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ABSTRACT: A bricf stlldy ha-obcen conductcd on tile low fn=qucncy ' e1ich" and lone. obscm::d in calls m:orded in recenl years from Blue
\\'hal e au rq;;a' ioo••t Ioca,ioo. off 1M Ronne ,;! lrench. A. has hc:cn 5UjQlc.tcd pn:viou.,ly, it i. concluded that the 20 li z clicks most likely
.~ tile ", If·u eilation "f th.. bubl:Jl.e rewnuro;c "f tho:g;oswithin the lungs by th~ whalc. This is probabl~, *" tl1edkk wav~form hM the
appean n« of the deocayof l tl$Olla.x e.and*" there lln' no ol!>e,- conceivable mechanisms whieh mighl give nse lo a resonance wilhin ,
whale body ,1 20 II~. This i. u pl, ined wilh_~ to bubble physics. which an: n tended to i.xludc , trealmen! of both spherical and

elOllgiled bubbln. ond to eOlUidmolio!u of the dTect. of variow do:pths at whicb a whale migl.. call. The amplitude of th~ bubble
-::illations reqJ ired to genetale lheobserved f,i,ll\l l levels is lihown to bc surprisingly large, and appean to be dosc 10 the lheo<ctical
m..imum for a """""a nI bubble drivenby any mana

I INTRODUCTI ON
Recor dings of ca lls from Blue Wha le s (8ll1ll/'OIOpl/'t"Q

musculus) are kOCM'n to include low frequency com pone nts

which may be tonal or impulsi\"c "c1icu"·-'. The sign als arc

ntltewortlly for the high levels achieved (up to 190 dB re

(I JlPa)' @ I ml at a low frequency range (cenlred. aboul

20 Hz' ' ). These features have bee n observed in Blue Wh ale

call.. recorded In rece r a years at locations ofT the Perth

Canyon', These obse rvaecn s arc of interest 10 the Royal

Australian Navy (RAN) as, firstly, causes of ocean ambient

noise need he understood in relation 10 interference to the

uperatiun of p"-" ivc """'a r syslems, arK!, sc<:ondly. it is

desirable for RA N vessels to be aware of the proximity of

Hlue Whales and other marine mammals so that suitable

separa tion distances may be achieved. This paper reports a

brief study oflow frequency 'c lic ks" observed in Blue Wh ale

ca lls and investigates rne mechanism by which these signals

arc generated. It has been suggested previously', that an air­

filled resonato r is likely to be the source and it is concluded

hercthatthe 20 Hlcl icks mosl 1ikely are thesel f-e~citation of

the en-emhl e gas bubble with in the lungs by the whale. Thi s

i~ explained with reco urse to hubble phys ics, which are

exte nded to include a treat men t of both spherica l and

elo ngated bubbles, and to coosidera lions of the efTecls of

\-arious depths at whic h a whale might call. As is shown, the

amplitlldc of thc bubble oscilla tions required to generate the

~edsignal lC\-els is surprisingly large.
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1.1 MARlTI~IE FAUNA I:'lTE:REST
Alpresen.. thereisan increa.~in g inteRstwithinthe Australian

Defence Foree (ADF) , and withi n def ence forces
Inu:mat ionally, inthe ..dfareoft hemaritime environment. ln
particular . it is a desire oflhe ADF that it has the capability to
conduct its maritim e opcra nons and maintain its related
equipmen t in an environmentally =ponsible manner b...th
wilhin Australian waters and -...urldwide . 'The Environmental
Protection and Biodiversity Con servation (EPHC) Act 1999
came into effect on 16 J uly 2000 . This Act places
requ irements on the Department of Defence in l"Cgard 10

actions which arc likely to have a significant impact on the
environmen t anywhere in the world . Fo r this reason, the
Directorate of Environmental Stewaru sbip has a requirement
tha I rele vant phenom ena are investigated and esse ntial
principles are established. In the area of Defence m~rilimc

operations , relevant issues include the radiation of acoustic
energy, particu larly in rega rd to sensor and communication
systems, and all relevan t iSllues effec ting the knowledge of the
seasonal and diurn al distribution of marine fauna, and the
susccptibililyof marine fauna. Mariti1lle Operaliolls Divi,i on
(MOO) is providin g support 10 the ADf by providin g
scienti fic guidance and advice in these areas .

