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Wave breaking at the surface of the ocean entrains bubbles, significantly modifying the phase speed
and attenuation of acoustic waves propagating through the resulting two-phase medium. An
autonomous buoy system was developed that directly measures sound speed at 3.33, 5, and 10 kHz
at seven depths ranging from 0.7 to 7 m through the use of a travel-time technique. Simultaneous
measurements at each depth are obtained at a 2-Hz rate, allowing observation of the unsteady
sound-speed field from individual bubble injection events, as well as the calculation of mean sound
speeds. The travel-time technique allows a direct measurement of the sound speed, eliminating the
uncertainties common with inferring sound speeds from bubble population data. The sound speed
buoy was deployed in the North Atlantic during the winter of 1993–94 as part of the Acoustic
Surface Reverberation Experiment~ASREX!. Our aim was to characterize the highly variable
near-surface sound-speed field under varying environmental conditions. Forty-three days of data
were obtained spanning several storm cycles with wind speeds and significant wave heights
reaching 20 m/s and 8 m, respectively. During periods of intense wave breaking, average sound
speeds below 1000 m/s were observed at the 0.7-m measurement depth while instantaneous sound
speeds during individual events approached values as low as 300 m/s. Furthermore, the data suggest
that the dispersive effects of bubbles may extend to frequencies as low as 5 kHz near the surface
during storms. Strong correlations of the mean and rms sound speed with the overlying wind and
wave fields were found. ©1997 Acoustical Society of America.@S0001-4966~97!02711-2#

PACS numbers: 43.30.Es, 43.30.Nb, 43.30.Xm@SAC-B#
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INTRODUCTION

The study of breaking waves and the associated bu
injection has received considerable attention from acou
cians and oceanographers interested in air–sea interac
During periods of rough weather, the scales of wave bre
ing tend to increase with increasing sea states, vigoro
mixing the surface waters and injecting bubbles into the w
ter column. Observations of bubbles using a variety of te
niques show their presence to depths of O~10! m while the
bulk of the entrained air resides in the first few meters be
the surface. Bubble clouds~or plumes! form as a result of
wave breaking, with near-surface turbulence and Langm
circulations contributing to their evolution.1,2 Wave breaking
also plays a primary role in the dissipation of energy in
wave field, transferring energy and momentum to surf
currents and turbulence. This turbulence is thought to be
main source of mixing in the near-surface waters, enhanc
both heat and gas transfer across the interface.

Interest in the acoustical properties of entrained bubb
has existed for a number of years, stemming from the in
duction of sonar systems in World War II. Theory and o
servations show that bubbles can be both efficient sca
and absorbers of sound. For example, for acoustic frequ
cies at or near its lowest resonant frequency, a bubble h
scattering cross sectionO~1000! times that of a solid particle
of similar dimensions. Furthermore, both individual res
nances and collective oscillations of groups of bubbles
known to contribute significantly to the ambient noise sp
trum of the ocean.3–7 One area of recent interest has been
effect of near-surface bubbles on low-frequency scatte
and reverberation from the air–sea interface. High levels
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low-frequency scatter during high wind speeds suggest
entrained bubbles near the surface change the nature o
backscatter.8,9

Methods used in the past to measure bubbles and t
distributions have included both optical and acoustical te
niques. Optical techniques pioneered by Johnson
Cooke10 and later used by others11–13 are plagued by smal
sampling volumes, especially for large bubbles, and the f
ure to identify small bubbles. However, a recent develo
ment of an optical ‘‘depth of focus’’ technique offers prom
ise of resolving bubble radii ranging from 20 to 1000mm.14

The techniques used have been slow in their sampling r
O~0.1 Hz! or of short durationO~30 min!, and most require
laborious processing~in some cases, manual counting!. De-
spite the shortcomings of past optical data, the findings
Johnson and Cooke10 of a slope in the bubble size distribu
tion of a23 to a24.5 ~for bubble radiia greater than 60mm!,
has been incorporated into models of gas transfer and ac
tic propagation.1,15 Due to data storage and processing co
straints, optical techniques are currently unsuitable for a
motely operated system which would be used for obtain
long time series ofO~1 month! duration.

Acoustic methods of measuring bubbles are attrac
because of the ability to design robust equipment for
harsh operating conditions of the surface layer and the e
tence of digital signal processing techniques designed
large amounts of data. Bothin-situ and remote acoustic
methods have been used in past bubble studies. Thein-situ
methods initiated by Medwin and his colleagues16–19 used a
variety of techniques to study bubbles and their affects
acoustics in calm conditions. Studying the scattering and
2607/102(5)/2607/19/$10.00 © 1997 Acoustical Society of America
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sorption of sound pulses over a range of frequencies, t
inferred bubble populations over time-averaged signalsO~10
min! in waters 3 m and deeper. Later work included th
measurements of dispersive and nondispersive sound sp
Sound speeds were calculated by measuring phase shifts
continuous-wave signal between two fixed hydrophon
Again, this work was done in relatively deep water and un
benign conditions. More recently, Medwin and his co
leagues have developed a bubble resonator that measure
response of bubbles ensonified in the resonant chamber19 A
drawback of this device was the long sampling period of
s. An excellent review of the performance of this device
the laboratory is given by Su.20

Efforts to remotely measure bubbles in the surface la
have been made by Vagle and Farmer.21 Backscatter data
from multifrequency, upward looking sonars was interpre
to provide bubble size distributions for radii;10 – 100mm.
Bubble size distribution slopes were reported to vary fr
21 to 28 during 45 min of sampling. In earlier work
Farmer and Vagle22 integrated over the measured bubb
populations to arrive at a void fraction, defined asb
5(4/3)p*a3n(a)da @typically n(a) is defined as the num
ber of bubbles per m3 per micron radii increment#. Using
known relationships between low-frequency sound sp
and void fraction of air in water,23,24 a depth profile of the
sound-speed anomaly due to air injection from break
waves was calculated. For winds of 12 m/s during
FASINEX experiment, a sound-speed anomaly of 19.0
(b;1026) at the surface was reported.

More recent efforts to directly measure near-surfa
sound speeds were undertaken in a series of field mea
ments by Lamarre and Melville.25,26 Their direct measure
ments of sound speed eliminates the difficulties involv
with inferring sound speeds from bubble populations or v
fractions. Lamarre and Melville25 pointed out that uncertain
ties in bubble population data, especially for large bubb
can lead to large errors when interpreting upward look
sonar data for sound-speed profiles. The integrals used
calculating void fraction are sensitive to both the slopes
the power laws that describe the bubble size distributions
the limits of bubble sizes over which the integration is p
formed.

At acoustic frequencies much less than the resonant
quencies of the bubbles in the air/seawater mixture,
speed of sound iscm51/(rmKm)1/2, where the density and
compressibility of the mixture are given byrm5bra1(1
2b)rw andKm5bKa1(12b)Kw , respectively. Since the
density and compressibility of the mixture depend upon
amount of air entrained, the sound speed is a function of
void fraction of air. This low-frequency limit of the soun
speed is given by Wood’s curve shown in Fig. 1 and h
been shown to be valid for sound speeds as low as 30 m27

It is clear that the sound speed is sensitive to void fract
with the reduction providing an excellent indication of e
trained air. For example, at void fractions ofO(1024) the
sound speed is roughly halved.

