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Methods of acoustic gas flux inversion—Investigation
into the initial amplitude of bubble excitation

Ben Roche,"® (& Paul R. White,? (3 Jonathan M. Bull," Timothy G. Leighton,? ¢ Jianghui Li," Colin Christie,’
and Joseph Fone'

'School of Ocean and Earth Science, National Oceanography Centre Southampton, University of Southampton Waterfront Campus,
European Way, Southampton, United Kingdom

2Institute of Sound and Vibration Research, University of Southampton, Southampton, United Kingdom

ABSTRACT:

Passive acoustic inversion techniques for measuring gas flux into the water column have the potential to be a
powerful tool for the long-term monitoring and quantification of natural marine seeps and anthropogenic emissions.
Prior inversion techniques have had limited precision due to lack of constraints on the initial amplitude of a bubble’s
excitation following its release into the water column (R.;). R.o; is determined by observing the acoustic signal of
bubbles released from sediment in a controlled experiment and its use is demonstrated by quantifying the flux from a
volcanic CO, seep offshore Panarea (Italy), improving the precision by 78%.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1121/10.0013220
(Received 7 March 2022; revised 9 July 2022; accepted 13 July 2022; published online 1 August 2022)

[Editor: Stephen P. Robinson]

I. INTRODUCTION

In recent years, there has been a growing need to refine
methods for quantifying the volume of gas released into the
water column from marine sediments. This demand is fueled
by a need to better understand the natural carbon cycle and a
requirement to measure, monitor, and verify offshore carbon
capture and storage (CCS) sites.'® While there are a variety
of techniques to quantify gas emissions, including direct
physical measurements, many of these are severely limited in
terms of applicability in regard to spatial and temporal cover-
age, as well as cost. Optical techniques are generally accurate
for a limited bubble size range (bubbles large enough to be
accurately resolved) but limited in the area they can survey
and dependent on water visibility.”® Active acoustic techni-
ques, although able to cover a large area, require time-
consuming processing to provide accurate quantification data
and give only a snapshot measurement.'®"'> Furthermore, the
accuracy of the assumptions that underpin the conversion of
active acoustic data into gas fluxes is still evolving.'® Passive
acoustic inversion techniques, on the other hand, are low
energy and capable of long-term deployments in any level of
visibility and also provide information about the size distribu-
tion of bubbles released from the seep.”'*!

Passive acoustic inversion relies on a physical model of
the sound emitted by a bubble as it is formed. Originally,
this principle was restricted to measuring the size of individ-
ual bubbles in low flux environments, via the so-called sig-
nature method, to ensure the acoustic signature of bubbles
did not overlap.>>° This approach relies on knowing the
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frequency emitted by a bubble immediately after release,
which is directly related to its equilibrium radius.'?*2¢-7

Signal processing methods were developed to allow this
technique to extend to intermediate flux rates when bubble
signatures begin to overlap.”® For high flux rates, when bub-
ble signatures do overlap to a significant degree, an approach
based on the spectral density of the acoustic pressure mea-
sured in the far field at a known distance from a gas seep is
appropriate.”'?° Using a model of the spectrum of the signa-
ture of each bubble formation event, the measured spectrum
can be used to infer the bubble size distribution. However,
the energy released by an individual bubble remains poorly
characterized,21 particularly, how it varies with depth and
mode of injection. This quantity directly affects the gas flux
estimate, for example, if the model assumes the bubble is a
stronger sound source than it is, then the inversion will
underestimate the gas flux.>' Conversely, if a single bubble
emits more energy than predicted by the model, then the pas-
sive acoustic inversion will overestimate the gas flux. To
date, the use of the spectral method in the field has proven
effective, providing continuous estimates of gas flux over
extended periods of time validated by intermittent physical
and optical measurements. Unfortunately, such estimates
have contained large uncertainties.”'*-*

