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An analysis is presented of the mechanisms by which bubbles can generate ambient noise in the 
ocean and the resulting noise levels are estimated. Bubbles can be extremely efficient amplifiers 
of water turbulence noise up to 100-200 Hz. At higher frequencies, the Lagrangian spectral 
intensity of the turbulence is too poor for this mechanism to contribute. Above 1-2 kHz, 
however, the oscillations by which newly formed bubbles dispose of their initial energy is 
shown to lead to substantial noise levels. This same process cannot account for the noise in the 
frequency range intermediate between these two because it would require unrealistically large 
bubbles, with a diameter of 1 cm or more. A possible mechanism active in this intermediate 
range, in which relatively large levels of ambient noise are observed, is that of collective 
oscillations of bubble clouds. In all cases the results obtained by the formal derivations (which 
are based on an adaptation of Lighthill's theory of aerodynamic noise) are substantiated by 
simple physical arguments. Other possible noise mechanisms in which bubbles are involved are 
also briefly considered. 

PACS numbers: 43.30.Nb, 43.30.Lz 

INTRODUCTION 

It is well known that bubbles play an important role in 
oceanic ambient noise, • and several models have been pro- 
posed to account for their effects. •-5 In the present article, we 
wish to set up a general framework for the description of 
bubble-generated noise in different frequency ranges. In the 
range from a few Hz to 100-200 Hz, we consider the amplifi- 
cation of turbulence noise by bubbles along the lines ofRef. 6 
(Sec. I). In the region from about 1 to 10 kHz, we examine 
the hypothesis that noise is produced by freely oscillating 
individual bubbles (Sec. II). This mechanism is related to 
that of Ref. 4 (see also Ref. 1 ), although the mathematical 
formulation and some significant physical aspects are differ- 
ent. Finally, in the intermediate range from a few hundred 
Hz to 1 kHz, we study the possibility that the noise is due to 
collective oscillations of bubble clouds (Sec. III). In this 
way, one could account for these relatively low frequencies 
in terms of bubbles having a radius not unrealistically large. 
Further mechanisms (some real and some unlikely) and a 
number of early models are briefly considered in Sec. IV. 

Bubbles are plentiful in the surface layer of the ocean. ?-9 
They are created by biological activity, drop impact such as 
in sprays, splashes, rain, and, most importantly for our pur- 
poses, by wave breaking. It is well known that at wind speeds 
between 7 and 10 m/s, which are typical of the onset of wave 
breaking, noise levels undergo a marked increase especially 
at frequencies of a few hundred Hz and above. 3'1ø-14 At low- 
er frequencies, this increase is partly masked by the presence 
of other sources, such as shipping, but is nonetheless docu- 
mented by the data. •3'•4 Here the passive amplification of 
liquid turbulence noise does not necessarily require wave 
breaking, but only the occurrence of turbulent patches con- 
taining bubbles. Wave breaking would, however, greatly en- 
hance this component of the noise because of increased tur- 
bulence levels and bubble numbers. 

It should be stressed at the outset that our aim in this 

article is not tO provide ambient noise curves to be compared 

with data as was done, for example, in Ref. 4. Although this 
must be the ultimate aim of any theory of ambient noise, we 
find that too much of the required information is missing at 
present to attain this goal. Rather, we intend to set up a 
broad framework for the description of the processes involv- 
ing bubbles from which indications for future research can 
be obtained and which, hopefully, will be useful for the quan- 
titative modeling problem once the missing information be- 
comes available. We establish the viability of the proposed 
mechanisms by rather crude order-of-magnitude estimates. 
Some attention is also given to a physical understanding of 
the processes and to estimates of their effectiveness based on 
simple physical arguments. 

I. AMPLIFICATION OF WATER TURBULENCE NOISE 

As an acoustic source, turbulence behaves as a quadru- 
pole distribution and is therefore comparatively inetti- 
cient. •5-•? If bubbles are present in the turbulent region, 
however, they respond with volume pulsations to the turbu- 
lent pressure fluctuations and the resulting acoustic effect is 
that of a monopole. 6'•? In the ocean, regions where intense 
turbulence coexists with a large bubble population are creat- 
ed typically by breaking waves, which appear therefore to be 
prime potential contributors to ambient noise produced by 
this mechanism. It should be noted that a breaking wave 
leaves behind a region of bubbly turbulent liquid that per- 
sists for a long time after the passage of the wave. 9 The bub- 
ble clouds are observed to penetrate several meters under the 
surface (up to 6-8 m at wind speeds of 10-12 m/s),9 and 
since this must be chiefly due to water turbulence, we can 
infer that the size of the acoustically active region is of a 
comparable magnitude. Hence, the volume of bubbly water 
in which this mechanism can be active extends far beyond 
the limited crest of white water topping a breaking wave. 

For a bubble to respond in the manner described, the 
pressure fluctuations must be more or less coherent over its 
surface. This implies that the bubbles capable of amplifying 
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the turbulence noise must be engulfed by the turbulent ed- 
dies and, therefore, be transported by them. As a conse- 
quence, they will respond to the Lagrangian rather than to 
the higher Eulerian turbulence frequencies. Failure to ap- 
preciate this point, as in Ref. 1, may result in a considerable 
overestimate of the maximum frequency at which this mech- 
anism is effective. Not much is known about the Lagrangian 
spectrum. Measurements in air suggest that it extends to 
frequencies about an order of magnitude smaller than the 
Eulerian one. 18 A maximum frequency of the order of 100- 
200 Hz appears to be a realistic estimate, and it is interesting 
to note in this connection that noise data taken in areas with 

very low shipping tend to present a local minimum in this 
frequency range. 19 Noise at higher frequencies must be gen- 
erated by different mechanisms some of which will be con- 
sidered in the following sections. 

In the present treatment of turbulence noise we shall 
follow the method indicated in Ref. 17, which has the essen- 
tial advantage of clearly exhibiting the nature of the effective 
source. The alternative approach of Ref. 6 describes the 
source in a different way which would be more appropriate 
for the mechanism studied in Sec. II. The two methods are, 
however, equivalent and we derive both our results using the 
first one. 

With a view to the breaking wave process, we shall refer 
to the acoustically active region as to the turbulent patch or 
spot. The actual natural process is clearly transient but since 
its lifetime, measured in tens of seconds, is far greater than 
the inverse frequencies of interest, we are going to use ter- 
minology strictly appropriate for a steady process, and we 
shall incorporate the transient nature of the event by simple 
"windowing" in space-time. 