The instrument developed by Lamarre and Melvi
measured travel times of acoustic pulses transmitted acro
horizontal pathlength of approximately 400 mm. Using
2608 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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vertical array of instruments, simultaneous measurement
sound speed were made at several depths, starting at 0
and extending to 4 m, at sampling rates of 4 Hz. The h
temporal resolution of the system allows observations of
changing sound-speed profile due to wave breaking.

Experiments were conducted off San Diego, Californ
and in Buzzard’s Bay, Massachusetts. For both sites, wi
never exceeded 8 m/s. During the experiments, the ins
ment was tethered to the support ship where data acquis
and control systems were located. At a depth of 0.5 m,
servations of recently generated bubble plumes produced
ductions ofO~800 m/s! while several reductions ofO~100
m/s! were frequently measured during moderate wind con
tions. Averages of the sound-speed reduction time se
were computed for the various depths to investigate
depth dependence of the sound-speed field. For winds of
8 m/s, an exponential decrease with depth was observe
qualitative agreement with the sound-speed profiles infer
by Farmer and Vagle;22 however, significant difference
were found in the constants used to describe the expone
fit. Attempts at parametrizing the average sound-speed
ductions with the wind speed offered some correlation
significant scatter in the data suggested the need for a la
data set.

Lamarre and Melville extended the measurements to
clude simultaneous sound-speed measurements at mu
frequencies from 5 to 40 kHz. A broadband pulse was ba
pass filtered at various frequency bands, allowing travel-ti
and attenuation measurements to be made at the va
bands. In the 8-m/s winds, the sound speed was observe
be nondispersive at frequencies below approximately
kHz.

In Sec. I of this paper, an autonomous buoy system
signed for long-term sound-speed measurements in the
face wave zone is described. Section II describes the ASR
field experiment. Section III summarizes the quality of t

FIG. 1. Wood’s curve showing sound speed as a function of void fract
2608E. Terrill and W. K. Melville: Sound speeds in the surface
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data and establishes error bounds on the measurements
tion IV consists of analyses of the mean and rms so
speeds in the context of the environmental parameters m
sured during the experiment. In Sec. V the fine scale pr
erties of the sound-speed field are examined, providing
sight into the variability of the near-surface layer. Section
concludes the paper with a discussion of the results obta
from the analysis.

I. EQUIPMENT DESCRIPTION

A buoy was designed to support the acoustic instrum
tation under a wide range of sea states. The resulting st
ture has an overall length of 10.7 m with a maximum dia
eter of 2.44 m at the waterline~see Fig. 2!. It is composed of
three main sections: a surface tower fabricated from stain
steel, a central buoyancy section, and a subsurface spar
tion. The tower provides mounting locations for solar pane
ARGOS transmitters, radar reflector, and a navigation b
con. An instrument case, housing the electronics and
acquisition system, is mounted at the base of the tower.
buoyancy is provided by a Seaward International toroid fl
with 2950 kg total buoyancy. The center well of the toroid
filled with a battery pack connected to both the instrum
case and the solar panels. The 7-m subsurface spar, f
cated of three sections of 203-mm-o.d. aluminum tubing
the mounting point for the sound-speed modules and o
sensors. A counterweight at the bottom of the spar provi
additional stability. The three sections are designed to p
vide ease of assembly prior to deployment and simplify sh
ping of the buoy when disassembled.

FIG. 2. Schematic of the sound-speed buoy system. Insets include th
verse catenary of the deep water mooring and a plan view of the so
speed modules which affix to the spar of the buoy.
2609 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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Full scale drifter tests of the buoy system and its vario
components were carried out off Pt. Conception, Califor
in an attempt to match the severe conditions expected in
Atlantic winter. Video studies of the buoy motion in 3.6-
seas revealed the buoy followed the longer waves~periods of
8 s and greater! with heave around610 cm. In these tests
pitch and roll were limited to approximately 15°.

The travel-time technique employed on the sound-sp
buoy is similar in principle to the design used by Lama
and Melville.25,26 The system was required to operate a
tonomously for a period of a few months, dictating som
important aspects of the design: the resolution of the sys
is in the range of 2–5 m/s, measurements can be mad
multaneously at seven discrete depths at a rate of 2 Hz,
the required computing power is relatively modest. Furth
more, the system is robust, a requirement for extended
eration in the harsh conditions of the near-surface wa
breaking zone in the North Atlantic during the winter.

Each sound-speed module is composed of a rigid
shaped frame with a transmit and receive transducer at
base of the ‘‘A.’’ Extensive laboratory acoustic testing of th
A-frame and spar connection was conducted to avoid st
tural interference with the acoustic signals. An I.T.C. mod
no. 1032 transmit transducer and an I.T.C. model no. 1
hydrophone were selected because of their resonant freq
cies and response levels. The two modules nearest the
face have a 0.5-m pathlength to prevent multipath proble
resulting from surface reflections. The deeper modules h
a nominal pathlength of 1 m. Seven modules were spa
vertically at the following depths below the water line: 0.6
1.02, 1.58, 1.96, 2.96, 4.44, and 6.94 m. The uneven ver
spacing of the modules provides a higher vertical resolut
of the sound-speed field near the water surface where
largest gradients in sound speed are expected.

The sound speed is calculated through the direct m
surement of the travel time of an acoustic pulse across
pathlength between the transmit and receive transduc25

The acoustic pulse is approximately three periods of a
crete frequency. The amplitude of the pulse is windowed
prevent impulsive loading of the transducer. The pulse
sent with a center frequency of 3.33, 5, or 10 kHz. The sig
received at the hydrophone is transmitted via cable to
instrument case where it is digitized and processed.

Data acquisition was performed with a DAQBOO
~IOTECH Inc., Cleveland Ohio! parallel interface data acqui
sition system that was connected to a Compaq 486/33 n
book computer. The DAQBOOK obtains 128 samples
both the electrical signal sent to the transmit transducer
the received acoustic signal at a rate of 50 kHz per chan
The pulse travel times are calculated via cross-correla
techniques using fast Fourier transform~FFT! methods.28

The travel times are stored on the computer’s hard disk al
with the received signal amplitudes.

