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The Performance of High-Frequency Doppler Sonars
in Actively Breaking Wave Crests

Grant B. Deane

Abstract—Breaking ocean waves influence wave dynamics,
momentum transfer, air–sea exchange, ocean albedo, and ambi-
ent noise generation, all of which are impacted by the transient,
two-phase flow in a whitecap. Lasting O(1s) or so, actively break-
ing whitecaps contain air fractions up to 0.6, bubbles ranging in
size O(10–1000) µm and turbulent dissipation rates O(1) W·kg−1.
Strong fluid turbulence, high air fractions, large bubbles, and
short duration make active whitecaps a challenging process to
study. This paper presents a model for the performance of high-
frequency Doppler sonar (0.5–2 MHz) when used to probe the
interior of actively breaking whitecaps. The results suggest that
the ability of high-frequency sonars to penetrate the interior of
bubble plumes in whitecaps becomes limited for air fractions
greater than 0.03–0.06 and plumes become completely impenetra-
ble for air fractions greater than 0.08–0.17. This severely limits
their usefulness as a tool to probe the interior of breaking waves.
Moreover, the bias introduced by the terminal rise velocity of large
bubbles interacting with fluid turbulence within the wave crest will
need to be accounted for when interpreting any backscatter sig-
nals that are returned from the plume interior. At this time, in
situ methods such as optical fiber probes, conductivity cells, and
cameras remain the best option for field studies of the interior of
breaking oceanic waves.

Index Terms—Bubble plumes, Doppler sonar, turbulence, wave
breaking.

I. INTRODUCTION

W AVE BREAKING at the sea surface is an important
process that limits wave height, transfers momentum

into the upper ocean, and generates turbulence in the wave-
affected surface layer [1]. Moreover, air entrained by breaking
waves in the form of bubbles enhances the air–sea trans-
fer of gases, generates marine aerosol and underwater noise,
and increases ocean albedo. Fluid turbulence and air entrain-
ment occur simultaneously in actively breaking wave crests,1

where dissipation rates measured in the laboratory can exceed
1 W · kg−1 [2] and air fractions α measured in the field and
laboratory reach values of 0.6 [3]–[6]. Despite its importance,
little is known about the time-evolving behavior of the transient,
energetic, two-phase flow generated by wave breaking and its
dependence on the scale and slope of the breaking crest. Field
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1By the term “actively breaking,” we mean wave crests that are actively

entraining air bubbles and therefore generating underwater noise.

observations of the interior of breaking crests are extremely
challenging and there are few published data. Bezzabotnov
et al. appear to have reported the first field observations of
bubbles in whitecaps using an in situ camera system [7]. Two
additional data sets of bubble distributions in actively break-
ing oceanic wave crests have been published by Bowyer [8]
and Deane and Stokes [9] who also used in situ imaging. Note
that we are excluding here the many observations of bubbles
in the upper ocean boundary layer away from actively breaking
wave crests, which are orders of magnitude lower in air fraction
and do not contain millimeter-scale (mm-scale) bubbles. The
only field observations of fluid turbulence in actively breaking
wave crests in the field appear to be those of Gemmrich [10],
who used a 2-MHz Doppler sonar system to measure turbulence
within and beneath breaking waves on a wind-driven lake.

Given the difficulty of in situ observations of the interior
of breaking waves in wind-driven seas, a potentially attractive
instrument for probing breaking crests is the high-frequency
acoustic Doppler sonar. Mounted below the wave-affected
surface layer and pointed upwards, this instrument reports
the density and velocity of scattering centers in horizon-
tally stacked layers through the analysis of Doppler-shifted,
backscattered acoustic pulses. High-frequency Doppler sonars
have proven to be sensitive and useful sensors of fluid motions,
surface waves, and bubbles in the upper ocean boundary layer
for low [α < O(10−5)] air fractions [4], [11]–[16]. If high-
frequency sonar pulses can penetrate into the two-phase flow
in a breaking crest, then it might also serve as a remote
sensing probe of that flow, providing valuable information
about fluid turbulence during active breaking in addition to
flow structure and bubbles at greater depths and after active
breaking.