This study examines the acoustic signature of bubbles
released from coarse-grained sediment to improve the spec-
tral inversion approach by examining the energy released by
an individual bubble and the relationship between the initial
radius of excitation of a bubble and the equilibrium radius
of a bubble. It should be noted at this stage, while a bubble
released into the water column may not be spherical, the use
of a radial displacement as a descriptor is common in

©Author(s) 2022. 799

¥Z:ZL:0L $20Z 18nbny Lg


https://orcid.org/0000-0002-0730-2947
https://orcid.org/0000-0002-4787-8713
https://orcid.org/0000-0002-1649-8750
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1121/10.0013220
mailto:br4g13@soton.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0013220&domain=pdf&date_stamp=2022-08-01

literature as a proxy for more complex volumetric descrip-
tions as (a) the zeroth-order spherical harmonic displace-
ment was the only one that changed bubble volume (to first
order) and so radiated a spherical pressure wave,>’ and (b)
because this aligned the formulation with the historical use
in the West of representing bubble volume by an equivalent
spherical bubble of known radius.>’ We then use this refined
acoustic inversion technique to quantify ebullition from a
natural CO, seep occurring at a site with coarse-grained sed-
iment and compare the estimate to physical and simulta-
neous optical measurements.

A. The spectral method—Model of acoustic emissions
from a bubble

The following summarizes the mathematical model for
the sound from a plume, which forms the basis of the inver-
sion approach. The theory assumes that the acoustic pressure
signature from a single bubble is an exponentially decaying
sinusoid.”!

For a spherical bubble, immediately after being
entrained into the water column, a bubble will undergo
damped simple harmonic motion. The radius of a bubble, R,
over time, ¢, can be described by

R(t)=Re (Ro — Ryl =19) g @000 2 (¢ (1, — tf))) ;
)]

where Re denotes the real part of a complex number, Jy is
the total damping coefficient, H is the Heaviside step func-
tion, #; is the moment when the acoustic signal is first
detected, ty accounts for the propagation time between per-
turbations of the bubble and the corresponding pressure sig-
nal at the receiver, t; — ty is the moment when the bubble
begins to oscillate, R is the equilibrium radius of the bub-
ble, and R, is the initial amplitude of displacement of the
bubble wall.”'

The natural angular frequency, wg, of the bubble is
given by an extended form of Minnaert’s equation,'*?’

1 3 ( N 20) 20 N 4n?
Wy = — K — Pv 5] T 5 VT T,
0 Ro Do pPo—p Ro Ro p p()R%

2

where x is the polytropic index of the gas in the bubble, pg
is the ambient pressure outside of the bubble, p, is the gas’
vapour pressure, p is the density of surrounding liquid, and
n is the liquid’s shear viscosity.

The oscillating bubble wall creates an acoustic pressure
in the far field at a distance, r, given by

(woRo)*

P(f) ~ Re{po
3)

The squared magnitude of the Fourier transform of the pres-
sure radiated from a single bubble at a distance, r, is
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The spectrum, S(w), of the measured acoustic pressure from
a population of bubbles with size distribution D(R), which
is defined such that 1?12 D(Ry)dR, represents the number of
bubbles generated per second with a radius in the range
(R1,R>) can be expressed as

S(w) ~ L D(Ro)|X (e, Ro)| dRo. (5)

To estimate the number of bubbles via the far field acoustic
signal, one needs to determine what value of D(R,) gener-
ates the measured power spectrum, S(w). This can be
achieved by discretising Eq. (5) into N,, finite radii bins such
that the nth radius bin is centered on the radius, Rf.
Assuming that the bins are contiguous, the power spectrum
can be given as

Np
S(w) ~ Z‘P(n)|X(a),R‘n)|2, (6)
n=1

where W(n) is the bubble generation rate within a radius bin
(i.e., the number of bubbles formed per second within the
nth radius bin) such that ¥(n) = (R, , — R;,)D(R;). The
spectrum can be evaluated at the Ny discrete frequencies,
on, and organized into a column vector, S, allowing Eq. (6)

to be written in matrix form,

S=MY, )

where ¥ is a column vector containing the elements W (n),
and M is an (N; X N,) matrix with elements {M},,,
= [X(w,RO)|.

