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PREFACE
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Natural Physical Sources of Underwater Sound at the University of
Cambridge, July 1990. It was written under the partial sponsorship of
Dr. M. Orr, Office of Naval Research (Code 11250A), and Dr. K. Lima,
Naval Underwater Systems Center (Code 10).

The results presented in this paper are the cummulation of work
begun in 1980 and supplement the results presented at the Nato
Advanced Workshop on the Natural Mechanisms of Surface Generated
Noise in the Ocean held in Lerici, Italy, in 1987, and published in Sea
Surface Sound. The paper, "Low Frequency Ocean Ambient Noise:
Measurement and Theory," is included here as an appendix.
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LOW FREQUENCY NOISE FROM BREAKING WAVES

William M. Carey and James W. Fitzgerald*
Naval Underwater Systems Center
New London, Connecticut 06320
USA

ABSTRACT. Recent experiments confirm the production of sound by
breaking wa,.es at lower frequencies (30 to 500 Hz). Individual breakers
produce impact noise as well as a random collection of individual
spectral events. Measured ocean ambient noise spectrum levels increase
at less than 1 dB per octave toward a broad maximum, which has a weak
wind speed dependence between 300 to 500 Hz. Noise intensities (< 500
Hz) are a function of wind speed (U) to the 2n power with 1.3 < n < 2.5
and a value of n=l.5 at 200 Hz. The production of noise in this region
has a dipole characteristic. Breaking waves produce an impact, bubble
plume, and bubble cloud. The dynamic evolution of these plumes and
clouds provides a mechanism for sound production. Since the initial
plume and cloud have appreciable void fractions, compressible resonant
behavior of these structures as a whole or as multiply connected
regions can be represented as compact acoustic monopoles and dipoles.
The pressure release surface would result in an effective dipole
characteristic. Sufficient energy exists in the initial breaking
vorticity and turbulence to explain measured source levels. Since a
good radiator of sound is also a scatterer of sound, these plumes and
clouds will also scatter sound.

1. INTRODUCTION

In his review of Ambient Noise in the Sea, Urick (1984) commented on
the prolific nature of literature concerning theories of sound
generation at the sea surface and the measurements of the temporal and
spatial spectral characteristics. The idealized spectra suggested Ir,
Urick was in close agreement with the schematic proposal by Wenz
(1962). The spectral characteristics for frequencies greater th.1 500
Hz are consistent with the observations of Knudsen (1948) and t.cnz's
"rule of fives" that the noise level can be described by

NL(f,U) = 25 - 5LOG(f) + 5LOG(U/5) [dB re 20 v:'/m 2 ]

* Kildare Corporation, 95 Trumbull Street, New London, CT 06320 USA.



where f is frequency (kHz) and U is wind speed (knots). However, as
Wenz observed in the 10- to 500-Hz band, the measured noise levels
were often variable and dominated by shipping noise. The shape of the
spectrum was also found to vary from a positive slope to a steep

negative slope.
Kerman (1984) showed that "the amalgamated observations of the

ambient noise reveal a similarity structure, both in the acoustical
spectrum and wind dependency." For fcequencies greater than the
local maximum in the 300- to 500-Hz range, Kerman found that the

normalized measured spectral characteristic was proportional to
f-2 (6 dB/octave). FurtheLiore, he showed that the noise intensity
was proportional to the cube of the friction velocity (u) prior to a

critical friction velocity (u*c) which is determined by the minimum
phase velocity of the gravity-capillary waves. Wave breaking was
associated with this critical condition, and for u, > u*c the noise

intensity was found to increase with ul" 5 . These observations were
found to be consistent with a large number of experimental observations
cited by Kerman. He speculated that the two observed regions of ambient
noise wind speed dependency indicated the presence of two sound source

generation mechanisms or one mechanism that changes sensitivity. Never-
theless, since breaking waves are known to produce bubbles, spray,
splash, and turbulence, combinations of these mechanisms may explain
the production of sound at frequencies >500 Hz. Kerman also observed a

variability in the region <500 Hz.
At frequencies <500 Hz, it has been difficult to acquire ambient

noise data that are attributable solely to local effects. The reason
for this is the dominance of shipping noise in the Northern Hemisphere,

the problems of self-noise, the size required for directional measure-

ment systems, and the relatively low long range propagation loss.
Reviews of low- to mid-frequency (20 to 1000 Hz) ambient noise

measurements (Carey (1985,1988)) not dominated by shipping at
frequencies <500 Hz showed the presence of locally wind-generated
noise. Wittenborn (1976) showed a wind speed dependence with a linear
velocity dependence prior to u-6 m/s and a quadratic dependence at
greater wind speeds. His results were not based on actual local

measurements of environmental variables such as wind speed. Measure-
ments performed with vertical arrays in the sparsely shipped Southern

Hemisphere's Fiji Basin (Bannister (1981), Burgess and Kewley (1983),
Browning (1986)) were also found to have low frequency wind noise with
two distinct wind speed dependencies. When compared to other shallow
and deep water noise measurements, these results led to the conclusion
that at the lower frequencies sound was generated near the sea surface

with one wind speed dependent mechanism prior to wave breaking and
another after wave breaking (Carey (1985,1988)).

Two interesting experiments have recently been performed featuring
visual as well as acoustic identification of wave breaking events.

Hollett (1988) performed an experiment in the Mediterranean Sea with a
vertical array of hydrophones (3 nested apertures (32 phones each) with
center frequencies at 375, 750, and 1500 Hz) and simultaneous video

recording of the sea surface area intersected by the endfire beam of

the array. Figure I shows the spectral events which result from a
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large breaker. The spectra shown have not been corrected for the
prewhitening of the data; i.e., the lower frequency spectral content is

more pronounced than shown. The breaking event occurs between 3 to 7

seconds and is seen to be a random collection of spectral peaks most

pronounced in the low frequency (<300 Hz) range.
Farmer (1989) performed an experiment in 200 m of water with a

hydrophone 14 m below the surface and was able to identify the
occurrence of wave breaking by examining the video obtained from a
subsurface camera. The simultaneously recorded acoustic data were

examined and found to show that the breaking waves radiate sound to

frequencies as low as 50 Hz.

dB//VPa/Hz QC( ,,j

M ABOVE 70Iml 66 -70 e
~63 - 66 ,

60 - 63 START 07 29 08~57 - 60 -

BELOW 57

Figure 1. Spectra of a wave breaking as measured by Hollett (1988) are

shown as a function of time. The lower frequency spectral estimates

have not been corrected for pre-emphasis. This collection of acoustic
spectra shows the wave breaking event to be a random collection of
spectral peaks.

The Hollett and Farmer results clearly show that breaking waves
are a source of low frequency sound and that at frequencies < 500 Hz
the ambient noise spectrum in the absence of shipping is wind speed
dep.indent. These results are important with respect to measurements
performed with vertical and horizontal arrays where the directional
noise properties, in the absence of shipping, are due to the
interaction of wind-generated noise and the basin boundaries.
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Since breaking waves produce sound at frequencies < 500 Hz, a
question concerning the generating mechanisms naturally arises. This
paper shall examine the role of spray, impact, and the collective
oscillations of bubble plumes and clouds proposed by this author and
Prosperetti (1985). First, the properties of low frequency ambient
noise in terms of the wind speed dependence and spectral characteristic
will be presented. This section will feature recent experimental work
since the Lerici meeting (Carey (1988)). Second, the properties of
mixtures will be discussed and theoretical expressions for spherical
and cylindrical bubble clouds presented. Calculations will be presented
for the noise production in a hypothetical wave breaking event based on
an evolutL-n modej. due to Monahan that demonstrates that bubble plume
and cloud oscillation are candidate mechanisms for the production of
noise.

2. A REVIEW OF RECENT LOW FREQUENCY NOISE MEASUREMENTS

Since a voluminous amount of ambient noise literature exists (Urick
(1984), Kerman (1984), (1988)), the purpose of this review is to simply
concentrate on ambient noise characteristics <500 Hz. This characteri-
zation will be based on the determination of two parameters, the
spectral slope m(f) and the wind speed dependency n(f) defined by

ANL(f,foU,Uo) = 20n(f)LOG(U/Uo) + lOm(f)-LOG(f/fo),

where ANL is the difference in measured noise level at frequencies f
and fo and wind speeds U and U0 . These parameters are usually estimated
by the use of regression analysis and, in some instances, by a visual
least-squares estimation. We have previously stated that the measure-
ment of low frequency wind-dependent noise is difficult due to the
presence of shipping noise, self-noise, and sound propagation
conditions. For this reason, we have been selective with respect to
those measurements included in this summary.

2.1 The Low Frequency Spectral Slope

In a previous paper (Carey (1988)), the experimental results from
Wittenborn (1976) were presented as an example of deep ocean wind-
generated ambient noise. This experiment consisted of a vertical
string of omnidirectional hydrophones, one of which was positioned
below the sound channel's critical depth to minimize the hydrophone's
reception of distant generated noise. Additional results from this
experiment may be found in a recent article by Shooter, De Mary, and
Wittenborn (1990). The hydrophone data were remotely recorded on a
time-indexed magnetic tape. Wind speed estimates were based on
interpolating weather reports of ships transiting the area. Stationary
periods were selected by examining the continuous recording of the 300-
to 500-Hz band of the deep hydrophone. However, the lack of concurrent
wind speed and air-sea temperature difference is a major shortcoming of
this experiment. Nevertheless, the results clearly show wind-dependent
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noise characteristics between 20 and 500 Hz. The 15-knot curve shown
in Fig. 2 has spectral slopes of m=0,1,1/3. The corresponding wind
speed factor (n) determined by the difference in noise levels at 12 and
15 knots and a frequency of 100 Hz was n=1.65.

