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2.1. Diagram exemplifying inverse problems. An input to a system pro-
duces an output, this is the forward problem. The output represents
the measurements that are collected with inevitable errors. Solving
the inverse problem consists on determining either the system or the
input. In this thesis, input quantities are sought and the system is
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2.2. Comparison of solutions computed with different amount of regular-
ization for the inverse problem described by Leighton and White [61]
and recalled in chapter 4. The results are computed using Tikhonov
regularization with α being: over regularized (dashed grey line); un-
der regularized (solid grey line); optimally regularized (using GCV
criterion, thick solid grey line). The thick solid black line is the ref-
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2.3. Example of optimization of the regularization parameter α using the
L-curve criterion. (a): Solution norm ‖xα‖ versus residual norm
‖Axα − b‖. The optimized α is found at the corner of the plot-
ted curve. (b): Curvature function Ĉ (α) of the curve plotted in (a)
versus α. The optimized α is found at the maximum of the curvature
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2.4. Example of optimization of the regularization parameter α using the
GCV criterion. With the GCV function Υ (α) plotted against α, the
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3.1. Resonance frequency f0 of a gas bubbles in water versus bubble sizes
at different depths: z = 10m (thin grey line); z = 100m (thin black
line); z = 1000m (thick grey line); z = 10000m (tick black line). . . . 20
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3.2. Damping coefficients versus bubble size R0 within an acoustic field
driven at fd = 30 kHz at a depth z = 10 m. The solid black line
is βth, the solid grey line is βvis, the dashed black line is βac and
βtot is represented by the thick dashed grey line. For different R0,
βtot is dominated by different damping mechanisms (thermal, viscous,
acoustic). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.3. Measures of Rε0i/R0 for bubbles fragmented in sheared flow in fresh
and salt water. Data were kindly provided by Grant Deane and are
published in [82]. (a): Rε0i/R0 versus R0 for salt (black dots) and
fresh water (grey dots). (b): Mean values (circle markers), 75th and
25th percentiles (diamond markers) of Rε0i/R0 for: Salt water; fresh
water; combining all data points; combining all data points with R0 <

0.5 mm; combining all data points with R0 > 0.5 mm. . . . . . . . . . 27

3.4. comparison of backscattering cross sections σbs for gas bubbles, tung-
sten carbide spheres [94, 95] and for large spheres when neglecting
constituents of the object [93, chapter 9] (σbs = a2/4 , rigid sphere
high frequency limit). This plot exemplifies two regimes: ka� 1 with
resonance (for the gas bubble only) and Rayleigh scattering; ka� 1
with geometrical scattering. . . . . . . . . . . . . . . . . . . . . . . . 30

3.5. (a): Comparison of different models for σbs: breathing mode solution
(thin dashed red line, Equation 3.31); Thuraisingham model (thin
grey line, Equation 3.32); modal solution (thick black line, Equation 3.34).
The breathing mode solution is only valid at kR0 � 1 (key assump-
tion of the analytical expressions in Equation 3.31). At kR0 � 1,
Equation 3.31 models σbs accurately because the contribution of the
breathing mode dominates other the contribution of other modes.
However, Thuraisingham model shows that the contribution of the
breathing mode is decreasing significantly with increasing kR0. At
kR0 � 1, the modal solution (Equation 3.34) estimates best σbs be-
cause it sums the contribution of all modes. However, Equation 3.34
does not account for damping effects (section 3.4) that are important
for the modelling of σbs around the resonance. (b): Comparison of
σbs (computed using Equation 3.31) for different depths: 10 m (thick
black line); 100 m (thin black line); 1000 m (thin grey line). The
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4.1. (a): schematic of the experimental set up. Acoustic emissions of gas
bubbles were recorded using a calibrated hydrophone with an internal
data acquisition unit. Bubbles were released using a nitrogen gas
bottle and the bubble generation systems: a bubbling stone (b) and
an array of needles (c). The flow rates were acquired using a mass
flow meter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2. Sound pressure levels from acoustic emissions from bubbles at dif-
ferent regimes (Table 4.1) recorded at 10 different distances. Black
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4.4. (a): Plot of the bubble generation rates Ψ obtained from the inversion
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Abstract

The acoustic remote sensing of subsea gas leakage, applied to the monitoring of
underwater gas discharges from anthropogenic and natural sources, is becoming
increasingly important. First, as the oil and gas industry is facing increasing regu-
lation, there is a need to put more control in the industrial process and to assess the
impact on the marine environment. The applications are diverse, including: early
warnings of "blow-out" from offshore installations, detection of leaks from under-
water gas pipelines, gas leakage detection from Carbon and Capture and Storage
facilities (a process aimed at mitigating the release of large quantities of CO2 in the
atmosphere), and seabed monitoring. Second, this technology has a role to play in
oceanography for a better understanding of natural occurrences of gas release from
the sea floor such as methane seeps. This is of major importance for the assessment
of the exchange of gas between the ocean and the atmosphere with application to
global warming. All those phenomena involve the formation and release of bubbles
of different sizes. These are strong sources and scatterers of sound. Within this
context, this thesis draws on a two part study.

The first part experimentally addresses the accuracy of a passive acoustic in-
version method for the quantification of gas release. Such a technique offers the
advantage of lower power requirements for long term monitoring. It is common
practice for researchers to identify single bubble injection events from time histories
or time frequency representations of hydrophone data, and infer bubble sizes from
the centre frequency of the emission. This is well suited for gas release at a low flow
rate, involving solitary bubble release. However, for larger events, with overlapping
of bubble acoustic emissions, the inability to discriminate each individual bubble
injection events makes this approach inappropriate. Using an inverse method based
on the spectrum of the acoustic emissions allows quantification of such releases with
good accuracy. The inverse scheme is tested using data collected in a large test tank
and data collected at sea during the QICS (Quantifying Impacts of Carbon Storage)
project.
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The second part of the thesis addresses the problem of quantifying gas releases
using active acoustics. Single beam echosounders are commonly used instruments
in fisheries acoustics. When investigating gas release from the seafloor, they are
frequently employed to study the spatial distribution of the gas releases. However,
few studies make use of these data to quantify the amount of gas being released.
Here, using the common multi-frequency ability of these systems, an inverse method
aimed at determining gas volumes is developed. This is tested against simulated data
and the method shows good performances in scenarios with limited data sets (data
collected at limited number of frequencies). Then, using data collected at sea from
methane seeps to the west of Svalbard (from two research cruises), the method is
applied and compared to independent measurements of gas fluxes.
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Nomenclature

α regularization factor for Tikhonov method

αw sound absorption in water

ε̄ % error relative to reference volume

β0 bubble damping factor accounting for non acoustic mechanisms

βac bubble damping factor accounting for acoustic mechanisms

βth bubble damping factor accounting for thermal losses

βtot bubble total damping factor

βvis bubble damping factor accounting for viscous losses

σbs backscattering cross section matrix

δac bubble dimensionless damping factor accounting for acoustic mech-
anisms

δth bubble dimensionless damping factor accounting for thermal losses

δtot bubble dimensionless total damping factor

δvis bubble dimensionless damping factor accounting for viscous losses

ε quantity associated with the derivation of σbs (backscattering cross
section)

ηs shear viscosity

ηth thermal viscosity
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ηl Coefficient associated with the derivation of the form function of a
rigid sphere
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ρ̂ ρ̂ = logρ
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λg gas thermal conductivity

λl liquid thermal conductivity

A system’s kernel matrix (associated with the description of inverse
problems)

b vector containing outputs of the system (associated with the descrip-
tion of inverse problems)
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g vector associated with derivation of Levenberg-Marquardt L-curve
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M singular values matrix (SVD of A)

N bubble size distribution (BSD) matrix
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x vector containing inputs of the system (associated with the descrip-
tion of inverse problems)

xα/Λ vector containing inputs of the system solved through Tikhonov reg-
ularization (α parameter) or Levenberg-Marquardt least squares (Λ
parameter)

L target acoustic length

TS Target strength

UND under-determination parameter

x input of the system (associated with the description of inverse prob-
lems)

µX mean of the random variable ln(X)
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ν variable associated with the description of inverse problems

ω angular frequency

ω0ac acoustic contribution to bubble angular resonnance frequency

ω0phys bubble angular resonnance frequency excluding acoustic contribution

ω0 bubble angular resonnance frequency

ωd driving angular frequency

φ phase of the pulse of bubble passive acoustic emission

Ψ bubble generation rates matrix containing the elements of ψ

ψ bubble generation rates in radius bins

ψA bubble generation rates per unit bubble radius, per unit area, per
second

ρ square of residual norm ρ =
∥∥∥Axα/Λ − b

∥∥∥2

ρgA density of free gas at sea level

ρg density of gas medium

ρl density of liquid medium

ρs density of solid medium

σ liquid surface tension

σl lth singular value (SVD of A)

σbs backscattering cross section

σsp spherical scattering cross section

σX variance of the random variable ln(X)

θ−3dB echosounder beam angle

θchi parameter of Chi distribution
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Υ GCV function associated with Tikhonov regularization

ϕ
[α]
l lth filter factor associated with Tikhonov regularization (parameter

α)

ξ square of solution norm ξ =
∥∥∥xα/Λ∥∥∥2

ζj quadrature factors (associated with the description of inverse prob-
lems)

A kernel function associated with the description of inverse problems

a spherical target radius

A−3dB echosounder footpring area

A1,2 Coefficients associated with the derivation of the form function of a
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1. Introduction

1.1. Background

The monitoring of subsea gas leaks from anthropogenic and natural sources is becom-
ing increasingly important. This applies not only to the detection of gas emissions
(e.g. in order to alert pipeline users to a leak) but also in terms of quantification
in order to assess gas fluxes (e.g. in order to assess the growth rate of a leak and
inform judgement of when to deploy costly intervention). From the seafloor, gas es-
caping underwater originates from the migration of gas through the sediments and
diffuses in the water column either as dissolved gas or as a free gas. In the later, this
takes the form of bubbles that, on release into the water column, generate specific
acoustic pressure fluctuations [1] and can scatter sound very efficiently [1–3]. The
size and structure of those releases vary from small bubble streams to larger bubble
clouds. Depending on the flow rate regime (i.e. the size of the leak), various factors
contribute to the acoustic emission or the response to a sound wave. In this study,
the sound emission or response to sound is assumed to be due to the contribution
of gas bubbles generated by the leak. If the flow rate of a leak is sufficiently high,
other sources (e.g. jetting noise) are likely to dominate over the acoustic contri-
bution from the bubbles. There is two main reasons for studying such releases.
First, there is a need to better characterise gas release mechanisms and amplitudes
from natural sources. Second, monitoring requirements for underwater leaks from
industrial facilities is increasing.

As the oil and gas industry is facing increasing regulation with respect to mar-
ine environmental pollution, there is a need for increased monitoring and control
in the industrial processes [4]. In the context of global warming, the control of
greenhouse gas emissions to the atmosphere and the ocean is likewise a high pri-
ority. Recently, the IPCC working group I (Intergovernmental Panel on Climate
Change, working group reporting on the physical science basis of climate change)
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Chapter 1 Introduction

reported with more than 95% confidence that observed global warming is induced
by anthropogenic activities [5–7]. Consequently, the development and maturing of
technologies that allow mitigation of the release of greenhouse gases in the atmo-
sphere has become key over the past decade [8] and the need for the development of
monitoring technologies and strategies for these mitigation processes has increased.
With greenhouse gas mitigation facilities involving undersea operations, gas leaks
are a real possibility (i.e. release of gas bubbles) and monitoring using acoustic
technologies could be a powerful tool as gas bubbles are found to be strong sources
and scatterers of sound [1].

Various technological options to reduce net emissions of CO2 have been iden-
tified [9, 10] and Carbon Capture and Storage (CCS) is to date a promising techno-
logy. A complete end-to-end CCS system captures CO2 from large stationary point
sources, transports and injects the compressed CO2 into a suitably deep (typically
more than 800 m below the surface) geologic structure. During or after the injec-
tion has stopped, Measurement, Monitoring and Verification (MMV) operations are
performed to control the safety, efficacy and permanence of the reservoir. There is a
body of literature that is growing about strategies for MMV operations associated
with large-scale deployment of CCS because it is important to develop the CCS tech-
nology to a stage where the confidence is high. This is important in order to control
the industrial process but also to achieve public acceptance [11, 12]. Although there
are five large end-to-end commercial CCS facilities in operation around the world to
date, in 2013 CCS facilities were not deployed at a large scale [9]. In the UK, there
are plans to deploy CCS on a large scale in the 2020s [13].

For CCS facilities, potential gas escapes are of primary concern because this
represents a key parameter of the long-term integrity of the CO2 storage site. There-
fore, technologies are needed in order to detect gas leaks of different sizes. This
implies methods able to quantify uncontrolled release of gas accurately [14]. In this
study, two methods using acoustics are described and their potential application
for CCS monitoring is examined. In addition, the method using passive acoustics
is deployed during a large scale at sea experiment mimicking gas leakage from a
CCS facility. From these data, the accuracy and workability of the passive acoustic
method is addressed.

Natural occurrences of gas release are relevant for various reasons. Examples
include earthquakes that can be preceded by significant bubble release from the sea
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floor, which has been proposed as an indicator of such events [15–17]; the melting
of growlers in Arctic regions in the form of gas bubbles [18, 19]; and methane seeps
from methane hydrate dissociation [20, 21]. In this study, it is methane seeps that
are of interest. This has raised interest among oceanographers because of concerns
regarding climate change. There is therefore collective researchers that endeavoured
to better understand hydrocarbon gas releases as they play an important role in
the carbon cycle [20, 21]. Following several decades of interest in gas flux from
the atmosphere into the upper ocean layer, and vice versa [22, 23], in recent years
there has been growing interest in the climate importance of gas flux into the ocean
from the sediment. Such natural gas releases are believed to contribute as a positive
feedback for global warming [24, 25]. An increase of ocean temperature due to global
warming would cause gas hydrate dissociation and then release of methane gas from
the sea floor [24, 25]. This increased release of methane in the water column is of
concern for amplified global warming but also for ocean acidification [26]. Recently,
the IPCC identified that seabed emissions of CH4 are poorly understood and requires
further investigation [6]. Such gas release results in subsequent emissions to the
atmosphere in the form of CO2 due to oxidation in the water column [7, 27]. Robust
and reliable methods able to provide order of magnitude estimates at a low cost are
needed and would help furthering the current understanding on the role these natural
occurrences have on global warming.

For both anthropogenic and natural gas releases, temporal variability is of
importance. The rate of the leakage can change because of increased gas injection
from the reservoir or because of environmental parameters. For example, tidal
heights can influence the rate at which the gas is being released by several orders of
magnitude [28–35]. Berndt et al. [36] recently suggested that long term monitoring
of methane seepage to the west of Svalbard is needed in order to assess methane
hydrate dissociation in this region because of potential large changes in flow rates
over time due to various environmental effects.

Within this context, this study investigates two methods for the monitoring
of gas releases in the form of bubbles: a method using active acoustics; a method
using passive acoustics. Both methods use established numerical methods for solving
inverse problems in order to determine gas fluxes. Gas fluxes are the quantities that
are sought. In order to better characterize gas leaks, there is a need to combine
different techniques that can work locally and at a larger scale for long and short
term monitoring. Here, the active and passive acoustic methods described are shown
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to be a complementary mean of performing these different types of monitoring.

Active acoustic techniques have frequently been used to locate and produce
sonar images of, for example, methane plumes [20]. Because bubbles scatter sound
efficiently [1], these systems are powerful tools to locate gas releases in the form
of bubbles. In addition, active sonar holds the potential to produce quantitative
estimates of these releases [28, 37–42]. Here, data from single beam echosounder
instruments firstly designed for fisheries acoustics applications [43, 44], are used.
From these data, a novel inverse scheme inspired from fisheries acoustics is described
and is aimed to provide assessment of gas fluxes from sonar images of plumes.

Usually, quantification from sonar images of gas plumes only provide a snap-
shot in time and the temporal variability of the gas release is not determined
[28, 37, 38, 40, 41]. Though active acoustic sonars can be used to monitor gas
leaks over time [45, 46], the feasibility of these systems is compromised by their
high electric power requirements and they are consequently only deployed over lim-
ited periods of time. For example, in the case of methane seeps, the study of the
temporal variability has only been sparsely measured [34, 36]. Passive emission of
gas releases are dominated by the sound of bubbles and this can be acquired at low
power cost with relative operational ease using hydrophones. Based on such data
set, an inverse method is described here in order to convert the acoustic emissions
into quantitative assessments of flow rates, allowing ones to track changes in flow
rate in real time over long periods of time.

In this study, data collected during laboratory experiments are presented to-
gether with data collected at sea over three research expeditions. These were:

• Research cruise JR253 [47]: research cruise to the west of Svalbard from 26th

July to 25thAugust 2011.

• Research cruise HE387 [48, 49]: research cruise to the west of Svalbard from
20th August to 10thSeptember 2012.

• Project QICS (Quantifying Impacts of Carbon Storage) [50]: project that
consisted on controlled CO2 gas release from the seabed. This was aimed
at evaluating the impact of potential leaks from CCS (Carbon Capture and
Storage) facilities. The gas release phase was conducted from 17th May to 22nd

June 2012 near Oban (Scotland).
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1.2. Thesis outline

This thesis is divided into eight chapters. The first chapter provides a literature
review that highlights the relevance of this study in the context of gas leak monit-
oring to date (chapter 1). Because inverse methods are used throughout this study,
chapter 2 is dedicated to describe the methods that are used in this thesis in order
to solve the various numerical inverse problems. This includes theoretical considera-
tions of inverse problems with the need for regularization to mitigate ill-conditioness
issues. Two formulations of inverse problems including parametrization of the solu-
tion are drawn out (Tikhonov regularization [51] and Levenberg-Marquardt least
squares [52]). Then, two methods for optimizing the parametrization of the two
inverse methods are outlined (Generalized Cross Validation and L-curve [51, 53]).
In chapter 3, theory of bubbles related to acoustics is introduced and constitutes
the theoretical basis for the following chapters. First, bubble size regimes will be
described in order to clarify various assumptions made throughout this thesis. Then,
equations for damping and natural frequencies of spherical gas bubbles are provided,
followed by threads discussing passive acoustic emissions and scattering strength
from single bubbles. These two last items are the basis of the active and passive
acoustic inversions performed within chapters 4, 5, 6 and 7.

Following the theoretical background (chapters 2 and 3), chapter 4 describes
an inverse problem based on the passive acoustic emissions of gas bubbles. This
inverse scheme is used to estimate gas flow rates. First, theoretical developments
are given. Then, results from a laboratory experiment are presented. This outlines
the process whereby amounts of gas are injected in a large water tank using two
different injection systems and the acoustic emissions are recorded. The comparison
of flow rates inferred from acoustics with direct measurements of the amount of
injected gas addresses the accuracy of the method. This laboratory trial constitutes
a validation exercise for the deployment of hydrophones in the framework of the
QICS project (aimed at investigating the potential impact of gas leaks from CCS
facilities). During this project, over a period of 7 days, acoustic emissions of gas leaks
were recorded. Using the passive acoustic inversion, gas flow rates are estimated.
Procedures and results of this trial are reported in chapter 5.

