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Abstract—Although it is well known that bubbles have a strong
influence on underwater acoustic propagation, typical acoustic
communication channel models ignore the effect of bubbles.
The rationale is that bubbles are only persistently present in
the upper water column in special environments such as the
surf zone. In other environments, one expects that the bubbles
injected by episodic events such as passing ships quickly rise to
the surface or dissolve and do not have a long term effect on
the communication channel. We believe that bubbles have a large
influence on acoustic communications in many environments with
seemingly low bubble injection rates, as bubbles affecting typical
communication frequency bands can persist in the water for long
periods of time. Such environments include waters near shipping
lanes, coral reefs, or places with strong winds. In this paper, we
present a model for the persistence of bubbles, and validate it
with controlled measurements in a wind-wave channel. We show
that bubbles affecting medium-range communication systems can
persist in the water column for many tens of minutes after they
are injected. This can result in a significant impact on underwater
acoustic communications.

I. I NTRODUCTION
The injection of bubbles by breaking waves, and the evolution of the bubble plumes immediately after the breaking
event are well studied. The bubbles within the plume can cause
attenuation up to 26 dB/m [1], practically blocking any signal
transmission. The Hall-Novarini model [2] has been shown to
satisfactorily model acoustic propagation through such bubbly
plumes [3], [4]. The model has also been applied in the context
of underwater acoustic communication [5], [6]. As reported
in [7], these bubbles may not always be bad for acoustic
communications, as they may reduce the acoustic interaction
with the water surface and create a more benign channel for
communications.
Large bubbles injected into the water column rise to the
surface due to buoyancy, and typically disappear within a
couple of minutes. Therefore acoustic communication channel
models often ignore the effect of bubbles. The rationale is that
bubbles are only persistently present in the upper water column
in special environments such as the surf zone, where breaking
waves replenish bubbles regularly. In other environments, one
expects that the bubbles injected by episodic events such as
a passing ship quickly rise to the surface or dissolve and do
not have a long term effect on the communication channel.
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However, smaller bubbles may stay suspended in the water
column due to turbulence [8], until they dissolve and disappear.
Studies have shown that the effect of these bubbles can persist
for long periods [9], [10]. In this paper, we present a model for
the persistence of such bubbles, and validate it with controlled
measurements in a wind-wave channel. We show that bubbles
affecting medium-range communication systems can persist
in the water column for many tens of minutes after they are
injected. When injection events occur at similar or shorter
intervals (e.g. passing ships, breaking waves, gas release from
biological activity, etc), this can result in a significant impact
on underwater acoustic communications.
The paper is organized as follows. In section II, we describe
the experiment. In section III, we present the results of the
experiment. We compare the results with theoretical models
in section IV. In section V, we briefly discuss the impact on
communication systems. Finally, in section VI, we present our
conclusions.
II. T HE E XPERIMENT
A. Experimental setup
The experiment was conducted at the Scripps Institute
of Oceanography Wind Wave Channel. We instrumented
the channel with an ITC1032 projector to transmit acoustic
signals, and two ITC6050C hydrophones as receivers. The
schematic of the setup is shown in Fig. 1. We generated waves
(about 0.35 m peak-to-peak wave height) using an oscillating
paddle. Shortly after that, we turned on the wind (wind speed
of 12.6 m/s), and caused the waves to break and inject bubbles.
We allowed a stable bubble population to form in the channel
over a period of 15 minutes. We then turned off the wind

1.22m

Rx3

Tx Rx2
0.815m

0.316m

5.2m

Fig. 1. Schematic of the experimental setup. Tx is the projector used to
transmit acoustic signals, and Rx2 is the receiving hydrophone for estimation
of bubbles. Rx3 is an additional receiving hydrophone located further in the
channel used for reception of m-sequences in section V.

(waves stopped breaking), but left the waves on, and observed
the time evolution of the bubble population.
B. Bubble measurement
We used an acoustic inversion method to obtain bubble
population estimates. The projector was used to transmit
sinusoidal pulses with frequencies spanning 16.6–85.4 kHz,
covering the typical band of interest for medium range acoustic
communication. The frequency spacing was optimized based
on the method suggested in [11]. This frequency range corresponds to the resonance of 40–190 µm bubbles. A hydrophone
was used as a receiver to measure the absorption caused by the
bubbles. We measured the absorption, and used the resonance
bubble approximation (RBA) in [12] to invert for the bubble
size spectral density:
n(a) =