100- I I I I lii I I I I I ii

M= 0 NLQ= N~ I) + 10mLog(f/f,)

M 7

--
IL

1 0 mn 0

J - HWNBERGER, 114 K1 NI

* SHOOTER (1990), 15 Kts, NI
0 MARREITr (199J0), 25 Kis NI
£ KUPERMAN, FERLA, 40KiSI
x WILE (1984), 405 Kts (Corrected), NI

60-M

101 10<
FREQUENCY (Hz)

Figure 2. Source spectrum level (SL) and noise spectrum level (NL) are

shown on this plot of spectrum level vs frequency for wind speeds >13
knots for several diverse oceanographic areas.

Several investigators have used vertical arrays to measure the
locally generated noise in deep water. Most notable are the works of
Burgess and Kewley (1983) in the South Fiji Basin and Australian waters
and Kennedy (1990) in the Tongue of the Ocean in the Bahamas. In
addition to the use of steerable arrays, these experiments were
conducted in areas to minimize shipping noise and had concurrent
measurement of wind speed.

The Burgess and Kewley (1983) experiment used a 180-m steerable
array at a depth of 300 m in deep water to avoid mixed layer ducting
effects. Both upward and downward looking beams were used to determine
the sea surface source level (SL), dB re 1 ppa2 /(sr.Hz). Since their
original publication, these authors have re-examined their linear re-
gression analysis of the wind speed dependency and have concluded that
two wind speed dependent regions exist, i.e., one prior to and one
after the onset of wave breaking with n-l.5 (Kewley et al. (1990)).
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Their frequency-dependent source level estimate is shown in Fig. 2. In
examining Fig. 2, one needs to differentiate between noise level (CbL)
and source level (SL) estimates. We have chosen to plot these results
on the same scale to show that there is no strong spectral dependence
at wind speeds greater than 6 m/s (12 knots). In the case of the Kewley
(1990), we observe at the most m = +1/3 between 100-200 Hz.

The Kennedy (1990) experiment was performed with a measurement
array of seven octavely nested four wavelength linear apertures
covering the 40- to 4000-Hz band. Meteorological measurements were
performed on Andros Island. In his experiment, Kennedy was able to
model the propagation in the Tongue of the Ocean. Since we know
(Talham (1964)) that the vertical distribution of ambient noise N(O)
can be written as

N() = dI/dQ = DPWg(e')exp(-2ar)/cose'(l-By exp(-4ar)),

where W = [sinO'/sine] = [Cs/Cr] 2,
D = source density at surface (number/m2 ),
P = power (watts/sr),
dI/d!Q = intensity/unit solid angle (watts/m2/sr),
= frequency-dependent absorption coefficient,

y = surface reflection coefficient,
B = reflection coefficient of the bottom,
el = source angle,
e = angle at receiver, and
Cs,Cr = speed of sound at source and receiver,

we see immediately that, given a knowledge of the environmental factors,
one could estimate g(6') given a measurement of N(O). Kennedy
measures N(f,O) and determines with a similar but more complicated
method of curve fitting the best fit to D.P.g(e'). Kennedy's
results are shown in Fig. 2 for a wind speed of 8 m/s (16 knots). These
results show a practically white spectral curve. The novel aspect of
Kennedy's experiment is his ability to estimate the source directional
characteristic g(e') as a function of wind speed and frequency. Shown
in Fig. 3 are two examples of N(f,e) from this estimation based on
his measured data. Figure 3A shows the estimated pattern at low wind
speeds prior to whitecaps being present. A broad maximum is observed at
600 Hz that is directional. At the lower frequencies, less direction-
ality is observed. Kennedy found that with whitecaps present (Fig. 3B)
the vertical directional spectra were consistent with a surface
distribution of point dipole sources over the entire frequency range
with a broad maximum at 400 Hz.

The structure shown in Fig. 3A can also be modeled by point
dipoles near the broad maximum at 600 Hz, but at the lower frequencies
(<300 Hz) the structure is consistent with volume-distributed monopole
sou-ces or noise from a distance. Thus, Kennedy's results not only show
a slowly varying spectrum level with frequency but also a dipole
characteristic for sound generated near the sea surface associated with
wave breaking.
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Figure 3. Estimated noise spectrum level vs elevation angle as
determined by Kennedy (1990) from comparison of the field from surface
distributed dipoles and measured results.

Marrett and Chapman (1989) have performed measurements of low
frequency (15 to 250 Hz) ambient noise in the South Fiji Basin with a
towed line array. Local wind speed measurements were performed. Shown
in Fig. 2 are the 25-knot noise level results. The spectrum again has
a fairly white character. For wind speeds greater than 15 knots, the
wind speed dependency factor was found to be n=1.32 at 250 Hz to
n=2.13 at 30 Hz.

These recent deep water ambient noise measurements show that for
wind speeds greater than 6 m/s, the sea surface sound has a slowly
varying spectral shape with a broad maximum ranging from 300 to 500 Hz.
In addition, we are shown in Fig. 2 the results from three shallow
water experiments. Ferla and Kuperman (1984) have reported results on
the wind generated source spectrum levels for wind speeds between 10 to
40 knots. Ferla and Kuperman used propagation loss measurements and
environmental information in a wave theoretic noise model to derive
these source levels from measured noise levels. As can be seen, their
results are consistent with the deep water curves. Also shown are
results from Wille (1984) in the North Sea at 40 to 50 knots and
Hollingberger in an Alaskan fjord at 14-15 knots. To obtain the curve
attributed to Wille, we have applied an estimated but relative
correction factor based on measured propagation loss to their measured
noise levels. The results art, all similar in shape although different
in level.

This characteristic, the broad maximum between 300 to 500 Hz, has
been recognized in wind-generated ambient noise for quite some time
(Wenz (1962), Piggott (1964)), but not identified with such a diverse
set of experiments. The broad max.mum that is seen between 300 to 500
Hz in most of the curves shown in Fig. 2 shows a decreasing spectrmm
level as frequency decreases. This decrease corresponds to a spectral
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slope factor of nr-l/3 or 1 dB/octave. This characteristic has ofteh
been compared to the relative spectrum of noise due to a spray of water
droplets developed by Franz (1959). However the Franz spectrum has a
steeper (1.3-1.4 dB/active octave) slope than those shown here; never-
tbeless, the observation of their similarity is worthy of detailed
consideration.

2.2 The Low-Frequency Wind Speed Dependency

In the previous discussion of low-frequency noise measurements, we have
continually indicated that the wind speed dependency characterized by
the factor n(f) has been observed to range from 1.3 to 2.5. Wind speed
has traditionally been used to provide an index to the level of noise
to be expected at the higher frequencies. But even at high frequencies,
the wind speed dependency factor may be variable and complex. To
illustrate the complexity of wind speed dependency factor n, we have
produced the schematic shown in Fig. 4, which has been adapted from the
work of Wille and Geyer (1984). These data were obtained in the NoLth
Sea, a region with appreciable shipping-generated noise. The spec 'ic
data set illustrates what we believe is found in the literature
concerning the wind speed dependency. The spectral curve at 20 kHz
below a wind speed class of 10 shows no dependency (n=O); between wind
speed classes 11 and 13, a dependency of n=2; and at higher wind
speeds, a reversal of slope and a decrease in noise level.

WIND WIND
110- CLASS SPEED

100o 7 1G-2m/s
DISTAN WIND 8 2 - 2.5m/s

M 90 SOURCES SPEED 9 2.5 -3.15
Ck50 Hz MINAT DEP ENCE 10 3.15 -4

-200 Hz 11 4.5
- 31 Hz,' 12 5 -6.253 70 00 Hz 13 6.25 -8

S 600 Hz, \  14 8 - 10
2.0 kHz" 15 10 - 12.5

3.1SkHz' 16 12.5-16
50 5.0 kHz ; . 17 16-20

P-8.0 kHz40 ,. , 18 20-25

40 125 kHz 19 25 31.5
CL UBBLE ASRTO

U) 30 120.0 kHz & TRAPPING 1 I20 31.5 - 40

2 4 6 8 10 12 14 16 18 20 WD = 30m

WIND CLASS WSH =46m

Figure 4. Spectrum level of ambient noise vs wind speed class in the
North Sea as measured by Wille (1984). These spectra show the general
wind speed dependency of ambient noise.

This trend is seen to persist in some degree down to 5 kHz. The
decrease in sound level at wind speeds greater than 10 m/s has been
attributed to bubble absorption and sound trapping in the near-surface
sound duct produced by sound speed gradients resulting from the presence
of mncrobubbles (Wille and Geyer (1984), Farmer and Vagle (1989)). At
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1 kHz we observe a region of no wind speed dependence below a wind speed
class of 12 and a wind speed dependency of n=1.75 at greater wind
speeds. At lower frequencies, =200 Hz, a wind speed dependency is
only observed at the higher wind classes (W.C.>16, W.S.>12.5 m/s).

In general what is observed in measurements of wind speed
dependence is a noise-limited region, a transition region, and a high
wind speed region. These regions are shown in Fig. 5 for representative

wind speeds and values of n. Classifying measurements in these regions
may aid in the interpretation of low frequency noise levels and explain
the variation found in the published values of n(f).