With reference 10 RAN activity within the West Australian
Exercise Area (WAXA), the presence of Blue whales and
Pygmy Blue whales (Ba laeflop l /'r rJmusculus hrevkuuda) is of
strong interest u the species are listed as "endangered" under
the EPBC. MOD is providing scientific support to the Blue

wha le SOldy funded by the Defence Materie l Organisation'
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2 OBSI::RVATIO'S or BLUF.WIIA I.F.
CLICKS

A C:OIlsidera bie body of knowl~'tlile ex ists coeccrnmg Blue
.....'h.alc:vocalisa tions . f or example, Thodeet ai' report tonals at
harmonka lly. reLaled freq ucocicl of 16 Hz (Source Level (SL)
uplOaboul 17 S dB line~lre ( 1 I!Pat' 11 1 m). 32 Hz (SL
lip 10 abou l 168 dB tiDeIC\d ). SOHz (SL lip 10 abou.l 170 dB

line k-ve1,md67 1Izj SL lip 10aboul 160 dB line kvell. Thode
c:I al lugge~l rhalanilir-bubbktypc ~tor wilhinthe

an imal may be the c:l1ISc: of 1M observed sounds. bul suggo:st
lhal the observed ~'lriation of freque ncy with dc:ptho f the
animal (frequc:ncy l'fOPOrtiona lto <kpth squared ) docs DOt

elose ly matc:httle t'x('ectMion for l bubblt' wlUc:his lll O'll.-.:dto
c:olla[>'(' with dt'pl h t frt'quenc:y 1ift('3l"ly proponiooal to depth l.

Abuno c:I ai' fe'PO"Ilona ls II 17 Hz wilh SL in tho:rm gt'
195 dl:J lone:le\-t'l re (I v-rat' . lltt' Thode e at, Abuno et aI
reportthat lht'l7 !l z tooa ls areac:comranit'dby hight'r
hart.-lics ofloloow amp hNde . Aburto et al report wha le <kpth
as nomina lly }Om

Mc:Cau~c:Iarha\'t'~signals smllLartolbo«e

reponed by Abuno el al and Thodeel ai, as sn-T1 in Fi~
I. 1lJe.<c..n-a1oM1 ofnln>dcddlll;lhOnal about 20Hz,
with higher Iwmorlics .. kMn .mplitude . ~kO,uky c:I al
.....e also ob6nved "cl d " ...--I'onns whi.l:b OOIbiSl of the
dc:cayof I 1oM1 I I ahoul 20 U'l- An eump1le of ueee
~'c:Iid<l·frnmt!'Ir'e!Cdiffett1lltoUl'l:ft,.iIWJo:M.'lIin

Figure 2. Thefrequetw;yopectraof1heK'c:Iid<s· arel!lo.wmon
Figure 3. AI the dIx.aylID a duntioa. of about 0 ,75 seronoh.
and as tho:th:qumo;:y ilabout 20 Hz, tbe quality fae:torQfoc
tbeOicillatioaisaboutlS.

r .f>
~ .

Figure I; Spc<:trt'l/ram <>f fll... Wh&1t' call ..~ in lhe
Penh Can)'Qfl. lbc: 'o;slr illmadl:up ofll v ce umtl ,t hefl rsl O'er
S--48 s, tlM: i!X(>nd 0\'~ SS-77 ••nd ll\c tlllrd O\'~IOO-120 1

D i,lanl C;lll i n~whal"" are pre'C:n1 in lhc: blId.g rullnd.

All of thcob. ervat iunsll:l'orted 1I1l1,Vt'Ull: e'll\,j ' lenlwilh

the ex i.~tenu: of a fundamental bubb le rC:"'ll\un~e ex i"' ing
with in tbe whale and with this resonance being intent ionally

excited by the animal to crea te I ~t"mt\ siltnal. The l ime series
shown in Figure 2 arc indtcative uf rc:5t.nant dec:ay of an
osciliator, and thc ~f'Cd"'ltl'ilm .hlM·ll i ll filtllre l is illd ic:ative
of non-linc:ar rad ialionata fundalT\('llt<lla.ndharmonics. h is
sUl!Jtcsled lhal the harmun;esuf tht' boosc tunc: nc:ar20 liz
res ult from the bubb le rc..on;mcc being driven 10 high

amphlulk~lJ.