A. General theory 

We consider the mixture of bubbles and liquid as a single 
continuum for which mass and momentum equations may 
be written as 

tit 
• q- V'(p,nU) = 0, ( 1 ) 

0t 

0 
(pm u) q- •7.M m = -- •7p q- •7.,t- q- G. (2) 

0t 

Here, M,, is the average momentum flux in the mixture and 
Pm is the average density given by 

Pm =•PG q- (1 --•)p, (3) 

wherepa andp denote the gas and liquid density and/9 is the 
gas volume fraction, i.e., the volume occupied by the gas in a 
unit volume of the mixture. Here, u denotes the mass-aver- 
aged velocity, p the pressure, 'r the total stress (consisting of 
viscous and Reynolds stresses), and G the effective body 
force. Upon elimination Ofpm u and subtraction of c2V2pm, 
where c is the speed of sound in pure water, we find 

•2pm c2V2pm = •2 Ot 2 C7•X i C7•Xj T• + V.G, (4) 
where the tensor T 0 is given by 

To = Mo + ro + (P' -- c2p; )•ij , (5) 

with primes denoting perturbations of equilibrium values. 
Equation (4) is similar to that posed by Lighthill as the basis 
of his well-known theory of aerodynamic noise, and is par- 
ticularly useful when, as in the present application, one is 
interested in the acoustic field in the otherwise undisturbed 

medium far away from the region where T is appreciably 
nonzero. In this farfield, there is practically no free gas, 
/• -- 0, andpm ---- P, the liquid density. The perturbationp' of 
this quantity can therefore be calculated from the known 
Green's function for Eq. (4) and is 

p'(x,t) = 1 f a3y ; as 0 2 4--cc (y,s) 
x(I x - Yl - c(t - x)) (6) 

where the effective body force term has been neglected for 
reasons that will be given below. The origin of the coordinate 
system is taken to be at the surface somewhere in the turbu- 
lent region. Upon integration by parts the double derivative 
can be transferred to the Green's function and, since this 
depends on x- y, it can be turned into a derivative with 
respect to x and taken out of the integral. With these steps 
the integration with respect to s can be carried out to find 

c Ix-yl 
This expression represents the solution to (4) in an un- 

bounded medium. In the present application, the pressure- 
release condition at the free surface must be accounted for. 

Since we are concerned here with sound waves in water with 

wavelengths of tens of meters, we shall ignore the presence of 
surface waves for simplicity and take the surface as plane. By 
use of the method of images, we then obtain 

p,(x,t)=l 0 2 f[ 1 4--cc Ix- yl Ti(y,t-- Ix-- yl ,) c 

I x Yrl Ti• y,t-- d3y, c 
(7) 

where Yr is the position vector of the source point reflected in 
the plane free surface, 

Yr = y- 2•z. (8) 

Here we have indicated with •. the unit vector normal to the 

free surface oriented away from the liquid and with z the 
component of y in this direction measured from the free sur- 
face. 

We are interested in the noise at a distance from the 

surface that is large compared with the size of the surface 
source region, and we therefore use the approximations 

Ix yl - -lx-yrl 

where x = Ixl . This approximation is evidently excessively 
crude to be used in the arguments of the T 0's. For frequen- 
cies up to 150 Hz, say, the wavelength of sound in water is 10 
m or greater, which exceeds the dimensions of the turbulent 
spot radiating sound. This circumstance enables us to set 

Ix - Yl - n.y, Ix -- Yr I •x -- n'Yr, 
where 
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n = x/x, (9) 

is the unit vector in the direction of the observer. Further- 

more, in the farfield, 

•X i 3Xj = C2X 3 •-•-• + O(x--2) ' 
so that (7) becomes 

p'(x,t) = 1 x•x• 8• ; [ ( x-my) 4•C4 x X• •'• Ti• y,t-- c 

-- T•j y,t -- . d3y . (10) 
c 

Note that here, in principle, the integration region extends 
over the entire horizontal plane, but only between - oo and 
0 in the third (z) coordinate. The term T o will, however, 
vanish outside of the turbulent patch. 

This result is accurate in the farfield but no further prog- 
ress is possible without some simplification of the form (5) 
of T/j. In a pure fluid, pressure and density perturbations are 
related by p'= c2p ', the last two terms of (5) very nearly 
cancel, and the dominant effect arises from the velocity fluc- 
tuations. If, however, the pressure fluctuations occur in a 
bubbly mixture, we have 

pt 2 t =Cmp m , (11) 

where Cm is the speed of sound in the mixture approximately 
given, at the low frequencies of present concern, by •ø'• 

2 
C m •- prison( 1 -/?), (12) 

where Po denotes the undisturbed pressure. A remarkable 
feature of this result is that c,• is much smaller than c as soon 
as/? exceeds a fraction of a percent. For example, withpo = 1 
bar, p = 103 kg/m 3, we find Cm = 100.5 m/s and Cm = 46 
m/s for/? = 1% and 5%, respectively. We can therefore 
write 

F- c5,; = ( - c:/c )F= - (cVc 
Furthermore, in a turbulent field, the first term M 0 in the 
definition ( 5 ) of T o is also of the order ofp' and hence can be 
neglected. Similar arguments can be invoked to justify the 

17 

neglect of the effective body force G and stress tensor r o . 
With these approximations, Eq. (10) becomes 

p'(x,t) = 1 8 2 f 4•rc2x •t • Cr•2(P ' -p;)d3y, 
where the index r indicates that the argument of p' corre- 
sponds to the reflected point Yr as in the second term of (10). 
We further assume for simplicity that Cm is approximately 
uniform in the source region and varies but slowly with time. 
While these hypotheses are certainly violated to some extent, 
they should be adequate for the estimates of present concern. 
With this, the previous expression for p' becomes 

p'(x,t) = -- 1 8 2; 4½rc2c2• x •.• (œ'-œ;)d3y. (13) 
It may be noted that ( aside from the image effect) this result 
differs from the one found in standard treatments of turbu- 

lence noise •7 by a factor c2/c2•, which explicitly appears in 
(13). The presence of the bubbles therefore amplifies the 
turbulence noise intensity by the factor (c/c•)4, as was 

pointed out in Ref. 6. The spatial isotropy of the field given 
by each one of the two terms of (13) suggests that the acous- 
tic source behaves as a monopole of strength 

1 •œ' 
q=••. (14) 

2 o•t Cm 

The difference between the real and image sources leads 
however to radiation with a dipole pattern as will be seen 
below. 

The basic result (13) can readily be expressed in the 
following form: 

p'(x,t) = 1 - w2•(k,w)exp iw t do), 
2ic2C2mX 

(15) 

in terms of the Fourier space-time transform ofp' defined by 

I ; •(k,w) = •-• d :r dz dt 
Xff (x,t)sin •cz exp(iwt - •X.r) . (16) 

In this relation, we have set 

k= (k•,k2,k 3) • (K,K) • (w/c)u = k(x/x) . (17) 

From (15) a standard procedure leads to the following 
expression for the intensity spectrum: 

•(x,w) = (•rw4/2TlaCC4•X 2) [p(k,o)12 . (18) 
The quantity of interest is not so much the intensity 

spectrum for a single turbulent spot, but rather the ensemble 
average over many such processes, which we indicate by an- 
gle brackets, 

{• ) (x,w) = (•rw4/2Tpcc4•x 2) •(k,w)•* (k,w)). 
(19) 

This quantity can be expressed in a more useful form 
te•s of the pressure correlation function defined by 

R([,v;x,t) = •'(x + [,t + v)p'(x,t)). (20) 
We define its (partial) space-time Fourier transform by 

R ( K,;,o;r,z, t) 

_lfff -- (2•)3/• d• d• dr exp(iwr- tX.g) 
X •' (y + g,t + r)p' (y,t)), (21 ) 

where y = (r,z) and g = (•, •,•). In terms of R the intensity 
distribution (19) may be written 

(•) (x,w) = dz sin •z d2r dt 
( 2 • ) 3 / 2 rpcc• x2 • 

X d•sing(z+ •)R(K,•,o;r,z,t). (22) 