-90 -

TRANSITION HIGH WIND SPEED REGION

wI

NOIE UMITED j
GREGION.

_jL 
-

~50 - a ABSORPTION

wj - - eTRAPPING IN
T ) - SONIC LAYER

WIND SPEED (rns)

Figure 5. Wind speed dependency (n(f)) vs wind speed for frequency
<500 Hz. Three regions are identified, a noise limited region, a
transition region, and a high wind speed region.

We have used this scheme to examine the value for n(f) for noise
results obtained at wind speeds greater than 6.5 m/s on selected
experimental results. The summary of this analysis is shown in Fig. 6
along with the values reported by Crouch and Burt (1972), Piggott

(1964), and Marrett and Chapman (1990). It is important to mention that
all results were used in our summary curve shown in Fig. 6. The trend
is clear for high winds speeds; n(f) has a constant value -2.5 until
a frequency of 50 Hz and -1.2 value for frequencies greater than 300
Hz. The variation of n(f) with f between 50 and 200 );z appears to be

real. Kerman (1984) has observed that all high frequency results (>500

Hz) yield a consistent set of characteristics. This indicates that

sound production at these higher frequencies may be from the same
mechanisms, such as bubble, splash, and spray. However, the variation
of n(f) at the lower frequencies may indicate a different mechanism.

2.3 Low-Frequency Noise Characteristics

We now have an answer to the question "What are the characteristics of
low frequency (<500 Hz) ambient noise?" First, we cited evidence that

showed breaking waves produce sound with frequency content as low as

30 Hz. The Hollett spectra appear to be a random collection of spectral

9
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Figure 6. Wind speed dependency factor n(f) vs frequency for wind
speeds >13 knots. Shown are the results of Crouch and Burt (1972),
Piggott (1964), and Marrett and Chapman (1990) and an average of all
data.

peaks spread in frequency and time during the breaking event. These
results are similar to those of Farmer (1989), although in some
instances Farmer observed a broadband event representative of impact
noise at the beginning of the wave breaking, followed by the subsequent
random collection of spectral peaks.

Second we showed that measurements of local wind-generated noise
at wind speeds greater than 6 m/s have a broad maximum between 300 and
500 Hz. The position of this maximum shifts to lower frequencies as the
wind speed increases. The decrease in spectrum level with a decrease in
frequency below this broad maximum is less than m=1/3 (1 dB/octave).

Third, we showed that the wind speed dependency (n(f)) of local
wind generated noise is a complex function and may be characterized by
three regions. In the high wind speed case, the low-frequency noise
level (dB re I VPa2 /Hz) increased with a wind speed dependency
n(f)=1.5 at 200 Hz, which ranged between 1.3 at 500 Hz to 2.5 at 30 Hz.

Finally, the results of Kennedy (1990) clearly show that low
frequency sound produced at the sea surface after the occurrence of
wave breaking has a dipole characteristic. Thus, the problem is
reduced to finding a sound-generating mechanism that produces a
broadband event followed by a random collection of spectral events,
which scale according to U2n(f) power.

2.4 The Whitecap Index

Wilson (1983) proposed that above 200 Hz, the noise levels vary in
proportion to the "whitecap" index, W(u), of Ross and Cardone (1979).
Wilson proposed three regions of wind speed dependency:

10



1. W(u) = 0, u < 4.5 m/s

II. W(u) = (4.6x1O-3)U
3  (4.gxlO-2 )U2

+ (4.63xlO-l)U - 1.5, 4.5 < U < 15 m/s

III. W(u) = (2 0 .9 7 )(U/15).5, 15 m/s < U

The first region has no whitecaps; the second was attributed to an
empirical fit to the data of Ross and Cardone; the third, or high wind
speed region, was based on Wilson's analysis of Perrone's data. The
speculation put forth by Wilson was the relationship between whitecaps
and acoustic noise was in three individual wind speed dependent regions.

We have observed a wind speed dependency of n(200)-1.5,
a noise intensity variation of U3  However, if low-frequency sound is

10'associated with the breaking waves characterized by the whitecap index,
which vary as U3 , then why does the low-frequency noise level only
vary with U n d why is this factor so variable. Kerman (1984) has
developed an explanation for the higher frequency wind speed
dependence based on bubbles with radii comparable to the Kolmogorov
length scale, but this explanation may not apply at these frequencies.

Wu (1980) stated that the whitecap index W(u) should be related

to the energy flux of the wind under equilibrium conditions. The
energy flux (A) or the rate of doing work is relat-0 to the wind
stress (T) and a surface drift current (V),

W(U 1 0 ) TV TU C312 U3
10 10

where W(U 10 ) is the percentage of the sea surface covered by white

caps, T is the shear stress at the surface, U*is the friction velocity,
and UI0 is the 10-meter-elevation wind speed. This relationship
between the white cap index and the wind stress coefficient (C10) ties
the whitecap index to fundamental parameters governing the exchange of
momentum, mass and energy in the sea surface interaction zone.

Kitaigorodskii (1972) outlined the fundamental dependency of the
wind stress coefficient on three quantities

C(Z,U) = C(Z/hsRi,Res) ,

where Z is the observation point, h. is the characteristic scale of
the roughness, R i is the Richardson number, and Res is the Reynolds
number for roughness. Kitaigorodskii shows, for a moving boundary under
neutral stability conditions, that

U(Z)/U* = IK in(Z/h s ) = C(Z,U)- I / 2

where U* 1 -r(T/p) is the friction velocity, K is Von Karman's universal
constant and hs is given by

I1/2

hs n [2 1 S(w)exp(-2Kg/ U*)dw]
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with S(w) being the frequency spectrum of the wave field. In
general, the wind stress coefficient is dependent on the stability of
the boundary layer as well as the roughness scale modified by the
motion. Given that the whitecap index is proportional to this quantity
to the 3/2 power, we can expect variability.

The whitecap index can be approached by either measuring the
index directly or by measuring the wind ztress coefficient. Monahan
(1990) (see also O'Murcheartaigh and Monahan (1986), Monahan and
O'Murcheartaigh (1981)) has determined the wind speed variation of the
whitecap index by fitting

X
W(U1 0 ) = UI0

to measured fractional whitecap coverage data. Monahan finds that
X = 3.41 provides the best fit to all data sets, but individual sets of
data yielded values of X between 2.55 and 3.75. Monahan has also
proposed classifying whitecaps as class A, young, and class B, old.
Wu(1981,1986) contends that C(U1 0 ) a U1 2 , and consequently a variation
of W with U3 _75 . However, Wu (1980) in1 R revisit to this question
recognized the linear dependence of C(UI0 ) on wind speed. His review of
measurement of the wind stress coefficient as a function of U3m showed
most measured values of m between a value of 1 and 1.3. (Also 0see Large
(1981), Donelan (1982) and Smith (1980).) The reader is cautioned
concerning the use of relationships between the whitecap index and
C(U1 o).

Amorocho and De Vries (1980) examined the issue of variability
by plotting C(U1 0 ) and U* versus U1 0 for a wide range of wind speed
conditions. The results of their curve fits are shown in Fig. 7. In
general, they find three distinct wind speed regions. The first region
is found prior to the onset of breakers with Cl0 constant. The second
region, labeled as a transition region, is for wind speeds between 7
and 20 m/s. In this region, both U* and Cl0 have linear dependencies
on wind speed. This region would correspond to W(u) a U4 .5 0 , which is

10
larger than Monahan's observations. Finally, for wind speeds greater
than 20 m/s, a saturation region with C1 0 again constant and an
expected variation of W(U1 0 ) U 0 .

These results are remarkably similar to the acoustic noise level
characteristics. Since most observations of noise are in the 7- to
20-m/s wind range, we can expect a variation in our wind speed
dependency similar to the variation in wind stress coefficient. Since
we also expect a dependency of the wind stress coefficient on the
Richardson number and the sea state spectrum, ambient noise levels may
also be affected. Thus, one may conclude that ambient noise measure-
ments should be performed that concurrently measure the wind speed
(U1 0 ), the air-water temperature difference as a simplified Ri
measure, the sea state spectrum as an indicator of roughness, and the
moisture content necessary for correct estimation of Re.

12
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Figure 7. The friction velocity, it, and wind stress coefficient, ClO ,
vs wind speed taken from Amorocho and DeVries (1980). These regions are
identfied as a constant slope region prior to wave breaking, a
transition region, and a constant slope after breaker saturation.

3. BREAKING WAVES: BUBBLE PLUMES AMD CLOUDS

The association of wave breaking with the production of low frequency
sound and subsequently deep ocean ambient noise characteristics leads
us to examine bubble production from this wave breaking process. Fresh
water laboratory measurements, such as the experiments by Min&-Yang Su
(1984) with three-dimensional waves, show a typical sequence of events
from the initial wave breaking to the formulation of a columnar bubble

plume to a more diffuse cloud swept by the subsurface orbital motion
and finally to dispersion of near-surface bubbly features. While fresh
water experiments may be useful in visualizing the sequence, the bubbly
mixture in these types of experiments appears to be composed of larger
bubbles, faster rise times, and consequently different acoustic char-
acteristics. The difference in the bubble sizes and rise times may also
result in different sound production mechanisms.

