimated compared to those published in Dunlopaét(2013) and

source level for shrieks range from 179 to 181 dB re 1 IFhampson etl. (1986). Finally, the underwater recorded

1 m,and blasts range from 181 to 185 dB re 1 IPalatn. humpback breathing sound PSDs are compared to those gen-

There are some distinftequency and source lewvéiffer- erated by geophysicgrocesses such as precipitation and

ences between song and non-song humpback whale cabiseaking wavesto provide an understanding and further

providing some insight into the range threshold detectimsifgrts into humpback breathing-related sound effects.

different sounds (Au et al., 2006). Recording and classifying

these breathing sounds help gain a deeper understandihgfTERIALS AND METHODS

humpback whale communicatioluding the ways they

interact and signal each other above the water surface.
The humpback whale surface breathing activities generThe data analyzed here is a subset drawn from the U.S.

ate blows and sprays that entrain air bubbles at the sealSartheastoast2021 experimentSchinaultet al., 2022)

face, as well as from breaking waves due to dynamical lsodylucted on the research vessehdeavorwhile at the

motions.Likewise, their underwateblows also generate GSC, a region beginning lessthan 50 NM east of the

bubbles.Here, we examinethe impact of humpback NantuckeShoals,from Septembe-8, 2021. Humpback

breathing-related or underwater bubble generation andvéeie-breathing sounds were recorded on a 32-element sub-

pare it to othermechanisms thajenerate bubbles in the aperture of a densely populated coherent hydrophone array

ocean, in particular, precipitationand wind-dependent deployed in two configurations, vertical drift and horizontal

breaking waves. Rainfall is a source of significant undertesv. One of the mostprominenspecies,captured both

ter sound and the characteristics of the sound is dependeaustically and on video, was the humpback whale. Periods

on the rainfalkrate,drop size and terminaklocity which occurred where dozensf humpback whalesurrounded

has been investigated in Barclay and Buckingham (20134 boat, so the array could not be towed for those time peri-

Ma et al.(2022), Ma and Nystuen (2005\edwin (1977), ods.This became an opportunistic time period to deploy a

Nystuen (1992),Pumphrey and Crum (1990)Pumphrey 32-element HF (high frequency, with roughly 0.375 m inter-

et al.(1989), Pumphrey and Elmore (199@)d Pumphrey element spacing) subaperture of the array vertically in drift

and Walton (1988). mode. In this configuration, hydrophones 1-13 were consis-
Small raindrops (0.8-1.1 mm diameter) produce a ditently in-air,14-17 transitioned between in-air and under-

tinct broadband peak in the spectra around 15 kHz, a sovater due to surface wavesnd hydrophones 18-32 were

characteristic of drizzle and light raimere the total rain- consistently underwatBuring verticaeploymentpec-

fall rate is less than 2.5 mm/h (Medwin et al., 1992; Nystuwegramsof the recorded datavere generated foreach

et al., 1993). Medwin et al. (1992) demonstrates the correyalrophonéndividually, encompassing both in airand

tion between drop size and bubble radiusyhere small underwater measurements.

raindrops produce an underwater bubble radius of approxiWhen the array wastowed subsequentl$6 hydro-

mately 0.217 mmRumphrey and Elmore (1990) associatephones were used for beamformpngyiding an enhance-

that radiusto a naturalfrequencyof roughly 15 kHz. mentin signal-to-noiseratio (SNR), that leads to an

Medium to heavy rainfall have higher sound spectral levetseased detection range and improved sigtadity. In

than drizzle and light rainfall, and decay roughly monotdris experimenbeamformed spectrograms were generated

cally with increasing frequency out to 50 kivith no dis- in near-real-timespanning all 360 azimuthsaboutthe

tinct peaks (Anagnostou etl., 2008). Similar to rainfall, receiverarray.The beamformed spectrograms captured a

breaking waves are a source of underwater sound that variety of vocalizations from marine mammal species, such

depending on wind speeds and wave height. This phenamleumpback songfin whale 20 Hz pulsesminke whale

non was investigated in Deane and Stokes (2002), wherbtiae sequencesrca and other delphinid whistlaswell

acousticphaseof a breaking wavelasts approximately as sperm whale and other delphinid echolocation clicks in

1.2-1.5 s, with a broad bandwidth and a spectral peak b#¢dewW0 Hz to 50 kHz range (Seri, 2024). Other signals present

1 kHz. in the beamformed spectrogram imagery include fish grunts
Here, we analyze humpback whale breathing soundand knocksand ship-generated tormipadbandnd tran-

recorded simultaneously in-a&nd underwateproviding sient sounds.The POAWRS technique typically detects

time-seriesand power spectraldensity (PSD) analysis. hundreds of thousands, severalmillion acoustic signals

Comparing these measurements provides insights and gey day, in the 10 Hz to 50 kHz frequency range when

differencesbetweenin-air and underwaterecordings. deployed in biodiverse hotspots (Garcia et al., 2020). Here,

Whale ranges from the receiver array are estimated fromettfecus our analysis specifically on humpback whale

underwater recorded humpback breathing sounds by nbatdthing sounds.

ing the nonlinear curvature of the acoustic wavefront, due tGoncurrentn-air and underwatdrydrophone record-

their close proximity in the near-field ofthe submerged ings of whale breathing sounds were acquired across a 40

A. Experiment and data collection

L1:8YivL G20T Iudy 0L
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C. Range estimation of humpback whale breathing

20 iPhone Recording Ijz = sounds
515 -45§ Here,we estimate the range of humpback whales from
S ®a¢  the receiversubarray by employing timedifferenceof
2 Whale! T Whaten Whate3 :Z;g arrivalof the breathing sounds received on indivisuiad
I " 2 merged hydrophonBsie to the close proximity (less than
e o i e = 1 25 m), based upon visual sightings of the humpback whales
10 " % e 0 10 in the near-field of the subarraythe received breathing

sound wavefrontare curved.By utilizing the nonlinear
FIG. 3. Spectrogram from iPhone video recordingeferalhumpback travel time information, range estimation of the whales will

whale breathing sounds on Septemb#0), at 18:06 EDT in the Great be solved as a least squarescost function optimization
South Channel.
problem.