Primary data set of gas leaks from the seabed usually consists of single beam
echosounder data. In particular, calibrated acoustic systems with multiple frequency
channels are of interest here. These are useful for detection but are only sparsely
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used to give quantitative assessments of gas volumes. In chapter 6, an inverse scheme
based on the backscattering from gas bubbles at multiple frequencies is described.
Drawing on simulated data from different bubbles size distributions from the lit-
erature [54, 55], the accuracy of the method is examined. More specifically, the
efficiency of the method for a limited number of frequency channels is investigated.
The three frequencies inversion case is the most limited but is found to give ac-
curate estimates depending on the bubble size distribution. Also, a two frequency
scheme is described and tested. Then, using data from 2 research cruises (JR253,
HE387), these active acoustic inverse methods are applied. Procedures and results
are presented in chapter 7. This chapter shows the potential use of these methods,
i.e. the ability to track changes in flow rates in the water column or to give order
of magnitude of gas fluxes along with their spatial variability.

Finally, conclusions are drawn in chapter 8 on the use of the passive and active
acoustic techniques described in this thesis, summarizing their individual advantages
and disadvantages. Discussion on how the research undertaken in this thesis could
be furthered is provided as concluding remarks.
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2.1. Introduction

So called inverse problems are those that use direct measurements to determine
indirectly information on a system (whether the input of the system or the system
itself, Figure 2.1). This is largely applied in physics and applications are various,
spanning domains such as remote sensing of the atmosphere [56] or reconstruction
of blurred images [51]. Applied to underwater acoustics, this has applications to
e.g. acoustic tomography or localization [57, 58]. In this study, gas quantification
is attempted using two inverse approaches: based on the acoustic emissions of gas
bubbles (chapters 4 and 5); based on measurements of the acoustic backscattering
from gas bubbles (chapters 6 and 7). The subject of solving inverse problems is, for
example, covered extensively by Hansen [51, 59] or Doicu [56]. This study will use
two established methods. In this chapter, theoretical development will be outlined in
order to provide background for the calculations presented in the following chapters.

A problem dependent on 2 variables s and ν is considered (known as a Fredholm
integral of the first kind) and defined as:

ˆ
A (s, ν) x (ν) dν = b (s) , (2.1)

with b (s) representing the measurable quantity and x (ν) the input of the system
(the sought quantity). The quantity A (s, ν) is the kernel of the problem, i.e. where
the modelling of the physical process is incorporated. Equation 2.1 defines the
continuous forward problem and to assist with solving it, a discretized form is sought.
Defining the variables at discrete points νj j = 1, . . . , n and sj j = 1, . . . ,m, the
problem can be approximated as a system of linear equations:

Ax = b, (2.2)
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Input OutputSystem

Known but subjected to 
measurement errors

One of these is known and the other 
constitutes the problem's unknown

Forward problem

Inverse problem

Figure 2.1.: Diagram exemplifying inverse problems. An input to a system pro-
duces an output, this is the forward problem. The output represents the meas-
urements that are collected with inevitable errors. Solving the inverse problem
consists on determining either the system or the input. In this thesis, input
quantities are sought and the system is where modelling is involved.

with b the vector containing the measurements, the kernel matrix Ajl = ζlA (sj, νl)
and x = x (νj) the discrete values of the input of the system (sought quantity).
When constructing the discretized kernel matrix Ajl, ζl is the quadrature factor
that is used to approximate the continuous problem to a discrete form. For easiness
of use, the midpoint rule is used here, ζl = νmax − νmin

n
and represents the spacing

between each ν linearly spaced bins. Other approaches for discretization exist and
are extensively described by Hansen [51, chapter 3] or Doicu [56, chapter 2]. Three
cases arise when approximating the problem at discrete points:

• m > n: in this case, the problem is under-determined with less measurements
than discrete bins for x.

• m < n: in this case, the problem is over-determined with more measurements
than discrete bins for x.

• m = n: in this case, the problem is square with an equal number of measure-
ments and discrete bins for x.

Square and under-determined problems are of interest later in this thesis. Square
inverse problems are constructed for the passive acoustic inversion in chapter 4 and

8



2.2 Solution methods

chapter 5. In chapter 6 and chapter 7 (active acoustic inversion), because of the
limited number of measurements for each inversion process, the inverse problem is
considered as squared and under-determined.

The level of noise in the measurements depends on the problem considered
[51] and the measurement vector can be expressed as b = bexact + e = b (sj) with e
a vector that represents errors in the measurement vector b. When solving inverse
problems, because small perturbations in b (e.g. due to measurement errors and ill-
condition of the kernel matrix A) produce high perturbations in x, the naive solution
x = A−1b does not solve the problem accurately and formulations that lessen the
sensitivity of the computed solution are needed [51]. Various solution methods exist
in the literature [51, 56, 60] and their performances are dependant upon the for-
mulated problem [51]. Throughout this study, two solution methods are used: Tik-
honov regularization and Levenberg-Marquadt least squares. Leighton and White
[61] found that Tikhonov regularization is suitable to solve the passive acoustic inver-
sion described in chapter 4 and chapter 5 (square problem). Levenberg-Marquardt
least squares is shown to be efficient at solving the active acoustic inversion [60, 62]
described in chapter 6 and chapter 7 (square/over-determined problem). The two
solution methods are expended on in the following sections.

2.2. Solution methods

Tikhonov regularization The Tikhonov regularization (or ridge regression) allows
one to compute x, enforcing regularity of the solution through the regularization
factor α. This quantity controls the balance between the norm of the solution ‖x‖
and the norm of the residual ‖Ax− b‖. The problem in matrix form is commonly
expressed as [51]:

xα =
(
AtA + α2In

)−1
Atb (2.3)

with In the identity matrix of size n×n and xα the solution vector obtained with the
regularization factor α. The choice of the regularization parameter α takes different
forms [51, chapter 5].

The passive acoustic inverse problem described by Leighton and White [61]
(of interest in chapter 4 and chapter 5) is used to illustrate the effect of different
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Figure 2.2.: Comparison of solutions computed with different amount of regulariz-
ation for the inverse problem described by Leighton and White [61] and recalled in
chapter 4. The results are computed using Tikhonov regularization with α being:
over regularized (dashed grey line); under regularized (solid grey line); optimally
regularized (using GCV criterion, thick solid grey line). The thick solid black line
is the reference distribution.

levels of regularization in Figure 2.2. The data that are inverted are simulated with
a moderate amount of noise. The inverse scheme used to obtain the solution is
extensively described in chapter 4. In this particular problem, the solution vector
xα represents the rate of generation of bubbles of different sizes. With the reference
distribution represented as the thick solid black line, Figure 2.2 shows the regu-
larized solution computed when α is too small (thin solid grey line) or too large
(thin dashed grey line). Using an optimal amount of regularization through the
Generalized Cross Validation criterion (GCV, section 2.3), the initial distribution is
recovered with good accuracy (thick solid grey line). With decreasing α, the solu-
tion xα tends to the solution x = A−1b (α = 0) where small perturbations in b
lead to large perturbations in the solution. This is observable in Figure 2.2 where
the low regularization case exemplifies large spikes and high frequency oscillations.
With large α, the solution is smooth but scaled down compared to the reference
distribution. It can be noted that a constraint on the positivity of the solution xα
can be added when optimizing the regularization parameter α.
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Levenberg-Marquardt A second approach for solving the inverse problem (Equation 2.2)
is described here with the Levenberg-Marquardt least squares [52, 60, 62]. This
method is used in chapter 6 and chapter 7. Extended theoretical developments are
addressed for example by Lawson and Hanson [52, Chap. 25] or by Greenlaw and
Johnson [60]. This technique offers advantages for solving under-determined prob-
lems and has for example been applied for the determination of zooplankton popula-
tions from echosounder data [43, 60, 62–64]. The inverse problem as in Equation 2.2
is modified to include the Levenberg-Marquardt parameter Λ:

 b̂
0

 =
 Â

Λ
∥∥∥Â∥∥∥ In

xΛ, (2.4)

with the modified kernel matrix Â = Ajl/bj and the new measurement vector b̂ =
bj/bj. In Equation 2.4, the solution vector xΛ is dependent upon the Levenberg-
Marquardt parameter Λ that controls its stability. In an expanded and more explicit
form, Equation 2.4 is:

m


n





1
...
1
0
...
0


=

m


n





ζ1A (s1, ν1) /b (s1) · · · ζnA (s1, νn) /b (s1)
... . . . ...

ζ1A (sm, ν1) /b (sm) · · · ζnA (sm, νn) /b (sm)
Λ
∥∥∥Â∥∥∥ · · · 0
... . . . ...
0 · · · Λ

∥∥∥Â∥∥∥


︸ ︷︷ ︸

xΛ

n

.

(2.5)

Solutions to this problem can be computed using least squares algorithms. In
chapter 6 and chapter 7, a positivity constraint is needed when solving the inverse
problem and this issue is addressed by using the non negative least squares algorithm
(NNLS) as described by Lawson and Hansen [52, chapter 23].

The Levenberg-Marquardt formulation in Equation 2.5 leads to a non-squared
problem. This is a consequence of adding zeros to the measurement vector, making
it of size (m+ n) × 1 and the component Λ

∥∥∥Â∥∥∥ In to the kernel matrix, making it
of size (m+ n)× n. This formulation gives robustness against under-determination
of the problem [52, 62]. The level of under-determination is introduced with the
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under-determination parameter UND. Defining, n = UND ×m, UND controls the
number of discretized size bins for ν, having it equal of greater than the number of
measurement points. Then, by increasing UND, it artificially enhances the resolution
of the solution xΛ but as UND increases, the stability of xΛ decreases [52, 60, 62].
The optimized amount of under-determination is specific to each inverse problem
[52]. For example, in the case of biovolume zooplankton estimations from single
beam echosounder data, Lebourges-Dhaussy and Ballé-Béganton [62] find an optimal
value of UND = 4.

2.3. Choosing the regularization parameter

Methods described in section 2.2 are formulations of Equation 2.2 that allow one to
control the behaviour of the computed solution with a parameter: α for Tikhonov
regularization; Λ for Levenberg-Marquardt least squares. Two methods for comput-
ing these parameters are described here: the L-curve criterion; the GCV criterion.
While the L-curve can be used for both Tikhonov regularization and Levenberg-
Marquardt least squares, the formulation for the GCV criterion given here only
applies to the Tikhonov regularization.

L-curve The L-curve criterion consists of minimizing the solution norm ‖x‖ to-
gether with the residual norm ‖Ax− b‖. This commonly used technique is referred
as the L-curve criterion because when plotted in a log-log space, this consists on
finding the corner of the curve that forms an “L” shape [53]. Figure 2.3(a) shows
the L-curve criterion as used to compute the optimized solution in Figure 2.2. It
can be observed that the optimized α is found at the corner of the curve. From a
mathematical perspective, finding the corner of the curve corresponds to finding the
maximum curvature of

(
log

∥∥∥xα/Λ∥∥∥ , log
∥∥∥Axα/Λ − b

∥∥∥). Defining ξ =
∥∥∥xα/Λ∥∥∥2

and
ρ =

∥∥∥Axα/Λ − b
∥∥∥2

the curvature function C is given by:

C (α) = ρ
′
ξ

′′ − ρ′′
ξ

′(
(ρ′)2 + (ξ′)2

)3/2 , (2.6)

with the symbols ′ and ′′ denoting derivation with respect to the parameter α or
Λ. Introducing ξ̂ = logξ and ρ̂ = logρ, the first and second derivatives of these
quantities are then:
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ξ̂
′ = ξ

′

ξ
, ξ̂

′′ =
ξ

′′
ξ −

(
ξ

′
)2

ξ2

ρ̂
′ = ρ

′

ρ
, ρ̂

′′ =
ρ

′′
ρ−

(
ρ

′
)2

ρ2

, (2.7)

and from Equation 2.6 the corresponding curvature function Ĉ in log-log space is:

Ĉ = 2× ρ̂
′
ξ̂

′′ − ρ̂′′
ξ̂

′(
(ρ̂′)2 +

(
ξ̂′
)2
)3/2 . (2.8)

The optimization of parameters α and Λ is computed from the calculation
of the terms ρ′ , ρ′′ , ξ′ , ξ′′ for the case of Tikhonov regularization and Levenberg-
Marquardt methods. As a function of α and Λ, these terms are derived in Appendix B.
The curvature function of the curve shown in Figure 2.3(a) is displayed in Figure 2.3(b).
This shows the optimized value of α as the maximum of Ĉ.

Generalized Cross Validation (GCV) The GCV is a statistical technique for the
optimization of the regularization factor α. Separating the measurement vector b
into two sets of data, one is used to compute a solution which is then used to predict
the elements in the other set. Such process is repeated, separating b differently each
time. The resulting α is the one that optimizes best all the combinations. In the
specific case of Tikhonov regularization the GCV criterion can be reduced to a
function of α [51]:

Υ (α) = ‖Axα − b‖2(
m− tr

(
A (AtA + α2In)−1 At

))2 . (2.9)

The optimization of α through the GCV criterion for the problem shown in
Figure 2.2 is displayed in Figure 2.4 with the optimal α found at the minimum of
Υ (α). In the case of the example in Figure 2.2, the L-curve and GCV criteria both
give the same optimized regularization factor. In the case of Tikhonov regularization,
a positivity constraint can be implemented by enforcing each element in xαto be
positive when computing Υ (α) or Ĉ (α). This constraint is implemented when
solving the inverse problems throughout this thesis because the final result of the
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optimized α is found at the corner of the plotted curve. (b): Curvature function
Ĉ (α) of the curve plotted in (a) versus α. The optimized α is found at the
maximum of the curvature function.
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inverse methods consists on distributions of bubble sizes. As negative distributions
are not physically representative, the solutions are taken to be positive or equal to
0.

2.4. Summary

In this chapter, two methods for solving inverse problems are presented: Tikhonov
regularization; Levenberg-Marquardt least squares. Each method is controlled by a
parameter (α, Λ) that defines the stability of the solution and two methods are given
to optimize these parameters: the GCV criterion; the L-curve criterion. Futher in
this thesis, the GCV criterion is used to optimize α when solving Tikhonov regu-
larization because of its computing efficiency and easiness of implementation. For
Levenberg-Marquardt, the L-curve criterion is used to compute Λ. The main dif-
ference between regularization and least squares methods for solving the inverse
problem is that regularization methods assume a smooth solution [51]. It is known
that the performance of a solving method is dependent upon the inverse problem
considered [51, 59] because each method offers benefits at the cost of drawbacks.
Choosing between the different solving schemes can contain a certain degree of sub-
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jectivity. While Tikhonov regularization is shown to be efficient at solving the pass-
ive acoustic inverse problem (chapter 4) [61], Levenberg-Marquardt has been used
for year for solving the active acoustic inverse problem considered here (chapter 6)
[60, 62, 65–68]. These solution methods are used as follows throughout this thesis:

• chapter 4 and chapter 5: use of Tikhonov regularization (with GCV criterion).

• chapter 6: Tikhonov regularization (with GCV criterion) and Levenberg-Marquardt
least squares (with L-curve criterion) methods are compared in this chapter.
Because Levenberg-Marquardt least squares are shown to perform better, it is
used throughout for solving the active acoustic inverse problem.

• chapter 7: use of Levenberg-Marquardt least squares (with L-curve criterion).

In chapter 3, theoretical developments are given for the models used to build the
kernel matrices for the inverse problems considered later in this thesis.
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3. A review of the acoustics of gas
bubbles

3.1. Introduction

The subject of this thesis is the study of gas release in the form of bubbles, aiming
at quantifying them using active and passive acoustics. Gas releases often take the
form of bubbles and their interaction with acoustic fields is of interest in this section.
Theoretical basis is given here and is used in the following chapters. First, bubble
size regimes are described, helping giving consistency in assumptions being made
when relating bubbles with the acoustic field. Then, expressions for the natural
frequency and damping of a spherical gas bubbles are given. Using these, the spec-
trum of the acoustic emission of a single gas bubble is derived and forms the basis
for the inversion method presented in chapter 4 and chapter 5. Lastly, models for
the scattering cross section of a gas bubbles are given together with discussion about
their limitations. This is of importance for chapter 6 and chapter 7. Throughout
this section, parameters used to produce the various figures are listed in Appendix E
and are chosen as typical for sea water (surrounding medium) and air (gas in the
bubble). The speed of sound in water cl is calculated using Lovett equations [69] and
density ρl, vapour pressure pv, shear viscosity ηs and surface tension σ are calculated
using formulas given by Siedler and Peters [70]. These make use of the following
parameters: salinity Sl; temperature Tl; depth z.

3.2. Bubble size regimes

When discussing acoustic interaction with bubbles, many assumptions are usually
undertaken by for example considering “small” or “large” bubbles relative to different
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Chapter 3 A review of the acoustics of gas bubbles

aspect. Recently, Ainslie and Leighton [3] clarified these assumptions by proposing
quantities for the bubble size in the acoustical, thermal, viscous and Laplace pressure
senses. This are expressed as specific length scales that are the following:

• The acoustic length scale lac corresponds to the acoustic wavelength and is
expressed in terms of the driving angular frequency ωd = 2πfd (fd being
the driving frequency of the acoustic field) and the speed of sound in the
surrounding liquid cl as:

lac (ωd) = 2πcl

ωd
. (3.1)

• The viscous length scale lvis, in terms of the shear viscosity ηs, the surrounding
medium density ρl and the driving frequency ωd is:

lvis (ωd) =
√

2ηs

ρlωd
. (3.2)

• The thermal length scale lth or thermal diffusion length is given by:

lth(ωd, R0) =
√
Dg (R0)

2ωd
, (3.3)

with Dg being the thermal diffusivity of the gas inside the bubble that can be
expressed in terms of the specific heat capacity at constant pressure Cp,g, the thermal
conductivity of the gas λg and the gas density inside the bubble ρg:

Dg (R0) = λg

ρg (R0)Cp,g
. (3.4)

According to Clay and Medwin [71, (A6.1.24)]:

ρg (R0) = ρgA

(
1 + 2σ

p0R0

)
(1 + 0.1z) , (3.5)

with ρgA the density of free gas at sea level, p0 the ambient pressure, σ the liquid
surface tension and z the depth.

• The Laplace radiusRLaplace (the equilibrium bubble radius at which the Laplace
pressure is equal to the equilibrium surrounding medium pressure) is:

RLaplace = 2σ
p0
. (3.6)
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3.3 Natural frequency

3.3. Natural frequency

As a bubble is released into the water column, it undergoes fluctuations in its volume
which efficiently radiates sound [1]. These oscillations decay with time and so the
detectable acoustic emission has a finite duration. The bubbles will be assumed to
be spherical and these volume changes result from oscillations of the bubble radius
R about the equilibrium radius R0. The natural frequency relates to the radius R0

which has been used for decades to count and size bubbles in laboratories, and even
in the natural world for studies of waterfalls [72], wave-breaking and rain at sea
[73, 74], and methane seeps [75].