Thorpe (1986,1982) and his colleagues have performed a series of
experiments with upward-looking sonars in lakes and in the deep ocean.
He observed bubble clouds convected to meter depths initially by wave
breaking turbulence and vorticity and subsequently ordered patterns
consistent with Langmuir circulation. Thorpe's results show an
exponential decrease in volume scatter strength with depth, a mean
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depth of penetration that was proportional to U10 and the air-water
temperature difference (A0Aw) and finally a different cloud
characteristic for stable (AeAw>O) and unstable (AOAw<0 ) conditions.
For example, the stable condition was found to result in a "billowy"
cloud structure, whereas the unstable condition resulted in a columnar
characteristic. Recently, observations by Crawford and Farmer (1987)
confirmed these effects as well as an exponential distribution of bubble
density with an "e folding" depth between 0.7 and 1.5 m, a near-surface
bubble density variation with u10

3±.3 , a weak dependence on the
Langmuir circulation, and "v"-shaped columnar clouds for (AOAw<O).

Thorpe also observed pronounced differences in clouds produced by
wave breaking in fresh and salt water. Thorpe attributed these differ-
ences to chemical effects discussed by Scott (1975) to explain Monahan's
(1969, 1971) observation concerning fresh water white caps. That is,
under nearly identical physical conditions, bubble distributions pro-
duced in salt water have a smaller mean radii and a larger number of
bubbles. According to Scott (1986), surface chemical effects can be an
important factor preventing coalescence, and "Significant differences
observed in fresh water and salt water white caps may be ascribed to
these effects, bubbles in salt water being (as a result) greater in
number, smaller, more densely packed, carried deeper, and slower to
rise to the surface than those formed in fresh water by a similar wave
breaking event." Pounder (1986) also showed a distinct temperature-
dependent difference between distilled water (coalescence occurs) and
salt water (coalescence does not occur). He attributed this difference
to ionic effect. However, Pounder's laboratory observations support the
conclusion drawn by Scott and Thorpe that microbubble distributions
result from salt water wave breaking.

Bubble size measurements (made by Medwin (1977), Kalovayev (1976),
Johnson and Cooke (1979), Bouguel (1985), and Crawford (1987) and then
reviewed by McDaniel (1987)) yield distributions with most probable
bubble radii between 50-70 Vm, with an exponential decrease in number
with an increase in radii. Kalovayev observed that at wind speeds of
13 m/s, all bubbles were less than 350 pm, although the position of
the distribution maxima was observed to shift to larger radii with
increasing wind speed and depth.

Recently, Monahan (1990,1987) has developed a hypothetical model
for the evolution of a bubble plume and cloud from a breaking wave
consistent with the results discussed here. Shown in Fig. 8 are the
results of his analysis for a wind speed of 13 m/s. The second panel
shows his "B" plume, a bubble size distribution derived from his
aerosol generation model, and a bubble size distribution based on the
measurements of Johnson and Cooke (1979).

Monahan uses exponential variation in depth, cross sectional area,
and time with measured "e folding" characteristics to scale the results
for these a, B, and y plumes. The a plume occurs within 1-2 s of the
breaking event and its characteristic depth of 0.5 m and volume fraction
(v.f.) of 4-8xi0 -2 are based on the extrapolated bubble size distribution
shown for the 3 plume. The B plume is estimated to have a duration between 1
and 10 s and a v.f. based on an integrated size distribution of 1-2x10-4 .
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Third, che characteristic of the cloud has a bubble size distribution
consistent with the measurements of Johnson and Cooke and a scaling based on
cloud sea surface ocean to white cap area of 25:1. The duration of this
f-ature is estimated to be on the order of 100 s and an average v.f. between
10-6 to 10-7 . Monahan's estimates, although carefully derived, are still
very uncertain and illustrate that the measurement of v.f. is required to
characterize the wave breaking process.

PLUME PLUME/CLOUD CLOUD

TIME: (1-2 sec) (1.10 sec) (10 sec - 1000 sec)
DEPTH: (1 m) (5 m) VARIES UP 10 m
v.f. = 4.3-8.2 X 10-2 v.f. = 1.3-3.2 x 10- 4  v.f. 0.12-2.1 x 10- 6

RMAX 105 -104 pm

10-4

410 10-8i

E 10 / ,

10 d BI , I
01 0'

10 id 10/
-0 11 IicA 1IL J lL010 20 SO 100 200 500 10 20 50 t00 200 500 10 20 50 100 200 SO

R, BUBBLE RADIUS, IN pm

Figure 8. Evolutionary model of a wave breaking bubble plume and cloud
shown as a sequence of snapshots covering the time periods of 1 s, 10 s,
100 s. Estimates of v.f. and v.f. distributions are from Monahan (1988).

The measurement of the bubble size distribution, void fraction, and
spatial characteristics of bubble clouds and plumes has been shown to be
difficult. Nevertheless, general characteristics are beginning to emerge
concerning the production of bubbles by breaking waves, the determination of
size distribution, and the temporal evolution of these features. Although
estimates of the volume fraction as a function of space and time are
possible, the direct measurement and knowledge of the volume fraction is
still lacking. Laboratory experiments with salt water open-ocean wave
generation experiments as proposed by Longuet-Higgins would be useful in
determining the single wave breaking plume/cloud void fraction and acoustic
characteristics.
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4.0 NOISE MECHANISMS

Breaking waves have been observed to produce "impact" noise as well as
an ensemble of spe, tral events. The spectrum measured in the deep

ocean has been shown to be fairly white below -500 Hz and in some
respects is similar to the nondimensional spectrum proposed by Franz
(1959) to describe higher frequency sound generation by single droplet
impact, entrained bubble oscillations and large scale wave breaking
events. Prosperetti (1988) has questioned the applicability of this
spectrum at the lower frequencies. There is little doubt that at the
higher frequencies bubble, spray and splash are primary sources of
sound. However, at frequencies <500 Hz, individual bubble and splash
sounds are questionable simply on the basis of observed droplet and
bubble size distributions.

Nevertheless, just as a single droplet produces an impact and a
subsequent entrained bubble oscillation at higher frequencies, a
breaking wave may produce a "water hammer" type impact (Nystuen (1986),

Paynter (1961)), and a subsequent oscillation of the micro-bubble plume
and cloud at lower frequencies. This water hammer effect can be shown
to produce a transient pressure pulse with a Fourier spectral
amplitude of a dipole, IP,(R)I=pUC CosO/R 2 where p is the density,
U. the velocity spectrum of the impact, C the sonic velocity, 0
the angle from the downward directed normal and R the radial distance.
While wave breaking may not produce a truly impulsive event, the
resultant average spectrum could resemble Franz's nondimensional
spectra. As mentioned by Nystuen (1988), the velocity dependence is
linear in this case of a water hammer impact as opposed to the cubic
dependence proposed by Fitzpatrick (1959) for solid sphere impacts.

4.1 Mixture Theory

In a bubbly mixture, when the distribution of bubble sizes results in

resonant bubble frequencies much greater than the frequencies of inter-
est, then the propagation of sound in the mixture can be described by
an effective wave equation with mixture density and sound speed. These

effective wave equations have been studied by several investigators
(i.e., Foldy (1945), Crighton (1969), Van Wijngaarden (1968)) and
confirmed by Karplus (1958) at frequencies <1 kHz. (See Carey (1988).)

A. B. Wood (1932) showed that at low frequencies in an air-water
mixtur'e that when the size of the bubbles and spacing between bubbles
were small compared to a wave length, that for a given volume fraction
(X) the mixture density (pm) and compressibility (Km) are
tinder equilibrium conditions given by

Pm (1 X)p% + X Pg and Km = (1 - X)K% + X KS,

where I represents the liquid and g the gaseous component. The low

frequency limiting sonic speed, Cmlf, is seen to be

2 dP -1
Cmlf dp
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In the case of the air bubble-water mixture, the process can be con-
sidered either adiabatic or isothermal. Since the controlling factor is
the rate of heat transfer during bubble compression to the surrounding
fluid which is rapid in water due to its large thermal capacity, the
bubble oscillations at low frequencies may be considered isothermal.
The following equations result:

2 2 2 2 2 +P 2 2

C- 2 2 + X_ + (x)(l-x)
C2 C2  PgCgPt Ct

-2 -2 -2x-*O C- 2 * C and x 1 C - Cm m g

and when 0.002<k<0.94, C 2  P/P X(1-X).'mlf t /~ (I X

These equations show the large effect on sonic speed as a function
of void fraction and relative bulk modulus (Fig. 9). In the low
frequency range (<I kHz) Karplus used an acoustic tube to determine the
standing wave pattern as a function of air volume fraction and verified
these results. This behavior is due to the mixture's mass being
primarily due to the liquid while its compressibility is due to the
gas. Since we are dealing with the low frequency response, much less
than any individual bubble resonant frequency, only the volume fraction
is important and not the bubble size distribution.

100

10

U,

C,
1 10 

2 
2 .....-

-D

0S

W \ 10PaW- 10 3 .

4

VOLUME EFRACTION (v.1.)

Figure 9. The relative bulk modules versus volume fraction is shown
for an air water Mixture at a pressure of one atmosphere.
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These equations do not show the dispersive nature of this sonic
speed variation. If one considers a bubbly liquid with an uniform
bubble size whose corresponding resonant frequency is wo and
dampening 6, then one can solve the component conservation equations
to obtain the following frequency dependent sonic speed:

1 -ix2+ 1
c2 2 C2 2 2
m P mlf (1 - 0 /% + 2i/ )0

This expression reduces to our previous equation for C21 f when <

The equation does show a dispersive character as illustrated in Fig. 10
compared to the data of Fox (1955). Of interest is the sonic velocimeter
range f>240 kHz, C-C1 , the sonic speed of the liquid. The dispersive
character of the phase velocity is the reason why volume fraction
measurements are necessary to determine the low frequency sound speed
changes near the surface of the sea.