Although the integral over the depth z extends all the way to 
- oo, the region where R is appreciable only extends at most 

a few meters under the water surface and it therefore makes 

sense to introduce an apparent surface source spectral den- 
A 

sity• S(r,%x) defined in such a way that the contribution 
d (I) to (I) due to an element dA of the ocean surface placed 
at r is given by 
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d (•) = •(r,r_o;x)cos 2 19 d/l 'x2 , (23) 
where 0 is the angle that the line going from r, the location of 
dA, to x makes with the vertical (Fig. 1 ). The factor cos 2 0 is 
just the dipole directivity factor. On the basis of (22), we are 
led to the result 

S(r,co;x) = dt dz sin tcz 
( 2 rr) 3 / 2 Tpcc4m cos 2 0 o• o• 

X d• sin tc(z + •)R(K,•,w;r,z,t) . (24) 

We call this quantity the apparent source density because it 
exhibits some dependence on the observation point x. This 
dependence is however weak sinc•, as already remarked, 
[tczl,•l in the region where R is nonzero so that 
sin •cz•_•cz_•kx cos 0 to the extent that the angle 0' between 
the vertical and the line joining the source point (r,z) to x 
can be approxi__rnated by 0 (see Fig. 1 ). Furthermore, as a 
function of •', R vanishes when • exceeds the vertical spatial 
correlation length of the turbulence, which is much smaller 
then the depth of the turbulent patch so that sing 
X (z + •)•_sin •cz. (Strictly speaking this approximation 
fails in the immediate neighborhood of the surface where z is 
comparable to •; however, s:• is negligible there. ) Finally, we 
also assume as a first approximation the turbulence correla- 
tion function to be isotropic. With all these approximations, 
we may drop the argument x in (24) to find 

S( r,w ) = dt dz z 2 d• 
( 2 7r ) 3 / 2 Tt3c3 c4 m oo oo oo 

X R (K,•,co;r,z, t). (25) 

This is the main result of this section. To illustrate the way it 
can be used, we now give a simple application with a rough 
numerical estimate. We shall conclude the section with a 
physical interpretation and a discussion. 

B. Illustrative application 

Equation (25) gives the average spectral distribution of 
the sound source consisting of a turbulent water patch con- 
taining bubbles. For its quantitative use a considerable 
amount of information on the surface turbulence caused by 
breaking waves or other processes is needed that is the object 
of current research, but not yet available. To elucidate the 
physical content of our result we shall therefore be content 
with a simple application based on admittedly crude ap. 

dA 

FIG. 1. Definition of the surface source density according to Eqs. (28) and 
(29). 

proximations. It should be stressed that, at the present time, 
the spirit of these approximations is mostly illustrative and 
that future research may suggest to proceed in different di- 
rections. In any event, it will be seen that the assumptions to 
be introduced appear to lead to physically plausible results. 

As a first step, we assume the possibility of factoring R 
in the form 

R(g,r;x,t) = Q(g,r) W(x,t). (26) 
The physical picture underlying this assumption is the fol- 
lowing. If the turbulence were steady and uniform the di- 
mensionless function Wwould equal 1 for any x and t and Q 
would be the pressure correlation function appropriate for 
this steady, uniform case. It may be tentatively supposed 
that a local, slowly transient event could be approximately 
described by a function Q giving the structure of the turbu- 
lence multiplied by a function Wgiving the relative intensity 
and space-time location of this structure. This assumption is 
most likely very crude but it represents the simplest possible 
extension of the steady homogeneous case and is useful for 
purposes of estimation. It follows from these considerations 
that Wis a dimensionless function of order 1 on some com- 
pact set of space-time and zero outside. Define the quantity 

L 3(r,t) =; zaW(r,z,t)dz, (27) 
which, from the meaning of W, will be of the order of the 
cube of the vertical size of the acoustically active turbulent 
spot. It may be expected that the length L defined here 
grows, reaches a maximum size, and then decreases as the 
turbulent spot is formed and then disintegrates and therefore 
we write 

_ø L 3(r,t)dt = L 030, (28) 
where Lo, O are average values of the vertical extent and 
lifetime of the spot, which we take to be independent of the 
position r on the surface. With these definitions and approxi- 
mations, (25) may be written 

•= (L 3oOCO6/2IrTtoc3c4 m )•(K,co) , (29) 
where 

Q(K,co) - 1;ff (2//') 2 d• d• dv dr 
X exp(icor - tl{.g)Q(g,r). (30) 

In order to proceed further we shall estimate Q on the 
basis of results available from the theory of homogeneous 
turbulence. In this theory it can be shown that 22 

(p' (x,t)p' (x',t)) = •rr Y(Y -- r)3 ' dy , •Yi•Yj•Yk•Yl 
(3i) 

where r = I x -- x' I and u denotes the velocity at y while u" is 
the velocity at x'-- x -3- y. According to an approximation 
due to Batchelor, 22.23 the quadruple velocity correlation can 
be expressed in terms of double correlations. This approxi- 
mation is not entirely satisfactory since it leads to a non- 
strictly positive expression for the turbulent energy spec- 
trum. Nevertheless, we shall use it here in view of its relative 
simplicity and of the fact that the error introduced appears 
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to be not too large and should not exceed that arising from 
our other assumptions. With Batchelor's approximation 
(31 ) becomes 22 

Q,' (x + g,t)p' (x,t)) 

= 2(p - (32) 
I 

where 

f(ll) = <u(x + g,t)u(x,t))/u '-z , (33) 

and •-z denotes the mean-square fluctuating component of 
the turbulent velocity. An 6xpression for this quantity is 
available for the case of low Reynolds number turbulence 
and is 22'24 

f= exp( -- IlV2l =) . (34) 
For the high Reynolds number case an empirical expression 
is 22 

f= exp( -- Igl/i) ß (35) 

For the present purposes we can make an a. pproximation 
based on the fact that I KI 1,• 1; i.e., the turbulence correlation 
length I is small compared with the wavelength of sound. 
With this, we show in the Appendix that 

•= C(p •--z)2 13ei•O•d•., (36) 

where C is a numerical constant with the values 

C = (8•P/2) -•, C = (10•r) -•, 

for the cases of Eqs. (34) and ( 35 ), respectively. More gen- 
erally, if we merely assume 

f - f(lgl?l) (37) 
we have 

C =•2 u4(df•2du. (38) 
15vr \ du ! 

Since f must decay rather rapidly when its argument in- 
creases beyond 1, one may expect C = O(10-•). 

The generality of (36) is particularly useful here in view 
of the uncertainty with which the turbulence spectrum is 
known. This problem is compounded by the fact that the 
ekpressions (31 ) to (35) are strictly applicable only at equal 
times, i.e., for v = 0. We get around this difficulty by using 
(36) allowing I to depend on r. This procedure implies only 
that the functional form (37) holds for any v, which is a 
weaker assumption than requiring the validi. ty of a specific 
expression such as (34) or (35). We shall also use 
C = (10•r)- •, which is appropriate for the large Reynolds 
number case and appears to be a reasonable estimate of the 
order of magnitude of C in general. 