. L . . . The underwater hydrophones utilized in the range esti-
minute time interval from 20:29 EDT to 21:09 EDT Contarlwqétion were 24-280, and 32,due to their location away

ing 274 breaths on S.eptember 6 2021, where the array sth the hulbof the boatThe setup is modelled in Fig}
gelploygq verUcaIIy.\hdgo recordl.rf1.g9/'vere Igvedragsg.to showing the vertical array deployment. Let h be the depth of
elp aid In narrowing in on specific time Windowshis ¢ first shallowest hydrophone from the sea surface used in
proved to be quite crucial when identifying the sPeCtro%’aer%%alysis and the depth of the nth hydrophone is,h p Dz
for humpback whale breaths, both above ‘_fmd below the,jize Dz is the separation of the nth hydrophone to the
face of the wateOn September @021 at 18:06 EDT.an £t | et, 7 be the depth of the whale from the sea surface.
iPhone video captured multiple whales surfacing adjacef{dQyhale is assumed to be on the surface of the water, but

the boat. This recordedvideo was convertedinto a  he mechanism for creating sound in the whale is assumed
Waveform Audio File Format (WAV) in MATLAB,which 4 pe slightly below the surface of the walee to thisa

was then used to generate a spectrogaseen in Fig3,  \;1ye of 1 m was assumed for z
with the full videosincluded assupplementary material.  The difference in the distanca, the sound needs to

This spectrogramglong with othervisual sightingsand  traye| between the first element (hydrophong @stgach 3

video recordings were used to coregister sounds recordegh@fyuent elementjs g

individual hydrophones of the subartayas pertinent to S

have a template to be able to manually classify spectrogranas ¥%arn r 1% 8DtP ¢ (1) s

as humpback whale breathing sounds, which were originally &

documented as unknown acoustic signals. where cis the sound speed assumed to be 1500 m/g and Dt ™
is the measured time-delay in seconds between the nth and
first elements. The distance the sound needs to travel to the

B. PSD estimation of humpback whale breathing first element is

sounds measured on a coherent hydrophone q fiffiffiffiffiffiffiffififitfitfitfitfiffiffirfirfififfifififieieieeiee

subarray n'% xpdh z W (2)

PSD analysis demonstrateshe power distribution ' _
across a signal's frequency range. The PSDs are first cal¥{lere x is the unknown horizontal range of the whale from

lated via Fouriertransform analysis foindividualwhale ~the subarraykach of the subsequerdlements calculated
breathing sound signakdiich were then combined to caldistance is given by

culate the time averaged power spectrum. The PSDs are cal-
culated separately for the three configurations; individual in-
air and underwatehydrophonen vertical deployment
mode,and beamformed signahile the array was towed.

All in-air measurementsere normalized to theirpeak
because of the unknown in-air hydrophone sensitivities d

to the change in acoustic mediurin contrastresults of
underwater power spectra are converted to dB feH4Pa

after correcting forknown hydrophone sensitivitids.is
important to note that the sound transmission between t
mediums was not considered, given the unknown in-air s
sitivity for the hydrophon&Vhere,on averagefor a flat
surface, the transmission loss is approximately 30 dB, wh _ Note: Figure not drawn to scale

can Vﬁry depgr;dlng on Seve?ramEterS“Ch as Surfaé_e FIG. 4. Schematic of the subarray’s vertical deployment underwater, show-
roughnessand frequency (Godin,2007, 2006, 2008a,b; ing the geometry used to formulate the equations needed to estimate whale
McDonald and Calvo, 2007). horizontal range x.

J. Acoust. Soc. Am. 157 (4), April 2025 Radermacher etal. 2307
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] ) . equation provi rick (1983), the following
% X pohpDzz w: 3) equation was implemented:
In order to determine values for x and fgrid search TL %420 log3rb b adf br 16 : (5)
from 0 to 50 m for x and 0 to 25 m forlmpth with a step
size of 0.1 m was usedThe constraints ofhe grid were Here,TL is the transmission loss in dB re 1 nis the

determined based upon visugghtings forx and known  distance in metersgf b is the frequency dependent absorp-
inter-elemerdpacing forh. A least squares cosfunction tion coefficient in dB/km, wher& i€ required for conver-

was used as an optimization technique, where the optirsigadrom meters to kilometers. Due to the broad bandwidth
solution is the minimum of the function. The equation uskthe humpback breathing sound, the absorption coefficient

for the cost function optimization is was integrated across the frequency range. Here,
XN SL% RL p TL, and RL % 20 log0jPj=RefP, where P is the
Cost % an 8r o1 b2 (4) §ound pressure level of the whale breathlr)g sounqéand P
" is the referencesound pressure,1 IPa. This equation

assumes no bubbles or othiehomogeneities are present,

where N is 7, the totalnumbeiof hydrophones analyzed.and due to the close proximity of the whale, the source level
This optimization technique was applied across a subse€@ifild be approximated by strictly considering spherical
data to determine a series dfumpback whale horizontalspreadingloss, verified by the absorptionparameter
range estimates from a sequence of their measured br&sgadgting for less than 0.1 dB. Given whale location at the
soundsForty-minutes of data were analyzed on Septembea surface, it is important to determine if the whale acted as
6, 2021, from 20:29 EDT to 21:09 EDT, where the array a dipole or monopole source. Due to the whale being right at
was deployed vertically. the surface of the water and not belowdtmirror reflec-
tions from the air-water interface were obsefds was
validated by comparing the RL at different depths where the
mean and standard deviation were 137.46 0.7 dBre 1 IPa,
and the RL for each hydrophone are random deviations, and