46 · '101, 31 AUQl.I6f (2OCl3) No 2

F;~ l: T~_ of 81IlC Whale 'diek .' oboenoN irl 1llc

Per1h Canyoa . Ullnl avarianlcfal'lle'lhoddc:oocrJhedbyCllo
(199lIjr.. .. Il";"Imllhlflllh lipllll •• lhe f'f'Ill ·c:Iid·_
c:sIimatc:dwc:omc: 1'rom1rl&n,,,,,,1al2 160mlKlrizoolalrall~

from theft'«ivc:r andl60m.lepthandthclhirdsip"ll'rom~

animal at llOSm ....., and 200 m dtpth

f ,,...., l : "-ttopmn oflhe .... ·di<h· .....ll iDY...,:l

A bubbk rnorunc:t' is the mmllikt'ly «p1an.atiocl fOf~
obst'rvUions"'lhc:rearellOotbcTc:onc:cn~~

whidi milhtlr.-e nse lOa~ ....ilhina .. tl.llkbody3t
about20 Hz.. Allhisfrequencylhe ......~knpis7Sm.. With
an awn~ Bt...e \\1Ia1e body 1enp of about 2S Ill. and
diamc:lernogrtalcrthanaboutS m,adistribuledimpedanc:c
resonanl devke is unlike:1y and a lumped e1emc:nl lkYke
almosl cc:nainly is the cause . The II l1cr may be formed by I
summa tion of tbc air wuhm the lungs oftht' ...-hak. act ing a.~ a
oom l' tiaoce. and the surrou nd,ng body t i",uc and'or water in

lht' ocean as an inc:rtane:e.

3 BURHU : PIIYSICS
A ga, bubble conta ined Underwa leTw ill have I single mode of
reson ance at a frequern.')' for which the ine rtance of the
effect ive: surrou nding mass (of whale us sue and water ) is
malchc:d tOlh e complia nce: oflhe: gaswilhin lhe bubble. For
spherical bub bles in water, the frcq uency ef resona nce jj.of the

air bu bble is given by

f. : --!..... fILE , ( I)
, 2lt t; V~

where r; rad iusof gasbubble,m

r Mio o f spec ific hcals for Itas in bubble
(l - l .4 forai r)

P hydrosta tic pressu re, Pa

p~ dmsity of waleT/bod y l is.,uc . um lUlldinll tbe
bubble,kg m '



This is the same as the equation in Urick, page 251',
equations (7.55)and (IO.14) ofKin sler et al', and corresponds
with the expression given by Sims' . Ba'led on equation (I ),
combinations of resonant frequency, bubble radius and
operating depth are shown in Table l.

Table I: Diamerer of a spherical air-filled bubble for
",sona""e frequency and opcralingdc-pth (shadingiDdicares
sou",eat , hallowdcpth, deplh in wavdengtbs. A)

()pmOJ7:;.prll an "
~" (H'-)lOO

~

0.71 . W.. HI~ .. ~0l0J . OA>l..
.~u C.OIll. 001.ll. COb1l. o.l.IJl, ,~. ,,"" 0\'1. " '". ~. Q,0I41m

" ,. . on • • n eun
O~", .~" " 11• ~.. .. (Wd " Q.Q I I~ m

.. m ... , , ~n

'" OO~7l. O.IlA
O.l!rlm O,W,l m M4() m Q.QI8:!m

"
,_.

\i ,~ .. 0.11&.. I"· ' U.O}4" O.Oll m

"..
" I~ . .~. • .l.~. llU\l~. ,~. O.~m.""
'" Ul>lI ..

The shading in Table I identifies bubbles which are
located at a depth less than '/.;1.,. This is significant as the
resistiv e part of the radiation impedance, for a co nstant
volume velocity source, has a depth dependence, and hence
the maximum possible radiated sound power will also be
depth dependent (eg. Sec non 4.1.4 of Rrekhovskikh and
LysanOll"). The radiation of sound from a small source of
constant volume veloc ity, at shallow depth, d, may be
considered as from a dipole composed of two small sources
each of the same strength. Here", the acoustic pressure release
at the ocean surface gives rise to a reflection which maybe
considered to come from an anti-phased image source. The
ratio, x, of the sound power radiated into the wa ter by the
dipole source, to the sound pov>'er radiated hy a source at
inf inite depth may be shown to be (eg. equation 4.1.24 of
Brekhovskikh and Lysanov")

x=l - Sin{2k d) "~(~Jl rorsources verv close
2kd 3 A. to the surface. (2)

where k is the acoustic wavenumber (radian freq uency / speed
of sound in seawater, in m ') .