A theory for the bubble natural frequency f0 was first proposed by Minnaert
[76] as a function of the equilibrium radiusR0, assuming a spherical bubble in a liquid
undergoing low amplitude simple harmonic motion. Adding the assumptions that
the gas inside the bubble behaves adiabatically and that bubbles are acoustically
small, R0 � lac (commonly stated as kR0 � 1, with k = ωd/cl the wavenumber),
the “Minnaert resonance frequency” is given by:

f0 (R0) = 1
2πR0

√
3γp0

ρl
, (3.7)

with γ = Cp,g/Cv,g the ratio of specific heats of the gas inside the bubble (Cv,g being
the specific heat capacity at constant volume and Cp,g the specific heat capacity at
constant pressure). Equation 3.7 approximates f0 and was later adapted by Leighton
[1, equation (4.86)]:

f0 (R0) = 1
2πR0

√
ρl

√
3κ
(
p0 − pv + 2σ

R0

)
− 2σ
R0

+ pv −
η2

s
ρlR2

0
. (3.8)

This expression accounts for the effect of vapour pressure pv, surface tension σ, and
shear viscosity ηs in the surrounding medium. The polytropic index κ accounts for
the behaviour of the gas (varying from adiabatic behaviour κ = γ, to isothermal
behaviour κ = 1). Furthermore, when the bubble is subjected to an acoustic field
at frequency ωd, the driving acoustic field contributes to f0 as:

ω2
0 = ω2

0phys
+ ω2

0ac , (3.9)
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Figure 3.1.: Resonance frequency f0 of a gas bubbles in water versus bubble sizes at
different depths: z = 10m (thin grey line); z = 100m (thin black line); z = 1000m
(thick grey line); z = 10000m (tick black line).

with ω0, ω0phys , and ω0ac the angular frequencies: ω0 = 2πf0. The quantify f0ac

is given by [77]:

f0ac = 1
2π

√
(ωdR0/cl) 2

[
1 + (ωdR0/c)2

]−1
ω2

d. (3.10)

The contribution of the driving acoustic field is usually disregarded as its effects are
of importance only for large bubbles in acoustic fields presenting high frequencies
[77]. The natural frequency against bubble radii R0 is shown in Figure 3.1 at dif-
ferent depths. With increasing depth, the natural frequency increases. Throughout
this thesis, depths of interest range from ≈ 5 m to ≈ 400 m.

3.4. Damping

The total damping factor βtot of a gas bubble in a liquid is a combination of thermal
damping βth, viscous damping βvis and acoustic damping βac:

βtot = βth + βvis︸ ︷︷ ︸
β0

+βac, (3.11)
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3.4 Damping

with β0 the contribution of non acoustic mechanisms. In the literature, damping
is given as factors with dimensions of s−1 (βtot, βth, βvis, βac) [77] or dimensionless
damping factors (δtot, δvis,δth,δac) [71, 78, 79]. Recently, Ainslie and Leighton [2, 3]
reviewed the theory and clarified these notations. The relation between the two type
of damping factors is:

βi = δiωd

2 i = tot, th, vis, ac. (3.12)

The linear theory for the calculation of damping factor was extensively de-
scribed for example by Clay and Medwin [71], Medwin [78, 80], Prosperetti [77] or
Leighton [1]. The theory by Medwin has been widely used but a discrepancy for
the acoustic damping is reported and resolved by Ainslie and Leighton [2, 3] in the
framework of the derivation of spherical gas bubble scattering cross sections. In a
correct form, it is expressed as:

βac = ωdR0/cl

1 + (ωdR0/cl)2
ωd

2 . (3.13)

The theory by Prosperetti [77] can be used to determined the damping con-
stants βth, and βvis. Those quantities are defined as [77]:

βvis = 2ηs

ρl
R2

0, (3.14)

βth = ηth

ρl
R2

0, (3.15)

with ηth the thermal viscosity. The calculation of this quantity based on the clarified
derivation of Prosperetti [77] by Leighton [1] and Zhang and Li [81] is presented
below.

Thermal viscosity and polytropic index calculation In order to determine the
thermal viscosity ηth and the polytropic index κ, the dimensionless parameters G1,
G2, G3 and G4 are defined for the calculation of the general term G5. The term
G1 is the square of the ratio of the thermal diffusion lth length to the gas acoustic
wavelength while G2 and G3 represent the thermal diffusion in the liquid and the
gas respectively. The quantities G1, G2 and G3 are given by:
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G1 =
(

lth
cg/ωd

)2

, (3.16)

G2 = 1
2

(
R0

lth

)2
, (3.17)

G3 = ωdR
2
0

Dl
, (3.18)

where cg is the speed of sound of the gas inside the bubble and Dl is the thermal
diffusivity of the liquid defined as:

Dl = λl

ρlCp,l
. (3.19)

The quantities λl, ρl and Cp,l are respectively the thermal conductivity, the dens-
ity and the heat capacity at constant pressure of the surrounding liquid. Other
quantities that are used for the calculation of G5 are:

G4 = k

kg

1 + (1 + i)
√
G3

2



Γ1,2 = i+G1 ±
√

(i−G1)2 + 4iG1

γ

∀1,2 =

√√√√γG2

2

(
i−G1 ±

√
(i −G1)2 + 4iG1

γ

)

Λ1 = ∀1coth (∀1)− 1

Λ2 = ∀2coth (∀2)− 1

. (3.20)

The general term G5 is finally given by:

G5 = G4 (Γ2 − Γ1) + Λ2Γ2 − Λ1Γ1

G4 (Λ2Γ1 − Λ1Γ2)− Λ2Λ1 (Γ2 − Γ1) , (3.21)
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Figure 3.2.: Damping coefficients versus bubble size R0 within an acoustic field
driven at fd = 30 kHz at a depth z = 10 m. The solid black line is βth, the
solid grey line is βvis, the dashed black line is βac and βtot is represented by the
thick dashed grey line. For different R0, βtot is dominated by different damping
mechanisms (thermal, viscous, acoustic).

and the thermal viscosity ηth is:

ηth = ωdρgR
2
0

4 Im (G5), (3.22)

with the polytropic index κ expressed as:

κ = ω2
dρgR

2
0

3
(

2σ
R0

+ p0
)Re (G5) . (3.23)

The different components of bubble damping are shown in Figure 3.2, exempli-
fying the asymptotic behaviours at different bubble sizes. For large bubble radii, βtot

is dominated by βac while at R0 → 0, viscous damping dominates. In the transition,
the thermal damping has the most significant contribution.
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Chapter 3 A review of the acoustics of gas bubbles

3.5. Passive acoustic emission

The oscillations of the acoustic emission from a gas bubble occur close to the natural
frequency f0 of the bubble and decay exponentially. This can be ideally described
as a damped sinusoid [1, 82]:

pb (t, R0) = pb0cos (ω0 (t− t0) + φ) e−ω0δtot(t−t0)/2H (t− t0) , (3.24)

with t0 the bubble formation time, φ the pulse phase and H (t− t0) the Heaviside
step function at time t0. The quantity pb0 is the pulse amplitude and can be ex-
pressed as a function of the initial displacement amplitude of the bubble wall Rε0i

and the range r (distance between the observation point and the bubble) [82]:

pb0 = Rε0i ×
3κp0

r
. (3.25)

Using Minnaert expression (Equation 3.7, neglecting the effects of vapour pressure,
surface tension and shear viscosity), the polytropic index can be expressed as κ =
ω2

0R
2
0ρl

3p0
and pb0 can further be given by:

pb0 = Rε0i ×
ω2

0R
2
0ρl

r
= Rε0i

R0
× ω2

0R
3
0ρl

r
. (3.26)

Assuming a pulse phase φ = 0 and applying the Fourier transform to equation
Equation 3.24 gives:

Xb (ω,R0) =
+∞ˆ
−∞

pb0cos (ω0 (t− t0)) e−ω0δtot(t−t0)/2H (t− t0) e−itωdt, (3.27)

with the angular frequency ω = 2πf . Expanding Equation 3.27 yields:
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3.5 Passive acoustic emission

Xb (ω,R0) = pb0


+∞ˆ
t0

cos (ω0 (t− t0)) e−ω0δtot(t−t0)/2H (t− t0) e−itωdt+

t0ˆ
−∞

cos (ω0 (t− t0)) e−ω0δtot(t−t0)/2H (t− t0) e−itωdt


.

With the Heaviside step function being equal to 0 on the interval ]−∞, 0] and 1 on
the interval [0,+∞[:

Xb (ω,R0) = pb0

+∞ˆ
t0

cos (ω0 (t− t0)) e−ω0δtot(t−t0)/2e−itωdt.

Using variable T = t− t0:

Xb (ω,R0) = pb0e
−iωt0

+∞ˆ

0

cos (ω0T ) e−T [ω0δtot/2+iω]dT ,

and recalling that
ˆ
ebxcos (ax) dx = ebx (asin (ax) + bcos (ax))

a2 + b2 leads to:

Xb (ω,R0) = −pb0e
−iωt0 ω0δtot/2 + iω

(ω0δtot/2 + iω)2 + ω2
0
. (3.28)

The square magnitude of Xb is then:

|Xb (ω,R0)|2 = p2
b0 ×

4
[
(ω0δtot)2 + 4ω2

]
[
(δtotω0)2 + 4 (ω0 − ω)2

] [
(δtotω0)2 + 4 (ω0 + ω)2

] . (3.29)

This model assumes that each bubble is excited only once [87], generating an
initial amplitude of bubble wall pulsation for the breathing mode (Rε0i for want of
further information [61]), a quantity that could be treated as being broadly invariant
with depth and the nature of the gas-emitting orifice, an assumption that this study
examines experimentally in chapter 4 and chapter 5. Assumptions about the correct
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Reference
Bubble
radius
(mm)

Rε0i/R0 Comments

Leighton and Walton
[72] ≈ 1 ≈ 10−4

Laboratory
experiment, nozzle
injection. Analysis
from Leighton [1]

Pumphrey and
Walton [83] ≈ 0.44 ≈ 7.5× 10−5

Laboratory
experiment, water

drop. Extracted from
Leighton and White

[61].

Medwin and Beaky
[84] ≈ 0.312 ≈ 1.5× 10−2

Laboratory
experiment, bubbles
from breaking waves.

Pumphrey and Crum
[85] ≈ 0.43 ≈ 7.5× 10−3

Laboratory
experiment, water

drop.

Deane and Stokes
[82, 86] [0.065 2.6] [5.4× 10−6, 0.02]

Laboratory study,
bubble fragmenting in

sheared flow.
Table 3.1.: Table summarizing current knowledge on the Rε0i/R0 factor.
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Figure 3.3.: Measures of Rε0i/R0 for bubbles fragmented in sheared flow in fresh
and salt water. Data were kindly provided by Grant Deane and are published
in [82]. (a): Rε0i/R0 versus R0 for salt (black dots) and fresh water (grey dots).
(b): Mean values (circle markers), 75th and 25th percentiles (diamond markers)
of Rε0i/R0 for: Salt water; fresh water; combining all data points; combining all
data points with R0 < 0.5 mm; combining all data points with R0 > 0.5 mm.

value of Rε0i to use constitutes the main source of uncertainty for the model and the
estimated flow rates in chapter 4 and chapter 5. The parameter that characterises
this effect in the model is the dimensionless ratio Rε0i/R0 (taken as a constant
value) in Equation 3.26. In order to better predict this factor for different bubble
sizes and nozzle types, more experimental and theoretical work is needed and here,
constant values are used to help solving the inverse problem because this reduces the
number of unknown [88]. Through the literature, Rε0i/R0 has been evaluated only
few times within different applications on the field and in laboratory experiments:
nozzle injections [1, 72]; water drop on water surface [83–85]; bubble fragmenting in
sheared flow [86, 89]. The values for each reference are summarized in Table 3.1. It
can be observed that Rε0i/R0 can vary significantly between the studies, especially
because the range of bubbles sizes and bubble generation processes considered are
various. When describing their inverse scheme, Leighton and White [90] use the
constant value of Rε0i/R0 = 3.7 × 10−4, inferred from Deane and Stokes [82, 86].
Here, data kindly provided by Grant Deane [82] are examined and used to determine
uncertainties in the acoustic estimates of gas fluxes.
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For now, the most recent and complete estimate of this ratio comes from
Deane and Stokes [82], who calculated Rε0i/R0 for fragmented bubbles in sheared
flow. This data set consists on the acoustic emission of 1010 fragmented bubbles
in a 15 m deep test tank, 2 m away from the water surface. A nozzle releases
bubbles that are fragmented by a sheared flow approximately 20 cm above the bubble
injection point. From each fragmented bubble signature, using Equation 3.24, the
following parameters are estimated: t0, φ, ω0, pb0, δtot. Furthermore, from the
measurements of pb0, using Equation 3.26, the quantity Rε0i/R0 can be determined
and results are shown in [82, Figure 7]. A scatter plot is shown in Figure 3.3(a),
reproducing this data set. Most data points relate to bubbles of radius greater than
1 mm and Rε0i/R0 increases with decreasing bubble size for R0 < 1 mm while above
R0 = 1mm, Rε0i/R0 levels off. In Figure 3.3(b), statistics (mean value, 75th and 25th

percentiles) are shown for different cases: in salt water; in fresh water; combining all
data points; combining all data points with R0 < 0.5 mm; combining all data points
with R0 > 0.5 mm. The value of 0.5 mm is chosen because this corresponds to the
lowest bubble sizes considered in chapter 4 and chapter 5. The quantity Rε0i/R0

seems to be invariant with salinity. However, a significant difference is noticeable
between large (R0 > 0.5 mm) and small bubbles (R0 < 0.5 mm), suggesting a
dependence of Rε0i/R0 at low bubble sizes. In the regime R0 > 0.5 mm, employing
the assumption that Rε0i/R0 is invariant with depth and bubble size, a confidence
interval is determined for Rε0i/R0 based on the 25th and 75th percentiles. This is used
in chapter 4 and chapter 5. Respectively, this corresponds to Rε0i/R0 = 1.37× 10−4

and Rε0i/R0 = 5.58×10−4 (the fixed value of 3.7×10−4 used by Leighton and White
[61] lies within this range).

3.6. Scattering cross section

The ability of an object to scatter sound is defined by its acoustic scattering cross
section. If a sound transmitter and a sound receiver are separate (bistatic sonar),
the differential scattering cross section is used [91], quantity that is function of
the direction of the receiver relative to the transmitter. In this study, the case
where transmitter and receiver are co-located (monostatic sonar) is of interest and
the acoustic backscattering cross section σbs (which measures the acoustic energy
scattered in the direction opposite to the direction of the incident wave) is con-
sidered. For a target of size a, with Ii the intensity of the transmitted wave at the
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target and Ibs the intensity of the backscattered wave, σbs is defined as:

σbs = r2Ibs (a, r) 10αw/10

Ii
, (3.30)

with αw the sound absorption in water and σbs is often expressed on a logarithmic
scale as the “target strength” TS = 10log (σbs). In Figure 3.4 the backscattering
cross section is plotted versus ka for the case of a gas bubble and a tungsten carbide
sphere (rigid sphere, theory presented in Appendix D). In the case of the gas bubble,
the target size a is equivalent to the equivalent radius R0. The results for σbs are
shown as divided by πa2 (equal to πR2

0 in the case of the gas bubble) [92]. The
graph exemplifies two ka regimes:

• ka � 1: for the sphere and the gas bubble, Rayleigh scattering occurs at
low ka where σbs increases linearly with ka. In the case of the gas bubble,
resonance scattering follows from Rayleigh scattering with a sharp peak at the
bubble natural frequency f0.

• ka � 1: this is the scattering regime where the geometry of the target is
mostly accountable for the acoustic scattering. In this regime, the response is
the consequence of the interaction of various modes. This causes the scattering
to be very spiky.

Urick [93, chapter 9] gives approximations of σbs for rigid spheres corresponding to
the rigid high frequency limits of objects of different geometries. For a large sphere,
σbs = a2/4. In Figure 3.4, this is plotted as the horizontal dashed black line and can
be observed to be the line around which σbs for the gas bubble and tungsten carbide
sphere converge for large ka. For the gas bubble, depending on the regime, σbs can
be modelled with different accuracies and two models are described in the following
sections: the breathing mode solution, limited to kR0 � 1 (subsection 3.6.1); the
modal solution that is valid for all kR0 but imprecise for kR0 � 1 (because it does
not account for damping effects, subsection 3.6.2).

3.6.1. Breathing mode solution

In the case of a spherical gas bubble, models have been developed, accounting for
the omnidirectional breathing mode resonance [71, 80, 91]. Theory has been recently
reviewed by Ainslie and Leighton [2, 3], clarifying discrepancies that existed about
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Figure 3.4.: comparison of backscattering cross sections σbs for gas bubbles, tung-
sten carbide spheres [94, 95] and for large spheres when neglecting constituents of
the object [93, chapter 9] (σbs = a2/4 , rigid sphere high frequency limit). This
plot exemplifies two regimes: ka � 1 with resonance (for the gas bubble only)
and Rayleigh scattering; ka� 1 with geometrical scattering.

30



3.6 Scattering cross section

these calculations. This models the backscattering of a gas bubble within the regime
kR0 � 1 (i.e. assuming that the bubble is acoustically small, R0 � lac). In an
acoustic field driven at a frequency ωd, σbs is [2, 3]:

σbs (R0, ωd) = R2
0(

ω2
0
ω2

d
− 1− 2 β0

ωd
ε
)(

2 β0
ωd

+ ω2
0
ωd
ε
)

ε = ωd
R0

cl

. (3.31)

A solution accounting for the contribution of the breathing mode overcoming the
limitation kR0 � 1 (i.e. valid for all kR0) is proposed by Thuraisingham [96] :

σbs (R0, ω) = R2
0(

ω2
0
ωd
− 1− 2β0

ωd
ε

)(
2β0

ωd
+ ω2

0
ω
ε

) × (sin (kR0) /kR0)2

1 + (kR0)2 . (3.32)

In the regime, kR0 � 1 Equation 3.31 is an adequate approximation for σbs

because in this regime, the acoustic scattering is dominated by the contribution of
the breathing mode. With increasing kR0, the contribution of the breathing mode
is lessened. Following Equation 3.32, the decay of the contribution of the breath-
ing mode is given by the term (sin (kR0) /kR0)2 /1 + (kR0)2. With increasing R0,
the contribution of the breathing mode decreases, so that the contribution of other
modes becomes more significant. A comparison between models in Equation 3.32
and Equation 3.31 is shown in Figure 3.5(a). It can be observed that as kR0 in-
creases, entering the transition region (kR0 ≈ 1) and in the geometrical scattering
regime (kR0 � 1), σbs for the breathing mode decreases by several order of mag-
nitude. In the geometrical regime (kR0 � 1), the modal solution better models σbs

and is described in subsection 3.6.2 (Equation 3.34). Furthermore, Figure 3.5(b)
shows that with increasing depth, the breathing mode resonance of σbs is shifted
toward larger kR0.