It may be expected that I has a maximum, 1o say, for 
v = 0 and decreases for positive and negative values of r. A 
functional form possessing these characteristics that we may 
use for purposes of illustration is 

!= 1o exp[ - (V/to):], (39) 

with 1o, to constants. With this one finds from (36) 

• = [ 1/10(3•r) •/2 ] (p •-r2)213o7' o exp( -- fiw2-ta o ). 
(40) 

As another example we may use 

l= 1o/[ 1 + (r/to)2], (41) 
to find 

•?= ff0(P •-z)21gro(3 + 3Wro + w2'r2o )e -•ø•ø. (42) 
With these results we have 

•= (P'•72)2L 3ølø30'røø)a ( l co2,r2o) (43) 20•r(3•r) •/2Tpc3c4m exp 12 ' 
for I given by (39), while 

• (P •7'z) 2L g/03 0•-0 w6 = e- O,•o(3 + 3Wro + w2r2o ), 
160rr Tpc3 c• 

(44) 

for I given by (41 ). If we write 

•= [(p•--•)2L(•tgO/Tpc3c;• ]rj(wro), j= 1,2, 
(45) 

we find 

El(Z) = [Z6/20rr(3rr)i/2]exp( -- Z2/!2), (46) 

F2(Z) = (Z6/160rr)(3 + 3Z + Z2)e -z, (47) 

for the two cases, respectively. In Fig. 2, we show graphs of 
these two functions. Both have maxima for co equal a few 
times •6- •, after which they rapidly decrease. 

C. Estimate 

We now consider the order of magnitude of the source 
level produced by the proposed mechanism and show that it 
is indeed comparab• to the observed one. For this purpose, 
we use Eq. (45) for $ with the function F = 10, which is the 
right order of magnitude around the maximum as shown in 
Fig. 2. For the vertical size of the turbulent region we take 
Lo= 1 m. We note that this is substantially less than the 
depth reached by bubbles even in moderate winds, 9 and is 
selected here as a plausible size of the region where the turbu- 
lence induced by breaking waves is intense. For the lifetime 
of the turbulent event (i.e., the breaker), we take 

IO 

0 
0 IO 20 

z 

FIG. 2. The functions F•(Z) and F2(Z) defined in Eqs. (51) and (52). 
These are the normalized spectral shapes of the amplified turbulence noise 
according to the two functional forms (44) and (46) for the dependence of 
the turbulent correlation length on the delay time r. 
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0 = 100 s, and for the averaging time T = 1 s. A reasorlable 
estimate for the turbulent velocity fluctuations may be 
(u-•)1/2=0.15 m/s, for the spatial correlation length 
1o=0.1 m, and for the correlation time ro = (10 
Hz)- • = 0.1 s. Although the air volume fraction/• at the 
top of a breaking wave can reach 20%, 25 the biggest bubbles 
do not penetrate deeply and are very quickly removed by 
buoyancy and we shall assume/• = 5 % as an indicative val- 
ue of the average volume fraction in the active turbulent 
spot. Finally, we takep = 103 kg?m 3 and c = 1500 m?s. Our 
choice F• 10 implies that our estimate is appropriate for the 
frequency region around a few times to, say 50 Hz. With the 
]•revious numerical values we find from (45) 
S_• 3.39 X 10-12W s/m 2 re:l/•Pa2/Hz, which corresponds 
to 

A 

S_• 67.2 dB. (48) 

Experimental values for surface source levels are not known 
precisely and the same data show a large variability, up to 5- 
10 dB, even for similar conditions of wind speed and wave 
height. 26 Wilson 27 has published estimates based on various 
data that we shall use here fully aware of their very tentative 
nature. These estimates for the source level at 50-Hz range 
from 55.4 dB for a wind speed of 7.5 m/s to 72.0 dB for a 
wind speed of 20 m/s. Before comparing these numbers with 
(48), it must be stressed that our result refers to a single 
turbulent event, while Wilson's are average values. We can 
convert our result to his by multiplying it by the percentage 
w of the ocean surface in which turbulent events take place at 
any given time. This can be estimated from Monahan's data 
on the oceanic whitecap coverage 28 which, according to the 
empirical formula w - 3.84 X 10-4U 3'41 ( Uin m/s), would 
range from 0.37% to 10% for the wind speed values indicat- 
ed above. The extent of the region of high turbulence due to a 
whitecap is not confined however to the white water patch, 
since the breaking process leaves behind a considerable 
amount of turbulence in which a large number of smaller 
bubbles remains entrained. It therefore appears reasonable 
to increase the previous estimate of the fraction of water 
surface containing turbulent patches by a factor 5-10. Even 
with this correction our estimate (48) is in line with Wil- 

son's. This example is clearly very crude and our sole pur- 
pose in presenting it was to show that, with reasonable values 
of the quantities involved, noise levels consistent with obser- 
vation may be generated. 

In the absence of bubbles, the result (45) for the source 
level should be multiplied by (Cm/C)4 as already mentioned 
after Eq. (13). With the numerical values used for this ex- 
ample Cm/C •__0.031, which leads to a reduction by about 60 
dB of the estimate (48). This conclusion confirms the very 
inefficient character of low-velocity turbulence as an acous- 
tic source. To compensate for this reduction, the thickness of 
the turbulent layer should be increased by two orders of 
magnitude, even with the unrealistic assumption of a uni- 
formly high-turbulence level throughout it. These consider- 
ations imply that, as soon as a few bubbles are entrained, 
their effect on ambient noise is quickly dominant over that 
due to turbulence in water without bubbles. 

D. Physical interpretation 

The result (45) previously obtained for the surface 
source density can be interpreted in physical terms as fol- 
lows. If, upon expansion or contraction of the bubbles, the 
gas volume per unit volume changes by A•, the associated 
variation of liquid mass per unit volume is -pA/g. The ap- 
parent rate of liquid mass creation or destruction per unit 
volume is therefore 

q _pS• (49) 
8t 

and this quantity may then be considered as an effective 
monopole source intensity. Due to the smallness of the gas 
density and to the near incompressibility of the liquid, pail 
also equals very nearly the change in the mixture density (3) 
so that from (49) the form (14) previously given is recov- 
ered. As is well known from the theory of monopole radi- 
ation, the pressure field in the liquid responds to a9q/o•t. Fur- 
thermore, the free surface introduces an image effect leading 
to an effective dipole emission. Therefore, the monopole ra- 
diation field should be multiplied by a factor kL cos 0, where 
L is of the order of the vertical size of the source. With these 

considerations we may write directly the following relation 
for the radiated pressure field: 

p, kL cos O a92 f •-- C2m x •t 2 p' dV. (50) 
The instantaneous acoustic intensity is p'2?pc. If the 

acoustic emissions have a typical duration 19 and are ob- 
served for a time T, an intensity of the order O/Tis recorded 
on the average. (This factor is greater than 1 when 19 > T 
because then more than one acoustic emission is probable 
during the observation time.) The observed intensity is thus, 
upon ensemble averaging, 

• cos 0 
2 

(51) 

If the spectrum of the turbulence has a cutoff at the maxi- 
mum frequency COmax, the spectral density (I) will be related 
to (I) by (I) •_ (I)/COmax, approximately. Furthermore, in 
the frequency domain, a9/c9t• ico. Upon setting k - co/c Eq. 
(51 ) leads therefore to 

(52) 

As a function of • the integral vanishes at distances greater 
than a typical length of order 1. For distances less than l, it 
has a magnitude of the order (p u -?z) 2. As a function of y, it 
vanishes outside a region of horizontal extent $ and vertical 
dimension L. We thus have 

:, 

(•)•Oco6L313(p u-•) 2 Scos 2 0 (53) ß 

Tpc3C4mCOmax X 2 
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Since, as already remarked, Oma x is of the order of r•- •, this 
result coincides in order of magnitude with (45). 

In addition to providing some insight into the physics 
underlying the previous result, this argument is useful in 
showing that the numerous assumptions made in its deriva- 
tion were not unreasonable. Therefore, we may have some 
confidence that future refinements will not totally subvert 
our main conclusions. 