Two separate beamforming methods are utilized hefgttfollowing a deterministic trend as would be observed for
combine data from multiple elementf the submerged 3 dipole source with directiondbeampatterithe whale

hydrophone subarrdgcused near-field beamforming angreathing sound time domain signals were high-pass filtered
traditionafar-field beamforminghe focused beamform to remove ship tonals,and then a band-stop filterwas

analysis uses data from seven underwatehydrophones applied to filter-out the echosounder signal.
24-28, 30, and 32 during verticaldrift deploymenand

employs the measured curved non-linear trdnred-delay III. RESULTS

betwgen eIgmentand k.nOV\.m mter-elemenstpacmgsA A. Humpback breathing sound bandwidth and signal
Hanning window function is applied across the hydrophgpes,
in the beamformingrhe far-field beamformefiollows a

similar approach but uses a linear travel time-delay insteadSubapertures of the coherent hydrophone array recorded
due to plane wave assumption. Beamforming with datalfedapback whale breathing related sounds from September
an array of hydrophones typically enhances the SNR ovér8, 2021, with majority recorded while the array was
measurements afsingle hydrophonespecially true for deployed in vertical drift mode on the sikbie. array also

large horizontal arrays, since they filter out signals and fRi#ered humpback breathing sounds in the late morning on
from all otherbearingsexceptfor the steered direction the eighth while the array was being towed. This led to three
(Garcia et al., 2019; Wang et al., 2016). Here, the subarrdljstinctmeasuremestenariosin-air and underwater sub-

is deployed vertically and only 7 hydrophones are gsed array recordings during vertical drift deployraedtully

we will examinethe beamformedesult for potential submerged subarray beamformed results during horizontal
enhancements. tow.These three measurement scenarios resulted in signifi-

cantly distincspectrograms and spectra due to differences
in recorded humpback breathing sound sidreaidwidth,
duration and intensity.

The comparison between concurrierdir and under-

The source level (SL) of each humpback whale breatiaterhydrophone recordings during vertehdft deploy-
ing sound during underwater vertical deployment in uniteeaf can be made from Fig. 5, with the full videos included
dBre 1IPa at 1 mwas estimated from itsrespective as supplementary material. The spectrogram of an underwa-
received pressure levelRL) by accounting forone-way ter hydrophone recording during vertical deployment shows
transmission lossyhere Seriet al. (2023) took a similar  four distinct humpback whale breathing sounds in Fig. 5(a).
approachUsing the equationderived in Francois and The gray (background noisepand magentasignal with
Garrison (1982) for absorption,and the transmission background noise) bounding boxes show the duration and

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

L1:8YivL G20T Iudy 0L

E. Source level estimation of humpback whale
breathing sound
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time-series (in red) is obtained from the normalized signal
(a)  Vettcal water |9° after bandpass filtering over 30 Hz to 1.2 kHz, capturing the

i 85 breathing sound bandwidth forair and filtering outhe
low-frequency noise.

The power spectra for humpback breathing sounds and
background noise are calculated using sigrtéhe-series
subsets within the same data filxamples are shown in
- Ti— . i1, Figs. 5(a) and 5(c) for an underwater and an in-air hydro-

TRt e 20 22" phonerespectivelywith a pink bounding box demarcating
of(p) | Vetweweer T —oafso] humpback breathing sound segments and a gray bounding
i A box demarcating noise segméfite.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 izomputed in the absence of
humpback breathing sounldst residualbubblesremain,
e leading to a broadband dip of 15.9 6 0.6 kHz with an inten-

T ) 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 spectralamplitudesgspecially atlow frequencies,
allowing for a more accurate determination of bandwidth.
The underwater humpback breathing sound digadte-
T T T— T quency componentxtending beyond 50 kHz asan be

e s} seen in Figs. 5(a) and 6(c). The large spectral peak at about
A N AN S [ =71 12 kHz seen in Figs. 6(c) and 6(d) was caused by the ship’s
onboard EDO UQN 323C transducer (echosoundsriih
occurred during the entire vertical drift deployment with an
approximate 1-s inter-pulse interxate.There is no evi-
dence to suggesthe 12 kHz echosoundés creating the
1 broadband frequency dipwo explanationsupportthis

\,
3
Power (dB re 1 pPa?/Hz)
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o
o
T

Normalized Pressure (Pa)
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T

s 10 12 14 16 8 20 2 20 2 2 @ conclusion(1) the dip is not periodic butratherconstant
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and (2) the echosoundds a mechanicalacoustic source

FIG. 5. (a) Spectrogram of measurement from underwater hydrophofi@@#ating independently from the whale and therefore not
during verticaldeploymenshowing severatecorded humpback whale generating waves to coherently interfere with whale breath-
breathing sound§)) time-series analysis afinderwatelnydrophone 28 :a% sound. A power spectrum showing humpback breathing

measurement, including result after bandpass filtering with cut-off frequen- . . -
¥ g J Hhds in the absence of echosounder signals can be seen in

cies set at 300 and 10 kHz (red); (c) spectrogram of measurement front ;
air hydrophone 1@juring verticatleploymenghowing severakcorded Fig. 12(b), where the acoustic data segments are taken from

humpback whale breathing sounds; (d) time-series analysis of in-air Hydervals between echosounder pirr’rgsechosounder Sig-

phone 10 measurement, including result after bandpass filtering wit - ; e
frequencies set at 30 Hz and 1.2 kHz (red). All plots recorded on Sept%rﬁwbtt\a@gs |gnored when determmmg the energy of humpbaCk

6, 2021 at 20:53 EDT, with the array being deployed vertically. re?thing S.Ound i_n underwatgrdrophone measurements
during vertical drift deployment.

frequency rangencluded in calculating theirrespective Sixty-six hydrophone elements were utilized to gener-
power spectrum consistentbroadband frequency naitl ~ ate the beamformed spectrogram inFfgr the horizon-

dip centered at5.7 kHz was observed in recordings of altally towed subarray caseyhere the humpback breathing
underwatehydrophonesluring verticaldeploymentand soundwas located at 80.1 bearingrelative to array

will be discussed furthein Sec. IV. The corresponding heading, where 9@orresponds to forward endfire (towards
time-series is shown in Fig5(b), where the filtered time- ship). In both the in-air and underwatevertical deploy-
series (in red) has low frequency ship toraid high fre- ments,the signalduration was 2.5 syhile for the towed
quency echosounder pulses removed via a 300 Hz to 10ckiig, it is only roughly 1 s in duratiomyhich will be dis-
bandpass filteThe spectrogram afoncurrently recordedcussed further in Sec. IV. In addition, due to the humpback
humpback whale breathing sounds on an in-air hydropmdrade breathing sound being low in intensity compared to
is shown in Fig. 5(c), showing a significantly smaller fre-the background noise during the horizawotalconfigura-
qguency bandwidth than the underwatermasa)y due to tion, it was difficult to detectand manually classify the
higher acoustic attenuation in-air versus water and locatmds. Background noises can consist of a wide variety of
of in-air hydrophon&he corresponding in-air time-seriesoundsincluding biological noise (Catt)78,1992), flow

of the recording is shown in Fig5(d), where the filtered noise (Auvinen et al., 2020), and wind-generated noise
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(Barclay and Buckingham,2013b). The 3 dB frequency accurate time-delay estimates across the hydrophones. Here,

bandwidths for humpback breathing sound in each metarggnal from hydrophone 28 was used as the model signal

ment scenario is tabulated in Table I. for each humpback whale breathing sound by applying a
time reversal to its time-seri€kis time-reversed signal is