II. EXPERIMENT DESCRIPTION

The Acoustic Surface Reverberation Experime
~ASREX! was a multi-investigator experiment designed
examine the effects of rough weather on sea-surface sca
ing and reverberation at frequencies below 1000 Hz. Sev

in-
d-
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instruments were deployed at both surface and subsur
locations housing a variety of acoustic and meteorolog
instruments. Participants in the experiment included sc
tists from the Institute of Ocean Science, Canada~IOS!,
Scripps Institution of Oceanography~SIO!, University of
Miami, and Woods Hole Oceanographic Institution~WHOI!.
The acoustic instrumentation consisted of the University
Miami’s low-frequency source and vertical line array, u
ward looking and sidescan sonars deployed by the
group, and the Scripps sound-speed buoy. Environme
conditions were monitored by two surface buoys deploy
by WHOI. The first was a Seatex Wavescan buoy wh
measures the surface gravity wave field through the inter
tation of the buoy’s pitch and roll data. It is able to resol
the directional wave field over wave periods ranging from
to 30 s. ~Seatex, Trondheim, Norway!.29 The second buoy
was a 3-m discus buoy~similar to those used by the Nation
Data Buoy Center! which contained a full suite of meteoro
logical sensors including wind speed and direction, s
surface temperature, and barometric pressure. A detailed
scription of the experiment, including equipment summar
deployment procedures, sampling strategies, and perso
involved can be found in Galbraithet al.30

The deep water mooring for the SIO buoy was design
and built by the Woods Hole Rigging Shop for the ASRE
experiment~see Fig. 2!. The mooring was designed to kee
the buoy secure throughout the winter yet minimize any
fects the mooring may have on the buoy’s ability to follo
the surface waves. The instrumented buoy was moored
subsurface float at 500-m depth through an inverse cate
which decoupled the surface buoy from the mooring dur
periods of high currents. A scope~the ratio of horizontal
distance to depth! of 2.62 was used between the surface bu
and the subsurface float at 500 m. The mooring was c
nected to the buoy through the use of a guard surface
that further decoupled the mooring from the buoy. The c
nection between the guard float and the buoy was compo
of 30-m 3/8-in. chain covered by large diameter Tygon tu
ing. Small floats were connected to the surface tether a
tervals of approximately 0.75 m to provide buoyancy.
similar design has been used in mooring the Seatex W
scan buoy in deep water, successfully allowing the buoy
obtain unbiased wave measurements.

The moorings were set in the Atlantic at roughly 34 °
70 °W in mid-December 1993 using the R/V KNORR oper-
ated by WHOI. Nominal water depth was 4500 m. T
mooring site was chosen for the flat bathymetry which
lowed accurate placement of the subsurface instrument
the water column, and for the rough weather conditions ty
cal of an Atlantic winter. After deployment of the soun
speed buoy, observations of the buoy motion under ro
conditions became available as the winds quickly rose to
kn and peak wave heights were estimated to reach 12
Video of the buoy motion again revealed a maximum pit
roll of approximately 15° and negligible heave. After a
month deployment, the moorings were recovered using
R/V EDWIN LINK operated by Harbor Branch Oceanograp
Institution under more favorable seas.

For the 3 month deployment, the sound-speed buoy
2610 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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erated on a 44% duty cycle to extend the data storage ca
ity and battery power. The buoy operated with a schedule
40 min on/50 min off with a travel-time measurement sam
rate of 2 Hz per module. The center frequency of the acou
pulse used for the measurement was changed at each
40-min sampling period. Hence a 40-min time series of 3.
kHz sound-speed data would be available every 4.5 h o
the duration of the deployment. Sound-speed averages,
tery voltages, and buoy position were telemetered to sh
via the ARGOS system on a daily basis.

III. DATA

A. Data available

Upon recovery of the buoy, it was discovered that on
43 days of data were recorded, somewhat less than the
sired 3 months. Close inspection of the system voltage o
the duration of the deployment showed a sudden drop fr
which the buoy never recovered on 21 January 1994. Pos
covery inspection of the buoy showed evidence of abras
in one of the submerged cables, resulting in exposure of
conductors to seawater. Other nearby instruments also e
rienced similar cable degradation to varying degrees. T
was attributed to fish bite. With the conductors grounded
seawater, the buoy’s batteries drained below acceptable
tem operating levels.

Directional wave data from the Seatex buoy and met
rological observations from the 3-m discuss were succe
fully obtained by WHOI over the interval of sound-spee

FIG. 3. Example time series of 3.33-kHz sound speed, for~a! moderate sea
state~H1/352.3 m, U10511.2 m/s! and~b! extremely rough conditions 13.5
h later ~H1/354.2 m, U10512.0 m/s!. Bad data points include those tha
exist at values much greater than the bubble-free sound speed as well
single points that exist near 700 m/s.
2610E. Terrill and W. K. Melville: Sound speeds in the surface
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measurements, providing the necessary environmental m
surements for comparison with our data set. The mete
logical measurements show that for the 43 days of operat
seven intense storms lasting 2 to 3 days passed over the
of moorings. All storms had winds exceeding 15 m/s acco
panied by significant wave heights of several meters or m

B. Preprocessing of acoustic data

In order to calculate the sound speed from the trav
time data, accurate measurements of the acoustic pathle
are needed for each sound-speed module. This pathle
includes any differences between the physical and acou
centers of the transducers, and any changes in the separ
of the transducers due to unforeseen incidents~e.g., fish hits!.
A convenient method of measuring the pathlength is to
travel-time data obtained during very calm periods, wh
few bubbles exist in the water column. Since the bubble-f
sound speed can be accurately calculated using temper
and salinity information,31 an in-situ acoustic pathlength ma
be computed during various times throughout the depl
ment. The acoustic pathlengths were computed using
calm periods in the 43 day record and found not to vary
more thanO~0.001! m for any of the seven modules. Resol
ing the standard deviations of the pathlength measurem
as a sound speed, the sound-speed module’s error du
variations in pathlength would be approximately63 m/s

FIG. 4. Scatter plots of sound speed versus received signal amplitud
both the previously shown time series during~a! a moderate sea state and~b!
rougher conditions. The dashed line is the criterion used to remove bad
points.
2611 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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over the course of the measurements. These uncertaintie
similar in magnitude to the resolution of the system due
sampling rates of the acoustic signals.

As with any new instrument, the quality of the soun
speed data required assessment. It was expected that d
extreme weather, ambient noise and signal attenuation
cause the signal-to-noise ratio to drop below acceptable
els for accurate travel-time measurement. To what extent
would occur was unknown because of the novelty of
measurement under these extreme conditions. After exam
ing the data for the seven depths, it appeared that data f
the two shallowest measurements contained some spu
points during periods of intense breaking. Figure 3 sho
two time series of 3.33-kHz sound-speed data measure
0.7 m during a storm event. Time series~a! is representative
of the sound speed during a moderate sea state~H1/3

52.3 m, U10511.2 m/s! while time series~b!, obtained 13.5
h later, represents much rougher conditions~H1/354.2 m,
U10512.0 m/s!. Two features present in both time serie
thought to be bad data points, are the isolated points at le
much greater than the bubble-free sound spee
(.1500 m/s) as well as single data points that seem to oc
near 700 m/s.

Some insight into recognizing bad data points of t
time series is possible if scatter plots are made of the so
speed against the ratio of the amplitude of the received
transmitted signal. Figure 4 shows the corresponding sca
plots for the time series in Fig. 3. Three distinct cluste
appear in the two plots: good data consisting of the majo
of the points and two groupings of questionable data res
ing from different mechanisms. The first grouping of b

for

ata

FIG. 5. The sound-speed time series of Fig. 3 after the bad data point
removed and replaced with the average of the neighboring points. Again~a!
is the moderate sea state and~b! is the rougher conditions.
2611E. Terrill and W. K. Melville: Sound speeds in the surface
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FIG. 6. Color contour plot of the response of the sound-speed field to a large single event. A region of very low sound speed exists near the surfacO~30!
s while at depth, the reductions are smaller and last for shorter periods of time. The high-frequency oscillation visible in the figure is attributed
motions of the waves advecting the bubble cloud past the sensors.
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data is composed of the points of very large sound speed
with small amplitude. These points are attributed to a l
signal-to-noise ratio~SNR!, i.e., the signal level is too low
for the cross correlation to effectively find the arrival time
the transmitted acoustic wave. If the transmitted acou
pulse is masked by ambient noise or attenuation, low-le
electrical cross talk between the transmit and receive tra
ducer cables may be cross correlated, resulting in very s
travel times~large sound speeds!.