For non-spherical bubbles, different but similar
expressions forrcsonance frcquency will aflply. For example,
tbe frcquency of resonance f" for a cylindrical air bubble of
radius f< m and long length, contained within water/tissue was
derived by the lead author as

f.= ---.!.- ~ ..---.!.-fiE
, 2 . , P~ - I~ ",11 2 ." v,..- ' 13)

This was obta ined by, fi rst, deriving the radia tion
impedan ce ofa cylinder from cylindrical radiation functions
and. then, find ing the frequency at which the inductive
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impedance component, per unit length of cylinder, cancelled
the capacjtive impedance component of the gas in the cylinder.
Equation (3) is similar to a generalised expression derived by
Zhang".

AI a given depth, it may be surmised that an animal may
exhibit some control over the shape of the ensemble bubble,
and thus vary the resonance frequency. For example, it is
conceivable that an ellipsoidal bubble might be formed - the
expression for a cylin drica l bubble then representing an
extremecase of elongation. lf such an elongation occurs for a
given mass of gas. lhe cylindrieal radiusf,must ofnecessity
be much less than the radius of the sphere f ,. In the limito fa
very long cylinder being formed there will then he an increase
in the resonance frcqueney ofthe huhhle

3.1 DEPTH DEPE!''D El'''CE
The data shown in Table I do not relate to a bubble formed by
a single breath taken at the oeean surface. We may arrive at an
expression for the variation of resonance frequeneyJ, wilh
depth dfora given mass of air m taken at the surface by
substituting for spherical bubble radius f . in equation (I ) and
for cylindrical bubble radius f, in equation (3) using the
perfect gas relation PV= mRr '. lfwe then assume that a given
air mass will be compress ed isothermally (rather than
adiabatically) as a whale varies its depth (as the air within
cavities soch as the lungs is in contact with body tissue which
itself will not vary greatly in temperature), we may arrive at
expressions for resonance frequency at depth J, in terms of
resonance frequency at the surfaeej,.,. For a spherical bubble
we have

For a cylindrical bubble,

where P,is atm ospheric pressure (Pa) andg is acceleration due
to gravity (m s "), Equation (4) has been used to generate the
data in Table 2

Table2: Variationof rtSOJlance frequencyfor spherical air­
filled bubbleof fixed mtSl loweredin depth.with isothennal
compression (shading indicates sourceat shallowdcpth)

~dtpth l>
'"

l~":,lIIl1ao<f~ltr) m, >.HIt IUHt !lfb >411< IIllIIII l t61b, ,,~ II-tn, 11It. lIili 11Mb mit., ,,~ IHili .. .~ ... "".
'" 1.'11< I7JIII .. "~ 118lb ,,~

" I ILIIU 2)JItr 41 H, 111Hz mllz 410111
n 1\.91!l JI.1Itz 63Hz lilli' l\1 11:l ..~
;0 n~ 445Hz 8~lIl 22111, 4-\111, """,
" lI H. 61411, IlI H, JIlll, ",. 1l4811L

,," e n, ,, ~ 170111 4llHz ." ~ 1100Hz

From Table 2, it is clear Ihal quite a variation in resonance
frequen cy is expected across the range of depth valucs at
which whales werereported to be present whilst vocalisin g at
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abouI20 Hz. lnparticular, a rise in reso llaIl«' frequen~yofa

faetor ofaOOul 1.11is expected in go ing from 10m depth 10
30m dep th.