Here we distinguish between bubble plumes and bubble
clouds. Bubble plumes are composed of a high air fraction,
transient, two-phase flow that occurs during active wave break-
ing. Bubble clouds are the remnants of plumes, and consist
of patches of bubbles and turbulence left behind after a wave
breaks. Bubble clouds are organized by upper ocean turbulence
driven by waves, Langmuir cells and convective instabilities,
and they evolve under the forces of advection, diffusion, buoy-
ancy, and dissolution. They are in general much larger than
bubble plumes and, because buoyancy removes large bubbles
from plumes soon after active breaking ends, they have air
fractions that are orders of magnitude lower and contain bub-
bles that are orders of magnitude smaller. A useful demarcation
between bubble plumes and clouds can be based on the sounds
of air entrainment. If a breaking wave crest generates the sounds
of newly formed bubbles, then it is classified as a bubble plume.
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Fig. 1. Geometry for the scattering calculations. A 2-MHz Doppler sonar is
mounted beneath the sea surface pointing into an actively breaking wave crest.
Energy scattered from an insonifying pulse by the bubble plume within the
wave crest is received and analyzed by the sonar. The picture on the left-hand
side shows bubbles within a breaking, oceanic wave crest.

The study of bubble clouds by sonar dates back to the 1980s
whereas the study of bubble plumes with sonar is a relatively
new endeavor.

An absolute limiting range for sonar performance is pre-
sented by the sea surface, which represents an impenetrable
barrier beyond which no information can be gained. Since
the sea surface is equivalent to a bubble plume for which the
air fraction α = 1, and since air fractions in bubble plumes
can reach values as high as 0.6 in the field [4], the ques-
tions naturally arise: At what air fraction does a plume become
impenetrable to high-frequency Doppler sonar acoustic pulses
and can these pulses be used to remotely probe the interior of
actively breaking wave crests?

Here we present model calculations of the acoustic backscat-
ter and extinction cross sections of characteristic bubble plumes
entrained by actively breaking wave crests, and use them to
compute limits on high-frequency Doppler sonar performance.
The results depend somewhat on the assumptions made about
the size distributions of bubbles within the plume, but a rel-
atively robust conclusion can be drawn from the calculations.
High-frequency sonars begin to degrade significantly in per-
formance for air fractions in the range 0.03–0.06 and become
inoperable for air fractions in the range 0.08–0.17.

II. MODEL CALCULATIONS

The geometry for the model calculations is shown in Fig. 1.
A 2-MHz Doppler sonar transmits an insonifying acoustic pulse
into a bubble plume created by an actively breaking wave
crest. The bubble plume is assumed to extend O(2-20 cm)
beneath the instantaneous sea surface and contain bubbles of
radius 0.06–6 mm. The photograph on the left-hand side of
Fig. 1 shows bubbles within an oceanic plume, taken with a
video camera mounted on a surface-following frame off the
Martha’s Vineyard Air–Sea Interaction Tower during a win-
ter storm in November 2008. This photograph illustrates the
fundamental problem. Despite the narrow depth of field of

the picture—O(5 mm)—the geometrical cross section of the
bubbles occupies roughly 1/3 of the image. The presence of
large bubbles packed together leads to high extinction rates at
high acoustic frequencies where geometrical scattering domi-
nates. For the model calculations the bubble plume is assumed
to persist for O(1 s) or less and contain air fractions up to
0.6. Assumptions made about bubble size distribution and air
fraction are discussed in greater detail below. Bubbles in the
insonified plume are assumed to scatter some fraction of the
insonifying pulse back to the sonar transceiver, where it is time
gated and processed for scattering amplitude and Doppler shift.

The sonar pulse decreases in amplitude as it propagates
through the water column because of geometrical spreading,
absorption by the water, and scattering by bubbles. The ampli-
tude of the signal returned to the sonar through backscatter is a
function of the pulse amplitude versus range and the differential
backscatter cross section of the scattering centers. The Doppler
shift of the backscattered signal depends on the velocity of the
scattering centers projected in the direction of the insonifying
signal. Since the insonifying and backscattered pulse follow the
same path, it is the roundtrip attenuation that determines the
backscatter pulse amplitude at the sonar transceiver. Two quan-
tities need to be computed to determine the sonar performance:
the extinction cross section, which controls sound absorption,
and the differential backscattering cross section, which controls
backscatter amplitude.