The second group of the bad data points are those
appear shifted;700 m/s from the central cluster of goo
points. These points occur because the peak of the c
correlation is shifted in time by one period in the three per
acoustic pulse. The resulting calculated sound speed is

C5
L

T1Tl
, ~1!

whereTl is the period of one 3.33-kHz wavelength. Usin
scatter plots of sound speed and amplitude over the 43
of data, an empirical criterion for bad data points was arriv
and that effectively separates the bad data results from
erroneous phase shifting. The dashed lines shown in Fi
show boundaries by which good data is separated from
data. The criteria were empirically selected after analyz
2612 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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similar scatter plots over the 43 day record. Careful exa
nation of the bad data points reveals that they usually
single-point anomalies in the 2-Hz data~i.e., they are discon-
tinuous with their neighboring points!, providing confidence
in the criterion used to identify bad data. Once the bad d
points are identified, they are replaced with the average va
of their neighbors, providing a gap-free data set~Fig. 5!.

A final feature present in the scatter plots of Fig. 4 th
deserves mention are the groupings that begin to appear
360 m/s. These data points are found to exist during la
events of sound-speed reduction, lasting for several seco
before the measured speeds begin to rise, presumably re
ing the presence of high void fractions and subsequent
gassing. The groupings arise as a consequence of the a
tic pulse delayed beyond the width of the analog-to-dig
sample window, resulting in the received pulse being clipp
in time. When this occurs, the time delay which results fro
the cross-correlation peak may result in erroneous valu
Grouping arises from the cross-correlation peak shifting
2p, dependent on the integral number of wavelengths
pulse is delayed outside the window.

In light of previous laboratory work, it is not surprisin
that the near-surface measurements are reduced to level
low 360 m/s, which corresponds to void fractions in exce
2612E. Terrill and W. K. Melville: Sound speeds in the surface
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of 1023. Lamarre and Melville24 show that void fractions
can exceed 50% for short periods directly beneath a lab
tory generated wave. Similarly, it is likely that void fraction
would approach or exceed 50% for short periods of time
the immediate vicinity of large breakers considering the
treme weather encountered during ASREX. To resolve
effects of the instrumentation’s inability to measure very lo
sound speeds on the calculated mean sound speeds, co
vative error bounds are set based on Wood’s curve and
instrument’s sample window. An upper bound is set if t
ambiguous data points below 360 m/s are conservatively
equal to the 360-m/s level that is confidently resolved. T
lower bound is set based on assuming that the lowest va
the ambiguous points would approach is the lower limit
Wood’s curve: at high void fractions of approximately 50%
sound-speed minimum exists at 20 m/s. The minimum
flects the influence of the mixture’s density on the sou
speed at high void fractions. At very high void fractions, t
curve approaches the sound speed of air. For the rough
state conditions shown in Figs. 3~b!, 4~b!, and 5~b!, the re-
sulting range of mean sound speeds bounded by these l
is 1284–1299 m/s, a 1% error in the mean sound speed
a 6% uncertainty in the mean sound-speed reduction.

As expected, the uncertainty of the mean sound spee
related to the quantity of data that exceeds the lower limi

FIG. 7. Time series of the environmental conditions while the sound-sp
buoy was operational:~a! Wind speed corrected to 10-m height.~b! Signifi-
cant wave height.~c! Surface currents measured at 5-m depth.~d! Sea sur-
face temperature measured at 1-m depth.
2613 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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the sound velocimeter over the course of a measurem
cycle, which in turn, is dependent on the sea state and m
surement depth. Typically at the 0.7-m measurement de
during rough weather, uncertainty in the mean reduction
10–20 m/s orO~5!%. The next measurement depth at 1
typically containsO~1!% uncertainty while the deeper mea
surements always contained much less than 1% bad d
resulting in negligible uncertainty of the mean reduction. F
the remainder of this paper, the reported mean sound sp
at the shallowest depths are the larger~more conservative! of
the two values~the smaller mean reduction!.

While the average data reflect the results of rou
weather on the sound-speed field, they do little to show h
the field responds to individual breaking events. Figure
shows a color contour plot of the sound-speed field in
presence of a large bubble cloud that resulted from a nea
breaking wave. Time in seconds is shown on the horizon
axis, depth in meters is represented on the vertical axis,
sound speed is represented by color. Pixels between
seven measurement depths have been linearly interpolat
arrive at a smoothed figure. For this particular event,
sound speed is drastically reduced at the surface toO~500!
m/s for 30–40 s. A few meters deeper, reductions ofO~100!
m/s appear but tend to last for shorter time periods. It
short-lived events like the one shown~also visible in later
figures! that are primarily responsible for injecting air int
the water column and lowering the mean sound speeds.

IV. PROCESSED DATA: 40-MIN AVERAGE SOUND
SPEEDS

A. 3.33-kHz data summary

Successful operation of the sound speed buoy for
days provides data for analysis over a wide range of en
ronmental conditions. Figure 7 presents time series of w
speed, significant wave height, surface currents, and sea
face temperature measured at the directional wave buoy
the 3-m meteorological buoy. Figure 8 shows the 40 m
average sound speed for 3.33 kHz at the seven diffe
depths along with significant wave height. The sea surf
temperature, measured at 1 m isalso plotted with the deepes
sound-speed measurement.

It is apparent that the layer of water near the ocea
surface exhibits large gradients in sound speeds. Near
surface, average sound speeds routinely drop to appr
mately 1200 m/s, in contrast to the 7-m depth, where
average sound speed appears to follow secular trends in
temperature field. The average data also depicts the vari
ity that exists in the near-surface sound-speed field from
storm to another. This is exemplified by the suppressed
sponse of the sound-speed field for the storm that occurs
day 380, 1993 in comparison with the storm that occurs j
ten days earlier on day 370. Note that both storms have s
lar peak wind speeds and significant wave heights.

B. Average sound-speed dependence on
environmental parameters

If the presence of air in the near-surface waters is du
wave breaking, we need to consider which environmen

d

2613E. Terrill and W. K. Melville: Sound speeds in the surface



e series of
how similar
FIG. 8. Time series of the mean 3.33-kHz sound speeds measured at the seven measurement depths for the duration of the deployment. Tim
significant wave height are provided to note the locations of storms. Sea surface temperature is plotted with the deepest measurement depth to s
trends. Note the varyingy-axis scale for the different measurement depths.
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conditions control deep-water wave breaking. Historica
the wind speed and significant wave height have been u
for obtaining correlations with bubble-driven acoustic ph
nomena such as backscatter and ambient noise, with lim
2614 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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success. In a comparison of ambient noise with surface w
variables, Felizardo and Melville32,33 point out that the pres-
ence of swell can significantly alter the measured signific
wave height while only contributing second-order effects
2614E. Terrill and W. K. Melville: Sound speeds in the surface
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the wave breaking, or the acoustically active portion of
wave field. Their work suggests that other parameters e
that better represent the intensity of wave breaking in
surface wave field. These include the wave slope and d
pation of energy of the surface wave field. The avera
sound-speed reductions obtained in ASREX are compa
with both the classical environmental parameters of w
speed and significant wave height as well as with parame
which better describe the dynamics of the sea surface.