α(f )Kr (a, f )
× 10−6 ,
85.7a2

(1)

where,
• α(f ) is the absorption in dB/m,
• Kr (a, f ) is the real part of the effective wavenumber of
the bubbly medium,
• a is the bubble radius in meters,
• n(a), is the bubble spectra density in number of
bubbles/m3 /µm.
The absorption α(f ) is calculated with [16]:
Lbubbles (f ) − Lno bubbles (f )
,
(2)
d
where, Lbubbles (f ) is the transmission loss when bubbles were
introduced and Lno bubbles (f ) is the transmission loss where
there were no bubbles, all losses were measured in dB/m, and
d is the distance between the projector and hydrophone. The
portion of signal which was included in the calculation of the
transmission loss was only from the direct path. Scattering
effects from the surface path was intentionally ignored.
Subsequently, the void fraction η is then calculated with
[16]:
amax
Z
4
η= π
n(a) a3 da × 106 .
(3)
3
α(f ) =

amin

III. R ESULTS
We present results from two datasets. Each dataset was
collected for a period of about 45 minutes, and the time
between the datasets is 75 minutes.
Fig. 2 shows the void fraction η, as a function of time.
In both datasets, we see an initial period with a small η of
10−4 or lower (as 10−4 is our estimation noise floor due
to wave-induced motion of our transducers). Once the wind
is started and the waves start breaking, η rapidly increases
to 10−2 and stabilizes. When the wind is stopped, η starts
decaying quickly, primarily from bubble loss due to buoyancy.
This decay can be modeled in both datasets as an exponential
decay: η(t) = η01 e−Γ1 t , where η01 is the initial void fraction
and Γ1 is the decay rate. After about 5 minutes, the decay
rate changes dramatically, signaling a change in regime of

bubble loss. We believe that the decay after this time is
mostly due to dissolution of the bubbles. In the first dataset,
the second region can also be modeled as an exponential
decay: η(t) = η02 e−Γ2 t , but with a different decay rate Γ2 .
In the second dataset, this region seems almost flat with
η = 2 × 10−4 . However, we are most likely observing a very
slow decay, and that the void fraction would return to 10−4 or
lower after a long time. This can be modeled using the same
exponential decay as the first dataset, but with a much slower
decay rate. We could not estimate this decay rate because the
persistence time was well beyond our data collection period.
The reason for the difference in the dissolution rate in the two
dataset is discussed in the next section.
Figs. 3 and 4 show the bubble spectra as a function of
time. These results support the claim that the initial loss in
void fraction is due to loss in large buoyant bubbles, and the
bubbles that persist longer are the smaller bubbles.
IV. D ISCUSSION
A. Largest suspended bubble size decay
From Figs. 3 and 4, we see that the largest bubbles that stay
suspended in the water column are about 140 µm in radius.
The rising velocity for such bubbles due to buoyancy is about
2.5 cm/s [13], assuming that they are “dirty” bubbles with
some surfactants on them. As long as the downward velocity
due to turbulence in the water column exceeds 2.5 cm/s, these
bubbles would not be able to escape to the surface. Since we
had waves inducing turbulence in the channel, this modest
downward velocity of 2.5 cm/s or more is quite reasonable,
although we did not explicitly measure it.
Given that the bubbles are trapped under turbulence, the
mechanism that determines their persistence is dissolution.
Kapodistrias developed a simplified form of the Epstein and
Plesset equations that describe the dissolution time of bubbles [14]:
2D Cs
(1 − γ)Bt ,
(4)
1 − 2 = 2
a0 ρa
where  = a/a0 and γ = C0 /Cs is the gas concentration
ratio, while Bt is the dissolution time. Using the parameters
shown in Table I, an initial bubble size a0 of 140 µm, and a
final bubbles size a of 40 µm (smallest observable bubble
size in our experiment), we obtain an estimate of the gas
concentration ratio γ to be 0.75. We then numerically solve the
differential equation describing the bubble dissolution [15]:
τ

Cs 1 − γ + ρa a 1
da
= −D
[ ],
dt
ρa 1 + 3ρ2τa a a

(5)

where τ = 2M σ/BT . We used a fourth order Runga-Kutta
numerical integration to obtain the curve relating the bubble
radius versus time. This curve can be used to estimate the
largest bubble size we should observe in the water column, as
a function of time. We superimpose this curve on the bubble
size spectra measured from the first dataset, in Fig. 3, and
show that the dissolution curve fits the decay of the maximum
bubble size well from the 20th to the 33rd minute.
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Fig. 2. The upper panel shows void fraction as a function of time from the first dataset, and the lower panel shows void fraction from the second dataset.