250o

2000 i .J"~ ". . . • .
c ,(,, ) ;/ -, -_ . .

* oo . .

" 2
1000 " NEAR 2

RESONANCE nihf I

500~

2 P
Pm x(1-x)

0 30 60 90 120 150 180 210 240 270 300 330 360 390
f (kc/s)

Figure 10. The dispersive behavior of the sonic speed in air water
mixtures showing behavior below, at, and above bubble resonance region.

4.2 The Oscillation of a Bubbly Spherical Volume

The generation and scattering of sound from a compliant sphere immersed
in a fluid can be found in classical texts on the theory of acoustics
(see Reschevkin (1963), or Morse (1948)). In this particular case, the
bubbly sphere has no well-defined boundary but nonetheless is localized
by perhaps a vortex or some other circulatory feature beneath the
breaking wave. Since this analysis is somewhat standard, only a brief
outline will be presented.

Here we assume that the bubbly region (Fig. 11) is compact with an
arbitrary radius ro and the region is composed of micro bubbles with
resonant frequencies far above the frequency of excitation. Buoyancy
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forces and restoring forces such as surface tension are not required.
The properties of the bubbly region are described by the mixture speed
c and density p with a resulting compressibility 1/pc2 . The
micro bubbles supply the compressibility and the liquid supplies the
inertia. P,

I,, ro
P,

P.C

x >ro rb

Figure 11. The random collection of micro bubbles within a radii r-- 0

from the origin. (Pi incoming wave or excitation, p,c = the pro-
perties of the mixtures, p,c = the properties of water, and P = the
radiated sound.) s

The source of excitation is assumed to be global compared to the
dimensions of the compact sphere. This assumption means we can assume
a plane wave expanded in terms of spherical harmonics. The physical
reasoning is that the properties of the bubbly region determine its
ability to radiate provided there is a source of excitation, i.e.,

P.= P exp(it - ikr) = P exp(it) X im(2m+l) P m(8)J (kr)m=O

We require continuity of velocity and pressure at the generalized
radius, ro. Furthermore a radiation condition is imposed at large r and
the field is required to remain finite within the bubbly region.

The particle velocity Vi = (-l/iwp) aPi/ar. (2)

Continuity of Pressure Pi + ps = P. (3)

Continuity of Velocity Vi + Vs = Vn" (4)

The procedure is to assume the scattered wave or radiated wave is
a sum of outward propagating spherical waves.

P = exp(iwt) Am P m(8)G m(kr)exp(-ic kr). (5)s m
m=O

The pressure field inside the volume is expanded in terms of
spherical Bessel function of the 1st kind, i.e.,

= exp(iwt) Am P m(O)J m(kr). (6)
m=O
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When the region is compact X > 2nro, we can solve for the coefficients

A and A by using the boundary conditions (2, 3, and 4) and equatingm m

each m order terms. To 0(k 3 r3), we find for A0 anu A1 the following:

3
iP (k r 0 (1 - y/y)/3

Ao - 0 (7)
(kr )2 (kr)2

[(l -- y/y - i (kr )[y/y 3

and

3-P (kr) (P p)0 0

1 (2; + p)

where y=pC 2 and y=pG 2 . The term A0 is interesting when the real part
of the denominator is equal to zero, we may say a resonance has occurred.

This occurs when

(k 21rf0 r --2 2 kC C __

(kr) 0 ( o 2 and f - 2r0V PC 2

since

-2 1 3yP
C YP/P X(I-x), fo = 21rr , (10)

which we recognize as a modified Minnaert formula for the resonant

frequency of a volume oscillation of a gas bubble. (Note that we have
inserted a factor y, the rate of specific heats. This factor applies
to individual bubble pulsations and for the cloud we set y = I

corresponding to isothermal conditions.) This result follows because the
resonant angular frequency is proportional to the compressibility of the
bubbly region, characterized by the stiffness (4vropC ) and the inertia

(41rp/3). For the case of air with CacK340 m/s and p1/pt = 0.0013, we
find the resonant frequency of the gas bubble to be fob =6.758 Hz-m/2a
and for the cloud with a v.f. of X = 0.002 and Cm z 200 m/sec, a
resonant frequency foc 1 10 Hz-m/2r o. If the average size of each gas
bubble is 50 Vm, then we have fob= 6 7 .6 kHz, and if the radius of the
air cloud is ro=0.25 m, we find that foc~ 2 20 Hz. Thus, the cloud
radiates sound at a resonant frequency much lower than its constituents.
The dampening is important to mention as we expect dampening constants

to exceed the thermal constant at these frequencies due to the dirty
nature of sea water bubbles (Eller (1970)).

Shown on Fig. 12 are curves of resonant frequency versus radius of
both spherical and cylindrical volumes with bubble v.f. between 10

- 2

and 10- 3. These v.f. are consistent with measurements of bubble
plumes but must be differentiated from the bubble densities and v.f.

within the near surface residual layer.
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Figure 12. The spherical and cylindrical bubble cloud resonant

frequency vs radius and void fraction (v.f.) are shown and compared to

a single spherical air bubble.

The curves for the spherical bubble volume oce taken from Eqs. (9)

and (0) previously derived in this paper. Also shown are curves for a

long cylindrical volume. The estimates for the cylindrical volume are

scaled by a comparison of the resonant frequency radius at specific

void fractions. This ratio of (Ros/Roc) the spherical radius to

cylinder radius is shown to be approximately 3. The results show that

the frequency radius dependence of a cylinder with a x = 0.001
corresponds to a spherical cloud of x 0.01. These curves show that

structures between 0 and 50 cm can have resonant frequencies in our

range of interest ~00 Hz. These calculations show that portions of

the deep diving bubble plumes have a resonant behavior within the

frequency 00 to 200 Hz with reasonable radial sizes.

The result of this analysis is that micro bubble plumes and clouds

to first order can be described by compact monopole sources of sound

since the radiation from these bubbly regions with an arbitrary

boundary has a natural frequency described by the Minnaert formula.

Ia.3 The Bubble Plume/Cloud as a Compact Source

Minnaert (1933) reasoned that the potential energy accumulated during

the compression of a gas bubble to its minimum radius is equal to the

kinetic energy of water particles at the time when half the expansion

has been reached, returning the bubble to its equilibrium radius. One

can perform this type of calculation for either an isothermal or an

adiabatic process. For the individual gas bubble, the adiabatic assump-

tion seems appropriate. For the oscillation of a cloud of bubbles, one

should use the isothermal assumption due to the thermal capacity of

water.
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We have shown that a bubble cloud has a first order radiation
charazteristic of a pulsating monopole source. Following the lead of
Strasberg (1956), we represent this bj a simple harmonic oscillator
equation, i.e.,

+ + = .

We assume that the initial condition is V(O) - -vo and that the bubble
cloud arrived at this condition in an isothermal process. The solution
to this problem can be shown as

v(t) = -vo e
- t/2 eiwdt

and the radiated pressure

ptV(t-R/C)
P(R,t) = 4.R u(t-R/C).

From this expression, we calculate the total energy in the transient
event as

E (1 3 241C t rn od v wheren d

If we have NB events per unit of time and we choose a reference
power corresponding to lVPa at a distance of 1 m, we find

E . NBPtCt
R =  -2

41r(luPa)

Using our expression for the resonant frequency of the cloud, we find

E - V1 ( I P3/2 2

C P1 / 2 h 4/3vRR3  X 0
1 0

V-NBt1/2  1 P]3/2 2
/(R 4rh (4/3wR3 ) [ vo

0

We define a source level (SL) as with representative values of all
constants at 105Pa, i.e.,

SL = 1OLOG(P/PR) = IOLOG(NB) + 20LOG( ) - 15LOG(x) + 80 dB.

With vo = vo, = 10- 2 and X-10- 4 we found

SL = lOLOG(NB) + 76 dB.

These SL values are large and should be considered as an upper bound.
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This value of the monopole source levels needs to be examined
with respect to the surface image interference effect. For a monopole
beneath the pressure release surface, we may show

2= 22

tPd(R ) 12 = IPo(Ro ) 12 (1 + V 2 + 2V - 4p sin 2(kZ sine))

as per the geometry shown in Fig. 13. When the reflection coefficient
is taken as p = -1 and (Z/K) = kZ < 1, we find

2 2 2 2 2
IPd(Ro)I =Po(Ro) • 16n (Z/X) sin 0.

P(Z=O)O

z RR
sinO = ZR/R 0  

Z Zs 0 ,

'Rol RI R ~i
ZR

Figure 13. The geometry for the surface image interference is shown
with 0 taken as i/X in the downward direction.

This source expression is recognized as a dipole. Integration of
this over the half-space one finds

Pd = P " (812 /3) (Z/X)
2.

Our reference source level now becomes

SL = lOLOG(NB) + 20LOG() - 15LOG(X) + 20LOG(Z/X) + 70 dB,

and with Z/X-l/15 we find SL-IOLOG(NB) + 67 dB.