3.2 REIIAVIOUR OF BUBBLE AT RESONAN CE
A universal measure of the performan ce of a resonanl system
is the quali ty factor, Q, (e.g. section 1.10 of Kinsler et el').
This is a measure of the damping in the syslem Qdefines the
sharpness of a resonance in relation 10 Ihe frequency uf
excitation It may be shown lhat it is the same as the
amplificat ion provided by the re""nalm (Kinsler el al show
Ihisforthecaseofalielmholuresonatm), Furlhcr,lh e gl'<'atcr
the amplification, the narrower the fre'lucn <.:y band over which
the resonance is encountered . The 'lualily faelur may he
defi ned as'

Q= (Jl2~(Jl, = f;;. = ~W.t = 1fll.. (6)

where Q quality factor
ILl, resonant frequency, radian s s-'
w" w. frequenciesahove andhclow(~, respccti \tC ly,

for whic h radiated rower is half the value at
resonance (that is, - 3 dB), radian s s-'

,jf 3 dB bandwidth, Hz
'r relaution time , 5

fl. ecousnc radiation 10Mfactor (for example,
equation (7. 11) in Bics and Han.;en"l

In equa tion (6), Ihe relaxation time t is the lime for
oscillations to decay in amplitude: hy l ie . following the
cessatio n ofeJtcitation. The relaxation time t , in second'l, then
follows as

'= 2Q/W, =Q/IKf. ) (1)

The oscillations decay exponentially wilh lime. There arc
aOOolQlx oscil laliom of lhedecaying resonalor withinlimc
"1". Thu s, there are Q oscillatio ns within time r rt, after which
Ihe amplitud e ofosc illalion has decayed by the factor
Ve"=O,043. So, a rule-of -thumb approxim mion is that there arc
Q oscillation s,l a.slinll ltt or QIf seco nds, in the decay of the
lonal pul se, The waveforms shown for the 20 Hz "clicks" in
Figure 2 then indicate a valueofQofabout IS.

The appropriatenes s of this measured value Q of IS (same
as 23 dB amplific ation) may be seen from the data shown in
Table 3. These data show IIIe amplifkatien achieved in the
easewilh no damping caused by the bubble housing. For an
i<ka l spher ical bubble, the damping or qua lity factor
Q=e..~,wherer~I , 4 is lhcratio ofspecifichealS

foethe gas wilhin Ihe bubb le, c" is the speedof sound in the

waler .11v:val1lCS OfQ soo..n in Table 3aresligbdylcssthan
this. as they havebeen preparcdby lak ing jnt o accoe nt elllra

dampin g eaused bybealtransfer atbubbiewalls,asdisclIssed
byDt-vin" .No!ethalnoacCOUlllha!;bcentalr.cnhcreo(thc
redllClion in radiative damping for sourccs at shallow dcpt hs

The values shown in Table 3 indiC'ate a variat ion in
amplificalion ,,,,ilh, mainly, dep th with the amplificalion
ranging from 36dB near the surface, to 26 dB at 120 m dep th,
Signifieantdampingislobeexpccled d~lobodytissuc and
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r. b1e l : Systemamplificlllion faetorQ for li' hcric3lai r.fiIled
bubbleo f indle••e<l_ =e f",qucncyaDd deplO)'menldepch

(w dinSind ic. 'eslil<>llralllha lk- dcpchj

~~ '" . 1t~~(IV) lOI

'",
(>106 . 1 1I . ' ~ 1"" l~rn4ll1 ""11011I IJ)lMl,
I\! !~"I ' ' '010.1 ~I'H8"JI!ol" " '''411 11. <18,
~)llli l-l ,SIl ' ~ I GI . ' .q11l4'!' I ~" rl 1 "'1 :I9)l ... )

'" *' C".' Q "' ..! .. J) oBl . J ll dlll «) JJdI .'I. t 411

" ·1tJ! ilIl, I I Il : '" " ': dll) 110ldBi Jj JldJll ,'l l l dR

'" l jl l1e , )j!J ' ~ ' 11 ! 'lo d~ 3100, BI .\~ lOdlI' ll.!'l dR

'" l'l ,~dB) 19 l'l dBl :' '''' e ' I:7 ,:''l4! l6J1.\ l llJdR

'" 11 1~ iIll :J "~iIll .'Iillill, >li) l lil' , l l11<11) ,!lJ dRI
!1lI :>O :<'t11 1f'~ . It '.:till l I~'''' ., II J~ <lII Il l ld R