E. Discussion 

The theory developed above ascribes the wind-depen- 
dent part of the low-frequency ambient noise spectrum to the 
passive response of bubbles excited by turbulent pressure 
fluctuations occurring in the water in their vicinity. In con- 
sidering the frequency range in which this mechanism may 
be significant, it should be kept in mind that, as already not- 
ed, the bubbles are entrained by the turbulent structures. 
This results in a considerable reduction of the maximum 

frequency at which the present mechanism may be expected 
to be effective since the spectrum of the excitation will be 
poor in high-frequency components. 

Our result (45) for the source spectral density exhibits a 
very strong dependence on many of the quantities appearing 
in it. The turbulence correlation time enters raised to the 

fifth power, the turbulent velocity and the speed of sound in 
the bubbly liquid raised to the fourth power, and the depth of 
the bubbly layer and turbulence correlation distance raised 
to the third power. The dependence of our result on wind 
speed and other environmental parameters is through these 
quantities that are at present so poorly known that they can 
only be very roughly estimated. Considerable more research 
is needed to express these dependencies explicitly and we 
hope that our work may be useful to guide this research, in 
addition to predicting actual spectra when the missing infor- 
mation becomes available. 

In view of all the underlying uncertainties, the numeri- 
cal estimate that we have given in (48), although plausible, 
must be taken as an indicative value rather than a firm quan- 
titative prediction. As is dear from (45), the frequency de- 
pendence of the noise generated by the proposed mechanism 
is contained in the function F(w%) shown in Fig. 2. A mea- 
surement of the noise spectrum produced by breaking events 
can therefore either disprove or give at least a broad support 
to our results, leading also to an experimental value for the 
frequency-independent part of (45). 

Another important question is the relationship of this 
noise generation mode with the presence of breaking waves. 
Bubbles are present near the ocean surface also in the ab- 
sence of breaking waves 7'9 and turbulent spots can therefore 
radiate as postulated. However, breaking waves result in a 
far greater number of bubbles and turbulent intensity. The 
noise output is therefore expected to increase substantially in 
the presence of breaking waves. 

II. NOISE IN THE kHz RANGE: SINGLE-BUBBLE 
OSCILLATIONS 

The breaking of waves in the spilling mode gives rise to a 
large number of bubbles and, as discussed by Longuet-Hig- 

gins and Turner, 25 the gas volume fraction near the surface 
can exceed 20%. Not much is known about the mechanism 
of formation of these bubbles. Some recent results obtained 

by high-speed cinematography seem to imply that air is en- 
trained along the line where the water mass rolling down the 
face of the wave meets the relatively smooth liquid surface 
ahead of it. 29 This formation process is therefore quite differ- 
ent from that which occurs when a drop hits a liquid surface, 
where the bubble is generated by the pinching off of the 
crater produced on the surface. 3ø'31 If the two processes are 
indeed so widely different, the procedure of Ref. 4 in which 
noise produced by drop-impact bubbles is used to estimate 
the effect of breaking-wave bubbles may be questionable. 

Whatever the mechanism of production, it is to be ex- 
pected that the bubbles have some initial mechanical energy 
since, at the instant at which a closed cavity is formed, the 
liquid particles on its surface will have some nonzero veloc- 
ity. Freshly entrained bubbles are also occasionally seen to 
split and again one expects the resulting fragments not to be 
initially spherical and in equilibrium. 

This residual initial energy can only be disposed of by 
executing damped free oscillations in the course of which 
acoustic waves are emitted at the natural frequency of the 
bubble which is approximately given by 32'33 

COo= (1/R ) ( 3tcpo/p) 1/2. (54) 
Here R is the equilibrium radius of the bubble, tc the polytro- 
pic index that ranges between 1 and the ratio of the specific 
heats (1.4 for air), and surface tension effects have been 
disregarded for simplicity. Equation (54) is rather accurate- 
ly valid also when the bubble oscillates nonspherically, pro- 
vided that this motion is accompanied by volume changes. 34 

A. Theory 

To set up a theoretical description of noise emission by 
freely oscillating bubbles we start again from (10) and note 
that the developments carded out in the previous applica- 
tion of this result essentially amount to the approximation 

T•j = - c2p;,•j. (55) 
Now, however, we cannot use Eq. (11 ) to express p• in 
terms ofp' because, in the frequency range of present con- 
cem, the bubbly mixture is strongly dispersive. Rather, we 
calculatep• from the definition (3) Ofpm neglecting the gas 
density and the liquid compressibility to find 

_- - (56) 

where/g' is the fluctuation in the gas volume fraction. Upon 
substitution of ( 55 ) and (56), Eq. (10) becomes 

4rrc2x •'5 i•' y,t- • . 

--/3"(y,t--x--n'Yr)] d 3y. ½ 

p'(x,t) = 

(57) 

This relation can equally well be obtained using the expres- 
sion (49) for the monopole source strength in ( 13 ) or, in a 
somewhat different way, following the steps set forth in 
Ref. 7. 

In (57), just as in (10), the zero-pressure boundary con- 
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dition at the ocean's surface has been satisfied by the image 
method. As before this procedure ignores the wavy nature of 
the ocean surface. This approximation is justified because 
the dimensions of the region where the bubbles are generated 
(the leading edge of the mass of water rolling down the face 
of the wave) is expected to be small compared with the char- 
acteristic length of the waves. If we now take the position of 
the reflected source point Yr to be as in Eq. (8), we introduce 
a more serious error since this implies taking the ocean sur- 
face to be plane. At a frequency of a few kHz the wavelength 
of sound in water is of the order of 1 m, which is comparable 
to the size of the breaking wave. Ignoring the presence of the 
surface wave has the effect of neglecting the scattering phe- 
nomena associated with the propagation of the sound from 
the breaking wave, where it is generated, to the ocean depth. 
The net result will be an underestimation of the acoustic 

intensity at points where more than one ray may contribute, 
and an overestimation in "shadow" zones which see the 

acoustic source at a nearly grazing angle. These errors will 
probably be mitigated to some extent by the time averaging 
implicit in all data acquisition procedures employed so far. 
However, if comparison with experiments carried out for 
single breaking events were attempted, one could expect to 
find some differences caused by this approximation. It is 
difficult to assess the magnitude of this error, but it is hard to 
believe that it would affect the order of magnitude of the 
result. An aposteriori way to verify this expectation would be 
to use the source intensity to be derived with a propagation 
model containing scattering losses. For the present, we are 
obliged to proceed in this way by the great complexity that 
accounting for the surface waves would introduce in the 
problem. Therefore, retracing the steps leading from (13) to 
the intensity (18) we find 

•(x, co) = (•rpo4/2Tcx :) :, (58) 
where, as in (16), 

•?(k,o)) = •-• _ dt d :r sin •cz 
X exp(icot -- t•-r)/3(x,t). (59) 

The analysis can be continued in the same way as before by 
introducing a correlation function for/• and an average 
source intensity as in (25). In this case, however, a slightly 
more mechanistic approach is possible, which we now de- 
scribe. 

B. Simple model and estimate 

According to the mechanism envisaged here the bubbles 
are formed in the violently mixing region at the front of the 
mass of water spilling down the face of the wave and execute 
oscillations that dissipate their initial energy. Bubbles oscil- 
lating in the kHz range have typical Q factors of the order of 
100. The entire emission from these bubbles is therefore ex- 

pected to last a fraction of a second. We therefore neglect the 
effect of buoyancy. 