The theory for acoustic backscattering and signal extinction
through the bubble cloud employed here is based on Foldy’s
theory for the multiple scattering of waves [17], with allowance
for anisotropic scattering [18]. Foldy showed that the total
sound field in a cloud of isotropic scattering centers can be
separated into two components corresponding to coherent and
scattered sound fields. The calculations presented here are lim-
ited to the coherent field and show that this is so rapidly
attenuated by bubble scattering and absorption that the concept
of a coherent Doppler sonar pulse propagating through a bubble
plume rapidly breaks down in high air fraction plumes. In this
case, the calculation of a coherent backscatter signal becomes
moot.

Using Foldy’s theory, the coherent field is found by solving
the wave equation for a continuous but lossy medium whose
properties are determined by weighted integrals of the isotropic
scattering coefficient g(a, ω), which is a function of bubble
radius a and angular frequency ω [17]. To put the scattering
coefficient into a more widely understood context, it is related
to the total scattering cross section through σs = 4π|g|2 and the
extinction cross section through σe = −4πIm(g)/k, where k is
the wave number of the incident plane wave in the bubble-free
medium. As Foldy states in his 1945 paper, this simple picture
is applicable only when the number of scatterers per unit vol-
ume is sufficiently small [17]. Otherwise, there is interference
between the scatterers and they no longer can be considered to
absorb and scatter independently.

Foldy’s theory assumes that scattering centers are isotropic,
which is accurate for ka � 1, where a is bubble radius. For
sonar frequencies in the megahertz range, ka > 1 for the mm-
scale bubbles found in breaking crests and scattering from
these bubbles lies in the geometrical scattering regime, which
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is anisotropic. Moreover, the bubble density in breaking wave
crests is so high that Foldy’s approximation of replacing the
external field acting on the jth scatterer averaged over all con-
figurations of the other scatterers by the average field which
would exist at the position of the jth scatterer when the scat-
terer is not present is inaccurate. In this case, multiple scattering
effects can be expected to be important.

Notwithstanding the limitations of applying Foldy’s theory
to ka > 1 scattering and high air fractions, we will show that
the absorption of high-frequency sound by oceanically rele-
vant bubble plumes is so high that inaccuracies in Foldy’s
formulation are unlikely to change the substance of our final
conclusions.

A. Acoustic Absorption by the Bubble Plume

Acoustic energy propagating through a bubble plume is lost
through scattering by bubbles, and through conversion of sound
to heat by viscous and thermal dissipation. From Foldy’s the-
ory, the flux of energy in a plane wave is reduced by the factor
exp(−Se) per unit distance, where the extinction cross section
per unit volume is given by [17]

Se =

∫ amax

amin

σe,full(a, ω)n(a)da (1)

where σe,full is the asymptotically valid extinction cross section
discussed below, a is bubble radius, which lies in the range
amin ≤ a ≤ amax, and n(a) is the density of scattering cen-
ters with dimensions of number of centers per unit volume per
unit radius increment. Note that in the ocean acoustic litera-
ture, the standard units for n(a) are bubbles per unit volume per
micrometer radius increment, which is a factor of 10−6 smaller.
Equation (1) is based on the extinction theorem presented for
the multiple scatter of waves presented by Waterman and Truell
[18], which leads to the additive rule for cross sections valid for
sufficiently low densities of anisotropic scatterers. The crite-
rion stated by Waterman and Truell is that the average pressure
field exciting a bubble must be greater than the pressure wave
scattered by a neighboring bubble, which for a monodisperse
population of bubbles can be written

nσs

k
� 1 (2)

where n is the number of bubbles per unit volume, σs is the
total scattering cross section, and k is the acoustic wave number.
This criterion can be generalized to a polydisperse population
of bubbles through the requirement that

1

k

∫
σsnda � 1. (3)

This requirement was checked and found to be satisfied for
the three bubble populations, two frequencies and range of air
fractions studied here.