B. Humpback whale range estimation from near-field then convolved with each othe seven individuahydro-

breathing sounds measured on vertical array phone datayhere the resultant is used due to its ability to

subaperture create sharp peakgading to a more defined and accurate

. . . _time-delay measurement.
The.waterfall plot [Fig. 8(a)] shows the time-series and’ The h)L/Jmpback breathing sound signals from multiple
henge time-delay foa humpback breathing sound signal,, | individuals were recordedzatate of roughly 6.85
received on the seven underwatérydrophoneanalyzed

o= X X eathsper minuteduring vertical drift deploymenin
here. Matched filtering [Fig. 8(b)] was used to provide MU Stembel6, 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 measureay, % Dt,c, versus
calculated, Dr, Dr 4, relative travel distancesfor a

o

&

IS

TABLEI. Frequency bandwidths fareasurements in the three distinct
configurations of humpback whale breathing sounds.

Frequency (kHz)
w

N

Configuration Sound type  flow(kHz) fuign(kHz) few(kHz)

Power spectra (dB re 1 uPalez)

75

Vertical: Air Infrasound 0.004 0.012 0.008

Vertical: Air ~ Audible/Ultrasound 0.070 0.400 0.330

FIG. 7. Spectrogram of humpback whale cabt relative bearing 0.89, Vert?cal: Water ¥nfrasound 0.005 0.012 0.007
equating to 80,where 90 corresponds to forward endfire (towards shygytical: Water Audible/Ultrasound 0.700 >50 >49.3

while the array is being towed on Septemb@082,1 at11:41 EDT (full  Towed Audible/Ultrasound 1.000 3.750 2.7500

video included as supplementary material).
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FIG. 8. (a) Waterfall plot of time series containing a humpback whale breathing sound recorded on S¥jtemthi20:63 EDT measured by seven
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Calculated versus measured relative travel distances, with respect to the first hydrophone (hydrophone 24) analyzed; (d) the least squares cost functi
mum showing estimates for x and h.

received humpback breathing sound sighalcalculated 3::
travel distances to the individual hydrophones relative tot=sf = 7 7 = = T T 7 8
firstelementhydrophone 24) were obtained from E2js. fzs i (@) —— 3
and (3) using the x and h parametevaluesat the least ik : { { £ t g
squares cost function global minimum in Fig. 8(d). L. L) 3 § S
Each measuredhumpbackwhale breathingsound 2 ik g 1 Bl

resulted in a calculated x and h value. Due to surface Wave»g sk

each h value corresponding to the depth of the first eleme™

0 L L L L L L L L
(hydrophone 24)/aried S|Ight|yThe aVeragthaIue is 20:27 20:29 20:33 20:36 20:50 20:53 20:57 21:03 21:09 21:11

. . . . . . Time (GMT) Sept. 06, 2021
3.9 m and this result is consistent with visual observations
. . . . 35 T T T T T T T T
The horizontal distance,estimates of the received hump- (b) oo 16135
std: 4.37

back breathing sound signals across the analyzed time du
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 resu
demonstrate a strong correspondence with siglkgings
and were used to estimate source level values as seenin F
9(b). The error bars are calculated from the 3 dB bandwidt
of theirrespective leassquarescost function minimum,
which shows the potential distance estimation errors.

3k

15F

’ ||
05F
C. Focused beamforming of subarray underwater data . ) )
52 15:

during vertical drift deployment 1 4 156 158 160 162 164 166 168
Source Level (dB re 1uPa at 1m)

Number of humpback whale breathing sounds

Data from hydrophone 28 was compared with near-field
and far-field beamforming results. These spectrograms%PeHumpbaCk whale breathing sounds recorded during horizontal drift

. . - . . ., deploymentn Septembe6, 2021 from 20:29 EDT to 21:09 EDT. (a)
normalized to theirespective peak intensity value WhIChFifteen humpback whale horizondétance valuest, vary from 9.1 to

was calculated between the frequency rang@Qf Hz to  22.9 m with an average of 16.2 m. The (red) error bars are calculated from
4 kHz, during a 3-s time duration. Both beamformed re$bdt3 dB bandwidth ofhe costfunction minimashowing the potential

; ; nge estimation errols) Histogram ofl5 humpback whale breathing
have lowernoise halos surrounding the humpback Whar;%und source level estimates ranging from 152t0 168.7dBre 1 IPaat 1 m

breathingsoundsin the spectrogramcomparedto the  ith a mean and standard deviation&! 6 4 dB re 1 IPa at1 m,and
single-hydrophonmsult.Since the differenceswith the  mode or most probable value of 157 dBre 1 IPa at 1 m.
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beamformed results are only marginal, the rest of the acmlyd be due to the lower sampling frequency (factor of ten

sis uses data from a single hydrophone. smaller) used in Watkins (1967¢ading to the inability to
accurately compare signal energies above 4 kHz. Thompson

D. Source level distribution for humpback whale et al. (1986) also analyzed humpback breathing sounds,

breathing sounds measured underwater classifying them as two different types; shrieks and trumpet-