The matrix equation (7) can be solved for the number
of bubbles generated per second ¥ in a radius bin, provided
that S and M are known, to yield an estimate of the gas flux.
However, while S can easily be determined accurately with
the use of a calibrated hydrophone, M remains difficult to
accurately determine. This is because Eq. (4) contains one
important unknown value, the initial amplitude of the dis-
placement of the bubble wall when it begins to oscillate,
R:0i- Most work on studying this has assumed a model of the
form, R.0i = y.aR0, Where y,,q4 1S a constant, representing
the ratio of the initial amplitude of displacement of the bub-
ble radius and equilibrium radius. The earliest estimate of
Xraq for bubbles of radii close to 0.001 mm measured near a
small waterfall suggested that™* 7., = 107>, and the same
data were reanalyzed using a more sophisticated model to
yield** 7.4 = 107*. And, considering data from smaller
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bubbles (Ryp ~ 0.000312m) generated in breaking waves
suggested™” that Yraa = 1.5 x 1072, Generating bubbles via
sheared flows allowed the number of bubbles (>1000) and
the range of radii (Ry = 0.0001-0.001 m) measured to be
greatly expanded.*® This work suggested that Yrad Was Not a
constant and increased with decreasing bubble size. Further,
in this data, y,,4 Was seen to vary by up to 2 orders of magni-
tude. One approach to estimating y,,4 is to compute the flux
of bubbles in an experiment where the flux rate can be con-
trolled and measured directly; such an approach has been
found to yield estimates of y,,4 between'® 1.4 x 107* and
5.6 x 107*. The apparent variable nature of y,,4 across bub-
ble sizes and release mechanisms potentially introduces con-
siderable uncertainty into derived flux estimates."”

None of these estimates for the initial amplitude are based
on bubbles emerging from sediments. Further, these estimated
values are based on a small set of environmental conditions, for
example, they are the range of bubble sizes and generation
mechanisms. "’ Consequently, there is a need for calibrated R,
values, particularly in conditions replicating those found in the
field. This paper undertakes such an exercise.

The experimental evidence supporting the assumption
that y.4 1s a constant is rather weak. Herein, the general
approach based on assuming R, is a function of R, i.e.,
R.0i = f(Ro), is adopted so that Eq. (4) becomes

|X(w,Ro)|”
; 4] (09)* +407]
(@000 +4(0n— 0] (00000 + 00+ o)

(®)

In this study, we analyze the acoustic emissions from
368 bubbles released from sediment into the water column
to determine the R,o;, measuring the frequency of each bub-
ble oscillation alongside the maximum radius of excitation
and total energy released.

Il. METHODOLOGY
A. Experimental design

To measure and analyze the acoustic signature of bub-
bles released from sediment, air was injected into the base
of ~0.30m of artificial sediment with resulting emissions
into the water column recorded with a calibrated hydro-
phone [Reson TC 4032, Teledyne Technology, Alton, with a
sensitivity of 167dB re 1 V/uPa at 1 m; 0.30m above the
sediment surface; Figs. 1(a) and 1(b)]. Synthetic sediment
(Ballotini; 0.009m diameter, pebbly gravel on the
Wentworth scale) was used to ensure uniformity between
the grains and simplify porosity and permeability calcula-
tions [Fig. 1(c)]. The experiment was designed so that ebul-
lition was in the center of a large 8 m x 8 m (x 5m deep)
freshwater tank [Fig. 1(a)] to reduce the interference of wall

J. Acoust. Soc. Am. 152 (2), August 2022
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FIG. 1. (Color online) Experimental design. (a) A schematic showing gas
injection at base of sediments and the position of optical and acoustic sen-
sors within the water tank; (b) detailed schematic; (c) image of the Ballotini
sediment used for the experiment; and (d) sonogram displaying the typical
acoustic emission of a bubble as recorded by the hydrophone.

reflections, allowing accurate characterization of the acous-
tic signatures [Fig. 1(d)]. The gas injection rate at the base
of the sediment was adjusted until gas migration through the
sediment caused bubbles to enter the water column at less
than 1bubble per second. Bubble radii were determined
directly from optical measurements (Sony FDR3000 cam-
era, Minato, Japan; 0.50 m from ebullition site).