The bubble extinction cross section σe for ka � 1 is well
known (e.g., [19] corrected by a factor of 2 and [20])

σe =
8πβacω2

(ω2
0 − ω2)

2
+ 4β2ω2

, ka < 1 (4)

Fig. 2. Bubble extinction cross section as a function of ka. Anderson’s
anisotropic theory is plotted in red and does not include thermal and viscous
damping, which gives rise to large differences between the correct, isotropic
theory and Anderson’s expression for ka � 1. The isotropic theory given by
(2) is plotted in blue. The black line calculated using (3) shows an adjusted ver-
sion of the isotropic theory that yields the correct geometrical extinction cross
section for large ka and accounts for thermal and viscous losses for ka � 1.

where β is the dimensional damping factor, which includes vis-
cous, thermal, and radiation losses; ω0 is the bubble natural
frequency, which is a function of bubble radius, surface ten-
sion, and water depth; and c is the speed of sound in the water.
For ω ∼ ω0, the extinction cross section can be very large, an
observation that has been verified by direct measurement of
absorption by high air fraction bubble plumes in the surf zone
[21] and transmission through these plumes [22]. In this regard,
Gemmrich’s choice to use a sonar in the megahertz frequency
range to probe whitecap interiors is well considered since it
shifts scattering away from bubble resonance, where absorption
is high, and into the geometrical regime [10].

Equation (2) is accurate for ka � 1, but does not asymp-
tote to the well-known geometrical limit of 2πa2 as ka → ∞.
Thuraisingham [23] and Zhang [24] have developed expres-
sions for scattering cross section which could be used to extend
the validity of σe to values of ka ∼ O(1). However, we require
an expression for the extinction cross section valid for ka � 1.
A version of (2) valid in the asymptotic limit ka → ∞ can be
found by adding a power law function of ka that has the correct
limiting value

σe,full = σe +
(ka)

αe

βe + (ka)
αe

2πa2. (5)

The constants αe = 2.9 and βe = 0.12 are determined as fol-
lows. Anderson [25] has presented a fully anisotropic theory for
acoustic scattering by a fluid sphere. Anderson’s model is valid
for ka > 1, but not ka � 1 as it does not account for thermal
and viscous losses in the bubble response around resonance.
Values for αe and βe are determined from a least mean squares
fit between σe,full calculated using (5) and Anderson’s theory
over the range 0.1 ≤ ka ≤ 10, resulting in an expression that is
asymptotically valid in both limits ka � 1 and ka � 1. Values
of σe,full are plotted in Fig. 2 along with Anderson’s theory
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Fig. 3. Bubble size distributions chosen to be representative of bubble plumes.
Dashed–dotted line: a distribution measured by Bowyer in Dingle Harbor [8].
Broken line: a distribution measured beneath a breaking wave crest 160 km
west of Point Conception in 2001 [9]. Solid line: a laboratory distribution rep-
resentative of plunging breakers [9]. All distributions are for waves breaking in
salt water.

and (2) as a function of ka. The curves have been normalized
by the value of the absorption cross section in the geometrical
limit ka → ∞, which is 2πa2. A bubble of radius a = 1 mm
placed at the sea surface was used to compute the dimensional
damping factor β according to the equations in [19].

Equation (3) can be used to compute the plane wave extinc-
tion rate within an actively breaking crest once n(a) is speci-
fied. We have investigated three functional forms for n(a), and
these are shown in Fig. 3. Two of the chosen distributions were
measured during wave breaking at sea, and a third is a distri-
bution from [9] reported to be representative of bubble plumes
generated by plunging laboratory breaking waves in salt water.
The smallest and largest bubbles in the distributions were cho-
sen to be 60 μm and 6 mm, respectively. This is the range of
bubble sizes reported by Bowyer [8], which is also consistent
with the oceanic observations of Deane and Stokes [9].

For the model study, the three distributions were uniformly
scaled to yield a chosen air fraction, allowing calculation of
the acoustic attenuation as a function of α. Air fraction was
assumed to lie in the range 0.01–0.6, the upper limit repre-
senting the highest values of air fraction observed in actively
breaking crests at sea [4]. Air fractions exceeding 0.5 in labo-
ratory breaking waves have also been reported by Lamarre and
Melville [3] and Blenkinsopp and Chaplin [5].