Thus, for the case of a bubbly sphere near the ocean surface with
10-2 , a volume fraction of X-10 - 4 , and for a frequency near 100 Hz

located at a representative depth below the surface, sufficient source
level is achieved. These estimates are uncertain as the knowledge of
the dynamic void fraction as a function of depth and time beneath a
breaking wave is lacking. However our analysis shows that a plume/cloud
can radiate sound with a dipole characteristic and is, thus, a
candidate mechanism for the production of sound at low frequencies.

5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

This paper has reviewed data attained at sea that demonstrates that
breaking waves are a source of low-frequency (20 to 500 Hz) sound. The
expariments reviewed on individual breaking events showed short time
(5 s) acoustic signals associated with breaking waves. The spectra
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appear to be a random collection of acoustic events in frequency and
time. The experiments reviewed concerning deep ocean ambient noise
measurements show a fairly white spectrum with a wind dependency
n(200)-1.5. However, as we have mentioned experiments that measure
not only noise but relevant oceanographic and meteorological factors
are lacking. We would recommend that future ambient noise experiments
measure not only the 10-meter-wind speed but the air-water temperature
difference and the sea surface spectrum. In addition, the sonic
velocity variation near the sea surface should be measured especially
as one tries to characterize higher frequency noise.

We have suggested that these properties of ambient noise could be
explained by wave breaking impact noise (the water harmer effect) and
the collective oscillation of bubble plumes and clouds. A key factor in
determining the validity of this hypothesis is the time-dependent
volume fraction. Since no direct measurements are available concerning
this parameter, we must only consider collective oscillations as
possible noise sources. This hypothesis could be tested by examining
the sound scattering from micro bubble plumes. We have shown that
scattering of a plane wave, or excitation of a cloud of bubbles by a
coherent source, results in a volume oscillation that is described by
Minnaert's formula for the bubbly mixture. Finally, we have attempted
to estimate the sound radiation from a cloud of bubbles initially
compressed by the wave breaking impact. Levels seem to be adequate to
qualify this as a candidate mechanism, but many uncertainties exist and
will most likely be determined in future experiments.
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L.OW FREQUENCY OCEAN AMBIENT NOISE: MEASUREMENTS AND THEORY

William M. Carey and David Browning
Naval Underwater Systems Center

New London, CT, USA 06320

ABSTRACT. Low frequency ocean ambient noise data are reviewed and sum-
marized. The experimental data, both omnidirectional and directional,
when not dominated by shipping noise, are shown to suggest wind depen-
dent noise at the low frequencies (<500 Hz). Candidate mechanisms are
examined with the result that wave-turbulence interaction at low sea
states and collective bubble oscillations at high sea states are identi-
fied as possible sources of this sound. A description of the sonic
properties of bubbly water is presented for low void fractions consis-
tent with those observed in bubble clouds and plumes produced by break-
ing waves. A description of the collective bubble-water mixture as the
resonant oscillation of a flexible volume with a sonic speed determined
by the properties of the mixture is presented.

INTRODUCTION

The interaction of the wind with the ocean surface has long been recog-
nized as a major source of acoustic noise (Knudsen (1948), Wenz (1962)).
Measurements of the omnidirectional noise at the higher frequencies
(>200 Hz) have been found to exhibit wind-dependent characteristics;
and, when not dominated by shipping noise, the most likely mechanisms

are related to bubbles, spray, and splashes associated with white caps,
as well as capillary wave/wave interactions (Urick (1984)). Furduev
(1966) has proposed that the characteristic broad maxima in the ocean
ambient noise spectrum between 0.2 kHz and 1 kHz be attributed to cavi-
tating bubbles. Kerman (1984) discusses these mechanisms in detail
(also see Fitzpatrick (1959)), but stresses the noise generated by the
non-resonant oscillation of entrained gas bubbles which result from wave
breaking and which are forced by intense velocity of the gravity-capil-
lary waves. For wind speeds with a friction velocity greater than this
critical velocity, Kerman concludes that sound is produced with a veloc-
ity to the 3/2 power, frequency to the -2 power, and intensity propor-
tional to the number of bubbles. However, in the absence of white caps,
since noise persists, capillary wave/wave or non-linear wave inter-
actions may be important (Mellen (1987), Kuo (1968)).

At the other extreme of the spectrum (<2-5 Hz), ambient noise asso-
ciated with ocean microseisms dominates. Recently, this noise has been
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shown by Nichols (1981) and by Kibblewhite and Ewans (1984) to be due to
wave/wave interaction. The microseismic effect was postulated by Lon-
guet-Higgins (1950) and confirmed by several authors, including Latham
and Nowroozi (1968). Several authors have studied the generation of

sound through the second-order pressure effect (Brekhovskikh (1967),
Concharov (1970), Hughes (1976), Lloyd (1981)). Kibblewhite and Evans
concludes with theoretical arguments and measurements that the dominant
noise source in the 0.1 to 5 Hz range is the non-linear wave interac-
tion. Although difficulties were found in predicting absolute levels,
both data and theory showed a frequency dependence to the -6 power.

In the very low frequency (VLF, 2-20 Hz) and low frequency (LF, 20-
200 Hz), signals from surface shipping are a significant contributor to
the measured noise and have been observed to extend to 500 Hz. In this
region, noise contributors can be a great distance from the observation

point, and consequently the noise field exhibits the effects of sound
propagation in both the horizontal and vertical directions (Carey
(1986), Von Winkle (1985)). Wagstaff (1981) showed that, if one knows
the locations and types of ships, then one can describe the characteris-

tic of the horizontal noise field. Although the vertical noise distri-
bution, including the broad horizontal maxima, could be qualitatively
explained, several discrepancies were observed. Wind-driven noise could
explain these differences, and the sources of this noise are the subject

of this paper.

EXPERIMENTAL EVIDENCE

Omnidirectional noise data at low frequencies which are free from flow
and flow-induced vibrations (Strasberg (1984)) are very difficult to ob-
tain. Several investigators (figure 1) measured the spectrum between 2
Hz and 2000 Hz in the deep sound channel or near the bottom. However,
most of this data from the relatively heavily trafficked northern hemi-
sphere reflect distant shipping noise in the 2 to 200 Hz range and, con-
sequently, little local wind speed dependence is observed such as showr
in figure 1. VLF/L.F ambient noise experiments must be carefully exam-
ined to ensure that the results are either from distant or local sources.

Wittenborn (1976) (figure 2) performed an experiment with hydro-
phones that spanned the water column. Hydrophones within the sound
channel showed little dependence on local wind speed between 10 Hz and
200 Hz. However, the hydrophone below critical depth showed an inferred
local wind speed dependence (10 to 500 Hz) for wind speeds between 5 and
15 kns with levels of 47 dB and 56 dB re lIPa @10 Hz. The 15 kn spectra
showed a slowly varyin 0 road band characteristic between 56 dB at 10 Hz
and 65 dB at 500 Hz (f ). Wittenborn cites an earlier experiment with
noise levels of 69 dB for 300 Hz at 30 kns, compared to the 300 Hz lev-
els of 44 dB at 5 kns, 51 dB at 10 kns, and 63 dB at 15 kns. These re-
sults suggest two wind noise mechanisms for the cases of low and high 2
sea states with the intensity having a squared 6 vglocity dependence (U).
The abrupt transition between 10 and 15 kns (U * , based on the levels
at 10 and 15 kns and not considered a true velocity dependence), as
shown in figure 2, may be a threshold characteristic associated with

2
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Figure 1. Selected Low Frequency Ambient Noise Measurements. The re-
gion less than 5 Hz is dominated by wave/wave interaction. The measure-
ments between 5 Hz and 300 Hz show little local wind speed dependence,
but, rather, the effects of distant shipping and other distant noise
sources.
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Figure 2. Ambient Noise Level vs. Frequency for the Wittenborn Experi-
ment. The 4850 m deep hydrophone shows the local wind speed dependence
(=200 Hz) with the influence of distant noise sources less than 100 Hz.
The 3960 m deep hydrophone is dominated by distant noise sources less
100 Hz.

breaking waves. (These results agree with the observations of Worley
(1982), insofar as his data show a threshold-type behavior between the

3
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NL NL +20nLOG(WS)

INVESTIGATOR f n w s (m'sec)

PIGGOTT JASA 36(11) 13 21 10-20
13 0 1-5

141 1 53 35-20
<50 21

PAYNE JASA (1967) 50-100 2 2

WHITTENBORN (1976) 200-300 1.65 25-5
34 5-75
1 75-15

CROUCH JASA 3(2)-72 11 1.73 5-20
28 209

SHOOTER JASA 73(6)-81 141 1-1 39 5-10
150 1 1-1.32 10-15
177 1,36/1.57/ 81

WORLEY JASA 71(4)-82 100 85-1 5 10-15
200 165-20 5-10

WILSON JASA 73(1)-83 10 207 5-10

BURGESS JASA 73(l1-83 37 1 66 5-15
FACTORS AFFECTING WIND SPEED DEPENDENCE ARE I DISTANT SOURCES.
2 OVERLAPPING WIND SPEED REGIONS. 3 SOUND PROPAGATION FACTORS

Table I. Low Frequency Ambient Noise Wind Speed Dependence

data corresponding to wind speeds between 2.5 and 5 kns and between 5
and 10 kns at 200 Hz. This effect was especially pronounced at 400 Hz.)