The optical footage was used to identify periods where
single, discrete bubbles entered the water column to ensure
that the acoustic signature of an individual bubble release was
analyzed. The acoustic and optical data for each bubble were
jointly analyzed to determine the start and end time of the
bubble oscillation, as well as the maximum pressure of the
bubble signal (Pp,x). The initial excitation radius of the bub-
ble (R,0;) is then calculated using the pressure signals via >'**

r

Ry = ——
:0i 3Kp()

Pnax, €))

where P« s the maximum pressure signal recorded at the
hydrophone as a result of the bubble oscillation.

Roche etal. 801
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The center frequency of each bubble signature was
determined by iteratively fitting an exponential decaying
sinusoid to the signal based on least squares error criterion.
The frequency of this wave was used to calculate the equi-
librium bubble radius, Ry, using Eq. (2). The total energy of
each bubble oscillation was determined by integrating the
acoustic pressure squared as recorded at the hydrophone
between the start (1) and end (#,) of the event. This is cor-
rected for range, assuming spherical spreading.

g Lam Z |P(1)| (10)
fs2poc o 7

where c is the speed of sound in water (1500 ms~ ") and fs is
the sampling frequency (96kHz). To account for back-
ground noise (electrical and acoustic), the ambient noise on
the measurement was calculated using Eq. (10) with the
average energy measured over 1s being equal to
6.2 x 107 J. Subsequently, 6.2 x 10™(t, — ;)] were sub-
tracted from each event so that only the energy of the bubble
oscillation was observed.

B. Validation using field data

To validate these observations, acoustic data collected
from a natural seep in offshore Panarea (Bottaro Crater),

Stromboli<
Panarea

T Lipari

S~
Vulcano

(b)

Italy, is inverted and the estimated flux compared to that
obtained by physical bottle measurements collected by a
diver and estimates made from simultaneous optical
measurements. Panarea is a small Aeolian Island in the
southern Tyrrhenian Sea, ~20km SW of the active volcano
Stromboli (Fig. 2). As a result of the underlying magma
chamber, the waters surrounding the island are host to numer-
ous natural CO, seeps.35_38 The calm clear shallow waters
surrounding Panarea make it an ideal natural laboratory for
testing ebullition detection and quantification techniques.* ™'
Bubbles from the target seep were released from coarse-
grained sediment at a rate of approximately 5 bubbles per sec-
ond, directly comparable to our tank experiment. Similarly,
bubbles released from the seep ranged in size from 0.001 to
0.008m comparable to the 0.003—0.012m observed in the
tank [Fig. 2(c)]. The seep was, however, located at a depth of
12 m, compared to the depth of 2.5 m in the experiments.
Analysis focusses on 10 min of simultaneous optical and
acoustic data acquired using an open frame lander, incorpo-
rating a calibrated hydrophone (Geospectrum M36, GTI,
Dartmouth, Nova Scotia, Canada), and two inward facing
Sony FDR-X3000 cameras, focussing on a single central
point with scale boards positioned directly opposite. Optical
data were processed using techniques described in Li et al.,
where the radius of each bubble was calculated from the

Isola di Lisca Bianca

Le.Guglie
4

Panarea“

Hydrophone s

FIG. 2. (Color online) The field work location map showing (a) experimental geometry at the seep site (Bottaro Crater, offshore Panarea, Italy) and (b) the

acoustic optical lander deployed over the target seep in Bottaro Crater.
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assumed volume of revolution.” Acoustic data were analyzed
in 30's blocks while the optics was analyzed in 15 s blocks.

lll. RESULTS

In total, 368 single bubble releases were analyzed, and
the results are discussed below. Natural frequencies were
detected between 300 and 1000 Hz, corresponding to bubble
radii between ~0.003 and 0.012 m (Fig 3).