Let us suppose that, in the time interval dr centered 
around r( > 0) there are n (x,r)d 3x dr bubbles created in the 
volume element d 3x around x. Suppose also, again for sim- 
plicity, that these bubbles start out with the same initial vol- 

ume Vo and volumetric rate of change bo. At time t > r, the 
volume of a bubble created at time r is then v(t -- r) while, 
for t < r, • = 0 since the bubble does not yet exist. 

With these ideas, we may express the gas volume frac- 
tion surrounding the point x at time t in the form 

•O t /5'(x,t) = n(x,t)v( t -- r)dr. (60) 

It is readily shown that the time Fourier transform of this 
relation is 

•(x,co) = (2rr) 1/2 ]•( x,t)e iwt dt 
2rrh (x, co) b (co), (61) 

if the condition/• = 0 for t < 0 is used. The spatial part of the 
transform (59) leads then to 

/g(k,co) = •(cø) •d2rJ • - dz 
Xsin •cz h(x,co)exp( - •K-r). (62) 

For the bubble generation rate n (x,t) we take a very simple 
"box" model illustrated in Fig. 3. Bubbles are generated at a 
constant rate No in a region at the front of the breaking wave. 
This region has length L in the direction parallel to the wave 
front, depth 6, and width I normal to the wave front. The 
region also moves forward with the speed U of the wave but, 
since the associated frequency, U/l, is so much smaller than 
the kHz frequencies of present concern, we can ignore this 
motion. Hence, we write 

N,/0<x<l' -- L/2<y<L/2 n(x,t) = o[ _ 6<z<0, O<t<O, (63) 
while n = 0 otherwise. Here, O is the lifetime of the wave. 
With this specification, the calculation indicated in (61 ) is 
readily carried out with the result 

• = No0(Co) sin(k:L/2) 1 -- exp( -- ilk1) 
(2T/') 1/2 k2/2 ikl 

X cos t r6-- 1 exp(icoO) -- 1 (64) 

where, as before, K = (kl,k2). Using the fact that lk•l, 
tr6• l, and taking the observation point x on the plane of 
symmetry (x,z) so that k2 = 0 [of. (17) ], we find 

z 

FIG. 3. Conceptual model for air entrainment at the "toe" of a wave break- 
ing in the spilling mode. 
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•_ No• (co) lL6 2 •cos 0 [ 1 -- exp(itrO) ], (65) 
2(2•r) 1/2 C 

where we have used the fact that tc/tr = cos 0/c. Here, 0 is 
the angle that the line connecting the observation point x and 
the origin makes with the vertical (Fig. 3). 

To calculate • (tr), we express the instantaneous bubble 
radius in the form R[1 q-X(t)] and, for small amplitude 
oscillations, we write 

v'(t) ---- •rrR 3[ ( 1 q- X)3 _ 1 ] _• 4rrR 3X. (66) 
Furthermore, for damped oscillations, 

X(t) -- Xoe - bt cos (trot q- •), t ) 0, (67) 

where Xo, • are the initial amplitude and phase and b is the 
damping constant at the natural frequency tro (Ref. 33), 
while X(t) ---- 0 for t ( 0. We then find 

R 3X o (ira -- b)cos • q- tro sin • 
(2•) 1/2 (itr - b) 2 q- 

(68) 

from which 

- 2trob sin 2• ] / [ (tr2 o - tr2 + b 2) + 4tr2b 2 ]. (69) 
This expression shows that, in general, I12 • co- 2 for large 
tr. This weak rate of decrease arises because X(t), as given by 
(67), is discontinuous at t = 0. In reality, even if (67) is 
applicable for t > 0, the amplitude X(t) would gradually, if 
rapidly, build up from the value 0 to Xo over a nonzero time 
interval --• < t<0, and the asymptotic behavior of IDI 2 for 
large tr would be dictated by the detailed nature of this build- 
up. In practice, the exact asymptotic behavior is irrelevant 
because the corresponding frequencies are so large that other 
mechanisms intervene to account for the corresponding am- 
bient noise. However, since I•l 2 must be multiplied by tr4 in 
the intensity expression (58), to avoid an unphysical in- 
crease of the intensity with frequency, we try to obtain as fast 
as possible a decrease of l•l 2 for large tr. This we do by de- 
manding continuity of (67) at t = 0, which requires • = rr/2 
so that 

= 8rR ½Oo = + b - 0)2) 2 q- 4tr2b 2], 
(70) 

and IDI2•co -• for large tr. If more detailed information on 
the buildup of the amplitude X from 0 to Xo were available, 
one would expect a behavior similar to that described by this 
equation up to a frequency of the order of 7 - •, followed by an 
even more rapid decline. 

Upon use of the results derived for n, •, and/g in the 
intensity equation (58), and division by the dipole factor 
LI cos 2 0/x 2, we find the following expression for the source 
density: 

9 p l•20Xo2Ll•4 
8T[ 3 Tc 3 

tr4tr02 
x 

(tr2 ø _ tr2 q- b 2)2 q- 4tr2b 2 
sin2 (l•trO) 

02 , (71) 

where 

/go = •rrR 3NoO, (72) 
is the average air volume entrained in the wave per unit vol- 
ume of the "entraining region" defined in (63). It will be 
seen in the physical interpretation of these results given be- 
low that the term sin 2 (•trO) appears as a consequence of the 
assumption that all bubbles are created with the same initial 
conditions. This is clearly rather artificial, and we therefore 
replace this term by its average, 1/2, which does not affect 
the order of magnitude of our results. If we furthermore let 

V = LhS, (73) 

be the volume of the entraining region, we finally obtain 

A • 0 X 0 •/rl• 3 tr4tr• S= 9 P• 2 2 ß 

16rr 3 rc302 (tr• -- 02 + b 2) 2 + 4tr2b 2 
(74) 

Since b,•tro, 33 as a function of tr this expression exhibits a 
maximum very close to tro, where it approximately takes the 
value 

ß •(COo) = 9 plS'•X• [/l•3tr40 (75) 
64rr 3 Tc3b 202 

while it asymptotes to the much smaller value (4b 2/ 
A 

tr• )S(tro) for tr-, oo. We show in Fig. 4 a graph of the func- 
tion 

G(tr) = tr• 1 -- tr• + '•oo1 + 4 tro 2 tr• , 
(76) 

for bubbles having a radius of 5, 1, and 0.1 mm. The corre- 
sponding values of tro/2rr are 0.6525, 3.238, and 31.52 kHz 
and those orb are 0.02528, 0.2708, and 7.224 kHz. The maxi- 
mum at tro is sharp because of the smallness of b with respect 
to tro. However, this feature is only due to the use of bubbles 
of a single size and the maximum could be considerably 
broadened (and lowered) by taking a spectrum of bubble 
sizes R, allowing/go and Xo to depend on R, and averaging 
(71 ) over R. Here we are only interested in orders of magni- 
tude and (75) is sufficient for this purpose. 

Reasonable values for the dimensions of the "entraining 
box" are L = 2 m, 1 = 0.1 m, $ = 0.1 m. For/go, on the basis 
of Ref. 25, we take the conservative estimate 10%. (This 
estimate is larger than the one used in the previous section 
because that model referred to a much thicker layer of fluid. ) 
As before, we take T = 1 s, c = 1500 m/s, p = 103 kg/m 3, 
and we also assume an initial oscillation amplitude Xo = 0.1. 
Using the values of tro and b•previously quoted we find, for 
R = 5 mm and R = 1 mm, S(tro) = 4.75 X 10-lO W s/m: 
and 2.51X 10 -9 W s/m 2, i.e., 

S = 88.7 dB, S = 95.9 dB. 