3.6.2. Modal solution

This section describes the scattering from a spherical bubble by the mean of a modal
solution. This solution does not include bubble damping effects due to viscous and
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Figure 3.5.: (a): Comparison of different models for σbs: breathing mode solu-
tion (thin dashed red line, Equation 3.31); Thuraisingham model (thin grey line,
Equation 3.32); modal solution (thick black line, Equation 3.34). The breathing
mode solution is only valid at kR0 � 1 (key assumption of the analytical ex-
pressions in Equation 3.31). At kR0 � 1, Equation 3.31 models σbs accurately
because the contribution of the breathing mode dominates other the contribution
of other modes. However, Thuraisingham model shows that the contribution of
the breathing mode is decreasing significantly with increasing kR0. At kR0 � 1,
the modal solution (Equation 3.34) estimates best σbs because it sums the contri-
bution of all modes. However, Equation 3.34 does not account for damping effects
(section 3.4) that are important for the modelling of σbs around the resonance.
(b): Comparison of σbs (computed using Equation 3.31) for different depths: 10 m
(thick black line); 100 m (thin black line); 1000 m (thin grey line). The resonance
scattering shifts toward larger kR0 for larger depths.
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thermal losses [77] (section 3.4). These effects have a significant contribution for
the scattering around the resonance but is of lessened importance when considering
geometrical scattering. In addition to the drawback of not accounting for bubble
damping effects, the main disadvantage of the modal solution is the computation
time required as this can be significant if summing over many modes. For pro-
cessing efficiency, approximations are given for example by Stanton [92] or Johnson
[97]. Because the accuracy of the modal solution is lessened in the kR0 � 1 re-
gime, it is recommended to use formulations that are modelling more precisely the
contribution of the breathing mode (e.g. subsection 3.6.1). Figure 3.5(a) shows the
need for a solution including both the breathing mode and higher order modes to
model σbs in the regimes kR0 ≈ 1 and kR0 � 1. For example at kR0 � 1 the
decrease and level off in σbs is not modelled by the breathing mode solution (com-
paring dashed red line and thick black line in Figure 3.5(a)). Equation 3.31 is best
used when modelling scattering around the resonance because σbs is dominated by
the contribution of the breathing mode and damping effects are important. Al-
though Equation 3.31 assumes that kR0 � 1, Thuraisingham’s analytical solution
(Equation 3.32) [96] overcomes this assumption. However, as it can be observed in
Figure 3.5(a) (Thuraisingham solution, grey line), the contribution of the breathing
mode is decreasing by several orders of magnitude with increasing kR0. For kR0 ≈ 1
and kR0 � 1, it is clear that a solution accounting for the various modes in addition
to the breathing mode is needed and the modal solution (Equation 3.34) is therefore
best suited for the modelling of σbs in this regime.

The modal solution of spheres is described in the early work of Faran [98] and
is extended to the limiting case of fluid-filled spheres by Anderson [99]. Anderson’s
solution has often been revisited [95, 97, 100, 101] and been tried to be simplified for
computation efficiency [92, 97]. The formulation of σbs by Feuillade and Clay [100]
is used here and is shown as the thick black line in Figure 3.5(a). In the acoustic
far field (kr � 1), the backscattering cross section in terms of the acoustic length
L is given by:

σbs (R0, ωd) = |L|2 , (3.33)

and for a gas bubble, L is as:
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L = iR0

kR0

∞∑
l=0

(−1)l (2l + 1)Dl

Dl = j′l (kgR0) jl (kR0)− gρhc × jl (kgR0) j′l (kR0)
j′l (kgR0)hl (kR0)− gρhc × jl (kgR0)h′l (kR0)

, (3.34)

where gρ = ρg/ρl and hc = cg/cl are the ratios of densities and sound speed respect-
ively and kg = ωd/cg is the wavenumber in the gas bubble. The quantities jl and
hl are respectively the spherical Bessel function and spherical Hankel functions of
the first kind, with the symbol ′ denoting derivation with respect to the quantity
inside the brackets. The depth z can approximately be accounted for by scaling the
density ratio: gρ (z) = ρg/ρl × (1 + 0.1z) [92].

3.6.3. Irregular shapes and changing incidence

Models described in subsection 3.6.1 and subsection 3.6.2 assume spherical bubbles.
For small bubbles, the assumption that bubbles are spherical holds. However, as
bubbles get larger, their shape tends to be more irregular [102] and it becomes
important to take this effect into account when modelling σbs. Larger bubbles
imply larger kR0, tending to lie in the kR0 � 1 region (best modelled by the modal
solution). Furthermore, in this regime, a change of geometry leads to significant
discrepancies in σbs [62, 65].

For fisheries acoustics, scattering from gas filled objects of different shapes
are of interest in order to model acoustic scattering traces from fishes presenting
swimbladers. Stanton [92, 95] gives calculations of σbs through modal solutions for
regular and irregular spheres, prolate spheroids, straight cylinder and bent cylinder
with different shell types. Deviations from these simple shapes constitute the irregu-
lar factor in the models. In the case of a gas bubble [92, figure 3], the irregularity in
the shape is found to have a significant impact at kR0 � 1. In the low kR0 regime
(kR0 � 1), Ye [103, 104] derives analytical expressions for the sound scattering
from prolate spheroids with different aspect ratios. This shows a reduction in the
height of the resonance peak together with its shift toward higher kR0 [104, figure
1]. Similar results are found by Feuillade [105, figure 2].

Furthermore, with a spherical bubble, the scattering can be assumed to be
omnidirectional at low frequencies, but with increasing size and irregularities in the
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shape, the directivity pattern becomes more directional and complex [91]. In short,
the incidence angle of the sound wave on the gas bubble becomes more important
when working in the geometrical regime kR0 � 1. This is shown by Okumura [106,
figure 1-d] where a 90◦ incidence angle produces a drop in target strength of up to
30 dB in the geometric regime (increased discrepancy for larger kR0).

In chapter 6 and chapter 7, the modal solution (assuming spherical bubbles)
described in subsection 3.6.2 is used. However, because large bubbles are considered
(bubbles from 1 mm to 10 mm, see chapter 6 and chapter 7), irregularities in the
bubble shapes are likely and the effect of the deviation from sphericity combined to
varying incidence angles are potential sources of error. Chapter 6 and chapter 7 dis-
cuss a preliminary assessment of an active acoustic inverse method (subsection 6.4.2)
for simulated and field data assuming spherical bubbles.

3.7. Summary

In this chapter, theoretical background used in the following chapters is given. In this
thesis, acoustic inversions are based on the spectrum from passive emissions of gas
bubbles (chapter 4 and chapter 5, theory in section 3.5) and on the backscattering
strength of gas bubbles (chapter 6 and chapter 7, theory in section 3.6). The models
used to form the kernel matrix of the system in both of these problems are given in
final form by Equation 3.29 (passive acoustic inversion) and Equation 3.34 (active
acoustic inversion).

First, an expression that predicts the spectrum of a bubble of size R0 at a
given frequency f is derived. A key parameter in this model is the initial amplitude
of bubble wall pulsation for the breathing mode (Rε0i). This quantity, expressed as
a dimensionless ratio Rε0i/R0 can vary depending for example on the bubble size or
the type of bubble injection. This factor is the main source of error and a data set
from Deane and Stokes [82, 86] is used to construct confidence intervals that are used
to determine uncertainties for the acoustic estimates in chapter 4 and chapter 5.

Second, gas bubble backscattering cross section models are given and discussed.
Depending on the kR0 regimes considered, the models in section 3.6 apply with
various accuracies. At kR0 � 1, the breathing mode solution is a better predictor
while at kR0 � 1 where other modes start to dominate, the modal solution is more
suited. In this study, because kR0 ranges from 0.16 to 8.38, the modal solution is
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used (Equation 3.34). This model assumes spherical bubbles and deviation from
sphericity and irregularities in geometries are potentially source of errors as large
bubbles tend to present more irregular shapes.

In the next chapter, a passive acoustic inversion method is used to estimate
gas fluxes from experimental data collected in laboratory conditions. The passive
acoustic emissions from gas bubbles constitute the starting point and using the
model in Equation 3.29, the distributions of bubbles sizes are determined. From
these, flow rates can be calculated. Using data collected in a large water tank, the
method is tested for different nozzle types and flow rate regimes.
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4. Passive acoustic quantification of
gas releases

4.1. Introduction

In the 1980s it was established that bubbles size distributions and gas fluxes associ-
ated with natural processes could be quantified by identifying the natural frequency
emitted by each bubble upon entrainment in the natural world [72], and this has
subsequently been tested as a means for studying methane seeps [75, 107–109].
However this technique can only be applied at flow rates that are sufficiently low
to identify the acoustic “signature”of each injection event. When flow rate is high,
the acoustic emissions of bubbles overlap and one is unable to distinguish individual
bubble injection events [87]. Whilst signal processing methods (such as the Gabor
transform [74, 110]) can be helpful to isolate individual acoustic emissions from each
bubble, they do not provide a complete solution. An alternative approach is needed
to quantify high volumes of natural and industrial gas emissions. In industrial ap-
plications these are usually the releases which it is most imperative to correct, since
they represent gas losses so great that they can lead to structural failure, as well as
potential major economic and pollutionary impacts.

The use of passive acoustic systems to monitor gas releases offer the advant-
age of lower power requirements monitoring (e.g. in comparison with active acoustic
monitoring) as performed using for example a minimal setting with a single hydro-
phone. Also, such a deployment can usually be performed at low cost. An import-
ant benefit from such systems is that they are able to resolve the time variability of
flow rates and are then able to resolve the impact of time dependent environmental
factors (e.g. tidal height) or the deterioration of a leak. In the past, few studies have
made use of this mean to quantify oceanographic gas escapes [75, 82, 86, 107, 109].
However, these models only work at low flow rate regimes.
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Chapter 4 Passive acoustic quantification of gas releases

Recently Leighton and White [61] described a scheme for quantifying the gas
flux and bubble generation rates injected into liquid from high volume gas releases,
using the passive acoustic emissions. They considered example applications of leaks
from undersea gas pipelines, carbon capture and storage facilities, and natural meth-
ane seeps. They tested their method with simulated data. This inverse scheme is
used throughout this chapter and in chapter 5. This chapter reports on a validation
exercise for this method using data from a laboratory experiments while chapter 5
applies the scheme to data collected at sea during the release phase of the QICS
project. First, the procedure for the passive acoustic inversion is recalled. Following
description of experimental procedures, results from the laboratory trials are presen-
ted and discussed. Last, concluding remarks are given, including potential further
research that would improve the method.

4.2. Inverse problem

The method used in this chapter is aimed at determining bubble generation rate
distributions from sound emissions from bubble plumes as proposed by Leighton
and White [61]. Part of this theory will be outlined in this section in order to
provide the background for the calculations that are presented in this chapter and
chapter 5.

The starting point is the acoustic waveform received on a calibrated sensor
which is close enough to a cloud of bubbles (whilst remaining in the acoustic far
field) to record its emissions at an acceptable SNR (signal to noise ratio). The
output of the inversion process is the bubble generation rates from which the gas
flow rate (the experimental quantity measured here) is estimated.

As described in section 3.5, bubble sizes can be inferred using, for example,
Equation 3.8 that relates R0 to the natural frequency f0. However, this requires
one to discriminate each lone bubble emission and when rapid gas releases occur,
this approach is not suited. In this case, the bubble signatures overlap and the size
distribution of the bubbles being produced can be characterized by the spectrum of
the acoustic signal [88]. If it is assumed that the acoustic emissions of each bubble
are uncorrelated, the power spectral density S(ω) of the the acoustic signature of
the leak is given by:
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4.2 Inverse problem

S (ω) =
ˆ ∞

0
D (R0) |Xb (ω,R0)|2 dR0, (4.1)

with D (R0) the rate at which bubbles of radius R0 are generated. Equation 4.1
defines a Fredholm integral equation of the first kind that can be approximated at
discrete frequencies ωl, l = 1, . . . , Nω and bubble radii Rn, n = 1, . . . , NR:

S (ωl) ≈
NR∑
n=1

ψ (Rn) |Xb (ωl, Rn)|2 ∆Rn, (4.2)

with ∆Rn the bin width for the nth radius bin. Here, the centre of the radius bins
are taken to be equally spaced and the bin width is therefore constant, ∆Rn = ∆R0.
The quantity ψ (Rn) is the bubble generation rates within a radius bin Rn in number
of bubbles µm−1s−1 (where the µm−1 represents the fact that a bubble generation
rate is determined for each bubble radius size bin, which by convention is of one
micron width). For the set of frequencies and bubble radii, Equation 4.2 can be
expressed in matrix form:

S = ΣΨ, (4.3)

with S and Ψ the column vectors containing respectively the elements S (ωl) and
ψ (n). The spectral matrix Σ is constructed at each ωl and Rn using Equation 3.29,
Σl,n = |Xb (ωl, Rn)|2 ∆R0 and is of size NR ×Nω. In Equation 4.3, Ψ is resolved by
solving the inverse problem Ψ = Σ−1S. Techniques to solve problems in this form
[51, 56, 59] are described in chapter 2. If the number of radius bins NR and the
number of frequencies Nω are chosen to be equal, the spectral matrix Σ is square,
which mitigates against potential over- or under-determination of the problem. The
problem tends to be ill-conditioned and the inevitable measurement errors in S lead
to large errors in the estimated bubble generation rates. To mitigate this, it is
prudent to include some form of regularization and Tikhonov regularization is used
here (section 2.2, Equation 2.3). For the choice of the regularization factor α, the
Generalized Cross Validation (GCV) criterion function Υ (α) is computed, includ-
ing a positivity constraint (section 2.3, Equation 2.9). From the solution Ψ (R0),
assuming spherical bubbles, the flow rate is estimated using:

Fg = 4π
3

NR∑
n=1

ψ (Rn)R3
n∆R0, (4.4)
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Leighton and White [61] outline key simplifications that they note require further
research, such as the assumption that each bubble rings only once (when of course
subsequent fragmentation of that bubble would cause subsequent emissions) and
that the excitation Rε0i/R0 (section 3.5) is simplified to an expression which ignores
details of the way the gas is released (through nozzle, pipe rupture, seabed seepage
etc.) and the mechanisms of excitation [89, 111, 112], when even reshaping or reori-
entation of a given nozzle can in some circumstances change the acoustic emission.
Therefore it was important to undertake a validation exercise to investigate to what
extent the inversion scheme described here allows useful gas flux estimates to be
made before the developing theoretical basis for bubble excitation mechanics can
progress to a level to use in this model. The results are given as a range of acoustic
estimates using a confidence interval for Rε0i/R0 based on the data from Deane and
Stokes (section 3.5, Figure 3.3) [82, 86].

4.3. Experimental procedure

Measurements of passive acoustic emissions of bubble clouds were conducted in a 8
m x 8 m x 5 m (i.e. of volume V = 320 m3) deep test tank containing fresh water
at 10 ◦C (Figure 4.1). A schematic of the experimental procedure is presented in
Figure 4.1(a). Two bubble generation systems were used: a commercial bubbling
stone designed for aquarium use (Figure 4.1(b)); and a needle array consisting of six
needles with a nozzle inner diameter of 1 mm arranged in circle with a spacing of
approximately 3 cm on a flat platform (Figure 4.1(c)). A nitrogen gas cylinder was
used to produce the gas for generating the bubbles. The outflow of the bottle was
connected to a mass flow meter (Bronkhorst high-tech in-flow F-111BI) to adjust the
gas flux along with a data acquisition unit. One or other of the two bubble generation
systems were then connected to the end of the gas line and deployed at the bottom of
the test tank. Acoustic pressure was recorded using a calibrated hydrophone. First,
30 seconds of continuous acoustic measurements of bubble emissions at different
regimes (flow rate was kept steady for 30 seconds, 15 regimes from 0.11 kg d−1 to
3.01 kg d−1) were performed at a sample rate of 48 kHz. Then, as a second test,
gas flow rate was varied manually and monitored (approximately from 0.09 kg d−1

to 3.8 kg d−1) for 200 seconds. The acoustic signals were acquired at a sample rate
of 48 kHz. This test was also conducted for both bubble generation systems. In
addition, measurements of the ambient noise were performed in order to study its
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Metered
(kg d−1)

Needle
array

(kg d−1)
high
bound

Needle
array

(kg d−1)
low

bound

Best fit
Rε0i/R0(−)
for needle
array

Bubbling
stone

(kg d−1)
high
bound

Bubbling
stone

(kg d−1)
low

bound

Best fit
Rε0i/R0(−)

for
bubbling
stone

15 3.01 14.68 0.89 3.02×
10−4

5.46 0.33 1.85×
10−4

14 2.79 11.98 0.72 2.83×
10−4

4.6 0.28 1.76×
10−4

13 2.58 10.28 0.62 2.74×
10−4

4.18 0.25 1.74×
10−4

12 2.36 8.9 0.54 2.66×
10−4

3.11 0.19 1.57×
10−4

11 2.15 7.66 0.46 2.59×
10−4

2.64 0.16 1.52×
10−4

10 1.93 6.23 0.38 2.46×
10−4

2.71 0.16 1.62×
10−4

9 1.72 3.67 0.22 2× 10−4 2.34 0.14 1.59×
10−4

8 1.5 4.17 0.25 2.28×
10−4

1.68 0.1 1.45×
10−4

7 1.29 3.14 0.19 2.14×
10−4

1.51 0.09 1.48×
10−4

6 1.07 3.86 0.23 2.59×
10−4

1.6 0.1 1.67×
10−4

5 0.86 4.95 0.3 3.29×
10−4

1.57 0.09 1.85×
10−4

4 0.64 4.71 0.28 3.7× 10−4 1.72 0.1 2.24×
10−4

3 0.43 2.98 0.18 3.61×
10−4

1.85 0.11 2.84×
10−4

2 0.22 2.97 0.18 5.09×
10−4

1.21 0.07 3.25×
10−4

1 0.11 1.29 0.08 4.75×
10−4

0.03 0.003 0.92×
10−4

Table 4.1.: Summary of results from the experiment described in section 4.3 for
steady flow rates. Acoustic estimates are given using the 75th and 25th percentiles
from statistical analysis of measured values of Rε0i/R0 by Deane and Stokes[82]
(section 4.2, section 3.5, Rε0i/R0 = 1.37 × 10−4 and Rε0i/R0 = 5.58 × 10−4).
If instead the appropriate value of Rε0i/R0 to use for this type of injection is
inferred by finding the value that allows the acoustically-inferred gas flux to equal
the metered flow, then that enables calculation of best fit values of Rε0i/R0, which
are shown in the table.
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impact on the estimated gas fluxes.