82

40

60

Last break

3.5

54

100
33
120
26
140

Estimated Bubble Escape Radius
21

2.5

log n(a)

41

Resonance Frequency (kHz)

Bubble Radius (µm)

3

80

2

160
1.5

18
180

20

Fig. 3. Bubble spectrum measurement from the first dataset. The white solid
line is the dissolution curve from (5), showing the modeled largest bubble
size as a function of time.
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Fig. 4. Bubble spectrum measurement from the second dataset.

for some constants ν and n0 . We can easily estimate the void
fraction for such a bubble size spectrum:
After the collection of the first dataset, we expect that the
water in the channel had a higher gas concentration ratio
than before. Since the second dataset was collected shortly
after this, it is reasonable that it started with a higher gas
concentration ratio, and therefore has much slower dissolution
than in the first dataset. This explains the slower decay of the
void fraction and the bubble spectra in the second dataset.

amax
Z
4
η=
n(a) πa3 da
3
amin
 4−ν amax
4
a
= πn0
,
3
4 − ν amin

(7)

B. Void fraction decay
As seen in Fig 5, the bubble size spectrum at the start of
dissolution can be modeled well by a power law:
n(a) = n0 a−ν ,

(6)

We know the evolution of amax from the previous section, and
model the decay of the bubbles using n0 (t) = n00 e−bt . We
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TABLE I
VALUES FOR PARAMETERS IN (4) AND (5) TO OBTAIN THE DISSOLUTION
CURVE IN F IG . 3
Parameter
Diffusivity of water
Initial bubble radius
Final bubble radius
Gas concentration in saturated fresh water
Density of air
Molecular weight of air
Surface tension of air
Universal gas constant
Temperature

ρa
M
σ
B
T

Normalized RSS (dB)

Symbol
D
a0
a
Cs

(a)

Value
1.93×10−9 m2 /s
140 µm
40 µm
0.024 kg/m3
1.2 kg/m3
0.02897 kg/mol
0.0724 N/m
8.3145 J/(mol K)
293 K
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Fig. 5. The bubble spectrum at the start of dissolution is well approximated
by a power law.

evaluate the time evolution of the void fraction:
η(t) =


a (t)
4 0 −bt a4−ν max
.
πn0 e
3
4 − ν amin

(8)

using parameters estimated from the data: amin = 40 µm, ν =
3, n00 = 1.2 × 10−6 , and b = 0.0008. The results are shown in
Fig. 6. We see that the model matches the experimental data
until the void fraction falls below 10−4 , where we are noise
limited and unable to accurately measure it.

Proposed Model
Experiment Data

Void Fraction

In order to study the impact of the bubbles on communication signals, we sent communication probe signals between
the projector and the farther receiver (Rx3 in Fig. 1, at a
range of 5.2 m) during the experiment. The probes were in the
frequency range of 18 kHz to 30 kHz, modulated at baseband
data-rate of 12 kbps with a BPSK modulation scheme. We
show the received signal strength (RSS) of the probes in Fig. 7.
We observe that the RSSI is about -9.5 dB until the waves
start breaking, and suddenly drops to about -40 dB once the
channel is full of bubbles. After the waves stop breaking,
the RSS recovers to about -10 dB and stabilizes. While a
0.5 dB reduction in RSS may not seem much, it is over a short
distance of about 5 m. For a typical communication channel
of a few hundred meters to a few kilometers, this value would
scale up. Imagine a channel with continuous replenishment of
bubbles, such a busy shipping lane or a fully developed storm,
if the replenishment rate is higher than its decay rate then the
effects could be virtually permanent.
VI. C ONCLUSIONS
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Fig. 7. Received Signal Strength (RSS) of probes sent at Rx3. Period (a)
is with waves being generated, (b) with the waves breaking, and (c) with
suspended bubbles in the channel, after the waves have stopped breaking for
a few minutes. The average RSS during (a) is -9.5 dB, during (b) is about
-40 dB (and therefore not shown in the plot), and during (c) is -10 dB.
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Small bubbles, with resonance frequencies in typical communication band, can persist for long periods of time in
the water after a bubble injection event. The persistence is
mediated by turbulent forces from waves and currents, and dissolution rates controlled by surfactants and gas concentration
in the water. The dynamics of these bubbles can be modeled
well using known physics. Such persistent bubbles can have
a large and long term impact on communication links, and so
modeling them accurately is of great importance.
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Fig. 6. Modeled v/s measured void fraction from the first dataset.
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