Figure 9~a! and ~b! compares the average sound-spe
reductions with the average wind speed, corrected to 1
height, and the significant wave height. Averages are ca
lated from 40 min time series of data obtained from t
sound-speed modules located at depths of 0.7 and 1.6 m
two depths are selected because the shallowest measure
is in the most active region of the water column and
deeper depth is representative of the mid-depth signal of
bubbly layer. As expected, correlations exist between the
erage sound speeds and the wind and wave field, albeit
significant scatter.

At windspeeds less than 8 m/s, the near-surface m
surement at 0.7 m appears to be independent of the w
speed while the deeper measurement appears to be sen
across a wider range of windspeeds. The figures reflect
variability in the shallow entrainment of air, particularly
lower wind speeds. Figure 9~b! presents a comparison of th
mean reductions with the significant wave height. While
coupling of the wave field to the wave breaking process
suggested by the trends, the scatter suggests a need
better descriptor based on the wave field. In reality, the
and intensity of surface wave breaking, which controls
quantity of air injected, will be governed by a complex com
bination of environmental conditions that contribute to t
sea state.

Laboratory experiments by Rapp and Melville34 and
Loewen and Melville35 have suggested that the slope of t
wave field can be used as an indicator of the strength
breaking. Furthermore, their results suggest that the st
ness of the field may reflect the levels at which other rela
dynamic processes are occurring. This includes the ass
ated momentum flux, mixing, and dissipation of the surfa
waves, as well as acoustic phenomena related to wave br
ing such as ambient noise generation. Felizardo
Melville’s32 field measurements support the laboratory
periments by showing strong correlations of ambient nois
various frequency bands with the steepness of the wave fi
Using a four wire wave gauge array, Felizardo a
Melville32 computed time series of the slope of the wa
field from the finite difference of wave elevation betwe
wires in the array. Comparisons of rms slope with measu
ambient noise levels show a strong correlation over the 0
m/s wind speeds encountered over the course of that ex
ment.

In light of the previous results, it is useful to derive a
estimate of the steepness of the wave field during
ASREX experiment. Unfortunately, the wave measureme
were obtained using a pitch–roll buoy, providing no dire
measurement of the wave slopes. In order to arrive at a fi
order estimate of the steepness of the wave field, informa
2615 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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from the surface displacement power spectra is used.
power spectra of the surface elevationF~v! can be converted
to a slope spectrumB(v) through the linear dispersion rela
tionship. Assuming the dispersion relationv25gk, the cor-
responding slope spectrum is

B~v!5
F~v!v4

g2 . ~2!

The slope spectrum is then integrated over a range of
quencies to arrive a parameter,

Sp5E
v1

v2

B~v!dv, ~3!

that is a measure of the steepness of the wave field.
low-frequency limit is set to correspond to 15-s waves, e
suring that the majority of the wind–wave spectrum is inc
porated into the integral. The high-frequency limit of th
integral is set to wave periods of 3 s, corresponding to
upper frequency limit at which the pitch–roll buoy appear
to accurately resolve the surface waves. Figure 9~c! shows
the comparison of the slope parameter with the aver
sound-speed reduction, again for the 0.7- and 1.6-m de
measurement. The figure highlights the better correlati
this parameter provides with the sound-speed reduct
when compared to the significant wave height comparis
of Fig. 9~b!. While the value of the slope parameterSp does
vary with the limits of integration, the resulting trends a
insensitive to the integration limits if the frequency ran
covers the wind/wave spectrum.

The final parameter used for comparison with the sou
speed data is an estimate of the energy dissipated by
surface wave field. In the work of Felizardo and Melville,32

estimates of the energy dissipation of the surface field36–38

are found to correlate well with the portion of the ambie
noise spectrum that results from wave-injected bubbles
the energy dissipation of the surface wave field is due
wave breaking, it is expected to correlate with sound-sp
reductions due to air injection. Earlier work by Melvill
et al.39 and Loewen and Melville35 in the laboratory and
Kennedy40 in the field produced results showing that th
sound radiated by breaking scales with the energy dissip
by wave breaking.

To investigate the dissipation term, an existing mode
used which is based on bulk parameters. A quasi-equilibr
model proposed by Phillips36 assumes a balance between t
nonlinear wave interactions, wind input, and wave break
dissipation over an equilibrium range of wave numbers. U
ing previous models of the wind input and nonlinear tran
fers, he showed that the spectral rate of energy loss from
waves~within the equilibrium spectral range! was given by
e(k)5gb3(cosu)3pu

* a

3 k22, whereg, b, andp are numerical

constants,u is the included angle between the wave-numb
vectork and the wind vector, andu* a

is the friction velocity
of the air flow over the water surface. Integrating over
range of wave numbers with a lower limit at the peak of t
wave spectrum and an upper limit~high-frequency waves!
2615E. Terrill and W. K. Melville: Sound speeds in the surface
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FIG. 9. Comparisons of the mean sound-speed reductions with~a! wind speed corrected to 10 m above the sea surface,~b! significant wave height,~c!
computed slope parameter,~d! Phillip’s ~Ref. 36! bulk dissipation estimate. Data from the 0.7- and 1.6-m measurement depths are represented by th
red and blue, respectively. Solid circles represent averages of the data grouped with the following binwidths:~a! 2 m/s,~b! 1 m, ~c! 0.002,~d! 0.01.
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which is determined by suppression of waves due to
presence of wind drift, a bulk estimate of the dissipation
the wave field arises and is given by

D52gb3I ~3p!rwu
*
3 ln F r S cp

u*
D 2G . ~4!

Felizardo and Melville31 showed that the range of the nu
merical constantsgb3I (3p) is 3.7– 8.031024; a factor of
2616 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
e
f
approximately 2. The advantage of comparing this equa
with measured values of entrained air is that the dissipa
estimate is based not only on the wind speed~friction veloc-
ity u* ! but the wave agecp /u* , which incorporates infor-
mation about the surface wave spectrum~cp is the speed of
the waves at the peak of the wave spectrum!. Hence the bulk
estimate of the energy loss of the wave field that is import
to wind–wave modeling41 provides a parameter that is de
2616E. Terrill and W. K. Melville: Sound speeds in the surface



and blue,

FIG. 10. Comparisons of the rms sound speed with~a! wind speed corrected to 10 m above the sea surface,~b! significant wave height,~c! computed slope
parameter,~d! Phillip’s ~Ref. 36! bulk dissipation estimate. Data from the 0.7- and 1.6-m measurement depths are represented by the colors red
respectively. Solid circles represent averages of the data grouped with the following binwidths:~a! 2 m/s ~b! 1 m, ~c! 0.002,~d! 0.01.
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pendent on both the wind and wave conditions which can
compared with measurements of bubble-driven acoustic p
nomena.