Although Wittenborn made use of both refractive effects and bathy-
metric blockage, noise from distant sources was still found to influence
his results (for example, see figure 2 between 10 and 100 Hz). The cor-
rupting influence of distant noise sources (ships, whales, volcanoes,
etc.) has the effect of obscuring the low-frequency local wind speed de-
pendence. Consequently, the literature reveals a variety of estimated
wind speed dependencies; i.e., the estimate of a parameter n, where
NL = NL + 20 n log (W.S.). (The mean square pressure would increase
with 2n power of wind speed.) Table I lists several of these estimates
of n, ranging from 0.85 to 2.0 for wind speeds between 10 and 20 m/sec.
The problem with these estimates also lies in the fact that the data

clearly show a region of no wind dependence, a threshold-type behavior,
and region with a wind dependence of n-2.0.

Figure 3 illustrates this trend with the data of Piggott (1964).
One observes the frequency dependent cross-over between the low wind
speed and higher winds regions. Furthermore, the lower the frequency,
the higher the wind speed will be at which the wind speed dependence
point is observed.

Distant noise sources influence vertical noise directionality (Von
Winkle (1985), Browning (1982), Bannister (1986)). This influence of
the distant source produces a broad maximum in the vertical noise inten-
sity centered on the horizontal. This phenomenon results from the con-

4
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Figure 3. Ambient Noise Spectrum Level vs. Wind Speed, Piggott (1964)

version of higher angle rays to lower angle rays by either reflections
from the basin boundaries and seamounts or refractive effects due to

shallowing sound channels at the higher latitudes. Wagstaff attributed
this effect to surface ships. Since the spectral variation of the hori-

zontal noise is generally smooth, and since ship signatures are narrow-
band in this frequency range, wind-produced noise over seamounts,

slopes, and at high latitudes was speculated to be an important contri-
butor. The broad maximum along the horizontal has been observed in var-

ied geographical locations, such as the sparsely shipped Southern Hemi-
sphere waters of the South Fiji Basin (shown in figure 4). At the lower

frequency the data clearly show a broad maximum. At 105 Hz one observes
the influence of a single ship. These results are similar to data ob-

tained in the North Pacific and the North Atlantic (Carey (1986)).
The experimental data were examined to obtain measured levels use-

ful in the estimation of the source level of wind-produced noise at the
sea surface. These results are shown in Table II, primarily at 50 Hz.

The estimated levels based in the Wittenborn data are shown in the table

to be between 43 dB at 5 kns and 51 dB at 15 kns, consistent with the

estimates by Wilson and Kewley using the same data. Vertical noise can-
not be used for local wind-driven noise; however, estimates for a cylin-
drical basin with sloping sides yields levels in the 50 dB range. Kew-
ley has carefully estimated source levels, and his curves are shown in

figure 5.
In summary, we have presented data which indicate the presence of a

wind-driven noise in the 10 to 200 Hz region of the spectrum. The low
wind speed range ((8-10 m/sec) appears to have a weak dependence on the

wind speed, 0 < n < 1; the high wind speed region (>7.5 to 15 m/sec)

appears to have a dependence of 0.85 < n < 2. These estimates point to

5
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Figure 4. Vertical Noise Spectrum Level versus Angle from the Horizon-
tal, Browning (1986)

the uncertainty in our knowledge of wind speed dependence and spectral
characteristics.

POSSIBLE MECHANISMS

The fundamental mechanisms for the production of sound in turbulent
regions may be derived from first principles. The basic procedure can be
found in several treatments on hydrodynamic noise, most notably Light-
hill (1979), Ffowcs Williams (1969), Dowling (1983), and Ross (1976).
We have rederived the inhomogeneous wave equation with source terms in

appendix A for the purpose of ranking the various mechanisms capable of
the production of sound at the surface of the sea in the 10 to 200 Hz
range. The basic approach is to write 'he equations governing the con-
servation of mass and momentum with source terms. The equation of state
is specified, fluctuation quantities assumed, linearization employed,
and the inhomogeneous wave equation is formed. The integral solutions
to tills equation are formulated by use of the Kirchoff Method (Stratton
(1941), Jackson (1962)) and of the divergence theorem. The derivation

6
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OMNIDIRECTIONAL MEASUREMENTS WITH HYDROPHONE BELOW CRITICAL DEPTH

INVESTICATOR/FREO. 10 Hz 50 Hz 100 Hz w.s.(kns)

WHITTENBORNE (1982) 48 dB* 50 44 5 N.E. PACIFIC
50 5 47 10
57 58 60 15

MORRIS (1978) - 70 63 10 NE. PACIFIC

VERTICAL NOISE MEASUREMENTS ALO:JG THE HORIZONTAL:

INVESTIGATOR/FREO. 50 Hz 70-80 Hz 100 Hz

BROWNING (1982) 67 dB 70 65 FIJI BASIN

WAGSTAFF (1981) - - 69-66 N.E. PACIFIC

WALES (1981) 95 87 82 N.W. ATLANTIC

AXELROD (1965) - - 65-69 NW. ATLANTIC

FOX (1964, - 60-65 NW. ATLANTIC

FISHER (1986) 74 60 E. PACIFIC

ANDERSON (1979) -- - 65-69 N. PACIFIC

" SEMI-EMPIRICAL ESTIMATES *dB//uPa2 /Hz)

WILSON (1983) NL=50dB+30LOG(W.S.) @ 50 Hz
BURGESS & KEWLEY (1983) NI.=37.3 +15LOG(W.S.) @ 50 Hz

" SOURCE LEVEL ESTIMATES BASED ON OMNI MEASUREMENTS:

f= 10 Hz 41 (dB//uPa,,2/Hz @ 1m)@ 5 kns; 50 dB @ 15 kns
50Hz 43dB@5kns 51dB@15kns
100Hz 37dB@5kns 56dB@15kns

* VERTICAL LEVELS YIELD FOR A MEAN WIND SPEED OF 1Okns, 5OdB@5OHz AND 54-56dB@l00Hz

Table II. Ambient Noise Source Levels

In appendix A Is similar to those of liuon-LI (1981) and Yen (1979), and

the basic result is the following: 2

4rrCg(p-po) 4TrP =f ]q/atldV/R - I)/l, [F] dV/R + f [T,,] dV/R -

- I I,[apU,/,tj dS + /ax, 1,12poUu, + pouu, + Pd,
R

The first term, . [)q/t] dV/R , represents a monopole term. q represents

mass addition rate per unit volume. The second term represents an ex-

ternal force acting on the volume and has a dipole character. These two

terms could be important in the incorporation of entrained bubble oscil-

lation and translation. The third term is the Lighthill turbulence

stress tensor and it; known to represent an acoustic quadrupole. The

term fl,ipUat] dS involves the motion of the boundary and can act as a
monopole. The final integral involves the turbulent and compressive

stresses acting on tle boundary and is seen to have a dipole character.

Tn particular the term alax, fl,[2poUu,] dS/R represents the wave turbulence

Interaction and is dominant since it represents a nroduct of a first

order U, ; and second order term u,.

Noise generation by the interaction of surface waves and turbulence

near the surface was suggested by Conchnrov (1970N. ",' calculated lev-

els of 80 dB at 10 lz and 40 dB at 100 liz by assuming a Pterson-Nosko-

wItz surface wave spectrum and Kolmogorov'a similarity hypothesis. Ilis

expression can be shown to be equivalent to the above integral. Howev-

er, instead of using velocities, he employs the displacement spectrum

for the surface wave and turbtle'ce. Ills expression Is p (j) 40 " .
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Figure 5. Source Level vs. Frequency and Wind Speed, Kewley (1986)

Yen and Perrone (1979) derived expressions yielding the frequency-depen-
dent radiation characteristics for the wave/wave, wind/turbulence, and

wave/turbulence interaction mechanisms. Their results for the wave/tur-
bulence interaction (70 dB at 10 liz and 50 dB at 100 Hz) show a linear

dependence on surface wave velocity (U) and an inverse square dependence

on frequency (w 2 ) :

P(a,k) - 2 10 - ' p2 cos 48 • U/(.)2

The Yen & Perrone result conLains three interesting factors. The

linear dependence on surface wave velocity is consistent with the pre-

viously discussed experimental results prior to wave breaking. The co

dependence is also consistent with the observed behavior at low frequen-

cies; i.e., an overlap region composed of the interaction of the low and

higher frequency roll-offs. However, of particular note is the cos48de-

pendence. This sharply peaked angular dependence would accentuate the
role of the ocean bottom and basin boundaries with respect to the verti-

cal noise directionality. Thus, wave/turbulence Interaction could be a
source of no.se in the 2 to 200 11z region for those sea states low
enough that breaking waves do not occur, due to the fact that it appears

as a physically realizable mechanism (considering the uncertainty of the

turbulence spectrum).
Kerman (1984) shows that, above a critical wind speed of approxi-

mately 10 m/s, small (micrometer (;jm)) bubbles are produced and can be a

source of higher frequency sound. Thorpe (1986, 1982) has performed in-

teresting experiments which demonstrate the existence of bubble plumes
and layers composed of jim-size bubbles. (mean bubbe nsie approximately

')0 im with densities between 10 to 10 hubbe/m ) extendinp several

8
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meters below the surface. M.Y, Su (1984) has shown that fresh water
breaking waves produced in wave tanks produce bubble plumes which pene-

trate to depths on the order of signicant wave height, with bubbles of
centimeter diameters due to ccaiesence (which is absent in salt water).