For the acquisition of the acoustic signals, a wildlife acoustic SM2M+ recorder
was used. This consists of a buoyant body containing an acquisition board powered
by internal battery connected to a calibrated hydrophone. The unit was loaded on
the bottom of the test tank. Whilst use of a hydrophone array would have produced
benefits in terms of gain and directionality [61], this experiment was designed to
test the lowest cost (single hydrophone) option, and was appropriate for this short
range tank test. Also, this allowed the testing of the experimental set-up used for
field measurements (chapter 5).

(b) (c)

Internal DAQ

Hydrophone

(a)
Mass flow
meter

N2

DAQ

Figure 4.1.: (a): schematic of the experimental set up. Acoustic emissions of gas
bubbles were recorded using a calibrated hydrophone with an internal data ac-
quisition unit. Bubbles were released using a nitrogen gas bottle and the bubble
generation systems: a bubbling stone (b) and an array of needles (c). The flow
rates were acquired using a mass flow meter.

In order to collect measurements relating to the free field, it was important to
take into account the effect reverberation has on the recorded signals. For this pur-
pose, care was given to position the hydrophone close to the bubble release, where the
direct field dominates over the reverberant field. Theoretical and experimental con-
siderations are given more extensively in Appendix A. In order to evaluate the effect
of the reverberant field, the radius of reverberation r0 is introduced. This is defined
as the distance from the source where the direct and reverberant fields have equal
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contribution [113, 114] r0 =
√
AsQθ/16π (Equation A.3) with As = 55.3× V

T60cl
(Equation A.2) the Sabine coefficient being dependent on the volume of the en-
closure V , the speed of sound in the medium cl and the reverberation time T60 of
the enclosure. The quantity Qθ is the directivity factor, equal to 2 for an omni-
directional source sitting on a reflective flat surface [113]. For the enclosure used
in this experiment, T60 = 181 ms between 0.8 kHz and 8 kHz, giving r0 = 1.62 m
(measurement procedures are given in Appendix A). For different steady flow rates
(15 regimes, Table 4.1), for the two bubble generation systems, measurements at 10
distances were repeated. The Sound Pressure Levels (SPL) were determined. These
are defined as: SPL = 10log(p2

rms/p2
ref) with pref = 1 µPa and prms =

√
p̄2 (p̄2 is the

time average of the square of the sampled acoustic pressure). These 10 data points
at each regime are plotted against the distance from the source and a fitting based
on Equation A.1 is performed. This is shown in Figure 4.2 for regimes 10 and 15 for
the needle array (Figure 4.2(a)) and the bubbling stone (Figure 4.2(b)). The direct
field decay can be observed at short ranges while the contribution of the reverberant
field is noticeable at largest r (SPL levelling off). For the bubbling stone and the
needle array, it can be observed that the fitting does not level off because of the lack
of data points measurements (10 data points). In order to obtain a more precise
fitting, measurements are more numerous distances would be needed. Because of
technical difficulties, measurements were performed only at 10 distances. However,
Appendix A presents results from a similar experiment using two different under-
water loudspeakers in a smaller enclosure. Using 26 data points, the fitting from
Equation A.1 is more effective. Because it is needed to apply the inversion to data
in free field, it is important to account for the effect of the reverberation field. To
that purpose, the measurements at the shortest range (1 m) are used because at this
distance, the direct field dominates over the reverberant field. At this range, the
total acoustic field is 5.6 dB higher than the reverberant field and the direct field is
determined within 1.4 dB.

Another important limitation on the measurement in a reverberant enclosure is
the mode mixing, i.e. working at frequencies where there is enough modal overlap to
give an acoustic field that is isotropic and homogeneous. This condition is fulfilled by
working at frequencies higher than the Schroeder frequency [113] fmin = cl×

√
6/As

(Equation A.5). In this study this gives fmin = 447 Hz which is well below the
minimum frequency of interest (796.8 Hz, corresponding to the highest bubble size
considered). Also, care was given at placing the bubble injection site (after the
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Figure 4.2.: Sound pressure levels from acoustic emissions from bubbles at differ-
ent regimes (Table 4.1) recorded at 10 different distances. Black circle markers
(regime 15) and grey cross markers (regime 10) are the measurements. Black lines
(regime 15) and grey lines (regime 10) are the best fits of the measurements using
Equation A.1. (a): Needle array. (b): Bubbling stone.

method of Leighton et al. [115]) in order to reduce the driving effect of the bubble
emissions on the bubble itself, after reflection from the tank walls, to a level that
did not significantly change the bubble natural frequency [116] and damping [115]
within the experimental uncertainty, and so no corrections were necessary for these
effects (quantitative assessments of these corrections should be considered when
taking such data in reverberant test tanks).

In order to determine gas flow rates, the model described in section 4.2 is
applied to the hydrophone measurements through Equation 2.3 with the range r = 1
m and the regularization factor α determined through Equation 2.9. This results
in bubble generation rate distributions Ψ that are further converted into volumetric
flow rates (Equation 4.4). Volumetric to mass flow rate conversion is performed
based on the ideal gas law. Bubble sizes are chosen to be from R0 = 0.5 mm to
R0 = 5 mm, with 50 linearly spaced bins. The choice of the bubble radius range
is dictated by the need to have Ψ decreasing at the largest bubble radii. For each
radius bin Rn is associated a natural frequency ω0, calculated using Equation 3.8. At
Rn = 0.5 mm andRn = 5 mm, ω0 = 796.8Hz and ω0 = 7973.3Hz respectively. In this
frequency range, the spectrum S is first computed from the time series in 154 linearly
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spaced frequency bins. Interpolation of S at the 50 frequencies ω0 is then performed
prior to the inversion process. Furthermore, because the model is dependent upon
the factor Rε0i/R0 that remains a source of uncertainty, a confidence interval is given
based on the data from Deane and Stokes [82] (section 3.5, Figure 3.3). This factor
is taken to be invariant with depth and bubble radius, and in the bubble range of
interest, a statistical analysis of these data (871 bubble emissions of bubbles from
0.5 mm to 2.6 mm, section 3.5) gives Rε0i/R0 = 5.58 × 10−4 for the 75th percentile
and Rε0i/R0 = 1.37×10−4 for the 25th percentile. Because the model is scaled by the

quantity
(
ω0R

3
0
ρlRε0i

rR0

)2
(p2

b0 in Equation 3.29) and Ψ is obtained from the inverse
of the spectral matrix Σ, the low solution bounds correspond to the 75th percentile
while the high bounds of the estimates are computed using the 25th percentile.

For the case of steady flow rates, power spectral densities are calculated from
the 30 second acoustic traces for each regime. Prior to inversion the spectrum of the
recorded ambient noise is subtracted to isolate the contribution of the bubbles. The
SNR is computed by forming the ratio of a bubble sound spectrum to the ambient
noise spectrum. For the processing of the 200 second varying flow rates, a spectrum
is computed each second. For each spectrum, the inversion scheme is applied and
the released gas volume can be estimated and the fluctuations tracked.

4.4. Results and discussion

The first aim of this study is to test the accuracy of the flow rates predicted by the
technique proposed by Leighton and White [61]. A number of factors need to be
taken into account when addressing the potential usefulness of this technique. The
detection of fluxes of this scale is at least two orders of magnitude more sensitive
than current industry methods for leak detection from long, deep sea pipelines [61].
Whilst photography and direct gas collection could be more sensitive, those are
strictly local methods: if resources allow use of an array of hydrophones [61], passive
acoustics can be implemented at some range providing greater coverage.

In addition to sensitivity, accuracy is a key consideration (the two being linked
when one compares the requirement to produce absolute estimates of a leak flux,
with comparative measures of the changes in an existing leak, or monitoring for
the start of a leak). Accuracy is particularly an issue because inversions can lack
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robustness to the presence of noise. Here cross-comparison with direct flow measure-
ments are possible, but if such measurements were available over the whole region
of seabed of interest, then the passive acoustic technique would not be needed. The
simulations of real world gas releases indicated accuracies for this approach of around
4− 40%, depending on the circumstances and assumptions made [61]. Confirmation
here of such levels of accuracy would be seen as useful given that practitioners would
realistically cite experimentally measured void fractions of uncontrolled bubble pop-
ulations to 2 significant figures, if that [117].

4.4.1. Inversion process considerations

Under laboratory conditions, the experimental assessment of the model is performed
by comparing the flow rates inferred from acoustics to the measurements from the
mass flow meter. This is repeated for 30 different scenarios, specifically 15 flow
regimes (mass flow rates from 0.11 kg d−1 to 3.01 kg d−1, as shown in Table 4.1), for
each of the two bubble injection systems. Scenarios with varying flow rates over a
200 seconds time period are also carried out.

The passive inversion process described in section 4.2 is based on the spectrum
of the signals emitted from bubbles as measured by a calibrated hydrophone in the
tank. The signals consist of 30 seconds of data at a constant flow rate. Examin-
ation of the time series are shown in Figure 4.3(a) and Figure 4.3(b) and reveals
single bubble signatures are indistinguishable because the signals from different
bubbles are heavily overlapped. Also, an increase in acoustic pressure amplitude
with increasing flow rates can be observed. Figure 4.3(c) presents the power spec-
tral densities from signals recorded at a range of 1 m, distance where the direct
field is dominant (section 4.3). Spectra for the ambient noise and the signals emit-
ted by the two bubbling systems in regime 15 (which has the highest flow rate -
Table 4.1) are presented. For the inversions, the radius range used is 0.5 to 5 mm
which, using the inverse of Equation 3.8, corresponds to the frequency band 0.8 to 8
kHz, fulfilling the condition for the minimum frequency to be used in the enclosure
fmin = 447 Hz (section 4.3, Appendix A). In this band, the noise floor presents
a spectral level equivalent to an acoustic noise between 55.5 dB re 1µPa2 Hz−1 at
0.9 kHz and 45.6 dB re 1µPa2 Hz−1 at 7.2 kHz. The sound associated with bubble
generation is from 3 dB at the highest frequency of interest to 18 dB (at lower fre-
quencies) greater than the ambient noise. The noise spectrum is subtracted from
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Figure 4.3.: (e): comparison of spectra in a frequency band including the one used
for the computation of the inversion (0.8 kHz to 7.9 kHz) for ambient noise (dashed
black line) and signals emitted from the needles array (thick solid grey line) and
the bubbling stone (solid black line). The flow rate for these measurements was
of 3.01 kg d−1 (regime 15). (a) and (c): 10 seconds (figure (a)) and 0.5 seconds
(figure (c)) of the signal emitted by the bubble plume generated with the needle
array at a flow rate of 3.01 kg d−1 (regime 15). The rms level of the signal is of
116.2 dB re 1 µPa. (b) and (d): 10 seconds (figure (b)) and 0.5 seconds (figure
(d)) of the signal emitted by the bubble plume generated with the needle array
at a flow rate of 0.22 kg d−1. The rms level of the signal is of 108.2 dB re 1 µPa.
(regime 2).
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the signal spectrum to avoid the artificial enhancement of the bubble count [118]
even though within the analysis band, the signal from the bubble generation process
remains much greater than the noise floor. In cases where the measured spectrum
is close to the noise spectrum, limited information about the bubble generation is
available. The processing methodology adopted here is based on a fixed bandwidth
and the band where noise dominates are assumed to have zero contribution from
the bubble generation process. Such an assumption is inconsistent with any solution
for a strictly positive bubble generation rate, since bubbles of any size make some
contribution to all frequencies, as |Xb (ω,R0)|2 > 0 for nearly all combinations of
ω and R0. This potentially problematic theoretical issue is mitigated by the use of
regularisation. However as the flow rate is reduced the frequency bands where the
noise dominates become more prevalent, so the accuracy of the estimation reduces
as the need for regularization increases.

Figure 4.4 depicts the rate of generation of bubbles, per micron radius incre-
ment Ψ calculated using Equation 2.3 (Figure 4.4(a)) with help of the GCV function
Υ (α) (Equation 2.9, Figure 4.4(b)). The low frequency components are greater for
the arrangement of needles (Figure 4.3(c), f <2 kHz), this translates to a higher
bubble count at large bubble radii. Whereas the greater energy in the high frequency
band of the bubbling stone spectrum (Figure 4.3(c), 4 kHz to 6 kHz) results in Ψ
exhibiting larger levels at low bubble radii (e.g. at R0 < 1 mm in Figure 4.4(a)).
Trends in bubble size distributions can be inferred from the inversion results, and
those from all the regimes (e.g. by fitting power laws to the various regimes and
bubblers) but rather than doing so it would be better to question first the reliability
of perceived details and differences from such an inversion.

For each given flow regime, the acoustically-estimated bubble generation rate is
integrated across all bubble sizes to obtain the estimated flow rate (Equation 4.4).
This is then compared with the metered value (Table 4.1). Thus, since each re-
gime/bubbler combination gives a single data point, all these combinations can be
plotted and compared (Figure 4.5(a) and (b), left axis). Signal to noise ratio is
also presented (Figure 4.5(a) and (b), right axis) and it can be observed that the
accuracy of the model is dependent on the regime. The error bars represent the un-
certainty in the estimated gas flux from statistical analysis on the data from Deane
and Stokes [82] as described in section 4.2. Although the confidence interval inferred
this way spans 12.2 dB, this will reduce as theoretical and experimental studies on
the initial amplitude of bubble wall pulsation for the breathing mode (Rε0i) develop.
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Figure 4.4.: (a): Plot of the bubble generation rates Ψ obtained from the inversion
of the acoustic emission versus bubble radius. (b): GCV functions Υ (α) used for
the determination of the regularization factor α. In both graphs, the results from
the needle array is plotted at regime 15 (thick solid black line) and regime 3
(thin solid black line). At the same regimes, results from the bubbling stone are
represented by the thick solid grey line (regime 15) and the thin solid grey line
(regime 3). The circle markers are the points corresponding to the values of α
used for the inversion.
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Figure 4.5.: Comparison of different steady flow rates (left axis) inferred from
acoustics (solid black line error bars) and direct flow rate measurements (dia-
mond markers) at different regimes. SNR levels of acoustic signals monitored
are also presented (right vertical axis, dashed grey lines). The error bars repres-
ent the uncertainty from Rε0i/R0, calculated using the 75th and 25th percentiles
from statistical analysis of measured values by Deane and Stokes [82] (section 4.2,
section 3.5, Rε0i/R0 = 1.37× 10−4 and Rε0i/R0 = 5.58× 10−4). (a): needle array.
(b): bubbling stone.
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Here, the relative change in flow rate compared to metered gas volumes is of interest.
This would demonstrate the ability of the inversion technique to accurately predict
temporal changes in flow rates.

4.4.2. Estimates of steady state gas releases

From Figure 4.5(a) and (b), the relative change in flow rate for the highest regimes
is predicted with good agreement from the acoustics, this for both bubble generation
systems. The change in flow rate is then resolved without significant impact from
the factor Rε0i/R0 at the highest flow rates (15 to 5). However, at the smallest flow
rates (5 to 1), when the SNR is weaker (Figure 4.5, right axis), the acoustic inversion
fails to follow the metered reduction in flow rate, as expected because here the noise
significantly corrupts the measurements and lessen the ability to infer flow rate. The
model considered is able to monitor temporal variable in gas volume released with
a good precision, given the signal to noise ratio is sufficient. At lower flow rates, the
error becomes significant and sizing each bubble from the natural frequency [75, 107]
might be more suited if single bubble signatures can be identified. It should be added
that a single hydrophone is used in this study and the SNR could be increased with
the use of an array of sensors.

This analysis assumes Rε0i/R0 is constant, this quantity affects the accuracy
of the estimates for each regime. By matching the acoustic estimates on the mass
flow meter measurements allows to evaluate Rε0i/R0 for the different nozzle type and
regimes (Table 4.1). The needle array results in values of Rε0i/R0 between 2× 10−4

and 3.02 × 10−4 for regimes 15 to 5 (range of regimes where the SNR is best). In
these regimes, the bubbling stone estimates results in values of Rε0i/R0 between
1.48×10−4 and 1.85×10−4. These values all lie within the 25th and 75th percentiles
of the considered data set [82] (section 3.5, Figure 3.3) for Rε0i/R0.

4.4.3. Estimates of time varying gas releases

In order to assess further the applicability of the technique, it is tested with a flow
rate varying over a period of 200 seconds for both the needle array and bubbling
stone. Direct comparison of the computed flow rates from acoustics is given through
a confidence interval based on the uncertainty on Rε0i/R0 (section 3.5, section 4.2).
The results are shown in Figure 4.6(a) and (b). In both figures, the metered flow
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Figure 4.6.: Comparison between metered (solid black line) and estimates inferred
from acoustics (grey area) of fluctuant gas release over 200 seconds. The con-
fidence interval represents the uncertainty on Rε0i/R0. (a): needle array. (b):
bubbling stone.

rates lie within the confidence interval. In addition, the changes in gas injection is
accurately tracked by the acoustically inferred flow rates. Also, it can be observed
that the estimates can fluctuate locally due to the influence of noise. This issue can
be mitigated with the use of a filter to smooth the final results.

The different calculation stages for the inversion scheme applied to these data
are presented in Figure 4.7. Each step for the varying flow rate over a period of 200
seconds is shown for the case of the needle array (Figure 4.7(a), (c), (e)) and the
bubbling stone (Figure 4.7(b), (d), (f)). This includes the spectrogram of the data to
be inverted (Figure 4.7(a), (b)), the resulting bubble generation rate distributions
Ψ (Figure 4.7(c), (d)) and finally the mass flow rates (Figure 4.7(e), (f)). Just
as was done for the steady flow rate data of the preceding section, Rε0i/R0 are
estimated and presented in Figure 4.7(e) and (f) (right axis). An optimized value
is then used to compute an estimate that best fits the metered flow rates. This
gives Rε0i/R0 = 3.5 × 10−4 for the needle array and Rε0i/R0 = 1.6 × 10−4 for the
bubbling stone. The optimized flow rates solution is obtained by averaging the
Rε0i/R0, and presented in Figure 4.7(e) and (f) (left axis). When comparing the
spectrum with Ψ, correlation can be observed with dominant spectrum level at
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Figure 4.7.: Passive acoustic inversion calculation steps in the case of gas release
varying over 200 seconds. Results are given for injected gas using the needle array
(graphs on the left) and the bubbling stone (graphs on the right). (a) and (b):
spectrogram from the bubble emissions. (c) and (d): resulting bubble genera-
tion rates Ψ from the inversion. (e) and (d): mass flow rates and corresponding
Rε0i/R0. The left axis relate to the mass flow rates that are metered (solid thick
black line) and estimated from acoustics (solid thin black line) with an optimized
Rε0i/R0. The right axis are for the quantities Rε0i/R0 that would be required to
have mass flow rate measurements matching the direct measurements.
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low frequencies resulting in a high bubble count at large bubble radius. Moreover,
the largest bubbles contribute most to the computed flow rates. For the scenario
presented in Figure 4.7(e) (needle array), 4.76× 10−3 kg of nitrogen is released over
200 seconds and the acoustic inversion estimates 5.23× 10−3 kg, overestimating the
metered amount by 9.9%. In the case of the bubbling stone (Figure 4.7(f)), the
estimation of 4.96× 10−3 kg is to be compared to 5.14× 10−3 kg measured from the
mass flow meter, giving an underestimation of 3.5%.