intL'I11allungtissue, sothelowcr ohservedva luefor Q ofl S
(23 dB) is reasonable

3.3 t"EASIBlE SOURCE lEVELS OF 20 HZ TONE

The maximum source level (SL) which an animal may achieve

by exciting the resonance of its body and lung enscmblc gas

Illlly be eSlimated by consi dering the physical Iimils to

oscillanon.
A practical limil is reached when rhc ampluude o f

osc illat ion is so largc jbat Ihe acousti c pre ssure p'and
ool\<lcnsalion s' of lheair, lhe latler bcinglhefl1lctional
lk nsitychange . cease tobc linearly related by Ihc 8diahalic
bul k modu lus (sec , for examp le, chapter S of Kinsler el al' )
Tha t is, dens ity changes C3 11.scd by the lICouslic o>cillatiOlls
must be small in relation 10 the mean dcrtsity of air, Ihal is, s'
must be ~mall. In practice, large amplitude s o f cOMc nsation
will gi""rise 10 non-harmoni c gas osci!1ations and additiona l
damping (reduce d amp hf lcauo n QI. The Iimil may be
assu med 10 he a condcnsaucn ~~, numerically equalto [he
maximum relative density change. A practical limit may be
assumed~, =0.2 (a peak Icvel. not nns.)

The maximum possible w un.:e levels, as dll rc (I ~Pa)'

(line) fur rewnanl frl'ljucnciL'Sand bubble dia meters given in
Table I, arc shuwn in Table 4. Nutc thai the SL for shallow
sources as shown in Table 4 has been reduced in accordance
with a sound power reuuct ion as given by equa l iun (2) . For
non-shall ow sources, the mea n-sq uare SL values we re
ealcul aled basedonlhefollowi n ge~rressiun for pcak radi aled
prcssurc lcvel, p , at I m

p - r a , r,p.g (d + 10)Paat I m (8 )

This expression ili effectively the same es eque non (4.47) of
Ross" .

The source levels indicated in Table 4 are rhe maxim um
possib le, acoust ically, let alone physiologicall y. Note that
some de fimlions of SL may ascribe higher values 10sources at
shallow depth, as transmission mode lling which accoumsfor
Lloyd mirror, and is based on such values, will rcsul l in the
same radiated power. II is remarkable indeed that a source
lC'.el of l9S dB hasbeen reported by Abutto et al for anima ls
at about 30 m dep th. Based on the 21\<1 column within Tablc 4
this is only abou t 10uB less than the esnm ated maximwn. AI;

s uch, Ihe corres ponding conde nsa liun Jll ~ 0.06 ,
~orres]'('lH.1;ng l""e""ureampl iIU<lewi thin tbebobbleand inlhe



Table4: Maximwn possible SL for driveDspherical air-filled
bubble of indicated u sonance fnquen cy IIlld <kpl<>yment <kplh
(shadmg ind,u tes sautee ar mallow deplh)

Table 6: Maximum '<Weep .,,1e for FM insonirlCition of
Iarget, ifiQ)'lliJ s

3.4 I:'IlSO NIFICATION OF BURKLE BY WHALE

surro unding ussu e within the whale is Il l: y!J.,P .. 34 kPa.

th3li s 210 dD

qualiryfaetor.Q ~, . Hz, ro " sc lW, 0,60 O.h U. t~ • U06 , U.OI ., 1.0 . 0.51 0.2S . 0.10 . O.OS .

" 2.0 s 1.0. O.S . 0.21 0.1 .

" 3.0. U s 0.7S . 0)0 , O IS,

" 4.0- 2.0 s 1.0 . 0 .4 . o.:!fI.

when: T. is time for CW response of bubb le to build up to 96%
o f steady sta te ampli tude, follow ing comm enc emen t

excitation, in seconds . Values of pulse build_up time are

shown in Table 5 for d ifferent values of Q and resona nce
frequcncy. For the observed Q .. 15, 0.75 seconds build ul'

time is required at 20 li z.

Table S: Re.......oce build·up time, T.. seconds

;1.1 ' ..... I I ' ..... ..... . 'Ir/o ' 100 11' / .

""'" ~ ''','. ,,"'" ,.110;I. OOןס 11".

OJSII". l.on". ~ tl:/. l' llo/' 100 M".
ll.1I 1.... t " I"'I. II "", 11 114• .""0.0(1"'10 OJS Ir.,!. 1-0"'1 ' 6J '''!O 151ft/.