Dissipation estimates based on the wind and wave c
ditions during the ASREX experiment have been compu
and compared with the 40-min average sound-speed de
tions at both 0.7- and 1.6-m measurement depth, as is sh
2617 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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in Fig. 9~d!. It becomes evident that the average sound sp
correlates with the dissipation estimate. While the scatte
the data suggests room for improvement in the dissipa
estimate, it provides a rational means by which environm
tal variables are combined to arrive at a description of
intensity of wave breaking at the ocean’s surface. The sca
is not surprising in light of the fact that the dissipation ter
2617E. Terrill and W. K. Melville: Sound speeds in the surface
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is the least understood of the terms in the radiative tran
equation36,41–43and presently does not include the effects
swell and wave-current interactions. It is expected that
proved formulations of the dissipation function would im
prove the acoustic comparisons. Nevertheless, the dissip
estimate provides a descriptor of the ocean’s surface w
has a sound physical basis for comparison with acoustic
servations.

FIG. 11. Depth profiles of the mean sound-speed reduction measured
the course of a storm that began 1993 year day 355. Note that all pro
vary approximately asz23.

FIG. 12. Several example mean sound-speed reduction depth profile
rough conditions measured over the course of the experiment. The pro
are normalized by the depth and mean sound speed of the shallowest
surement. Power law slopes of22 and24 are given by the heavy dashe
lines.
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C. The rms sound-speed dependence on
environmental parameters

The rms of the 3.33-kHz sound-speed data is analyze
similar fashion to the mean data. Again the analysis is li
ited to the 0.7- and 1.6-m depth measurements. Figure 1~a!
and ~b! shows the rms sound speed at the two measurem
depths compared with the windspeed and significant w
height. The trends that appear in the comparisons clo
resemble those of the comparisons made with the m
sound-speed data~Fig. 9!. Significant scatter again exists be
tween the rms sound speed at the shallowest measure
with both the wind speed or wave height variable. Furth
more the scatter is reduced if the environmental variable
compared with the deeper measurement~note thatDC is
plotted on a logarithmic scale!. The rms sound speed is als
compared with the wave steepness parameter and the w
dissipation estimate that was discussed above@Fig. 10~c! and
~d!#. The strong correlations again suggest a coupling of
surface wave-field dynamics to the sound-speed field
that other parameters exist that may better describe the
tensity of wave breaking.

D. Depth dependence of average sound speed

In principle, the buoyant effects of bubbles ensure t
the average sound-speed reductions will be at a maxim
near the ocean’s surface and monotonically decrease

ver
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for
les
ea-

FIG. 13. The depth representing the level at which the mean sound spe
99% of the bubble-free value (b>1026) is compared with~a! wind speed
corrected to 10 m above the sea surface,~b! significant wave height,~c!
computed slope parameter,~d! Phillip’s ~Ref. 36! bulk dissipation estimate.
The solid circles represent averages of the data grouped with the follow
binwidths:~a! 2 m/s,~b! 1 m, ~c! 0.002,~d! 0.01. Note the linear relationship
between the contour depth and the significant wave height~binned!.
2618E. Terrill and W. K. Melville: Sound speeds in the surface



ta shown in
FIG. 14. Color contour plots of the 3.33 kHz sound-speed time series during a storm. Each figure is separated by 4.5 h and corresponds to the da
the depth profiles of Fig. 11. The 2-Hz sampled data is linearly interpolated with depth to arrive at a smoothed figure.
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depth. In addition, the flux of bubbles into the surface wat
increases as the incidence of wave breaking increases,
ther reducing the sound speed. This qualitative descriptio
the near-surface sound-speed field has been observed i
earlier measurements of Farmer and Vagle22 and Lamarre
and Melville.25 The large data set provided by the ASRE
deployment also exhibits this trend of a decreasing sou
speed reduction depth profile, even during the roughes
conditions. Figure 11 presents the depth profiles of the m
sound-speed reductions measured over the course of a s
that began on year day 355, 1993. Each profile represen
min of data separated by 4.5 h. It is apparent that the ave
sound-speed profiles respond to the sea state, with the
of the storm reflected in the profile with the largest soun
speed reductions.

The linear trend exhibited on the log-log scale sugge
that a power-law relationship is the appropriate functio
relationship for the depth dependence of the data. Furt
more, despite variations in the magnitude of the data over
course of the storm, the slope of the power-law relation
pears almost constant with a value of approximately23.
This contrasts with the previous work of both Farmer a
Vagle22 and Lamarre and Melville25 who used exponential
to describe the depth dependence of their sound-speed o
vations. A number of profiles spanning the 43-day record
normalized with respect to the shallowest measurement
2619 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
s
ur-
of
the

d-
of
an
rm
40
ge
ak
-

ts
l
r-
e
-

d

er-
re
nd

presented in Fig. 12. The profiles shown, which are repres
tative of the data obtained over the course of the experim
again exhibit power-law relations with slopes in the ran
22 to 24.

To explore the depth dependence of the layer of redu
sound speed, a contour representing the depth at which
mean sound speed is 99% of the bubble-free value is ca
lated (z0.99C0

). It’s value is computed by linearly interpolat
ing between the mean sound-speed levels at each of
seven measurement depths. The depth of the layer is c
pared with the various environmental parameters used to
scribed the mean sound-speed levels@Fig. 13~a!–~d!#. The
resulting trends point towards a layer depth that increa
with both the wind speed and significant wave height as w
as with the estimates of wave steepness and wave en
dissipation. The data suggest a linear relationship betw
the depth of the reduced sound-speed layer and the sig
cant wave height:

z0.99C0
50.26H1/310.31~r 250.97!, ~5!

wherer 2 is the correlation coefficient@regression performed
after binning the data according to 1-m increments in wa
height, see Fig. 13~b!#. Since the significant wave height i
approximately four times the wave amplitude rms,41 the re-
2619E. Terrill and W. K. Melville: Sound speeds in the surface
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sults suggest that the 99% contour depth has a characte
length that scales with the wave amplitude rms.