The received pressure levéRL) of humpback whale like horn blasts. After further review of the data recorded in

breathing sounds measured on submerged hydrophon@fBGSC' it Was.determined tha.t the resul.ts align more with
while deployed in verticadirift mode ranged from 131 to SHrieks than with blastslue to signalduration and band-
141.6 dB re 1 IPa. With the humpback whale floating on'ififith- The shrieks have an estimated duration®fl.5 s.
surface of the wategnd with hydrophone 28 atknown T.hIS isroughly 1s s'horter'than 'Fhe recorded bandwidth of a
depth of 5.245 rthe transmission losses (TL) from whalsingle hydrophone in .\/erfclc.al drift deployment. However, an
locations to hydrophone locations were first calculated 3fgHrate comparison is difficutecause Thompson efl.
averaged acrosa rangeof frequencieover the whale (1986) spgctrqgramhave an unknovymntensﬁysca!e.
breathing sound bandwidEhe TL corrections were next V\rlwhen rewewm% the shriek bangmdthar.]alyzfe(:] n.
applied to the measured Rithere mean transmission losd Ic')mpson et ak ,9;36)';; appears the mdaJorlty ort ";S'g'
value was 24.5 dB re 1 riihe 15 source level estimates of '9' mtens:%f:em ES gtwelen 553,‘3” 2000 Lumétkl-el

whale breathing sounds range from 152 to 168.7 dB re §ApGrogramshow the signalextending up to the z

at 1 m, as seen in Fig. 9(b). The mean and standard devig}%%rspectrogram limitThereforea comparison above

for humpback whale breathing sound source level distrfbu- z cannqtbe made.The GSCis a major ecological
tion are 161 6 4 dB re 1 IPa atl m, with a mode or most regionresiding between the Nantucket shoals and Georges

robable value of 157 dBre 1 IPa at 1 m bank providing a key migratory path for a myriad of marine
P ' wildlife species including the humpback whale.

IV. DISCUSSION The estimated source levelistribution fohumpback
whale breathing sounds has a mean of 161 64 dB re 1 IPa

We applied visualsightingsand video recordings to at 1 m and mode of 157 dB re 1 IPa at 1 m. These estimates
identify and coregistérumpback whale breathing soundsre between 18 to 24 dB lowetthan the source levebf
recorded on individuelements of a coherehydrophone 179-181 dB re 1 IPa at1 m proposed in Thompson ak
subarray during verticatlrift deploymentind to beam-  (1986) for blowhole shriek$ilumpback whale socisbng
formed results during horizontaiv. The 1 s duration of and non-song vocalization source levels were also analyzed
humpback breathing sounds in beamformed spectrogrﬁmsmﬂop etal. (2008), Dunlop etal. (2013), and Dunlop
subarray horizontabw measurements is smalkéran the et al. (2007) based on measurements along the east coast of
2.5 s duration measured by the hydrophone elements dagstgnlia. A similar approach by assuming spherical spread-
verticaldriftdeploymenthis is because the hydrophonesng for transmission loss across the bandwidth of the signal
in vertical drift are much closer to the humpback whalesv@sdmplemented to estimate source levBlisnlop etal.
in the near-field distanceshile hydrophones in horizonta(2013) provided rootmean square (RMS) source levels
tow are furtheraway and in the far-field distance to the (SLgys) for a plethora of surface-sounds such as grunts and
whale soundsClose inspection ofhumpback breathingstrumpetlike horn blasts. Dunlop et al. (2013) estimates have
sounds in Fig. 5(a) from vertical deployment show that eacthverage Qs value of 158 dB re 1 IPa at 1 m for grunts
2.5 s duration signas dominated by two to three highly and 159 dB re 1 IPa at 1 m for trumpetlike horn blasts, pro-
energetic segments of roughly 1 s duration and these evieling values close to the estimated source level distribution
getic segments are the only sounds thstand above the mean and mode obtained from our measurements here.
background noise during horizotaal. The in-air hydro- The frequency null/dip in the spectrogram [Fig. 5(a)] is
phone spectrograms during vertical drift deployment slagyhanomenon observed in measurements of all underwater
smallerfrequency bandwidth than thétom the iPhone hydrophones of the subarray while deployed vertically. The
video recordindthis is because during the iPhone recordstrongestip or null occurred ahydrophone 28 (depth of
ing, the humpback whales were adjacefigss than 3 m) 5.245 m),and the effectdecreases with increasing hydro-
from the boatwhile the whales were on averagéb.2 m phone depthThis phenomenon can be seen in Fig10,
away fromthe array during the in-air hydrophone where a 10 Hz running average is applied to each thfe
recordings. underwater hydrophonesused during vertical drift

The humpback breathing sounds recorded by in-aircemloyment.
underwatehydrophoneduring verticaldrift deployment Possible hypotheses for this naié investigated here,
are similar to those shown in spectrogramef Watkins with the first being due to the Lloyd's mirror effect (LME).
(1967) and Thompson et al. (1986). Although the humpbiwk LME was considered here since it was found in spectro-
whale breathing sound signalluration forvertical drift grams of other marine mammal sowudt) as a series of
deployment matches those in Watkins (1967), the meastinedthale 20 Hz pulsesyith nulls observed at specific fre-
frequency bandwidth of humpback wheezing blows in thaencies within the bandwidth of the fin whale calls (Pereira
publication did nomatch the bandwidth found heFeis et al., 2016). The LME is a phenomenon that occurs due to

2312 J. Acoust. Soc. Am. 157 (4), April 2025 Radermacher et al.

L1:8YivL G20T Iudy 0L



'
(&

T T T T T T T T T

100 T T T T T T T T T Zz.:dm
—Hydrophone 24 10r zw' 5.2450 m @)
80k —Hydrophone 25 | T
Hydrophone 26 15 x:15.1m
—Hydrophone 27
60 —Hydrophone 28] 20
Hydrophone 30
40 —Hydrophone 321 25

w
o

Relative Level (dB)
. A T '
o

Power spectra (dB re 1 pPaleZ)
B
o

A
o

I5)
S
T

5 10 15 20 25 30 35 40 45 50
Frequency (kHz)

15
o

2 4 6 8 10 12 14 16 18 20

FIG. 10. Power spectrum of the 7 underwater hydrophones used during Frequency (kHz)

tical drift deployment with a 10 Hz running average applied on Septemt 5 : : .