The attenuation curves calculated by substituting (5) for
σe,full into (1) are shown for the three chosen bubble distri-
butions in Fig. 4 as a function of air fraction. The attenuation
is plotted as roundtrip attenuation in dB · cm−1. A roundtrip
attenuation of 10 dB · cm−1 means that a plane wave penetrat-
ing the base of the plume and scattered by a layer of bubbles
1 cm from the base of the plume is attenuated by 10 dB dur-
ing its roundtrip from the bubble layer and back out again. The
attenuation is multiplicative with propagation path length, so

Fig. 4. Bubble plume extinction expressed in units of roundtrip attenuation in
dB · cm−1 as a function of air fraction for the three size distributions plotted in
Fig. 4. Short, horizontal lines have been drawn for roundtrip attenuation values
corresponding to exp(−1) and exp(−3). Curves are shown for 500 kHz and
2 MHz.

the same plane wave scattered from bubbles 10 cm into the
plume is attenuated by 100 dB.

The short, horizontal lines in Fig. 4 show attenuation val-
ues corresponding to roundtrip attenuations of exp(−1) and
exp(−3). These values are somewhat arbitrarily chosen to rep-
resent the transition from what we are calling an “acoustically
transparent” to an “acoustically opaque” plume. Roundtrip
attenuations of exp(−1) and exp(−3), respectively, correspond
to losses of 43 and 130 dB from signals scattered 10 cm upward
from the base of a bubble plume. We are assuming here that
130 dB of signal attenuation is more than any real sonar system
can accommodate.

The Dingle Harbor and laboratory distributions yield very
similar attenuations, which transition from acoustically trans-
parent to opaque over a higher range of air fractions than the
Point Conception distribution. Taking the range of air fraction
indicated for a given level of absorption, our model calculations
suggest that 2-MHz sonars will degrade significantly in perfor-
mance for air fractions in the range 0.03–0.06 (the upper end
of the transparent region) and become completely inoperable
for air fractions in the range 0.08–0.17 (the lower end of the
opaque region). The higher acoustical absorption at 500 kHz
causes the operating regime shift to occur at slightly lower air
fractions, making the overall situation worse. The calculations
presented here neglect multiple scattering effects, which tend to
increase acoustic absorption [26], and so these numbers should
be considered as conservative estimates for performance.

B. Doppler Shift Bias by Bubbles in the Plume

A second effect that degrades the performance of high-
frequency Doppler sonars pointed at breaking wave crests is
the Doppler shift associated with the motion of large bub-
bles. One of the assumptions made when analyzing backscatter
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returns from Doppler sonars is that the scattering centers giv-
ing rise to the backscatter signal are Lagrangian tracers, i.e.,
they move with the fluid. This is often a reasonable assump-
tion. For example, a 100-kHz sonar operating near the sea
surface will generate resonant returns from bubbles approxi-
mately 32 μm in radius, which have a rise velocity of only
∼2 mm · s−1. Moreover, when using Doppler signals to esti-
mate fluid turbulent dissipation rate, bubbles rising uniformly
will add a constant bias to fluid velocity that will be processed
out when velocity spectra are calculated. For these examples,
using Doppler sonars to investigate coherent and turbulent fluid
motions in the upper ocean boundary layer can be justified. The
situation is not the same for high air fraction bubble plumes
remotely sensed with high-frequency Doppler sonars. As dis-
cussed earlier, scattering in bubble plumes is dominated by
geometrical scattering, not bubble resonant scattering (although
the possibility of resonant scattering is discussed further in
the discussion section). As shown below, in this regime, much
of the backscatter signal originates from large bubbles with
relatively high buoyant rise speeds that interact with fluid tur-
bulence, which significantly complicates the interpretation of
measured Doppler shift.