Several reviews (see bubble refeiences) have been written on the exis-
tence and densities of bubbles producee by breaking waves. At high sea
states a residual layer is formed of micro-bubbles with a density that
decreases exponentially with depth, and bubble plumes which are con-
vected to several meters depth by the vorticity beneath the wave. Even
though individual bubble oscillations with these micron-size bubbles
could not produce VLF/LF noise, collective oscillations of the bubbly
mixture driven by the hydrodynamic pressure field could produce sound.

It is well known (see appendix B) that a small amount of bubbles in
water significantly changes the bulk compressibility while not drasti-
cally changing the density. Wood has shown that the sonic velocity (Cm)
can be described by the following relationship between void friction
(x), density (om), and bulk compressibilites (K):

= [(-x) D + Xpg][(1-x) K + xK]-

The consequence of this result is shown in the figuis of appendix B.
Small volume fractions result in large changes in the sonic speed when
the mixt.ure can be treated as a conLinuum. For example, the sonic ve-

locity of the bubble mixture with a 0.27. volume fraction is approxi-
mately 225 m/s. Ffowcs Williams (1969) describes the efficiency of the
radiation from a cloud of bubbly turbulent flow:

4C(p-po) = 4r rP itl dV R

For a compact source with a small gas volume fraction

47Co2(p-p) = 47P R - q dV,

Ffowcs Williams estimates that

Dtq = -p -- ril(-x)-- -C2' DP, Dt

dp = Cp A(1-x)p = -pC2 Ax _- (p/R) m 4 (C ),CV. M

Thus he concludes that "a cloud of bubbly flow radiates very much more

efficiently than turkulence alone;" that is, the radiation from such a
flow would be (C/Cm) = 1975-times larger than the radiation from turbu-
lent flow. However, one must account for the presence of a pressure
release surface.

An alternative approach is to consider the bubble cloud as a flexi-
ble sphere of radius a with composite mixture properties and to assume

it Is compact with respect to the acoustic wave length and the vorticity
and turbulence scales. Then the forced oscillation of the bubble cloud
in absence of a boundary is t' t-R/C ,O =q dV = d (00v)

dt

V(t) 3(ja;
P(R,t) = Wt)i4TT R = Po (C,C / C -) f(w)/R,4nR (1-x)

where f(w) represents the simple harmonic oscillator transfer function.
This forced oscillation of a bubble cloud can have a resonant behavior

9
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(Fitzgerald and Mellen (1982)). The bubble cloud is simply a monopole

source and the presence of the boundary can be approximately taken into

account via the surface image interference effect. Thus, we find the

following for a cloud of micro-bubbles below the pressure release sur-

face driven in forced oscillation by the hydrodynamic forces:

Ip(R 't)12  3~ 3W2a3p m"n2(Co/C )2 ftW] 4 ( 2 7TZ ) 2 sin 20
(1-x)

This xpression shows a frequency-dependent efficiency approximately

(z/X) at a given bubble cloud depth. This term indicates that, as seas

pick up, the deeper the plume, the more efficient the radia~ion at

longer X. Furthermore, we note that this monopole has an m improvement

over the non-compact bubble cloud.

Thus, the low-frequency noise could be caused by wave turbulence

prior to wave-breaking 3nd, thereafter, by aggregate bubble (bubble

cloud) oscillations exhibiting a threshold-type behavior and velocity

squared dependence for the mean radiated pressure.

APPENDIX A: DERIVATION OF THE SOURCE INTEGRALS

The purpose of this appendix is to briefly outline the derivation of

source terms important to the production of sound near the surface of

the sea.

Conservation of mass: p'lat + ap'v,lax,= q.

_____ ap'vv, -apR,

Conservation of momentum: ____- axv -,,,at ax, x

where P', = -p'6,, + pD,, + p,06, (ref. Hinze, p. 17)

p. = 2 / 3 p, D,= a=U,/ax, + aU,/ax, and 0 = 1/2D,, = aUk/axk

Taking alat of the continuity equation and alx, of the momentum equation

yields upon subtraction:

2 ,
2p'v,v, a2p',, aF,, aq

a x, ax, ax, Ex, ax, at

V = -U + . -
v=U + u, (aU/ax,=0).P:P + , at ax,

P/Dt plax, = U U, e9Plax, ax, +

a)2(po+p)MUJ I  2a2(po+p)U.u,

ax, ax, ax, ax,

a)C~o6, aP,, aF,, 3q

ax, ax, ax, ax, ax, at

10
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For the case of incompressible, invisid flow with no sources or sinks:
puU.u/ x + 2 + VX p 0

O~x 'CX
Compressible fluid: P

1/C2 :. 2P't 2 
- ix2 P, x : - cfe/,ix + -2 T,,"x. :x,

T, 2po U,u, + pouu, + R, - Cgo6,

(in most instances P,- C(op, = 0, (Lighthill)).

Since P =p, qV//t = -iw pc , , we finally have the wave equation with the

source terms:

2 C :t 2 2 i~po + -4r f(xtI.

This inhomogeneous wave equation can be integrated by use of the
Kirchoff method (Stratton (1941) and Jackson (1962)) to yield:

jixt dV [f] 1
(xJt) =- [+-4--.dS [1/R aoji-n - a/3n(1/R)o + 1iCoR DRicn 91V/t]

This solution, when applied to cur specific problem with the properties

of 3[ ]/3x., and @[ ]/3Yi, as well as the divergence theorem, yields the

desired results:

4rrC2(p - po) = 4TTP .aq/6t) dV/R - a/x, [ jei, dV/R + , Tj dVR -

- [ I, [Dpu,/,t] dS + a/ax. j I, [2poUu, + pou,u, + P,] dS/R

APPENDIX B: MIXTURE THEORY

A.B.Wood (1932) showed that the sonic speed could be calculated for

an air-bubble/water mixture by use of the mixture density (pm) and the
mean compressibility (km). The mixture can be treated as a continuous
medium when the bubble diameter (d) and spacing between the bubbles (D)
are much less than the wavelength of sound. In the case of low frequen-

cies, for the mixture with a volume fraction X) of gas we can calculate
the mean density and compressibility as follows:

p = 1 - x)p, + Xpg

-dv, dv, vi dvq V,
K, = -..-. = + --- - = (1 - x)K,+ x K,

v,. dP vi dP v_ vdP v,

This imples that a state of equilibrium prevails and the mixture mass is

conserved, and the pressure, P, is uniform throughout the mixture (a low
frequency assumption). Since the sonic speed is

C 2 dP/dp (pK) ',

we have C,' = 0 - [(1 - x)p, + xp,] [(1 - x)K + xK,]

p2 C2 + p 2 C2
C = (1 - x)/C2 + x 2 /C 2 + (x)(1 - x)

p, p) c0 C2

11
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1600
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1400-

C = xP, + (1 xi Pj IxK, + (1 -x) KJ
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0
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200
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FRACTION BY VOLUME OF AIR IN WATER (x)

Figure B-i. Low Frequency Approximation for the Mixture Speed

The expression for the sonic speed poses the question of whether
the gas compressibility is described by an isothermal or adiabatic pro-

cess, especially since the single phase sonic speed is known to be adia-
batic. However, in the case of an air-bubble/water mixture, the con-

trolling physical factor is the transfer of the heat generated in bubble
compression to the surrounding liquid. If the transfer is rapid, then
the bubble oscillation is isothermal, ( 'v/,P =-v/P K. = VP) , as compared to
the adiabatic condition (v/aP = -v/yP. K, = 1/yP) . Thus, in use of the
above equations one must use either for the adiabatic or isothermal
case, Cg, = Cga/v y . Isothermal conditions are most likely to prevail for
air-bubble/water mixtures due to the large thermal capacity of water.
Examination of the above expressions shows that as x - 0, CM2 - 02 and as
x -~ 1, C 2

-* C , as one would expect. The striking characteristic revealed
by these equations (shown in figure B-1) is the sharp reduction in the

sonic velocity at small volume fractions; i.e., X-0.002 - Cm=225 m/sec.
These equations may be approximated for the air/water mixture:

CyP Y :j P

px (1 - X) px (1 - x)

C_ (x = 0.5) = 20 m/sec

Karplus (1958) used an acoustic tube to determine the standing wave pat-
tern as a function of air volume fraction. His results are shown in
figure B-2. Close agreement was found between the inferred sonic speeds

12
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Figure B-2. Measured and Computed Mixture Sonic Speeds. a) Measured
Mixture Speed vs. Volume Fraction at 500 and 1000 Hz, Karplus (1958); b)
Measured Dispersive Character of Mixture Speed Below 2000 Hz, Karplus
(1958); c) Measured and Computed Mixture Sonic Speed Showing the Beha-
vior Below, At, and Above Resonance, Fox, et al. (1955)
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and results calculated with Wood's expressions. Similar results have
also been observed at the low frequencies by Campbell and Pitcher
(1955). These results are also observed at the higher frequencies above
and below resonance. Several studies and texts have been written on
this subject and are listed in the referenceb. An explr of the agrcc-
ment between theory and measurement near the vicinity of bubble reso-

nance is shown in figure B-2c. It is important to note that most calcu-
lations performed at these higher frequencies use Km = K + Kg, rather

than the Wood approach Km = (1 - x)K1 + xKg. This difference is unim-
portant near resonance and for small volume fraction but is important
as one approaches the low frequencies of interest to this paper. One
can show that the correct expression is:

1 - (! - x 1 -

+

C C- ,((1 -", + 216 wu,

when h.f. and l.f. are the high frequency and low frequency values of

the sonic speed.
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