It is useful to examine the energy released by a bubble
oscillation as the degree of variation gives us an insight into
how consistent the process is. The energy emitted during a
bubble’s oscillation varies across nearly 3 orders of magni-
tude, 107~107!'J, with a mean value of 7.5 x 10713 7J.
Plotting the energy released against the equilibrium bubble
radius [Fig. 3(a)], we see a large degree of scatter for Ry
< 0.006 m, decreasing for Ry > 0.006 m.

The initial amplitude of excitation of a bubble ranged
mainly between 10~7 and 10~®m with a mean value of 6.0
x 1077 m. Plotting R, against the equilibrium bubble radius
[Fig. 3(b)], we see a strong clustering of the data for larger
bubbles (Rp > 0.006 m) but, once again, a larger degree of
scatter for smaller bubbles (Ry < 0.006 m). Statistically, the
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FIG. 3. (Color online) The experimental results from the analysis of single
bubbles showing (a) energy released by a bubbles oscillation vs its equilib-
rium radius Ry and (b) the initial amplitude of excitation R,; vs the equilib-
rium radius. The lines of best fit are shown in red alongside the assumed
R, values in Berges ef al. (Ref. 19) in green, (c) the initial amplitude of
excitation of bubbles normalized by the equilibrium radius (y.q) vs the
equilibrium radius from this study (black) alongside results from Deane and
Stokes (Ref. 34; in blue) and other prior studies (black diamonds). Also
shown is the range of bubble sizes used in Berges et al. and this study dur-
ing passive acoustic flux inversion.
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total correlation between R and R, here, has a Pearson’s
coefficient of 0.26, a p-value of <0.001 with a trend line for
Ry and R,y expressed in m, determined using total least
squares regression (least absolute residual) of

Rui = f(Ro) = [9.608R, + 0.447] x 107°, (11)

which has a coefficient of determination of 0.99. While this
relationship is highly effective for bubbles Ry > 0.006 m with
the 10th and 90th percentiles of the estimates being within
—10% and +15% of observed values. Below Ry < 0.006 m,
there is a greater variability in the measurement points about
the regression line with a root mean square error of
2.6 x 1077 m compared to an average value of 6 x 10~" m.

IV. DISCUSSION AND APPLICATION TO THE
PANAREA CASE STUDY

A. Discussion of tank data results

There is a weak but statistically significant, positive
correlation between R, and Ry in the results here, particu-
larly, at larger bubble sizes. This contrasts with prior work
which assumes that R,y = y,.qR0 for a constant y,4. It is
important to note that the relationship developed here is an
empirical one, which is not based on a physical model, and
should only be applied to bubble sizes outside the range
tested with care. To test the validity of this relationship for
bubbles smaller than those tested here, the results are plotted
alongside those of a previous study'***** [Fig. 3(c)], where
observed bubbles ranged in size from ~0.0001 to 0.001 m.
Note that this is not a like for like comparison as the experi-
ments use different generation mechanisms: sheared bubbles
in a hydrodynamic current at 2 m water depth and releasing
bubbles from sediment. Despite the methodological differ-
ences, the trend line derived passes through the center of the
data cloud for the previous experiment and is in general
good agreement down to the smallest bubble sizes, sugges-
ting that this model is applicable across a wider range of
bubble sizes than just those studied herein.

Previous assumptions about R, were made by Berges
et al."® who used the 25th and 75th percentile of the R,o; obser-
vations of Deane and Stokes® to invert gas flux from needles
and porous stones in a test tank. Comparing our estimates of
R.; to those used by Berges et al. when inverting gas flux in
Fig. 3(b), we note that their assumption is consistent with our
R.; observation between Ry = ~0.0001 and 0.003 m, where
this is below the range of most bubble sizes observed here. This
is consistent with the previous results, only suggesting that the
error bounds provided were more conservative than necessary.
However, as (1) bubbles were released via a different mecha-
nism, meaning that R,y can be expected to vary slightly; and
(2) the bubble sizes ranged between 0.001 and 0.004 m radius,
meaning that the majority of R,y; calculations were consistent
with this study [Fig. 3(c)].