Results from both trials clearly show that the inversion scheme can detect
temporal changes and demonstrate the ability of the technique to characterize gas
leaks precisely. In practical uses for today’s industrial leaks (in order to assess of gas
leaks levels for oil and gas facilities) or high volume methane seeps (to investigate
temporal variability over long periods of time), estimates of gas flux to within an or-
der of magnitude are usually useful. Better characterization of emission mechanisms
[82, 89, 111] will improve the accuracy of the method in line with the deployment of
new methods for increasingly accurate estimates of the void fraction of gas bubbles
beneath the seabed [119–121].

4.5. Summary

The accuracy of a passive acoustic inversion model for the quantification of gas
leaks proposed by Leighton and White [61] is studied and presented in this chapter.
Passive acoustic measurements of gas release in the form of bubbles were performed
under laboratory conditions in a large test tank. Two different systems producing
different bubble sizes are used and the rate of gas released considered is relatively
high, including regimes where emissions from each bubble overlap. The inversion
of these experimental results allows calculations of flow rates that are compared to
direct measurements from a mass flow meter. The results of this study exhibit an
agreement at a practically useful level for high flow rates. As expected, at lower flow
rates the reduction of SNR decreases the accuracy of the estimate and at these flow
rates it would be better to obtain gas flux estimates from the detection of single
bubble signatures. However, the method employed here is designed for the high gas
volume regime where the detection of individual bubble signatures is not feasible.

The accuracy of the inverse scheme is found to rely mostly upon the initial
amplitude of bubble wall pulsation for the breathing mode. Using two different types
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of nozzle for bubble releases, estimates for this quantity are different. However, in
both cases, the relative change in flow rate is measured accurately from the acoustic
emissions and if optimized values are used for this parameter, the gas volumes that
are released are estimated with good accuracy.

This chapter consists of a validation exercise for chapter 5 which reports results
from the deployment of an hydrophone recorder at sea for the monitoring of a gas
release (QICS project). The passive acoustic inversion is used to determine flow
rates from gas escaping from the seabed over a period of 7 days.
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5. Passive acoustic quantification of
an at sea CO2 gas release

5.1. Introduction

Following chapter 4, this chapter applies the passive acoustic inversion (section 4.2)
to data collected at sea. In chapter 4, under laboratory conditions, good agreement
is observed between gas flow rates inferred from acoustic emissions and independent
measures of injected gas. It is found that the factor Rε0i/R0 is a key parameter
that vary depending on the mean of generating bubbles. Because this technique has
not yet been demonstrated in the field, it was challenging to assess its applicability.
Together with the Rε0i/R0 factor, the range at which the signal to noise ratio is
good enough to perform the inversion was of interest. Results in this chapter explore
these two aspects. The data collected consist of acoustic signature of gas bubbles
generated from the seabed during the final phase of the QICS project (Quantifying
and Monitoring Potential Ecosystem Impacts of Geological Carbon Storage) [50,
122]. This consisted in a controlled CO2 release in the sediment layer leading to gas
leaks from the seabed.

The QICS project was funded by the Natural Environment Research Council of
the UK and involved the collaboration of 14 UK and Japanese institutes. Its purpose
is to improve understanding of the sensitivities of the UK marine environment to a
potential leak from CCS facilities. The gas release phase took place in Ardmucknish
bay near Oban in Scotland (Figure 5.1(a)) and the experimental procedures were
led by the Scottish Association for Marine Science (SAMS, Scotland). A schematic
of the experiment is shown in Figure 5.1(b). From a container on the shore, using a
bore hole drilled through the bedrock to the sediment layer, CO2 gas was injected,
mimicking potential gas release from a CCS facility reservoir. The migration of
the gas in the sediments and in the water column, together with the environmental
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Figure 5.1.: (a): Map showing the location of the release phase of the QICS project.
It was conducted in Ardmucknish bay in Scotland, near the town of Oban. (b):
Schematic of the release phase of the QICS project.

impact was investigated over 37 days with different level of injection rates. For
this experiment, it was important to monitor the amount of gas released from the
seabed in order to compare it to the injected amount. To this purpose, different
flow rate measurements were performed: divers measurements using a graduated
cylinder; measurements using video recordings; measurements using passive acoustic
measurements (of interest in this chapter).

This chapter reports on the collection of the acoustic data during the gas
release period, giving details on the experimental procedures and the difficulties
encountered at treating environmental noise. Considerations for the applicability
of the passive acoustic inversion with a single hydrophone configuration are given.
This includes uncertainties on the location and intensity of each bubble streams.
Estimates of flow rates are computed and results are presented and discussed.

5.2. Experimental procedure

The release phase of the QICS project [50, 123] was conducted from 17th of May to
22nd June 2012. Throughout this period of 37 days, CO2 gas was released from a
diffuser under the seabed at a controlled rate. Taylor et al. [124] describe the set-up
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of this large scale experiment and outcomes of this project are discussed by Blackford
et al. [123]. The measurement of the injected gas is shown in Figure 5.2(a). Gas
injection started on 17th May 10.00 am, and the gas flux was stabilized to 20 kg/d
until 18th May 03.30 pm where flow rate was stepped up over 2 days to 90 kg/d
(20th May 09.00 pm). The injection rate was increased over 3 days, from 5th June
04.00 pm to 8th June 02.20 am to a level of 160 kg/d. Level was kept stable until
17th June 11.40 am with a disturbance between 15th June 04.00 pm and 15th June
10.00 pm due to a technical problem in the injection system. The injection rate was
finally increased to 220 kg/d on 17th June 11.00 pm. Between 20th June 11.30 pm
and 21st June 11.00 am, a significant decrease can be observed, corresponding to the
time where gas cylinders had to be replaced. Injection was stopped on 22nd June
04.00 pm.

Over the experimental period, tidal levels fluctuated between 1 m and 3.5
m. These are shown in Figure 5.2(b). The tide is shaped with a long cycle period
and a more local tidal height change over 14 hours. This is of importance because
hydrostatic pressure (and then tidal heights) influences significantly the amount
of gas released from a point source [28–35]: high hydrostatic pressure is associated
with lower gas release; low hydrostatic pressure is associated with higher gas release.
Such correlation of flow rates with tide was observed from video observations from
4th to 18th June. This is shown in Figure 5.2(c) (data kindly provided by Jun Kita)
where various intensities of bubble emissions were observed. Also, gas was observed
to stop promptly after cessation of gas injection. This is shown in Figure 5.2(d) and
Figure 5.2(e). Photographs show intensive bubble release one hour prior to cessation
of gas injection and no bubble release 30 minutes after the cessation of gas injection.

Here, gas escaping the seafloor that took the form of bubbles in the water
column is of interest acoustically. On 13rd June, a SM2M+ hydrophone recorder
(wildlife acoustics) was deployed using a mooring and was positioned approximately
1 m above the seafloor. The unit was moved on 15th June by divers into the region
where bubble releases occurred. The depth of the region where the bubbles escaped
varied with tide and was of 10-12 m. The gas injection was stopped on 22rd June,
thus there was a period of 7 days during which acoustic signals were acquired and
gas was being injected. The hydrophone unit was recovered on 29th June. The
recorder measured continuously during this period at a sample rate of 48 kHz. The
inversion scheme is to be applied to the data, following the method described in
section 4.2.

59



Chapter 5 Passive acoustic quantification of an at sea CO2 gas release

T
id

e 
(m

)

Days
17/05 27/05 06/06 16/06 23/06

1

1.5

2

2.5

3

3.5

M
as

s 
flo

w
 r

at
e 

(k
g/

d)

Days
17/05 27/05 06/06 16/06 23/06
0

50

100

150

200

250

T
id

e 
(m

)

Days

 

 

04/06 08/06 11/06 16/06 18/06
1

1.5

2

2.5

3

3.5

4

4.5

No emission

Weak emission

Strong emission

(a) (b)

(c)

(d) (e)

22/06 − 03.03 pm 22/06 − 04.33 pm

Figure 5.2.: Various results from the release phase of the QICS project. (a): Gas
injection rate over the experimental period. (b): Tidal heights over the experi-
mental period. (c): Tidal heights plotted with video observation of bubble releases
at the seabed from 4th June to 18th June. Data were kindly provided by Jun Kita
(RITE, Kyoto, Japan). (d): Photograph of the seabed on 22nd June 03.03 pm
(Shortly before cessation of gas injection). (e): Photograph of the seabed on 22nd

June 04.33 pm (Shortly after cessation of gas injection).
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Figure 5.3.: Spectrogram of acoustic signal measured between the 15th and the
26th of June 2012. The gas was stopped being injected on the 22nd at 17:07.

From the 14 days acoustic time series, a spectrum S for each 10 second segment
of data is computed and constitutes the input to the inversion. A spectrogram of
the data from 15th to 26th June is presented in Figure 5.3, with periods with (15th to
the end of 22nd June) and without (end 22nd to 26th June) bubble emissions. Also,
acoustic energy from three seal deterrent devices (sdd) can be observed from 15th to
the end of 20th June. These are identified as Airmar dB Plus II sited at 2 fish farms≈
5km and ≈ 6.5km from the gas release site and emitted continuously until 20th June
where they were turned off for 5 days. A closer analysis of the acoustic signature is
presented in Figure 5.4(a) (spectrogram over 60 seconds). It shows the combination
of the three sea deterrent devices with the continuous emission of sound pulses. Most
of the acoustic energy is concentrated around 10 kHz frequency. This is consistent
with the results from Gordon and Northridge [125], showing that this device highly
affects a frequency range between 5 kHz and 15 kHz. Figure 5.4(b) illustrates this by
comparing the ambient noise spectrum with and without the devices on. The signals
analysed here are those measured after the gas injection was stopped and they do
not contain the acoustic emission of bubbles. Whilst at low frequencies (< 2kHz) the
two spectra are close, whereas at higher frequencies they diverge with a maximum
difference of approximately 32 dB at 10 kHz. The passive acoustic inversion should
be applied on the spectral contribution only from the bubbles (otherwise, the bubble
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Figure 5.4.: Impact of seal deterrent devices (sdd) used by fish farms that corrup-
ted the collection of acoustic data during the release phase of the QICS project.
(a): Spectrogram for a duration of 60 seconds on 25th June (gas injection stopped,
no acoustic emission from gas bubbles). (b): Spectrum comparison of signal cor-
rupted by seal deterrent (solid black line) devices with a clean signal (solid grey
line).

count can be artificially inflated). To that purpose, two steady noise floor spectra
when there were no acoustic emissions from bubbles are computed from 3 minutes
of data collected on 24th June (no noise from seal deterrent device) and on 25th June
(seal deterrent devices turned on). As in chapter 4 (section 4.3), these spectra are
then used to subtract steady ambient noise.

The ambient noise level varies during the experiment as a function of time.
This was in part the result of the passage of vessels near the site and activity
associated with the experiment. To reduce the impact of transient noise events and
to smooth the results somewhat, the results from each 10 s sequence were combined
using a 1 hour rolling median filter. Noise sources which persisted for more than 30
minutes would inevitably corrupt the bubble estimates artificially by inflating the
bubble count. Such an event happened at the time at which the divers measured
the gas flux or toward the end of the experiment, and the implications of this will
be discussed in section 5.3.

For the inversion, 50 bubble radius bins linearly spaced from 0.5 mm to 10 mm
are chosen in order to have Ψ decreasing at the largest bubble radii. The spectra S
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are first interpolated at the corresponding frequencies (from 451 Hz to 9034 Hz) using
Equation 3.8. The inversion is carried out as described in section 4.2. However,
because there were multiple bubble streams (contrary to the test tank experiment
where bubbles were release from a single location), a critical variable to evaluate
is the range r because Equation 3.29 is proportional to 1/r2. For the need of the
inversion, an ’effective’ range reff is determined by taking the average of the inverse
distances squared of every bubble streams:

1/r2
eff =

(
Ns∑
l=1
Gl

)−1

×
Ns∑
l=1
Gl/r

2
l (5.1)

with Ns the total number of bubble streams and rl the distances from the sensor
to the bubble streams. The quantity Gl is the relative gas flux and accounts for
the differences of intensity at different bubble releases. With the use of a suitable
sensor array, the use of an effective range could be overcome. However, in the
experimental set up described here, a single hydrophone was used and it was not
possible to identify each Gl factors. In addition, in the absence of dedicated resource
to provide estimates, the position taken here is to assume Gl = 1. Each location rl
was determined from pockmarks revealed by multi-beam echosounder mapping on
the morning of 20th June (corresponding to low tide). This is shown in Figure 5.5
with the location of the pockmarks, the diffuser and the hydrophone. This only
constitutes a snapshot at a specific point in time, evaluating the range reff from this
image does not take into account potential appearance or disappearance of bubble
streams throughout the measurement period. While ideally one would determine
the location and appearance of each release, the position taken here of assuming
a single effective range is constrained by technical limitations. This issue could be
mitigated by the use of an array of hydrophones instead of a single sensor in order
to locate and monitor each stream of bubbles. Alternatively, if resources allowed
it, a dedicated camera or active sonar systems could be used to identify where and
when the gas releases occurred in order to provide these data as input for the passive
acoustic study. Using the map presented in Figure 5.5, 57 pockmarks are identified
and from the location of the hydrophone, it is found that distances from bubble
streams to the acoustic sensor vary from 0.8 m to 6.5 m. The resulting effective
range is reff = 2.4 m to input in Equation 3.29. Similarly to section 4.3, results are
given in the form of a confidence interval based on the data from Deane and Stokes
[82] (Figure 3.3).
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Figure 5.5.: Topography of the site where the release phase of the QICS project
took place in May/June 2012. The gas diffuser is represented by a black line
while the pink triangle marker is the position of the hydrophone unit. The white
circle markers are the estimated location of each bubble stream inferred from the
pockmarks, inferred from multi-beam mapping.
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5.3. Results and discussion

5.3.1. General considerations

Preliminary validation tests were conducted in a water-filled tank (chapter 4), as
a precursor to the at sea measurements in the framework of the QICS project
(Figure 5.6-Figure 5.9). Before discussing the results from the inversion, it is useful
to understand where these tests are leading, as this explains the accuracy, uncer-
tainty, and advantages of the passive acoustic technique. Consider the lower plot in
Figure 5.7, which shows the mass flux at QICS as inferred from the passive acoustic
emissions. Plot shows a shaded region, its upper and lower borders denoting the
25th and 75th percentile of Rε0i/R0 (section 4.2, section 3.5), defining the spread in
acoustic estimates. This uncertainty derives almost wholly from the single factor
Rε0i/R0 which dominates the error estimation. In chapter 4 and in this chapter, that
estimation comes from analysis of the data presented by Deane and Stokes [82, 86]
(Figure 3.3), who measured the range of excitations as a function of bubble size in
laboratory tests. Previously, Leighton and White [61] used a fixed value, that lies
close to the middle of the range observed by Deane and Stokes [82]. In future, the
developing theoretical basis should allow the amplitude of the initial excitation, and
how this varies with the type of injection (from a needle, a leaking gas pipe, or the
seabed), to be calculated, which may well reduced the uncertainty associated with
the method used in this paper.

Half way through 19th June, a single cross overlies the lower curve in Figure 5.7(c).
This is the gas flux measurements made at a single point in time by divers on each
visible bubble stream using an inverse funnel. It lies well within the borders of the
acoustically-inferred gas flux, adding confidence to the latter. However, as explained
in section 5.2, the acoustic signal here is contaminated by noise from the boat and
divers, and so a more realistic comparison is to compare the diver-generated flux es-
timate with the acoustically-inferred fluxes at similar points in the tidal cycle either
side of the diver measurement. One further point from the comparison of diver- and
acoustically-generated fluxes is this: it illustrates the power of the passive acoustical
method. Whilst the divers, at considerable expense and effort, managed to obtain
only one data point for the gas flux, the passive acoustic method monitors the gas
flux in real time, continuously, over 7 days. For example, over the whole bubble
release field, it details the temporal correlation of the gas flux with the tidal cycle
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Figure 5.6.: Mass flow rates estimated from acoustic measurements during the
release phase of the QICS project with (solid black line) and without (solid grey
line) the application of a 1 hour median filter.

(as shown on Figure 5.7 to 5.9).

Having therefore provided perspective to the data to be presented in this sec-
tion, the results from data collected at sea during the QICS experiment are presented
and discussed.

5.3.2. Correlation with tide and injection rate

Through the release phase of the QICS experiment, passive acoustic emissions from
a bubble release was recorded for 7 days, from 15th to 22nd June. Using the in-
version scheme gas flow rates are estimated (section 4.2). Results are investigated
in order to determine the applicability of the passive acoustic inversion method in
an at sea environment. The procedure is similar to the one used for the test tank
experiments with varying flow rates (chapter 4). Spectra that are determined for
every 10 seconds of signals constitute the input of the model. Inversion is applied
similarly. As observed in section 4.4, the inversion scheme is sensitive to noise, es-
pecially for the set-up considered here with a single hydrophone. Various sources
of noise disturbed the measurements and contribution of noise sources such as seal
scrammers could be mitigated (Figure 5.4) by subtracting its contribution to the

66



5.3 Results and discussion

inverted spectrum. However, noise events such as those arising from boat activities
could not be accounted for, resulting in mass flow rates varying significantly. This
is observable in Figure 5.6 (solid grey line) where occasional large spikes in the es-
timated flow rate are evident. In order to reduce the effect of these random noise
events, a 1 hour median filter is applied, resulting in a smoothed curve (Figure 5.6,
solid black line), reducing the local fluctuations.

The resulting flow rates are presented in the form of a confidence interval
(section 3.5 and section 4.3) and are to be compared with injected flow rates. The
results (from 15th to 23rd June) are presented in Figure 5.7 with bubble generation
rate distributions Ψ (Figure 5.7(a)), tide levels (Figure 5.7(b)), injected and acous-
tically inferred flow rates (Figure 5.7(c)). Even though a median filter is applied to
the data as in Figure 5.6, strong fluctuations in flow rates can be observed on 20th,
21st and 22nd June after mid-day. This corresponds to increased boat activity re-
lated to the end of the experimental period and results in artificially increased bubble
count (thus producing overestimated mass flow rates). This cannot be corrected by
the median filter.