V. FINE SCALE PROPERTIES OF SOUND-SPEED
FIELD

In order to appreciate the nature of the sound-speed
at smaller time scales, it is helpful to analyze the raw ti
series that were obtained at the 2-Hz rate. To qualitativ
compare the data, color images of the sound-speed time
ries are used to show the behavior of the vertical sou
speed field. Figure 14 shows time series of the sound-sp
field during the storm that peaks near year day 355, 1993
whose mean depth profiles are shown in Fig. 11. The st
was chosen as representative of the typical response o
sound-speed field to increasingly rough conditions durin
storm cycle. Each color image represents 40 min of data
panels are separated by approximately 4.5 h. At the onse
the storm, the reductions appear to be limited to the v
near-surface region as shown in Fig. 14~a!. As the seas de
velop, the scales of breaking increase, as displayed in
subsequent time series. The data shown in Fig. 14~b! dem-

FIG. 15. ~a! An example time series of the surface elevation~solid line! and
the envelope function~dashed line! computed through the use of the Hilbe
transform. Note the groupiness of the wave field, outlined by the w
envelope.~b! Computed power spectra of the surface wave heights~solid
line! and the power spectra of the envelope function~dashed line!. Distinct
peaks occur at the peak of the wind wave spectrum atO~0.1! Hz while the
wave group frequency appears to have a peak atO~0.01!.
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onstrate the effect of larger scale wave breaking injecting
to depth. Also apparent in the figure are the near-surf
reductions that occur more frequently and persist for lon
times. At the peak of the storm@Fig. 14~c!#, the winds are in
excess of 16 m/s and the significant wave heights approa
m. At this stage, the data reveal a persistent layer of redu
sound speed on which the deeper reductions are supe
posed. Figure 14~b!–~e! show the response of the soun
speed field after the storm has peaked and begins to de

The large sound-speed reductions visible in Fig. 14~c!,
while variable in depth of penetration and residence tim
appear to occur with some periodicity. To investigate t
coupling of the wave field to the sound speed, the time se
from the pitch–roll buoy are analyzed. The sea-surface
evation time series that corresponds with the sound-sp
field shown in Fig. 14~c! is presented in Fig. 15~a!. The
low-frequency modulation of the wave field reflects the pr
ence of wave groups or trains of high amplitude waves
number of linear and nonlinear theories have be

e

FIG. 16. ~a! Spectra of the sound-speed field obtained from the shallow
three measurements and the spectra of the wave envelope~long dash—0.7
m, medium dash—1.0 m, short dash—1.6 m, dotted line—wave envelo!.
Good agreement between the spectra appears atO~0.01! Hz, the peak of the
wave envelope spectrum. Vertical axis linear.~b! Spectra of the sound spee
measured at 0.7 m~solid line! and the contour representing the dep
~dashed line! at which the sound speed is 90% of the bubble-free va
(b>1025). Vertical axis linear.~c! Computed coherence between the co
tour depth and and sound-speed measured at 0.7 m. High coherence
between the two at the lower wave group frequencies.
2620E. Terrill and W. K. Melville: Sound speeds in the surface
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reviewed44,45 that effectively describe the groupiness of t
wave field. The envelope of the wave groups can be co
puted through application of the Hilbert transform.46,47 If a
complex time seriesS(t) is formed

S~ t !5h~ t !1 iH @h~ t !#, ~6!

where the surface displacement time series is denoted
h(t) and H@ # is the Hilbert transform, the envelope of th
displacement will be the magnitude of the complex sign
uS(t)u. This envelope is represented by the dashed line
Fig. 15~a!. The corresponding power spectra of both the d
placement and envelope signal are shown in Fig. 15~b!, dis-
playing distinct peaks for both the wind–wave spectru
O~0.1! Hz and for the envelope spectrum atO~0.01! Hz. A
comparison between the envelope spectrum and the sp
of the near-surface sound-speed measurements obtain
the shallowest depths is shown in Fig. 16~a!. The figure pre-
sents good agreement between the peak of the wave g
spectrum and peaks in the sound-speed spectra at the l
group frequencies ofO~0.01! Hz. Other comparisons be
tween the wave envelope spectrum and the sound-speed
produce similar results during the various storm events o

FIG. 17. Measured probability distributions~solid line! of the sound-speed
reductions measured at 0.7 m during the storm shown in Fig. 11 and
14~a!–~e!. A log-normal distribution~dotted line!, based on the mean an
variance of the signal is plotted with the data, providing good agreem
over the course of the storm. Note the spreading of the distribution at
peak of the storm~c!.
2621 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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the course of the experiment. Clearly the data sugges
correspondence between the groupiness of the wave field
the frequency of the large sound-speed reductions. Thi
consistent with aerial observations of the appearance
whitecaps by Donelan, Longuet-Higgins, and Turner.48

The depth of the injection events is evaluated throu
analysis of the response of the contour depth which rep
sents the depth at which the sound speed is 90% of
bubble-free sound speed. This contour was selected~void
fractionb>1025! as its depth typically ranged from 1 to 3 m
during these conditions~U10516 m/s, H1/355 m!. This
depth range was chosen for the vertical resolution of
sound-speed module spacing. The spectrum of the dept
this layer is compared with the spectrum of the near-surf
sound-speed measurement@Fig. 16~b!#. Agreement is evident
between the two spectra at the lower wave group frequ
cies. The data indicates that the modulation of the pene
tion depth coincides with large sound-speed reduction ev
measured at the shallowest depth. Furthermore, the high
els of coherence between the near-surface sound speed
the contour depth@Fig. 16~c!#, especially at the lower wave
group frequencies, highlight the significance of the wa
field in controlling not only the frequency of injectio
events, but the penetration of high bubble concentrations

ig.

nt
e

FIG. 18. Similar to Fig. 17~a!–~e! except the observed distributions ar
based on data obtained at the 1-m depth. Again, good agreement o
between the predicted lognormal distribution~dotted line! and the data
~solid line!.
2621E. Terrill and W. K. Melville: Sound speeds in the surface



urface.

FIG. 19. Color contour plots of sound-speed time series during the peak of a storm occuring~a! 1993 year day 370 and~b! 1993 year day 380. While both
time series exhibit the large, penetrating air injection events, the later storm~b! appears to lack a permanent layer of reduced sound speed just near the s
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Figure 16~a! and~b! also shows evidence of a significa
signal in the sound-speed and penetration depth at a
quency of 231023 Hz. This does not appear to be asso
ated with surface effects~although there is an unexplaine
peak in the envelope spectrum at 331023 Hz! but may be
associated with quasi-periodic Langmuir circulations. It
now well known that the lower-frequency modulation
acoustic backscatter measured by surface sonars at gr
incidence is dominated by scattering from bubbles entrai
into Langmuir circulations.49 The measurements reporte
here demonstrate that much of the variance associated
bubble-field parameters may be directly related to wave p
nomena, rather than indirectly through Langmuir circu
tions, although both may play a role.

The probability distribution for the sound-speed redu
tions at 0.7- and 1-m measurement depths are shown in F
17 and 18 for the previously discussed storm. The distri
tions are formed from the 40 min records using histogra
with 25 m/s bins. Also shown are the corresponding lo
normal distributions, based on the means and variance
the signals. During periods of intense wave breaking,
distribution spreads, indicating more occurrences of lar
sound-speed reductions. At the beginning and the end o
storm, the distributions narrow, indicating fewer large red
tions. Eventually, the distribution asymptotes to a delta fu
2622 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
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tion representing bubble-free water indicative of calm se
Comparison between the two depths reveals that the de
depth provides a narrower distribution, implying that t
largest reductions occur closest to the surface. The trend
both the data and the calculated log-normal distributions
pear to be in close agreement during periods of break
throughout the 43-day record, and appear to extend to de
of approximately 3 m during high sea states. During cal
periods, or at depths where there is little variation in t
sound-speed signal, the agreement between the logno
distribution and the data begin to deviate significantly.