5 CO:\,CLUSIONS

4 AIR CAVIT IES WITHL"l/WHALES
The largest air cavity in a whale is the lung. and althoug h no
dimensions appear 10 be available for a blue whale, Slijper"
reports that the lungs of a 23 m 101lg fm whale have maximum
capacity of 2000 litres, e<;juivalent to l m' per hmg, f in \\-hales
are similar to blue whales in morp hology and the SiT.to f this
specimen is similar 10 the range reported for pygmy blue
whalcs" of 21-22 m, It seems reasonabte, therefOfC, to use the
dimensions ofa fin whale lung as representa tive Of thul ofa
pygm y blue whale. A spherical air cavity of 1 m'<diamerer
wn uld have a radius of 0.62 m. Slijper's diagram of the fin
whale lung, however, shows it to be closer to a tapered
cylindrical in shape than to a sphere, a represen tative diameter
being roughly 'I, of the lenb'!h of the cylinder. Such a cylinder
of volume I m' would have a radius of 0.34 m. The reso nant
frequencies for these dimensions for \'Rf"ious deptlls can be
calculated from equations ( I) and (3). Fcr the spbere cfl m',
tbc resonant frequencyis7.4 llz at IO m dt.'Jlthand IO.S ll z 8t
30 m depth. For the cylinder it is 5 li z at 10 m depth and 7.0
Hz at 30 m. These simple calcula tions give estimates thaI are
of tIte right order of magni tude for tbc lowe. t frequenc ie!<of
sounds observed from blue and fin whale' . A Il1Im: realislic
mode l would need to tak e account of effeeu of the internal
tissues of the lung. In addition , the redoct ion in volume of the
lung can be expected to be more than calc ulated by equaf ions
(4) and (5) a. the increased pressure would cause some oftbc
air to be dissolved in tissues and fluids of the body, giving
higher resonant frequenc ies than calculated above.

By examinin g some data recordin gs of Blue Whale
voca lisations, the postu lat ion of a bubble resonance
phenom enon being exploit ed by animals to prod uce low
frequency d ieks and tones bus been revisited. By examining
the 1'l'1C'\-1lfIt physics of undc rwater resonant bubbles, many
aspcctsof tbegenerat ion of the obset"ved signats llave bc<:1t
examined. It is cc ecl uded tllat a resonance of the ensemhle of
gas wilhin a\ \,hale's lungs andlhe surround ingbody l issue and
seawater is, in faet. the most probab le causc of the \-eryhigb
ampl itude, very low frequency sounds which have been
observed. Estimated resonant frequencies and amplitude s are
of the right order of magnitu de. It does appear that Blue
Whales may produce a sound of such intensitythat it is within
about 10 dB of' a posrulated maximum for a resonaDt bubble
excited by any means. iI would also appear that the process of
driving a low frequency fundamental near 20 Hz generates
significant, but lesser, sound intensity at harmo nics of tbc
fundamen tal.

<'JT• • QI/.

The observeuo ns of clicks indicates a sudden displacement of
aresonant systemand suhsequent dlx-tly HOIlo't">eT, for lonals

of duration 5- 10 seconds or so, il is feasible that a whale may

providc a continual exciu lion and allow the qua lity factor to
build the signal 10 ma,imum level. As such, there will be a
finite time required forlhe bubble to respond fully -a build.
up time. This "resonaece build-up rime- T. follows from

e<;juation (7) as

It is conce ivable lha l a whale mighl excite it, lung air

bubble using a frequency sweep ( frequency modul al ion
(FMIl. Thi. FM sweep must be at rate, in li lA, which is

sufficien tly slow to perm il the bubb le to I'nCh maximum

amplitude of osci llation. In part icular, the frequellCy mUSI oot
sW<.-..:p more than about the 3 dB bandwid1h within thebuild­

uptimer,

The 3 dB bandwidth is given by /:if- j,IQ , The time for the

resonance to build up is QI/. .Thu s, the tone must sweep more

slOUI Iy than I rate of abou t if,IQ)'Hz/ s. These rates are shown
in Table 6 for combinations ofQ and resonance frequency in

Table 5. For example, at 20 Hz, with Q .. IS, an anima l must

sweep more slow ly than 1.8 Hzls

~~ " . .~~ llh)
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