A strong correlation of the estimates from the acoustic measurements with
the tidal height can be seen in Figure 5.7, a correlation also noted in the time
lapse photography and pCO2 (partial pressure of carbon dioxide) data [123]. This
variability with tidal height is noteworthy and diverse for marine seeps [28–35].
Here the variability with tidal height is noticeable in the bubble generation rate
distributions Ψ (Figure 5.7(a)) and in estimated flow rates (Figure 5.7(c)). Using
a 12 hour hamming window with 50% overlap, the cross power spectral density
between the upper bound of the estimated flow rates and tidal heights is computed
(Figure 5.8(a)). This exemplifies peaks at diurnal (24 hour period) and semi-diurnal
cycles (12 hour period). Here, the tidal height is dominated by semi-diurnal cycles.
Fourier transforms of the tidal heights and the flow rates over windows of 12 hours
with 50% overlap from 14th 05:30 pm to 22nd 02.00 pm, phase delays for the semi-
diurnal cycle at different times are calculated. The histogram of these estimates is
plotted in Figure 5.8(b) and it exemplifies a delay of 174◦ ± 23◦ (5.8 ± 0.8 hours)
between tidal heights and flow rates. The point where the release of gas is highest
is then located just before the lowest level of tide and low hydrostatic pressure
corresponds to high levels of gas release while high pressure corresponds to low flow
rates. It has been suggested that such a relation between tidal heights and flow
rates is mostly accountable for the activation/deactivation of individual vents [34].
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Figure 5.7.: Various results from the release phase of the QICS project. (a):
Bubble generation rate Ψ versus days. (b) Tide versus days. (c) injected (solid
black line) and acoustically inferred (grey area) mass flow rates. The acous-
tic estimates are computed as a confidence interval based on uncertainties on
Rε0i/R0 from the 25th and 75th percentiles of the data from Deane and Stokes
[82] (section 3.5). The black cross marker represents the diver flow rate measure-
ments on each individual bubble stream. The dashed black line is the 1h moving
averaged gas flow rate acoustic estimate showing the general increase after 18th

June.
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Using an active sonar, Schneider von Deimling [28] reported a 90◦ phase delay and
suggest this is associated with the diffusion of gas in the sediments [29]. In order to
further characterise the relation between the tide and the ebullition rate, Figure 5.9
presents tide plotted against the upper bound of the estimated flow rates. Tidal
height is sampled every 43 minutes and flow rates are averaged between two data
points. The tidal effect is investigated from 14th 05:30 pm to 18th 02.00 pm, period
during which the noise is limited. Figure 5.9(a) shows results for each tidal height
data point together with a linear regression with a regression coefficient of R2 = 0.7.
Refining the focus to peak tide changes with flow rates averaged over 86 minutes
around tidal height peaks and dips gives a linear regression to the subsequent 13
data points with a regression coefficient of R2 = 0.9. This increased correlation
between tidal height and flow rate suggests that the change in flow rates is more
closely related when the tidal cycle is at its local maximum or minimum [34]. Results
suggest a decrease of 15.1 kg d−1 for each meter increase in tide around tidal height
peaks.

When comparing the injected flow rate levels with the acoustically estimated
gas volume released in the form of bubbles, correlation can be observed. First,
the increase of gas injection occurring on 17th June from 150 kg d−1 to 210 kg d−1

produces an increase in gas release from the seafloor as seen in Figure 5.7(c) by the
dashed black line (increase during 18th of June). This dashed line represents the 24
hour rolling average based on the upper bound of the confidence interval (grey area)
of which this tracks intensity changes in flow rates over a day period. From the
15th at 12.00 am to the 17th at 00.00 am, the average flow rate of the upper bound
is of 9.2 kg d−1 and from the 18th 02.00 pm to the 20th 02.00 am, estimates are of
15.5 kg d−1. These two periods of time were chosen because the effect of boat noise
seems to be limited. This gives an increase of 83.2% when including the difference
in tidal levels. This responds to a 40% increase in gas injection. Further, the gas
injection drops on 21st June and shows direct effect on the gas escape from the
seafloor as shown by the sharper decrease at this time in Figure 5.7(c). Finally, the
estimates reduce dramatically when the gas injection is stopped, correlating with
photographic observations that also showed that the bubble emissions stop shortly
after the end of the gas injection (Figure 5.2(e) and (d)).

On 19th June at 11.00 am, diver measurements of each individual bubble stream
were performed using an inverse funnel. The gas collection was performed over 49
minutes at high tide and measured 31.8 kg d−1 with the mass flow rates from streams
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Figure 5.8.: Correlation between tidal height (Figure 5.7(b)) and flow rates in-
ferred from acoustics (Figure 5.7(c), grey area). (a): Cross power spectral density
amplitude versus frequency in cycles per day. The cross power spectral density
is computed using a 12 hours hamming window with 50% overlap. The graph
shows high correlation at the semi-diurnal component (~12 h cycle). A peak is
also noticeable at diurnal components (~24 h cycle). (b): Distribution of phase
delay between tidal heights and flow rate estimates for the semi-diurnal cycle.
This gives a phase estimate of 174◦ ± 23◦ (5.8± 0.8 hours).

spanning 0.1 kg d−1 to 2.4 kg d−1. This measure is represented by a black cross
marker inFigure 5.7(c) and represents ≈ 15% of the injected CO2 at the time. The
estimates from the inversion averaged over the measurement period, using Rε0i/R0 =
2.8×10−4 (mean value) is 15.9 kg d−1, 7.5% of the injected gas. The initial amplitude
of bubble wall pulsation for the breathing mode required to match the measurements
from the divers is Rε0i/R0 = 2 × 10−4. As explained in section 5.2, on 19th June
at the time of diver measurements (11.00 am to 11.49 am), the inferred gas flow
rates from the hydrophone are contaminated by noise. Comparison of the diver-
generated flux estimate with the acoustically-inferred fluxes at similar points in the
tidal cycle at the same conditions of gas injection rate where the impact of noise
is minimized allows refinement of the estimate of flow rate and Rε0i/R0. These
are computed over four periods. On 19th June between 11.00 pm and 11.49 pm,
averaged flow rate of 6.6 kg d−1, Rε0i/R0 = 1.3 × 10−4. On 18th June between
11.00 pm and 11.49 pm, averaged flow rate of 6.2 kg d−1, Rε0i/R0 = 1.2 × 10−4.
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Figure 5.9.: Tidal levels against mass flow rates inferred from acoustics. In both
graphs, circle markers are the measurements at various times and the solid black
lines are the linear regression of these data points. (a): data points are the average
over 43 minutes periods from 14th June 05:30 pm to 18th June 02.00 pm. (b): data
points are the average over 86 minutes periods at peak tidal heights from 14th June
05:30 pm to 18th June 02.00 pm.

On 18th June between 11.00 am and 11.49 am, averaged flow rate of 5.3 kg d−1,
Rε0i/R0 = 1.1× 10−4. On 17th June between 11.00 pm and 11.49 pm, averaged flow
rate of 5.3 kg d−1, Rε0i/R0 = 1.1×10−4. This refines the estimated flow rates at the
time of the diver measurements to 5.9 ± 0.7 kg d−1 and the estimation for Rε0i/R0

to Rε0i/R0 = 1.2× 10−4 ± 6.8× 10−6.

The quantitative assessments of CO2 released as free gas (by the divers and
using passive acoustics) is only a fraction of the injected CO2 (≈ 15%) and the
remaining (≈ 85%) was retained in the sediments during the limited time of the
observation. Although free gas trapped within the sediment layers could be observed
using seismic reflection surveying[126], Blackford et al. [123] suggest that a large
part of the injected gas was dissolved in sediment pore waters. It is likely that
sediments in general can build up reservoirs of free and dissolved gas, both of which
may become released from sediments at a later time.

In summary, even when using only a single hydrophone, the passive acoustic
technique managed to obtain real time continuous data over 7 days of the gas flux
from the QICS experiment, in agreement with the single data point provided by
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divers who directly collected gas. The source of uncertainty in the acoustically-
induced gas flux is well characterized and the route to reducing it is well-understood.
Furthermore, the technique also provides real time and continuous monitoring of the
bubble size distribution.

5.4. Summary

In the framework of the QICS project, the passive acoustic inversion described by
Leighton and White [61] (section 4.2) is used on data collected at sea. During this
experiment, CO2 gas was released at different rates and passive acoustic recordings
provided continuous monitoring for 7 days. It is observed that the estimates in-
ferred from the acoustic data correlate well with the different changes in flow rates,
exemplifying good accuracy of the method in a limited set up (one hydrophone de-
ployment). The tide is found to have a dominant effect on the flow rate. High tide
is associated with low gas release and low tide with high gas release. This correl-
ates with photographic observations. A decrease of 15.1 kg d−1 in flow rate for each
meter of tide increase is estimated. These changes in flow rates are mostly occurring
when the tidal cycle is at its local maximum or minimum [34].

When addressing the potential use of the passive acoustic inversion scheme
described in this study, it can be noted that gas release detection can be performed
efficiently using hull mounted sonar systems on vessels (e.g. scientific echosounders)
[20, 28, 38]. These systems can also be used to estimate the amount of gas released
[40, 41, 127]. However, these measures only constitute snapshots at a specific point
in time and do not usually provide coverage of the development of a leak. Local
techniques can provide such insights [33, 42, 45, 46] but the power requirements are
significant. In that respect, the use of passive acoustic sensors presents a low cost
and low power consumption alternative.

Though, hull mounted echosounders are very efficient at detecting gas leaks
because gas bubbles scatter sound very efficiently. These systems produce a large
amount of data over areas typically surveyed by vessels. Using echosounders, a
vessel can survey vast areas acoustically, resulting in data sets that can further be
used to provide order of magnitude estimate for the amount of gas released over
the area covered [28, 37, 38, 40, 41, 127]. This is complementary to the deployment
of passive acoustic sensors. Based on echosounder data at multiple frequencies,
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an inversion method based on the backscattering of gas bubbles and inspired from
fisheries acoustics is described in chapter 6. The method is tested against simulated
data and accuracy and precision in various scenarios are studied.
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6. Multi-frequency acoustical
estimation of gas release

6.1. Introduction

Estimations of gas fluxes of leaks from the seabed using direct, local sampling meth-
ods (such as use of sample collection bottles [129] in the water column or tubes [130]
in the sediment) would be significantly complemented by a remote quantification
method, such as active sonar might provide. Low frequency methods for remotely
assessing the gas flux of the seabed have been proposed [119, 120]. In the oceanic
water column, high frequency active sonar is known to scatter strongly from bubble
seeps [131] and these are instruments scientists frequently rely on to preliminarily
assess seeping areas [28, 37, 38, 40, 41, 127]. These tools are active sonar units that
image the water column below the vessel (Figure 6.1(a) and (b)) [20, 132]. These
can also be part of systems lying on the seafloor in order to image gas releases over
extended periods of time [33, 42, 45, 46]. This consists of data collected from a single
broad acoustic beam (single beam echosounder) or across multiple narrow acoustic
beams (multi-beam echosounder). Multi-beam systems have long been used to meas-
ure bathymetry [43]. However, they can also provide a cross sectional image of the
water column (using the data collected from each individual beams), offering high
resolution capability for the water column. conversely, a single beam echosounder
only returns single data stream corresponding to the acoustic strength in its inson-
ified volume. Thus, with a broad acoustic beam, large volumes are covered but at
the cost of reduced resolution. This offers a simple method to detect flares because
bubbles scatter sound very efficiently and produce clear traces (e.g. Figure 6.1(c)).
For this reason, single beam echosounders are frequently used to provide prelim-
inary assessments of gas escapes. In addition, while robust calibration procedures
are established for single beam echosounders [133], calibration of multi-beam echo-
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Figure 6.1.: (a): Photograph of the vessel Heincke. (b): Photograph of an EK60
echosounder (from the vessel Thalassa, ifremer, extracted from Berger et al.
[128]). This shows each unit of the EK60 (for each frequency channel, 18 kHz,
38 kHz, 70 kHz, 120 kHz and 200 kHz). The ME70 instrument is a multibeam
system. (c): EK60 echogram from a research cruise (JR253) to the seas off Sval-
bard [47] showing gas escaping from the seabed (~100 m). These acoustic flares
are usually the combination of several bubbles streams populating the insonified
volume.
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sounders remains topical [134, 135]. In this chapter, an inverse method based on
calibrated single beam echosounder data is described. This method is aimed at
estimating gas flow rates utilizing an inversion based on the backscattering of gas
bubbles section 3.6.

Furthermore, single beam sonars (Figure 6.2(a)) have the ability to be em-
bedded on ROVs (Remote Operated Vehicles) in order to provide assessments of
the surroundings of the vehicle [48, 49]. At a local level, this detects individual
bubble streams (Figure 6.2(b)). While the use of optics can be challenging under-
water, the use of a sonar unit provides benefits when detecting gas bubbles. For
example, Figure 6.2(c) shows a sonar scan (with a range of 20 m) where three bubble
stream are detected around the ROV. The detection of each bubble streams allows
the ROV to close up, allowing local operations to be performed (gas sampling, sea-
floor sampling, video observation etc.). In addition, this gives precise mapping of
individual bubble streams that can further be correlated to the acoustic scatter-
ing recorded by the echosounders from the vessel. These systems are usually not
calibrated as their main focus is to provide acoustic imaging of the surroundings.
Though, if such a system is able to produce absolute acoustic scattering measure-
ments, quantitative assessment of each bubble stream can be achieved using the
inversion scheme described in this chapter.

Single beam sonars return the acoustic strength in the insonified volume that
contains either a single target or multiple targets. Data processing strategies differ in
each case and a summary of the processing strategies are well established for fisheries
acoustics [43, 64]. Similar decision flow charts are applicable when considering the
scattering from gas bubbles. The diagram from Horne and Jech [64, Figure 1] is
recalled in Figure 6.3. With a single scatterer in the insonified volume, individual
targets can be inferred (echocounting) and abundances are determined by analysing
the response from each single target. However, with overlapping echoes, two cases
arise depending on the type of data set: single frequency data; multi-frequency data.
With a single frequency approach, assumptions that limit the range of applicability
of the techniques are necessary (e.g. assuming the population present a strongly
dominant size). Earlier single-frequency sonar imagery of bubble populations under
breaking waves could be interpreted to estimate the bubble size distribution present,
as was done in the pioneering work of Thorpe [136] for bubbles generated by breaking
waves on Loch Ness. However quantitative estimates of the bubble population from
single-frequency data require the assumption that only resonant bubbles scatter the
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Figure 6.2.: (a): Photograph of the Imaginex 881A sonar that was mounted on the
ROV during a research cruise (HE387) to the seas off Svalbard. (b): Schematic
of the use of an imaging sonar mounted on an ROV for the detection of gas
leaks. Acoustic surveys performed with a vessel provide approximate locations
of gas releases. Then, ROV operations are undertaken in order to determine
more precisely the spatial and temporal characteristics of each gas stream. (c):
Imaginex 881A sonar scan (20 m range) from the ROV landed on the seafloor.
This shows imaging of three streams of bubbles. Artefact reflections from cables
appear at the rear of the ROV.
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Figure 6.3.: Diagram of acoustic data processing for assessment of fish abundances
given different type of echosounder data sets. The methodology described in the
following sections is inspired from the multi-frequency approach (with scattering
from bubbles instead of fishes). The figure is extracted from Horne and Jech [64]
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sound. As abilities for bubble modelling developed, the inherent ambiguity between
large bubbles and resonant bubbles (both of which can scatter strongly) placed
a fundamental limitation on the accuracy of estimations using single frequencies
[137]. If a wide range of frequencies are used (ideally spanning the resonances of
all bubbles present), then matrix inversion methods can be used to estimate the
number of bubbles present, and their sizes, although this has tended to be through
measurement of attenuation rather than backscatter [117, 138–140]. In principle the
bubble-induced perturbation of the sound speed can also be inverted to estimate the
bubble size distribution, but unless all the bubbles are much smaller than the bubble
size that would be resonant with the sound field [119, 141–143], then the precision
required in the phase calibration of the receivers can make inversion by sound speed
imprecise [144].

In this chapter, theoretical consideration for two inverse approaches based on
the backscattering strength from bubbles plumes are presented. They are inspired
and adapted from methods used to estimate biovolumes for zookplankton [60, 62, 63,
65, 67, 145] and various fish types [43, 44, 146, 147]. Using theoretical developments
on the backscattering cross section of single gas bubbles described in section 3.6,
two inverse approaches are developed, based on: a two frequency data set; a three
and more numerous frequency data sets. In order to examine the accuracy of each
method, a test problem is constructed. This simulates data to be the inputs for the
inversion. Scenarios are considered with:

• Various size distributions

• Various number of frequencies

• Different number of scatterers in the sampled volume

• Different levels of noise

First, theoretical development is given on the different inverse methods. Then,
procedures for constructing and solving the test problem are detailed. Afterwards,
results of the inversion on the simulated data are presented and discussed. These
address the accuracy and the precision of the methods.
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6.2. Inverse approach

In this study, the case of a calibrated monostatic single beam sonar [133] is con-
sidered with a scenario where targets of different sizes and of the same type are
insonified. If targets are sufficiently separated in range so that single echoes can be
resolved, one can perform echo counting to determine the size of each target from
their distinctive echo trace. However, in the case that multiple targets are insoni-
fied simultaneously, they cannot be distinguished individually and they combine to
form a more complicated signal. An inverse approach is required to determine the
distribution of sizes. In this situation, a commonly used unit is the backscattering
coefficient per unit volume sv (Sv = 10log10 (sv)), expressed in m−1 [148]. This
consists of the measurements that are intended to be inverted in this study. It rep-
resents a measure of the absolute backscattered intensity corrected for spreading,
absorption losses and normalized to a volume of 1 m3. Within a sampled volume
V0, this is defined as [43, 60]:

sv =
∑
σbs

V0
. (6.1)

This quantity can be measured at different frequencies [128, 149, 150]. The
information at each frequency is used to input the inverse problem and the multi-
frequency ability of the echosounder is employed here. The volume backscattering
strength sfl

v can also be expressed in terms of the the abundance density as function
of bubble sizes N (R0):

sfl
v =

∞̂

0

N(R0)σbs(R0, fl)dR0. (6.2)

Before applying the inversion, it is important to meet certain conditions as
described by Holliday and Pieper [63], Greenlaw and Lawson [60] or Lebourges-
Dhaussy [65]. The basic assumption is that the echo from a volume containing
scatterers is considered as the sum of echoes from each individual scatterers. This
implies the following:

• Incoherent scattering between scatterers

• Shadowing effects are negligible (absorption of the acoustic wave through the
bubble layer)
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• The distribution of the scatterers is homogeneous through the sampled volume

Also, it is important to note that the quality of the information inferred from the
measurements depends on the accuracy of the calibration of the acoustic system
[133, 151].

6.2.1. Choosing the appropriate scattering model

Before expanding on theoretical consideration of the inversion process, it is import-
ant to clarify the choice for the modelling of the physics. Here, the kernel matrix
of the inverse problem (chapter 2) is based on the backscattering cross section σbs

for a single gas bubble. This acoustic quantity is discussed in section 3.6. Depend-
ing on the kR0 regime considered, the different models for σbs apply with various
accuracies:

• kR0 � 1: the analytical breathing mode solution (Equation 3.31) works best
in this regime because it describes the resonance behaviour precisely by includ-
ing damping effects. While the modal solution (Equation 3.34) also predicts
the response at the bubble resonance frequency f0, the accuracy is less than
for the analytical solution because damping effects are not accounted for.