A feature of the average data that deserves attentio
the seemingly suppressed response of the sound-speed
to the storm that occurs near year day 380, 1993~refer to
Fig. 8!. The suppression is evident when comparing the
erage sound speed during the storm to averages of ea
storms. A number of instrumentation issues were inve
gated in an attempt to determine if the differences were
to measurement errors. Effects of biofouling, low batte
power, and buoy motion were considered, but provided
clear explanation for the apparent differences in the la
storm cycle. In an effort to resolve the differences, co
contours of the sound-speed field are created for the peak
a number of storms. Figure 14~c! and Fig. 19~a! and~b! show
the sound-speed field during storms under similar win
2622E. Terrill and W. K. Melville: Sound speeds in the surface
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und
speeds. A common feature between the three storms is
presence of deep, intermittent sound-speed reductions
tend to persist forO~30! s, similar to the reduction shown i
Fig. 6. These are the reductions that appear to vary at
quencies similar to the group frequencies of the surface w
field. A visible difference between the storm late in the e
periment, Fig. 19~b!, and the earlier storms@Figs. 19~a! and
14~c!#, is a diminished near-surface layer of reduced sou
speed.

If the frequent, shallow injection of air is attributed t
the breaking of smaller scale waves, the suppressed resp
of the sound-speed field to the storm of 1993 day 380 s
gests a decline of these smaller breakers during this pe
One explanation for the suppressed small scale breakin
the drop in the magnitude of the surface currents at this t
@Fig. 7~c!#. The elevated surface currents earlier in the rec
are due to the passage of an eddy that spun off the ne
Gulf Stream. Since the magnitude of the current is the sa
order of magnitude as the phase speed of higher-freque
wind waves @O~0.5–2!Hz#, it is feasible that breaking o
waves in these frequencies would be highly variable, dep
dent not only on the magnitude of the wind and current
the relative directions of the two. Observations have a
shown that the penetration depths of bubble clouds are
sitive to stability of the surface waters.1 In order to substan-
tiate these effects, additional measurements would be
quired with an independent measurement of wave break
For example, the combination of video measurements
whitecap coverage and near-surface acoustic technique
well as measurements of water column stability, would p
vide the necessary data to further understand these proce

VI. DISCUSSION AND CONCLUSION

This paper reports on the results from the ASREX fie
experiment during which direct sound-speed measurem
were acquired over a wide range of oceanographic co
tions. A specialized buoy was designed and built which p
vided an autonomous platform from which direct soun
speed measurements could be made for an extended pe
The data provide insight into the highly variable sound-sp
field.

The wind speed provides strong correlations with
mean and rms sound speeds for wind speeds greater
approximately 8 m/s at the measurement depth closest to
surface. At the measurement depth of 1.6 m, the wind sp
correlation appears robust, extending to lower wind spe
The differences between the two depths indicate the varia
ity of the entrainment of air in the shallow surface layer.
expected, comparisons of the mean and rms sound sp
with the significant wave height produced significant scat
supporting previous work that indicates that the signific
wave height may not be the best indicator of wave break
at the ocean surface.

A parameter measuring the steepness of the wave fie
calculated from data obtained from a pitch–roll buoy a
correlated with the mean and rms sound-speed values.
computed steepness parameter provides the basis for a
siderably improved correlation compared with the corre
tions of wind speed and significant wave height. Further e
2623 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997
he
at

e-
ve
-

d

nse
g-
d.
is
e
d
by
e
cy

n-
t
o
n-

e-
g.
of

as
-
ses.

ts
i-
-
-
iod.
d

e
an
he
ed
s.
il-

eds
r,
t
g

is

he
on-
-
i-

dence for the dependence of air injection on the wave fiel
provided in the comparisons of the wave group frequenc
and the frequency of sound-speed reductions. Analysis of
sound-speed time series reveals large injection events
last for O~30!s at periods similar to those which correspo
to the wave groups. The depth of the contour which rep
sents the depth at which the sound speed is 90% of
bubble-free sound speed is also found to modulate at sim
frequencies. Lower-frequency modulations may be due
bubble transport by Langmuir circulations or low-frequen
modulation of the wave envelope by distant swell.

It was found that Phillips36 wave dissipation model
based on the wind and wave fields over the course of
experiment, gave significant correlations with both the me
and rms sound-speed measurements. It is anticipated
similar bulk dissipation estimates may be used for predict
other near-surface acoustic processes that are affecte
wave breaking. Further refinements to the dissipation e
mate, perhaps by inclusion of swell and current interactio
may better address the variability of the near-surface lay

Despite contrasts in their measurement techniques
results, the previous field work by Lamarre and Melville25

and Farmer and Vagle22 found that an exponential functio
described the depth dependence of the sound-speed ano
The application of the exponential sound-speed depth pro
is due in part to earlier work by Thorpe1,2 and the fact that
the low-frequency sound-speed reduction is proportiona
void fraction forb,1025. Modeling the vertical transport o
bubbles using a turbulent transport model, Thorpe obtains
exponential profile when the diffusion coefficient is assum
to be constant with depth. The suggestion of a power-
dependence, specifically an inverse square profile, was m
by Buckingham50 in his work on bubble-generated acous
waveguides. While the inverse square profile was initia
suggested as a means to provide agreement between m
filtering theory and observations of ambient noise bel
bubble clouds, a more physically based explanation has
cently been proposed by Buckingham.51

The ASREX data set suggests that power laws in
range22 to 24 describe the depth profiles. Recent me
surements in the near-surface layer52,43 show that levels of
turbulent dissipation are one to two orders of magnitu
higher than levels predicted by the previously accepted id
of a wall turbulent boundary layer. In light of the variabilit
in the ASREX data set and recent dissipation measureme
it is clear that a better knowledge of the near-surface tur
lence is needed to give better turbulent transport model
bubbles.

The bulk of the effort presented here has been in
analysis of the 3.33-kHz sound-speed data. This was du
part to the fact that the lowest frequency we measured wo
best approximate the low-frequency/nondispersive lim
However, a brief discussion of the sound-speed data from
other two frequencies is warranted. Preliminary analysis
the 5- and 10-kHz data over the storm cycle discussed ea
~year day 355, 1993!, provides evidence that the dispersiv
effects of bubbles may extend to frequencies as low a
kHz. Figure 20 presents time series of the mean so
speeds measured at~b! 0.7 m and~c! 1.6 m for all three
2623E. Terrill and W. K. Melville: Sound speeds in the surface
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frequencies during the storm. While the measurements
not concurrent~a separation of 50 min between the end
one frequency and beginning of another!, the means appea
to track quite well together at the beginning of the storm.
the shallowest measurement, the means appear to de
near the peak of the storm~;day 355.5!. These deviations
may be explained by a significant increase in bubbles of r
that resonate at or near 5 kHz (ar'650mm) during this
time. Data from the deeper measurement do not appea
support this trend. However, it would be expected that few
larger bubbles would exist at greater depths due to buoya
effects and breakup mechanisms, resulting in the nondis
sive limit shifting to higher frequencies.
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FIG. 20. Response of the sound-speed field over the course of a s
showing the effects of dispersion~year day 355, 1993!. Times series show
~a! significant wave height~dashed line! and wind speed~solid line! and the
mean sound speed for 3.33, 5, and 10 kHz at the~b! 0.7-m and~c! 1.6-m
measurement depths.
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