The estimates of ReL 27 for the source intensity at a frequen- 
cy of 500 Hz range between 56.2 dB at a wind speed of 7.5 m/ 
s and 72.3 dB for 30 m/s. At 1000 Hz, the corresponding 
values are 56.2 and 70.6 dB. Our estimates are thus seen to be 

20-30 dB higher. However, substantial reductions can be 
expected due to the averaging over bubble radii already men- 
tioned. Furthermore, the result (75), which applies to the 
source intensity of an "active" (i.e., entraining) surface 
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patch, must be multiplied by the percentage of the ocean 
surface which is in such an "active" condition at any given 
time. The empirical correlation previously quoted gives 
0.37% at 7.5 m/s and 42% at 30 m/s. In view of these con- 

siderations, we are therefore led to believe that the mecha- 
nism considered can give rise to emissions of an intensity 
adequate to match the data. 

C. Physical interpretation 

Inserting back into ( 75 ) the dipole factor Ll COS 2 O/X 2, 
the definition of flo (72), and the factor sin 2 coO/2, we find 
an expression for the intensity which we rewrite in the fol- 
lowing way to facilitate its interpretation' 

This result can be justified in simple terms by the use of some 
basic physical considerations. 

We begin by noting that, according to the previous mod- 
el, bubbles created at time O, when the breaking wave is 
about to die out, radiate with a phase difference cooO from 
bubbles created near t - 0. This phase difference builds up 
linearly with time as the spilling front advances down the 
slope of the wave. The situation is very similar to that en- 
countered in the Fraunhofer diffraction from a single slit. In 
that case, the total intensity radiated from the slit must be 
multiplied by the factor (sin 7]/7])2 if viewed from a direc- 
tion such that the phase difference between wavelets emanat- 
ing from the two sides of the slit is 27]. 35 This remark ac- 
counts for the factor (sin «COoO/«COoO) • in Eq. (77). As 
before, the effect of the image sources can be accounted for 
by the dipole factor k• cos 0, where • is the depth of the 
active region defined above. According to the basic laws of 
monopole radiation 

1 ogq (78) 
c2x cgt 

per unit source volume. Using the relation (49) for q, we 
then have 

p,__p f C2X 8t 2 • d 
In the approximation of Eq. (77), the time derivative is 
equivalent to multiplication by coo and 

. /3' d3y• (Noe) (L16) (R 3.,•0) , 
where the parentheses have been introduced to identify enti- 
ties having a clear physical meaning, namely the total num- 
ber of bubbles per unit volume generated in the active "box," 
Noe, the volume of the "box," LI6, and the volume change 
of each bubble, R 3X o. Collecting the separate parts we find 

p"• (p/C2X)Og (Noe) (LI$) (R 3Xo) k• cos 0 

X (sin «cooe/•zcooO). (79) 
An oscillation with amplitude p' at coo damped at the rate b 
has, in the neighborhood of coo, a spectral density of magni- 
tude 

,b•p'/b, (80) 

while ,b..•0 away from co o. Upon substitution of (79) and 
(80) into the expression for the intensity, 

•;= (c3/Tp) lt•l 2, (81) 
the previous result (77) is recovered up to some numerical 
factors. 

I!1. COLLECTIVE BUBBLE OSCILLATION 

Ambient noise data exhibit a broad maximum at a fre- 

quency around 500 Hz. •.3 Bubbles having a natural frequen- 
cy in this range have diameters of the order of 1 cm, and it 
seems unlikely that such large bubbles could be generated in 
great numbers in practically any condition as is implied by 
the data. However, we believe that acoustic emissions from 
the collective oscillations of bubble clouds could help ex- 
plain the observations. 

As with any system of coupled oscillators, a cloud of 
bubbles is capable of pulsating according to collective 
modes. 3a'37 The frequency of the lowest ones of these modes 
is much smaller than that of the individual bubbles, since 
most bubbles pulsate in phase and therefore the inertia of the 
liquid has a large effect. Exact results are available for the 
case of two equal bubbles that, when touching, have a fre- 
quency (log 2)•/2_•0.83 smaller than that of either compo- 
nent of the pair. 3a'38 

In the case of N bubbles, a simple estimate of the effect 
can be obtained as follows. Consider a bubble cloud having 
linear dimensions of order L. The lowest natural frequency 
of oscillation of the system, fmin, must be of the order cm/L, 
where Cm is the speed of sound in the bubbly mixture given in 
(12). We can therefore write, neglecting a term of order/• 2, 

fmin • (l/L) (po/p/3) 1/2. (82) 
If the cloud, idealized as a sphere, contains N bubbles of 
equal radius R, we have 

,8 -- ( R/L)3N, (83) 

since • is the fraction of volume occupied by the gas. It may 
be expected that a similar relation would remain valid for 
other geometrical shapes of the cloud up to a numerical con- 
stant of order one. For slow oscillations, which are essential- 

I0 4 
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FIG. 4. The function G(w) defined in Eq. (76) for air bubbles in water at 1 
atm with an equilibrium radius R of 5 mm (top line), 1 mm (middle line), 
and 0.1 mm (bottom line). 
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ly isothermal, we can use (54) with tc = 1 to estimate the 
natural frequencyfo of a single bubble. Combining these re- 
sults and eliminating R/L by use of (83) we find 

fmin/f0 • 1//• l/6N 1/3. (84) 
The void fraction appears raised to such a small power that 
this factor can be taken to be 1 (e.g.,/• •/6=0.7 for/• = 0.1 ). 
This relation therefore essentially demonstrates a decrease 
in frequency proportional to N - •/3 that, although slow, can 
be sufficient to give frequencies in the range of several hun- 
dreds of Hz in realistic conditions. For example, a 2.5-mm- 
radius bubble has a natural frequency fo = 1.302 kHz ap- 
proximately, and N = 14 is enough to result in fm•, = 500 
Hz. Incidentally, it may be noted that, for N= 2, 
N- •/3•_0.79, which is very close to the exact result quoted 
above. 

For these low frequencies to appear, the bubbles in the 
cloud must be excited coherently. (Alternatively, one may 
say that, for the present purposes, the cloud is defined by the 
number of bubbles that are coherently excited. ) That such a 
relatively long-range coherent excitation mechanism may 
exist is not unlikely in the presence of a breaking wave, where 
bubbles are generated by large (10-20 cm, say) masses of 
water toppling down the face of the wave. 

The actual occurrence of this process in nature remains 
of course to be proven, but it certainly does not appear im- 
possible and would furnish an attractive candidate to explain 
this intermediate-frequency part of the spectrum. Some indi- 
cations that support this view have recently been reported. 39 
We may therefore pursue this concept a little further trying 
to estimate the resulting noise intensities. 