6, 2021 at20:53 EDT, where the strongedip occurs athydrophone 28 (b)
(green). -10 T

-15F
coherentnterference of the acoustic wave fields reflected
from sea-surface boundary with those from direct-path pi@
agation atthe receiver,causing nullsand peaksin the
received signalntensity.Using the array geometry from
Fig. 4 and equations from Audoly and Meyer (2017), CareyZ 35t
(2009), Jensen et al. (2011), and Norton et al. (1998), analy@
sis was performed to determine the impact the LME woul:

20F

25F

=30

ve Level (

have on humpback breathing sound spectrogvaordif- b s
ferentscenarios were modeled and the acoustic intensitie: -sof % *>24%0™

calculated: (1) varying frequency for a whale at fixed hori- 11157 kHz

zontal distance from receiver, as shown in Fig. 11(a), or (2. 0 2 10 19 20
. . . . . Range (m)

varying whale horizontal distance from receiver [Fig. 11(b,
at fixed frequency. Fro'm.(']) It was det.erm'nEd Fhat multile 1. Modeling Lioyd mirroreffect (LME) to investigate potential
nulls would occur at distinct frequencies including rougiyacton measured data for vertidalft deploymergubmerged hydro-
2.3,4.6,6.9,9.2,11.5,13.8, 16.1, and 18.4 kHz [Fig. 1 1(apjhone 28 on September 6, 2021 at 20:53 EDT. (a) The LME varying with

! ! ' " ' ' ' . ic frequency, and (b) the LME varying with range. Both these effects
over the bandwidth of the hu.mpbaCk breathing sound, s&e??i t observed in the measured data, so LME cannot account for attenu-
was not observed. In (2), the interference pattern changgemst 15.7 kHz in measured data shown in Fig. 5(a).
a function of range so that the observed null at f % 15.7 kHz

would not be consistently present, and the acoustic intef\$i&/interval at the GSC. With wind gusts of roughly

at that frequency would vary from null to peak as a funatiopo kt (5.8 m/s) and a wave height of 1.8vhich corre-

of increasing whale rangehich was also not observed insponds to a Beauforscale sea state levelof 4, creating

the dataThereforeit is unlikely thatthe LME is creating breaking waves thasre a source ofunderwatebubbles.

the consistent frequency null centered at 15.7 kHz frequBreeking waves create bubbles efl sizes, where Deane

observed here in the vertically deployed underwater hydret Stokes (2002) discusses their radius could range any-

phone dataset. where from 0.1 mm to more than 10 mm depending on the
The next hypothesis considered for causing the roughlye phase, where the majority of the noise created is below

15.7 kHz frequency null/dip in observed humpback breathHz. With the wide range of bubbles created by the break-

ing sound spectrogram wasthe attenuatior{Cho and ing waves, it is unlikely that they are the source ofthe

Makris, 2020; Ratilal and Makris, 2005) from forward prd:7 kHz centered frequency null observed here, since more

agation through surface bubble lagaused by precipita- frequencieover significantly widetbandwidth would be

tion. Nystuen (1992) provides insights into rainfall ratesatehuated.

drop sizes associated with various categories of precipita- The mostlikely cause of the observed frequency null/

tion.Underwater noise measured in the presence of drigifein the measured spectrograms is attenuation from for-

or light rainfall has a peak frequency ofaround 15 kHz, ward propagation through bubbles generated by humpback

which coincides wellwith the frequency ofthe intensity whales themselvesfrom surface breathingblows and

null/dip measured here. During vertical drift deploymerspoéys,underwater bubble clouds,swimming and other

the hydrophone subarray on the eveningeptembeb, behavioramotionslt is hypothesized thathe blow of a

2021, no precipitation occurred during ouneasurement humpback whale creates sprays thitthe watersurface

J. Acoust. Soc. Am. 157 (4), April 2025 Radermacher etal. 2313
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entraining air bubbles, similar in size to that of light rairtfiablbles entrained for even a consistent environment (clean
or drizzle. These strong bubbles have natural oscillatiorfifesh waterconstantemperaturand verticadrop trajec-
quencies near 15 kHz (Nystuen and Farrt@8/; Nystuen tory), and we must note that temperature, liquid cleanliness,
and Ma,2002; Nystuen efal., 1993; Pensieriet al., 2015; and drop trajectory associated with humpback whale spray
Scrimger et al.1987),and likely also remove energy fronpresumably varies. Due to the lack of literature surrounding
any acoustic field propagating through the bulghblding humpback whalespray droplets,we will be using the

to the frequency null/diphis approximation assumes thaipproximations put forth by Pumphrey and Elmore (1990),
the bubble maintains a spherical shape, due to its smallsizemustote the uncertainties in drop trajectory and bio-
(Medwin etal., 1992; Prosperettt al., 1988). Humpback logical contaminants in the spray. Although Mesler entrain-
whales also expel large volume of air underwateating mentis inconsistentis described previouslyit is most
bubble walls or clouds often observed to coincide with feme@hmon when the drop is at a low impact veloBgsed

ing activities.Reidenberg and Laitman (2007a) state thes@pon a drop size diameter ranging from 0.8 to 1.1 mm (light
bubble clouds can span 10 m in diameter and are comprisathll/drizzle)and the third-degree regression terminal

of individualbubbleswhere Qing etal. (2019) records a velocity formulafrom Dingle and Lee (1972), 0.8 and

mode radiusof 0.019 mmmeasured at-sea by Leighton 1.1 mm drop diameters have terminal velocities of 3.28 and
et al. (2004). Based upon the mode radius of the bubble4.35 m/srespectivelyln order to determine if the hump-
created from the underwater cland, using the Minnaertback whale spray drops produce regular entrainment, as first
(1933) relationship between bubble size to natesalla-  described in Pumphrey and Walton (1988),must deter-

tion frequency [Eq7)], results in an approximate value ofnine the distance needed for these drops to reach terminal
171.7 kHz.Based upon that valuand the range in bubblevelocity,and in-turn produce underwater sound (Pumphrey
sizes created from the cloudit seemsunlikely thatthis and EImore, 1990). Humpback whalesurfacebreathing
would create the observed frequency null/dip centered gprays typically reach heights of 2-3 m (Leatherwood et al.,
15.7 kHz.Given thatthe size of bubbles in the underwatet982), thereforehased upon these drop siz#®y need to

cloud is small,one mustetermine whether the humpbadieach terminal velocities prior to a distance of 2 m. With the
surfacespray createsbubblesof equal or similar size.  known terminal velocities from Dingle and Lee (19%2),
Reidenberg and Laitman (2007ajletermined thabased can next estimate the distance needed to reach that velocity

upon the nasalconstruction ofa humpback whalejt is  in air,

unlikely that air released from surface blows produce similar

minusculebubbles characteristicof underwatetbubble d %ﬁ. 6)
clouds. 2g'