The bias introduced by the buoyant rise of large bubbles can
be estimated by calculating the differential backscatter cross
section as a function of bubble radius. Just as the extinction
cross section describes the absorption of coherent energy prop-
agating through the plume, the differential backscatter cross
section describes the amplitude of a backward-propagating
signal generated by bubbles in a control volume. Following
the same computation method used to generate a uniformly
valid expression for the extinction cross section, the differential
backscattering cross section can be written as

Δσbs,full = Δσbs +
(ka)

αbs

βbs + (ka)
αbs

a2

4
(6)

where the constants αbs = 4.2 and βbs = 28 were determined
to yield a least mean squares difference fit to the anisotropic
theory of Anderson [25] over the range 0.1 ≤ ka ≤ 10 and the
differential backscattering cross section is given by Δσbs =
σs/4π where

σs =
4πa2

(1 + k2a2)
(
(ω2

0/ω
2 − 1)

2
+ 4β2/ω2

) , ka < 1.

(7)

When multiplied by the bubble size distribution and inte-
grated over bubble size, Δσbs yields the total backscatter cross
section.

The contribution of bubbles of various sizes to backscatter
can be determined from Fig. 5, which shows the cumulative,
fractional contribution to the total backscatter cross section as
a function of bubble radius. As with all normalized, cumula-
tive distributions, the curves in Fig. 5 begin with a value of 0
and end with a value of 1. For the Point Conception distribu-
tion, 1/2 of the total backscatter comes from bubbles larger than
∼0.6 mm radius. For the laboratory and Dingle Harbor distribu-
tions, 1/2 of the backscatter originates from bubbles with radius

Fig. 5. Normalized, cumulative differential backscatter cross section, multi-
plied by bubble size distribution and integrated as a function of bubble radius,
calculated at 2 MHz.

lying in the range 1.2–1.4 mm. The terminal velocity of bubbles
0.6 mm and larger lies in the range 15–25 cm · s−1 [27], which
represents a significant source of velocity bias.

Furthermore, the strong bias introduced by bubble buoyancy
effects cannot be processed out when producing velocity spec-
tra because the interactions between large bubbles and turbulent
fluid flow cannot be neglected in bubble plumes. Spelt and
Biesheuvel [28] explored bubble–turbulence interaction with
theory and showed how fluctuations in one component of the
lateral vorticity causes bubbles to move under the action of lift
forces in the other lateral direction, toward regions where the
difference between bubble and fluid velocity is largest. Mean
bubble rise speeds relative to those in quiescent water were
numerically determined for different turbulent intensities βSB

(with βSB the ratio between the turbulence intensity and the
bubble rise velocity in still fluid) and found to decrease by up to
35%–50% depending on the turbulence model used. Laboratory
studies of Poorte and Biesheuvel [29] generally confirmed
the numerical predictions. Although finding somewhat smaller
changes in mean bubble rise speed, they did observe turbulence-
induced deviations from still fluid terminal velocity on the order
of 0.4, or up to ∼10 cm · s−1 for oceanic bubble plumes. Since
1/2 of the backscatter signal generated comes from large bub-
bles subject to interactions with turbulence, random velocity
fluctuations on the order of 10 cm · s−1 will be introduced into
the turbulence velocity spectra which will tend to increase the
fluid turbulence dissipation rate attributed to the bubble plume.
This effect will occur independently of acoustic absorption by
the plume, and will thus present a problem whether the plume
is acoustically transparent or not.

III. DISCUSSION

The first obstacle encountered using high-frequency
(> 500 kHz) Doppler sonars to quantify turbulence in actively
breaking wave crests is the extinction of sound by bubbles.
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Large bubbles and high-frequency signals result in a geomet-
rical scattering regime, which is beneficial because bubble
resonant scatter is eliminated. However, the high air fractions
encountered in actively breaking oceanic wave crests still limit
the penetration depth high-frequency sonar signals to O(1 cm)
for air fractions greater than roughly 0.1, which is the order of
air fraction at the end of active breaking but not during active
breaking when air fractions can be as high as 0.6. After active
breaking ceases, turbulence levels decay and large bubbles are
rapidly lost to buoyancy-driven degassing. These conditions are
consistent with the acoustically transparent regime identified
in Fig. 5, and high-frequency sonar performance should not be
compromised when operated over O(m) ranges once the bubble
plume has degassed.