This highlights the need for researchers using acoustic
flux inversion techniques in the field to compare their natu-
ral site to that used to calibrate. How similar the range of
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FIG. 4. (Color online) The acoustic spectrogram of natural CO, as recorded in Panarea during a 10 min observation period with the radius of a bubble that

would be responsible for a given frequency displayed on the right axis.

bubble sizes, flux rates, release mechanisms (needles, sedi-
ment type, etc.), depths, or even free field conditions are
between the two will determine how accurate the R,o; esti-
mates will be. Here, an empirical linear relationship between
R,y and R( has been established for these specific experi-
mental conditions (bubbles released from course sediment
in fresh water at 2.5 m depth at a slow rate of a few bubbles
per second). The limits of the conditions under which this
relationship can reasonably predict the bubble excitation
have not been established.

While our data shows a greater variability in R, at
smaller bubble sizes, this has little impact on the accuracy
of the passive acoustic inversion technique as larger bubbles
(for whom we are able to more accurately predict R,;) dom-
inate the total volume of gas emitted (i.e., 1000 bubbles
with a radius of 0.0006 m contribute the same volume of gas
as one bubble with a radius of 0.006 m). Hence, in the field,
it is more important for flux inversion purposes to accurately
calculate R,; for large bubbles.

B. Application to data from Panarea

To test the effectiveness of the passive acoustic inver-
sion technique based on Eq. (11), the flux from data col-
lected in Panarea (see Sec. IIB) was compared to that
recorded by other techniques. A preliminary analysis of the
acoustic data revealed a strong continuous signal below
~500Hz (Fig. 4). As optical footage suggested very few
bubbles larger than 0.006 m in radius (Fig 5), fo = 540Hz
were released, we consider this low frequency noise to
likely be the result of moving sediment grains and/or distant
seeps.”” Hence, the acoustic inversion is performed between
600 and 2500Hz (corresponding to bubble radii between
0.001 and 0.005m) to avoid interference from non-bubble
related signals. The upper and lower estimates of our refined
acoustic inversion were created assuming a 15% error in
R.o; based on the 95% confidence interval.

The acoustic inversion technique employing Eq. (11)
produces a bubbles size distribution (modal bubble radius
0.0047m) similar to that produced used by Berges et al.
(modal bubble radius 0.0044 m)"® with slightly more small
bubbles reported by the old inversion technique (Fig. 5).
Optical inversion of the Panarea data measured a single peak
in the bubble size distribution at 0.0034 = 0.0006 m.

804  J. Acoust. Soc. Am. 152 (2), August 2022

The flux results of our refined inversion technique using
Eq. (11) are presented in Fig. 6 alongside prior inversion
results, assuming that yg,, is between 1.4 x 10~* and
5.6 x 107*. Our refined inversion technique estimate of the
gas flux is 3.2 = 0.6 L/min, significantly greater than that
predicted by the previous acoustic inversion technique
(0.8 = 0.7 L/min) but consistent with the mean flux value
derived via optical inversion (3.0 = 0.8 L/min). Note that the
uncertainty in the method based on Eq. (11) has reduced by
78% over that employed by the previous method (reducing
from 88% to 19%). However, the gas flux estimated by the
refined acoustic inversion is slightly higher, 5%—-8%, than
that obtained by the physical measurement taken prior to
deploying the lander (2.3 L/min). The failure of the prior
inversion technique to match other flux estimates here is due
to the larger bubble sizes seen in Panarea, since it is based
on extrapolating Ry = 0.002 m to larger bubbles [Fig. 3(d)].