It is important to discuss other humpback whale surface
processes as potential origins for the formation of undemaere d is the distance it takes to reach terminal velocity, g
ter bubblesClapham (2000)describes severadbehavioral is the acceleration due to gravity, anid the constant ter-
displays such as surface (headfirst) and tail breaching, paéne! velocity of the droplet. Using this equation, we arrive
ral and tail surface slapsnd spyhoppinGiven the visual at an approximate distance of 0.55 m for a 0.8 mm droplet,
accountsand the humpback whales proximity being leseind 0.96 m for a 1.1 mm droplet. Based upon these findings
than 30 m from the boatluring the forty-minute verticaland assumption$, is concluded thathe spray from the
drift deploymentthe only observed behavioralsurface humpback whales have the possibility of reaching terminal
activity that occurred the evening of September 6 was spgtocity, and therefore could produce regular entrainment.
hopping [Fig1(a)], which took place over 20-min prior to ~ We nextinfer bubble sizes thatould lead to natural
this analyzed data subsgince the frequency null/dip wasfrequencies between 15 and 16 kHz and subsequent attenua-
observed throughdte forty-minute verticdriftdeploy- tion in the forward propagated acoustic fieldttat fre-
ment,it is believed thatthe only mechanisms possible ofquency.All 76 data files on the evening of Septembgr
creating the frequency dip/null is from the humpback wH#2é from 20:29 EDT to 21:09 EDT are analyzed, and spec-
surface spray or swimming motions occurring underwateg from hydrophone 28 calculated with a 10 Hz running

It is difficult to estimate the exact droplet sizes assoaiterage and overlain in Fig12(a), along with the mean
ated with humpback whale sprbytthey are moslikely — spectrum. The precise frequency of occurrence of the inten-
comprised of both small and large droplets with a maxisitymnull/dip varied between individual spectra ranging from
radius of approximately 2 mm (Butterwo26). Given  15.55 to 15.92 kHz with a mean of 15.72 kHze bubbles
the variability in droplet sizes, it is important to consideptieating atthese frequencies have varying radénging
potential for Mesler entrainméfésler entrainment is thefrom 0.2048 to 0.2098 mm and mean of 0.2074 mm, as tabu-
phenomenon where the impata single dropletreates lated in Table II. It should be noted that larger bubbles oscil-
the entrainment of numerous bubbles. The entrained blabéladower frequencies compared to smaller bubtbles,
radiate very small amounts of noise, and have a mean radiusformation from bubble radius to oscillation frequency
of 0.025 mm (Carroldnd Mesler,1981; Esmailizadeh and is inverse and nonlinedn. order to accurately characterize
Mesler, 1986; Pumphrey and EImore, 1990). Pumphrey and quantify the broadband dip, it is necessary to obtain the
Elmore (1990) describe the inconsistencies in the amoumtvefage powerspectrum in the absence ofechosounder

2314 ). Acoust. Soc. Am. 157 (4), April 2025 Radermacher et al.
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TABLE II. Statistics of measured dip frequency values, measured 3 dB dip

T T T T T T T T T bandwidthsand corresponding bubble radith naturabscillation fre-
80 (a) 4 quencies matching corresponding dip frequédit@ss.results are based
on analysis of 76 data files from submerged hydrophone 28 containing
humpback whale breathing sourdisring verticaldrift deploymenon
40 12 kHz Echosounder 1 September 021 from 20:29 EDT to 21:09 EDT, as well as modeling

g entrained air bubble natural frequency. Blue (min dip frequency, max bub-
ble radius) and brown (max dip frequemain bubble radius) characters
show the inverse and nonlinear transformation between bubble radius and
dip frequency value.

60 [ 1

Power spectra (dB re 1 uPaQ/Hz)

5 10 15 20 25 30 35 40 45 50 Parameter Minimum Mean Maximum Standard deviation
Frequency (kHz)

Dip frequency (kHz) 15.548 15.723 15.923 65.354 1073
T T T T T 3 dB dip bandwidth (HzB5.734 285.651 503.807 113.652
Bubble radius (mm)  0.2048 0.2074 0.2098 8.61 10
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as the 3 dB higher intensity from the null, where large varia-
tion can occur as seen in Table Il and Fig. 13(b). The corre-
\«!/ﬂ sponding bubbleadius distribution thatwould lead to

bubble resonances dte experimentally measured dip fre-
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FIG. 12. These results are obtained from submerged hydrophone 28 me.- (a) B mean: 15.723 kHz

surements during vertiadtift deploymenon Septembe6, 2021 from 3 | std: 65.354 Hz
20:29 EDT to 21:09 EDT containing humpback whale breathing sounds. (O

Power spectrum of 76 data files (overlain in gray) and average spectrumr & L
black). (b) Power spectrum of 20 data files (overlain in gragch with

c

(0]
absence of 12 kHz echosounder sigraald, average spectrum (in black). =
The error bars indicate spectrum standard deviation values at those parljl_’ 5r d
lar frequencies. o

2

] ' Y e e : : 1]

signals.Out of the total 76 data files analyz@d), of them 1555 15.6 1565 157 15.75 15.8 15.85 15.9
were recorded in the absence of echosounder sighés. Frequency (kHz)
subsetof echosounder-fremcordingsare analyzed and = . . . : .
spectra yvith 50 Hz running average overlain in F2jb), § 8 mean: 285.651 Hz ] (b) A
along with the mean spectrum. < | std:113.652 Hz = [

A pulsating air bubble has a sharp sub-resonance rise 2 &r 1
and a more gradual super-resonance fall (Gong et al., 201 §4 i |
Medwin, 1977; Pumphreyand Crum, 1990; Pumphrey @
etal., 1989) in both acoustic scattered and natosailla- a2t 1
tion intensities. Consequently, the attenuation caused by ' 3 H
pulsating bubble will s.how'a similar pattern with a sharpe ©° 100 200 300 400 500
pre-resonancattenuation dip and a more gradugdost- Frequency (Hz)

resonance attenuation ris¢éere, the intensity dip/nulin
Fig. 12(b) is bestapproximated as a band-stop filteith
center frequency 15.7 kHz, and bandwidth 5.5 kHz [marke
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,equivalento a 15th order filterThe postreso-
nance rise is more gradualvith slope of around 55 dB/
octave extending out to 20 kHz, equivalent to a 9th order @ L . | . B -
ter. The pre- and post-dip intensity variations provide furt 00.205 0.206 0207 0.208 0.209
confirmation that the null or attenuation is caused by bub Bubble Radius (mm)
oscillation.