An approximate theoretical description can be based on 
the relations of the previous section many of which remain 
valid if they are referred to the normal modes of oscillation 
rather than to the individual bubbles. Indeed, essentially by 
definition, the amplitude of each mode satisfies a damped 
oscillator equation. In this approach X denotes the ampli- 
tude of a normal mode, too its frequency, and b its damping 
constant. Thus we may use Eq. (74) which, at to = too, be- 
comes 

A 0 x 0 •/r•3 tog ß ( 85 ) S(oo)= 9 p•2 2 
16rr 3 Tc30 2 b 2 (b 2 + 4to• ) 

It is easy to show, and it is intuitiv:ely obvious, that the damp- 
ing constant is approximately equal to that of each constitu- 
ent bubble at the frequency of the mode. The often-neglected 
fact that the damping constant exhibits a marked frequency 

32 33 
dependence ' is important here. For example, for bubbles 
having a radius R = 2.5 mm, the value of b at resonance is 
b = 70.5 Hz while, at 500 Hz, b = 282 Hz. Therefore, since 
now b is not small compared with too, an extra term must be 
retained in the denominator of (85). Using too/2rr = 500 
Hz, b = 300 Hz, and the same values as in the previous sec- 
tion fo• the other quantities, we obtain from (85) the esti- 
mate S - 1.16 X 10- •2 W s/m 2, i.e., 

A 

$ = 62.6 dB. 

The values quoted by Wilson for the source level at this fre- 
quency are 56.2 dB for 7.5-m/s winds, and 66.5 dB for 15 m/ 
s. It may be concluded that the effect considered here can be 

significant, even after applying corrections for surface cover- 
age. Note that the further correction arising from the averag- 
ing over radii mentioned in the previous section is not ex- 
pected to have a large effect in this case since b-• too. 

If the radius decreases, fo increases and the damping 
constant at a fixed frequency (e.g., too/2•r --- 500) increases 
also towards the asymptotic value 33 

b ---- [ (y-- 1 )/10y] (po/pDo), (86) 

where y is the ratio of specific heats of the gas, Do is its 
thermal diffusivity, and surface tension, viscous, and acous- 
tic effects have again been neglected for simplicity. For air at 
1 atm, this formula gives b = 137.8 kHz. With this value of 
b, Eq. (85) gives, at 500 Hz, a totally negligible contribution, 
smaller than the reference intensity. Hence, we conclude 
that if the mechanism envisaged here is of any importance, 
the acoustically active clouds must contain bubbles greater 
than N 1 mm. (For R -- 1 mm, b at 500 Hz is 3.76 kHz.) 

IV. OTHER MECHANISMS AND CONCLUSIONS 

In this article, we have tried to estimate the effect of 
bubbles on oceanic ambient noise for frequencies up to a few 
kHz. We have identified three frequency regions where bub- 
bles can have a significant effect. The first one is up to 100- 
200 Hz where they can amplify the pressure oscillations in- 
duced by the water turbulence. The second one is in the kHz 
range, where single-bubble oscillations appear capable of ac- 
counting for most of the observed noise levels. The third one 
is in the intermediate range, where collective oscillations of 
bubble clouds may contribute significantly to the noise. 

Bubble effects at still higher frequencies are not only 
possible but quite probable in certain conditions. Rain 
causes noise in the range 5-20 kHz 4ø-42 and, according to the 
results of Crum and Pumphrey, 3• the bubbles produced by 
the impact of water drops on the ocean surface appear to be 
responsible for most of the acoustic emission. A similar ef- 
fect can be caused by sprays and, possibly at lower frequen- 
cies, by splashes. As a matter of fact, at least one model has 
been proposed in which the impact of sprays is held responsi- 
ble for ambient noise not only at high frequency, but also in 
the range 1-1000 Hz. 43 This model extrapolates the results 
of Franz 3ø very far away from the parameter region where 
they were obtained and does not appear to be supported by 
the data. 4ø-42 As for splashes, their occurrence must be much 
less frequent than that of wave breaking, at least for moder- 
ate wind speeds. Although we have not tried a quantitative 
estimate, this feature seems sufficient to dismiss them as a 
major noise source. 

Snow causes noise around 40-60 kHz, 42 possibly by a 
process associated with the formation of bubbles. Here, the 
mechanism could be the entrapment of air as the flake melts. 
The tiny bubble thus produced would be full of air at 1 atm, 
far lower than the pressurepo q- 2tr/R it would have at equi- 
librium (here tr is the surface tension). The bubble would 
therefore start oscillating at its [very high, of. Eq. (54)] 
natural frequency radiating part of the excess initial energy. 

Still other noise-producing mechanisms associated with 
bubbles have been proposed. One has to do with "bubble 
cavitation" 2,3.5 and would cause noise in the same way as a 
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collapsing ½avitation bubble does. As discussed else- 
where, 44'45 this process is utterly impossible because it would 
require pressure fluctuations due to oceanic current and sur- 
face motion in excess of 1 bar. In part, the misunderstanding 
seems to have originated due to the confusion between the 
threshold for rectified diffusion and that for violent col- 

lapse. 46'47 The bursting or "popping" of bubbles at the ocean 
surface has also been suggested as a source of noise. 5 On the 
basis of some simple estimates, 4• it appears that the number 
of bubbles necessary to account for the observed levels would 
be of the order of hundreds of millions per square centimeter 
per second, which appears impossible. Finally, the turbulent 
wake of bubbles ascending by buoyancy has been proposed 
as a noise source. 3 This acoustic emission would have a 

quadrupole nature, as for ordinary turbulence, and would 
therefore be quite negligible. However, volume pulsations of 
the bubbles would be induced by the vortex shedding that 
takes place in these conditions, but their frequency could 
hardly be expected to exceed 10 Hz. The total contribution 
to the overall sound energy that such a process can produce 
also appears to be quite low. 
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APPENDIX 

We give here a proof of (38) assuming the functional 
form (37) for the turbulence correlation functionf and mak- 
ing the approximation IKI/'• 1. Exact results for the forms 
(34) and (35 ) will also be given 

For the present purposes, the integration over •-in the 
definition (30) of Q is unimportant and we consider only the 
space integrations, 

- lff Q(K,•') = (2rr)• d• d•dr/exp( - tX.•)Q(•,•'). 
(A1) 

Passing to polar coordinates with the r/axis directed along 
K, this expression becomes 

fo -- 1 t 2 dr sin 0 dO d• Q (2rr) 2 2 
Xexp( -- iIKIr sin 0sin •)Q(r,•'), 

since Q only depends on I gl in isotropic conditions. The an- 
gular integrations are readily carried out using the results 

o 2• exp( - i• sin •)d• = 2•rJo(•), 
o• Jo ( x/z 2 -- t 2 ) dt = sin z. 

After insertion of (32), (A1) then becomes 

--= drsinKr -- 

where K = I KI. Upon interchange of the order of integra- 
tion, the integration over r can be carried out with the result 

• =2(pu-•)2•oøø[(•-•--laK)sinlaK--3COslaK ] 7TK 4 

x . (A2) 

Now, let u ---- la/l and assume the form (37) for f, so that dr/ 
dla -- l - ldf /du. Equation (A2) then becomes 

Q _ _ (Kl)u rrl 

Xsin(Klu) -- 3(Klu)cos(Klu) ]( df •2du . \du/ 
(A3) 

Since df/du decays rapidly past u • 1, and since Kl,• 1, the 
quantity in curly brackets in this expression can be approxi- 
mated for small Kl to find 

4 , 
from which we find the result (36). For the specific form 
(34) off, valid in the low Reynolds number case, the integral 
in (A3) can be evaluated exactly to find 

•---- [ (p u-•)2/8rcl/2]13 exp( -- 12K2/4), 
while with the high Reynolds number expression (35) one 
finds 

_ (p•-n)2 2 2 arctan(-•) Q-- •-•õ (-•)I 3 
(K1/2)[3 q- 5(K1/2) 2] ] 
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