Our conclusions regarding acoustical absorption in the geo-
metrical scattering regime are consistent with the observation
that the interior of high air fraction bubble plumes cannot be
studied using the scatter of light. Since light scattering from
bubbles in plumes largely occurs in the geometrical scattering
regime, Fig. 4 applies to optical scattering and optical path
lengths in plumes are limited to O(1 cm) for high air fraction
plumes. For example, digital particle imaging velocimetry,
which requires the illumination of fluorescent tracer particles
in the interior of bubble plumes with lasers, is limited to
non-aerated flow or dilute bubble flow beneath the wave trough
level [30].

The backscatter cross-section calculations show that even if
high-frequency acoustic signals were able to penetrate a signif-
icant distance into the interior of actively breaking wave crests,
a significant fraction of the signal observed would be from large
bubbles, whose terminal velocities are altered by the presence
of the fluid turbulence under study. The random nature of these
velocity fluctuations will be a measure of bubble–turbulence
interactions, not the turbulence itself and the interpretation of
such signals would require an accounting of these interactions.
The significant bias introduced by scattering from large bubbles
will play an important role in the Doppler shifts encountered in
signals scattered from the base of bubble plumes, complicating
estimates of fluid turbulence there.

A possible resolution to the bias problem would be the pres-
ence of a sufficiently large number of resonant bubbles. If
present, these bubbles could dominate the backscatter signal
through resonant scattering, reducing the bias introduced by
large bubbles. Resonant scattering at 2 MHz implies a bub-
ble radius of ∼2 μm, and such small bubbles cannot remain in
suspension for long as surface tension rapidly drives them into
solution. In the event that bubbles of this scale were stabilized
by coatings of surface-active material, and thus were able to
build up in concentration over time in the upper ocean bound-
ary layer, then their resonant contribution to scattering will also
increase the acoustic absorption rate, leading to further reduc-
tions in acoustic penetration beyond those shown in Fig. 4 and a
more rapid transition from an acoustically transparent to acous-
tically opaque regime. Thus, an increase in the population of
resonant bubbles will not improve the overall situation. Finally,
it should be noted that there is little to gain by reducing the
sonar frequency as this will only increase the extinction rate as

the resonance frequency of small bubbles is approached, as the
calculations at 500 kHz show.

IV. CONCLUDING REMARKS

We have performed model calculations of the acoustical
absorption and backscatter of high-frequency Doppler sonar
signals from high air fraction, oceanic bubble plumes encoun-
tered within actively breaking wave crests. The calculations
are based on observed oceanic bubble distributions, scaled to
a range of air fractions consistent with field observations and
the development of asymptotically uniform expressions for the
extinction and backscattering cross sections valid in the geo-
metrical scattering limit. The factor responsible for high signal
absorption is the high air fraction encountered in breaking wave
crests, not the high acoustical frequencies considered in the
model calculations. Studies of bubble clouds with typical air
fractions of 10−4 and less using high-frequency Doppler sonars
are not likely to be rendered inoperable by excessive bubble
scatter, although absorption of sound as it propagates through
the cloud should be properly accounted for when calculating
bubble backscatter cross sections [31].

Drawing from these calculations, we have identified a tran-
sition in propagation behavior for high-frequency (500 kHz–
2 MHz) sonar signals in bubble plumes, from an acoustically
transparent regime, with roundtrip absorption of exp(−1) and
less per centimeter, to an acoustically opaque regime with
absorption of exp(−3) and more per centimeter. At 2 MHz,
the transition occurs over an air fraction range of 0.03–0.17,
which is at the low end of the range encountered in actively
breaking crests. We note here that the amplitude of a backscat-
tered probe signal with unit amplitude initially and propagating
through 10 cm of plume with an absorption rate of exp(−1) per
centimeter is exp(−10) ∼ 5× 10−5. Consequently, the value
of our transitional range of air fraction between propagation
regimes should be considered conservative.

Our model calculations suggest that the interpretation of
backscattered acoustic signals from bubbles plumes in actively
breaking wave crests in terms of fluid turbulence are prob-
lematic, and the best option currently available for studying
these energetic, aerated flows is still in situ observation. We
also acknowledge that these are model calculations, and lab-
oratory experiments are called for to test the operation of
high-frequency Doppler sonars when used to probe the interior
of actively breaking waves.
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