The overestimate in the acoustic inversion estimates of
flux performed using more accurate values of R,y; could be
the result of, at least, two possible factors: (1) the role of
seabed and sea surface reflections and (2) secondary bubbles
oscillations after release.'”** To address the first possibility,
a model of the direct acoustic path to the hydrophone along
with the path reflecting off the seafloor to the hydrophone

— Refined Acoustic Inversion (this study)
— Prior Acoustic Inversion (Berges et al., 2015)
— Optical Measurement
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FIG. 5. (Color online) The equilibrium bubble radius distribution as esti-
mated by each technique during a 10 min period, showing the refined acous-
tic inversion technique developed in this study (red), the previous acoustic
inversion technique based on assuming that yg,q is constant: (green) and
optical inversion (blue). The upper and lower estimates of the optical mea-
surements are shown via blue dashed lines.
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was formed. This suggested that the energy of the reflected sig-
nal is <10% of the direct path, meaning its contribution to the
overall overestimation of the flux is too small to explain the dis-
crepancy. This would suggest that the most likely explanation
for our overestimate is additional bubble oscillation occurring
within the water column as bubbles merge or fragment. Wide-
area video footage at Panarea shows multiple bubbles fragment-
ing in the water column, and this evidence is reinforced when
consideration is given to the comparison of the bubble size dis-
tribution determined by optical and acoustic techniques. It may
be that large bubbles are released at the seafloor where they are
recorded by the hydrophone but not the optics, as they are out
of thr camera’s field of view. By the time the bubbles rise
~0.75m into the view of the camera, some have fragmented
into smaller bubbles, and these smaller bubbles are measured by
the optics for the first time and the acoustics for a second time,
resulting in the secondary acoustic peak alongside the optical
peak at ~0.0035m. In summary, further developments are
needed in the acoustic flux inversion code to account for this
complex bubble behavior.

As the precision of acoustic inversion techniques improve
it will become increasingly more important to quantify the effect
of secondary oscillations. To do so, researchers will need some
gauge of how frequently bubbles from the seep are fragmenting
or merging as compared to the rate of release. This almost cer-
tainly varies from seep to seep based on the number of factors,
such as the bubble size distribution, where larger bubbles are
more likely to fragme:nt,42 and the rate of release itself, with
bubbles released in rapid succession being more likely to merge
together.'” One could attempt to adapt breakup frequency equa-
tions for some indication of the rate of secondary oscillation,
however, these typically assume turbulent flows, unlike those
seen at the seep here, and does not account for bubbles merg-
ing.** Assuming that secondary oscillation is solely responsible
for our overestimate of flux, then the resulting scale factor
would be between 0.6 and 0.9.

V. CONCLUSION

To improve quantification of gas flux from natural seeps
and anthropogenic sources by passive acoustic techniques,

J. Acoust. Soc. Am. 152 (2), August 2022

FIG. 6. (Color online) The gas flux esti-
mate via each technique across the
10min period, the refined acoustic
inversion technique developed in this
study (red), the previous acoustic inver-
sion technique based on assuming that
JRad 1S constant: (green) optical inver-
sion and (blue) alongside the physical
diver measurement taken prior to
deployment (dashed black line).

500 600

we have investigated the initial amplitude of the excitation
of bubbles, R, released from coarse sediment at 2.5m
water depth, a previously unknown parameter in the inver-
sion process.

We have empirically determined a relationship between
R.; and the equilibrium radius of a bubble, R, (in m), of the
form R.o; = [9.608Ro + 0.447] x 107°.

Our data show a weak positive correlation, especially at
larger bubble sizes, and appears generally consistent with
prior investigations of smaller (<1 mm) bubbles.

We demonstrate the potential of our refined inversion
technique by inverting the flux from a natural CO, seep in
Panarea (Italy) and comparing the results to simultaneous
optical measurements. Here, we find that after filtering out
low frequency, non-bubble related noise, our acoustic flux
estimate is consistent with optical measurements and only
5%—8% larger than prior physical measurements. We iden-
tify the post release fragmentation of bubbles as a likely
explanation of minor overestimation of flux.

The 78% improvement in the precision of the acoustic
inversion technique demonstrated here will allow for the
more widespread adoption of passive acoustic techniques
for the long-term observations of natural seeps and the mea-
suring, monitoring, and verification (MMV) of secure CCS
sites.
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