The frequency dip minmax and mean valuesglong FIG. 13. Results from analysis and modeling based on 76 data files of sub-

; iati ; ged hydrophone 28 containing humpback whale breathing sounds dur-
with standard deviation estimated from measured spec,’ﬁ%fverticaldriftdeploymeMn September 2021 from 20:29 EDT to

are tabulated in Tabl_e T with histogram shown in Fig‘ 1%. 9 EDT. Histograms of (a) measured dip frequency; (b) measured 3 dB
The 3 dB null bandwidths are calculated from each spedipabandwidth; (c) inferred bubble radius for corresponding dip frequency.

(c) ] mean: 0.2074 mm
std: 0.861 um
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results indicate that the bubble size distribution and densities

are varying in time leading to variations in dip frequenci "°f, i i ==

and dip bandwidth extent. .
Here, the relationship between naturstillation fre-

qguency and bubble radius used to infer the results in Ta

II follow Minnaert (1933),

s fiffiffiffiffiffiffiffiffifi

1 3cPy
_ 7
2pRy )

Damping Constant (4)

fo Y4

1 5 10 50 100
whereis the natural oscillation frequengis he bubble HITIETR e

radius,c is the ratio of specific heatBy is the static pres-  10? T . .
sure, andgjs the density of seawater. The following valu<c
were assumed for calculating the relationshthewater ¢ '
surface;c % 1:40; Py % 101 325 Paand g, % 1030 kg=rh
These values correspond to bubble radius sizes in water
sea level shown in Medwin (1977).

The damping constants along with scatteriexg;inc-
tion, and absorption cross-sections are nagproximated ‘
to provide insighinto the dominamhechanism for sound < s . s
attenuatiorfrom the pulsatingair bubbles.The total ! ¥ e % 10
damping constart,associated with the pulsating air bub-

102

Scattering Cross-Section
3

bles is FIG. 14.(a) Damping constand varying with frequency foa bubble
radius,Rg of 0.2074 mm taken from Table IDotted line (red)thermal
d % dthb dac b dvis; (8) damping ;; dashed line (greemroustic damping.g dot-dashed line

(blue): viscous damping\g ; solid line (black) totaldamping d [after
. . . . Lo Devin, Jr. (1959)]. (b) Shows the different cross-sections, where their peak
where dy, is thermaldampingd,. is acoustic radiation s ¢ resonancédashed line (greenscatteringpotted line (red)extinc-
dampingand d;s is the viscous damping.hese damping tion; solid black line: absorption.

coefficients are plotted in Fidl.4(a) as a function of fre-

quency for bubble radius’R 0:2074 mm using the formuhumpback whale spray is the reason for the 15.7 kHz cen-
lation of Devin (1959)Both viscous and thermdamping tered broadband frequency dip/null.

increase with frequencywith the exception of acoustic

dampingwhich remainsnearly constantThe scattering v. CONCLUSIONS

rs, extinction g and absorption, cross-sections are deter- ) )
mined following the formulation in Ainslie and Leighton ~ Breathing sounds from humpback whales in the Great
2011), South Channel region of the U.S. Northeast continental shelf

have been measured and analyzed based on data acquired

L1:8YivL G20T Iudy 0L

W 4pR? . ) with s.ubape.rtures of a coherent hydrpphone array du.ring an
<2 2 experiment in Fall 2021. Video recordings and visual sight-
< 1 pd ings enabled humpback breathing sounds to be coregistered
d with those measured on the hydrophone subarray deployed
re% rs (10) in both vertical drift and horizontal té¢wcombination of
XRo=C time-series, spectrogram and PSD analysis was conducted to
Fathlor o (11) understand and characterize measured humpback breathing

sound signalsboth in-air and underwaterincluding fre-

where X is the bubble resonance frequeritlyese equa- guency ranges, bandwidths, and signal durations. This anal-
tions produce the output as shown in Figb), with peak Ysis sheds more lighito sounds humpback whales make
cross-sectionsccurring atabout15.7 kHz. The leading both above and below the watsurface as well as how
cause of extinction or attenuation at the bubble resonaiitesgfsounds are perceived in air and underwater.
the acoustic intensity is absorption. Here, the underwaterecorded humpback breathing

To validate the hypothesis that the null/dip frequengpwfids were used to infer humpback whale ranges from the
15.7 kHz originatesrom humpback whale spragroplet vertical hydrophone subarray by employing near-field non-
samples atsea would need to be capturedhis scenario linear time of arrival analysis on individual hydrophone ele-
should then be recreated in the laboratory where the droptds The sequence of range estimates were then applied to
fall at their appropriate impadpeed into saltwater,to estimatehumpbackwhale breathingsound underwater
determine if they have natural frequencies ranging betweerce level distributionwhich resultedin a mean of
15 and 16 kHzUntil then,it remains a hypothesis that the61 6 4 dB re 1 IPa at 1 m and mostprobable value of
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157 dB re 1 IPa at 1 m. Furthermoreye discovered an Cato,D. H. (1992).“The biologicalcontribution to the ambierdise in

intensity reduction or dip in the measured spectra of thg;%f—rs ”i‘i‘jraﬁsgaE\‘z;ﬁ]c‘}“sta‘i\:;gg';a $O'ZfJ8Roéidenberg .

tical hydrophone su barrgy Wh”? Fieployed in the vicini_ty 016). “A study of vocal nonlinearities in humpback whale songs: From
humpback whale breathing activity. The broadband dip/medHuction mechanisms to acoustic analysis,” Sci. Rep. 6(1), 31660.
centered ati5.7 kHz is mostlikely caused by attenuation Cho, B., gnd Makris, N. C. (ZC?ZO). ‘:[Predictintg the effects oc: random chtgn }
: : namic processes on underwater acoustic sensing and communication,
from pulsating air bubbles, probably generated_by the hl‘jfp &p. 10(1), 4525.
back whales themselves through movemlergathingor — clapham,p. J. (2000). “The humpback whale,” in Cetacean Societies:
underwater bubble clouds. Field Studies of Dolphins and Whales, edited by J. Mann, R. C. Connor,
P. L. Tyack, and H.Whitehead (University of Chicago Pre€hicago,
IL), Chap. 7, pp. 173-175.
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