• kR0 � 1: one of the assumptions for the analytical breathing mode solu-
tion (Equation 3.31) is that kR0 � 1 (i.e. the acoustical wavelength is very
much longer than the bubble radius), thus making this model inappropriate
in the kR0 � 1 regime. Although the range of applicability of Equation 3.31
can be expanded to all kR0 through the solution derived by Thuraisingham
(Equation 3.32) [96], this only models the contribution of the breathing mode.
At kR0 ≈ 1 and kR0 � 1, the contribution of the breathing mode is predicted
to be very small and it is needed to account for other modes (Figure 3.5). The
modal solution is then best suited to predict σbs in these regimes.

Almost all attempts to quantify gas releases from single sonars [28, 37, 42, 152, 153]
assume that kR0 � 1, using the analytical breathing mode solution for the model-
ling of σbs. Application of formulations which assume this, in situations that this
assumption does not hold, will lead to significant errors [2, 3] (and furthermore may
not deal with several important errors that have become embedded in the literature
of the acoustic scattering cross-section). Table 6.1 summarizes studies that make
use of models that assume kR0 � 1 while working at kR0 � 1. This situation has
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probably arisen for two reasons. First, even if the assumptions in the physics do
not match the prevailing conditions under which the measurement was taken, the
inversion algorithm can always be constrained to produce an answer, even if the
answer is incorrect. The result from an inversion should be constrained to be phys-
ical (e.g. the bubble size distributions should be positives but their accuracy can
not be confirmed without independent ground truthing). Second, inversions based
on bubble physics that assumes that kR0 � 1 have for years been successfully and
accurately completed to estimate the bubble size distribution in the upper ocean,
under breaking waves [79]. However here buoyancy tends to remove large bubbles
rapidly from the water column, such that the bubble population is dominated by
bubbles of roughly tens of microns in radius, with relatively few of millimetre ra-
dius [154]. In contrast, when gas is released from the seabed, all bubbles that are
injected into the water column travel upwards, and there is not a balance between
the downwards components of ocean turbulence and circulation, and the upwards
effects of buoyancy, that filters out the larger bubbles at the upper sea surface [136].
As a result of this, and the tendency of bubbles to coalesce upon injection [87, 155],
bubbles released from seeps tend [54, 55, 61] to be several millimetres in radius. In
this chapter and chapter 7, insonifying frequencies considered span from 38 kHz to
200 kHz (range of frequencies typical of the EK60 instrument that produced data
analysed in chapter 7). Considering bubbles sizes ranging from 1 mm to 10 mm,
this gives kR0 between 0.16 and 8.4, enforcing the use of the modal solution in order
to compute σbs .

Whilst models of the evolution of a gas plume in the sediment [54, 158] and in
the water column [155, 159–161] (and beyond that into the atmosphere [54]) have
been developed (and may yet need further development, for example to include
variability in gas flux and composition [162]), modelling of the acoustical scattering
by bubbles has relied heavily on formulations that assume R0 � λ. In using high
frequencies with large bubbles, some authors state that they are avoiding the com-
plications that the bubble resonance would introduce, but do not take account of the
fact that the algorithm linking scattering cross-section to bubble size becomes multi-
valued outside of the kR0 � 1 limit. Hornafius et al. [37] used 50 kHz sonar scatter
off bubbles with a mean radius of 6 mm (kR0 ≈ 1.3) and a maximum of 15 mm
(kR0 ≈ 3.1). Muyakshin and Sauter [153] estimated the gas flux from 38 kHz sonar
scattering of bubbles having up to 12 mm radius (kR0 ≈ 1.9); whilst Nikolovska et
al. [152] made similar quantifications using 675 kHz on a bubble population whose
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Study Sonar
frequency
(kHz)

Maximum
bubble size

(mm)

Corresponding
value of kR0

Hornafius et
al. [37]

50 6 (mean
radius)

~1.3

Hornafius et
al. [37]

50 15 (maximum
radius)

~3.1

Muyakshina
and Sauter

[153]

38 12 ~1.9

Nikolovska et
al. [152]

675 2-5 mm
(mean
radius)

~5.7-14.1

Granin et al.
[156]

28 5.2 ~0.6

Artemov et
al. [157]

38 18.3 ~2.9

Artemov et
al. [157]

120 18.3 ~9.2

Table 6.1.: Non-exhaustive list of studies using an analytical breathing mode model
for σbs. The maximum values of kR0 at which these studies are working break
the basic assumption of the breathing mode formulations, kR0 � 1 (i.e. the
wavelength is long compared to the size of the bubble).

average radius was 2-5 mm (kR0 ≈ 5.7 − 14.1). Granin et al. [156] used 28 kHz
sonar to study bubbles with radii as large as 5.2 mm (kR0 ≈ 0.6). Artemov et al.
[157] exposed bubble radii up to 18.3 mm with 38 kHz (kR0 ≈ 2.9) and 120 kHz
(kR0 ≈ 9.2) sonar. Nikolovska and Schanze [38] also used a 675 kHz sonar, but with
an opaque algorithm that does not depend on the size of the bubbles present, but
only the overall void fraction and the size of the cloud they occur in. Ostrovsky et
al. [40] used 120 kHz sonar on bubbles at least as large as 10 mm radius (kR0 ≈ 5),
although they follow the long-wavelength formulations, they relied upon empirical
relationships between target strengths for freshwater bubbles. Schneider von Deim-
ling and Papenberg [163] also worked outside of this ‘long wavelength’ regime, with
bubble radii as large as 20 mm scattering 50 kHz ultrasound (kR0 ≈ 4.1), though
in fairness they focused on acoustic Particle Imaging Velocimetry rather than the
quantification of the gas flux from the strength of the acoustic scattering. Salomatin
and Yusupov [164] were cogniscent of the need to account for the violation of the
long wavelength assumption, and also (like Ostrovsky et al. [40]) account for the
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departure of the shape of the rising bubble from the sphere.

One approach [62] has been to take formulations [92, 165, 166] developed for
zooplankton (modelled as simplified idealized shapes) and employ these well-known
inversions to bubble data. Whilst the zooplankton formulations were not developed
with the assumption that kR0 � 1, there is however a fundamental problem with
the approach that relies on this. The inversion for zooplankton abundance is based
on well-known formulations [92, 165, 166] for calculating the frequency-dependent
scattering on the dimensions of the sphere, the cylinder or the ellipsoid that has a
volume that is equivalent to that of the organism in question. The problem with
applying this to bubbles is that the mechanism of scattering is different, as explained
by Leighton [1].

Some authors [156] comment that the results of the acoustically-derived gas
flux are not in keeping with their expectations and with independent measurements,
if those exist. Whilst not the sole source of discrepancy, note should be taken of
the possibility of errors that could accrue through use of an inappropriate algorithm
to convert rise speed to bubble size, and the use of formulae that assume kR0 � 1
and/or a monotonic relationship between scattering cross section and bubble size,
and the possible errors in quoting historical expressions for the scattering cross-
section of a bubble [2, 3].

In this thesis, the formulation of Feuillade and Clay [100] of the Anderson fluid
sphere scattering model [99] is utilized through two approaches:

• a two frequency inversion

• an inverse approach based on 3 or more frequencies using Levenberg-Marquardt
least squares method [52, chap. 25] (section 2.2).

6.2.2. Single frequency approach

If it is assumed the insonified volume V0 contains bubbles of one size only R0, through
the assumption that sv is the result of the sum of echoes from each individual
scatterers (linearity assumption), sv measured at frequency f is as:

sfv = N0 × σbs (f,R0) , (6.3)
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with N0 representing the total number of bubbles. Thus, by using an appropriate
model for σbs, the number of bubbles can be inferred given R0 is known. However,
assuming only one bubble size is present is unrealistic and in practice, distribution
of bubbles span a spread of bubble sizes. This approach is then imprecise and is only
able to perform efficiently if the bubble size distribution is dominated by a single
size R0d (e.g. bubble size distribution in Leifer and Culling [54, Figure 6]). Though,
if the bubble size distribution is spread across a large range of bubble radii, this
can partially be taken into account by using an average value σ̄bs for σbs in order to
determine the abundance N0:

sv = N0σ̄bs = N0
∑

Flσbs (f,Rl) , (6.4)

with Fl the fraction of bubbles in the radius bin Rl to the total number of bubbles
N0. However, the spread in scatterer size needs to be determined experimentally
prior to invert the data. In the case of gas bubbles, this can be performed by using
for example optics. In the case of fisheries acoustics, prior knowledge is given from
organism samples from capture using fish nets. Gas volumes are further obtained
through:

Vest = 4π
3 N0

∑
FlR

3
l . (6.5)

The main drawback of this technique is the prior knowledge required about the
bubble population. This implies measurement of bubble sizes prior to quantification
which is frequently impractical: local methods to determine bubble size distributions
are costly and only sample few individual bubble streams specimen. In the case of
methane seeps, it has been shown that bubble releases span different types of bubble
size distributions [54] and in many cases it is clearly impractical to obtain prior
knowledge before collecting acoustic data. In addition, the bubble size distribution
can change with time [34]. It is then very beneficial to be able to determine the
bubble size distributions directly from sonar data. This way, gas volumes could be
inferred solely based on acoustical data.
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6.2.3. Two frequency approach

Description of two frequency techniques is given for example in Lebourges-Dhaussy
[65] or Mitson et al. [167]. Similarly to the single frequency approach, bubbles
contained in the insonified volume V0 are assumed to be concentrated about a single
size R0d . If a sonar system provides measurement of sv at two frequencies f1 and
f2, these approximately relate to the abundance N0 as:

sf1
v = N0σbs (f1, R0d)

sf2
v = N0σbs (f2, R0d)

. (6.6)

This provides a system of two equations with two unknowns, R0d and N0. Using an
appropriate model for σbs, it is possible to estimate the dominant size R0d through:

sf1
v

sf2v
= σbs (f1, R0d)
σbs (f2, R0d) . (6.7)

If a simplified model is available, it is possible to determine the dominant size
analytically (e.g. in the case of Rayleigh scattering). Otherwise, this can be solved
numerical. It is important to note that analytically, the ratio sf1

v /s
f2
v is:

sf1
v

sf2v
=

∞̂

0

N(R0)σbs(R0, f1)dR0

∞̂

0

N(R0)σbs(R0, f2)dR0

. (6.8)

Assuming a single bubble radius distribution R0dwith a single valued abundance N0

is an approximation of Equation 6.8. As a result, the system of equation presen-
ted in Equation 6.6 does not have a single solution but two solutions for a single
value of R0d . The first step of the two frequency algorithm is to find the quantity
R0d through numerical optimization of Equation 6.7. Then, N0 can be calculated
from Equation 6.6 that provide 2 different solutions. The behaviour of the method,
especially the closeness between the two solutions will be discussed further in this
chapter. From the dominant bubble radius R0d and the two solution abundances
N0, Volumes are estimated through:
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Vest = 4π
3 R3

0d
N0 (6.9)

Single and two frequency systems can provide order of magnitudes for gas
release from acoustic measurements but assume a strongly dominant bubble size R0d .
This assumption holds if the release of bubbles produces a size distribution that is
narrowly concentrated around R0d . However, most gas release span a large spectrum
of bubbles sizes [54, 55]. In order to produce results that account for varying bubble
size distributions, it is necessary to have a technique able to discriminate bubbles
sizes well enough, i.e. able to be sensitive to significant spreading in the bubble
size distribution. This is the aim of the multi-frequency approach (subsection 6.4.2)
that is based on three or more frequencies.

6.2.4. Multi-frequency approach

In order to determine more unknowns than for the single and two frequency system,
it is necessary to have measurements at a greater number of frequencies (three or
more). From a multi-frequency data set, inversion can be performed, allowing one
to determine abundances versus bubble sizes. Practically, systems need to cover
specific frequencies that are convenient for the inversion process in order to avoid
linear regions in σbs (e.g. Rayleigh scattering regime). Examples of systems using
this approach are the Multi-frequency Acoustic Profiler System (MAPS, 21 frequen-
cies from 100 kHz to 10 MHz) [63, 145, 168] or the Tracor Acoustic Profiling System
(TAPS, TAPS6 and TAPS8) [68]. In the case of a multi-frequency approach, no
assumption on the bubble size distribution is required prior to the inversion (con-
trary to a single or two frequency approach where the bubble size distribution is
assumed to be concentrated about a single size R0d). With a system collecting data
at frequencies fl, l = 1, 2, 3 . . . Nω Equation 6.2 can be approximated at discrete
bubbles of radii Rn, n = 1, 2, 3 . . . NR:

sfl
v =

NR∑
n=1

Nnσbs (Rn, fl) , (6.10)

with Nn the number of bubbles in the radius bin Rn. Expressed in an expanded
form:
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sf1
v = N1σbs (R1, f1) +N2σbs (R2, f1) + . . .+NNR

σbs (RNR
, f1)

sf2
v = N1σbs (R1, f2) +N2σbs (R2, f2) + . . .+NNR

σbs (RNR
, f2)

...
s
fnf
v = N1σbs (R1, fNω) +N2σbs (R2, fNω) + . . .+NNR

σbs (RNR
, fNω)

. (6.11)

In matrix form [51, 79]:

sv=σbsN, (6.12)

with σbs the kernel matrix containing the quantities σbs (Rm, fl) and N the vec-
tor of abundances containing the quantities Nn. This inverse problem can be solved
using the Levenberg-Marquardt least squares or Tikhonov regularization methods
(section 2.2). The solution is the vector of abundances N and is relative to 1 m3

of water. This represents the abundance of bubbles in different radius bin and it is
expressed in ]/m3. The level of N is relative to its bubble radius increment ∆R0 and
in order to provide cross comparison between the different results, it is important to
harmonize N and express them in conventionally defined radius bin increments. By
convention the radius bin increment is taken as 1 µm and abundances are then of di-
mension ]/m3/µm. The discrete abundance vectors are converted into ]/m3/µm by
scaling N as N/∆R0×10−6 and the quantities then relates to the abundance density
as function of bubble sizes N (R0). Gas volumes in 1 m3 of water are estimated by
assuming spherical bubbles:

Vest = 4π
3

NR∑
l=1

NlR
3
l (6.13)

6.3. Test problem

6.3.1. Simulation procedure

In the following sections, the inverse approach (inversion based on three or more
frequencies, subsection 6.2.4) and the two frequency approach (subsection 6.2.3) are
tested against simulated data. The efficiency of the two methods is first assessed
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in terms of the determination of the dominant bubble size recovery (for the two
frequency approach) and the bubble size distribution (for the inverse approach).
Then, the accuracy and precision of each technique is assessed through their ability
to estimate gas volume. Environmental conditions used for the simulation are: 80
m water depth; 10◦C temperature; fresh water (Sl = 0); air bubbles (gas parameters
listed in Appendix E).

A simulation trial consists of 500 or 100 individual bubble sizes R0 randomly
generated using a probability density function P . Within one simulation, all bubble
sizes are assumed to be contained within a volume V0 = 1 m3 and spread across this
sampling volume homogeneously. Six cases for P are considered:

• A lognormal distribution, generic probability density function and conveni-
ent mathematical model chosen so that a large lobe appears at R0 ≈ 3 mm
(Equation C.2, Figure 6.4(a), grey line). Bubble sizes range from R0 = 1 mm
to R0 = 10 mm.

• A chi distribution, generic probability density function and convenient math-
ematical model chosen so that a large lobe appears atR0 ≈ 5.5 mm (Equation C.1,
Figure 6.4(a), black line). Bubble sizes range from R0 = 1mm to R0 = 10mm.
This is representative of what is observed by Sauter et al. [55].

• Distributions from Leifer and Culling [54] (methane seepage):

– A bubble size distribution from a minor seep [54, Figure 5(a)], called
“Leifer minor 1” in this study (Equation C.3, Figure 6.4(b), solid grey
line). Bubble sizes range from R0 = 1 mm to R0 = 5 mm.

– A bubble size distribution from a major seep [54, Figure 5(b)], called
“Leifer major” in this study (Equation C.6, Figure 6.4(b), solid black
line). Bubble sizes range from R0 = 1 mm to R0 = 5 mm.

– A bubble size distribution from a minor seep [54, Figure 6(a)] called
“Leifer minor 2” in this study (Equation C.4, Figure 6.4(b), dashed black
line). Bubble sizes range from R0 = 1 mm to R0 = 5 mm.

– A bubble size distribution from a mixed seep [54, Figure 7(a)], called
“Leifer mixed” in this study (Equation C.5, Figure 6.4(b), dashed grey
line). Bubble sizes range from R0 = 1 mm to R0 = 5 mm.

The formulation for each individual probability density function together with their
characteristics are given in Appendix C. A simulation case is then defined by its
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Figure 6.4.: Probability density functions used to randomly generate bubble radii.
(a): Two probability density functions are considered with a spread in bubble
sizes between R0 = 0 mm and R0 = 10 mm: chi distribution (solid black line);
lognormal distribution (solid grey line). (b): Four probability density functions
[54] are considered with a spread in bubble sizes between R0 = 0 mm and R0 = 5
mm: Leifer major (solid black line); Leifer minor (solid grey line); Leifer minor 2
(dashed black line); Leifer mixed (dashed grey line).

91



Chapter 6 Multi-frequency acoustical estimation of gas release

probability density function and the number of bubbles within the sampling volume
Nb (Nb = 500, 100). For each scenario, 100 different simulations are computed and
for each trial a reference volume Vref is calculated as:

Vref = 4π
3

Nb∑
l=1

Rl, Nb = 100, 500. (6.14)

This constitutes the quantity that is sought through the inverse or two frequency
approach. Further in this chapter, the performances in terms of volume estimates
are computed by compiling the results from each 100 simulation as:

ε̄ = 1
100

100∑
l=1

|Vestl
− Vrefl

|
Vrefl

. (6.15)

The quantity ε̄ is expressed in % error of the reference volume. For each of the
six probability density function with one of the two population size Nb, bubble
radii are randomly generated, thus producing a given bubble population within
V0. Using Equation 6.1, measurements sv are simulated at different frequencies.
For each bubble in a given trial, σbs (Rn, f) is determined at frequency f through
Equation 3.34. For each bubble population, the acoustic backscattering quantity sv
at frequency f is then calculated by adding linearly each σbs and dividing by V0

(Equation 6.1). Data sets with various number of frequencies are considered:

• 2 frequencies: 38 kHz; 120 kHz

• 3 frequencies: 38 kHz; 70 kHz; 120 kHz

• 4 frequencies: 38 kHz; 70 kHz; 120 kHz; 200 kHz

• 5, 6, 7, 8, 9, 10, 20, 30, 40 and 50 linearly spaced frequencies from 38 kHz to
200 kHz

The 2, 3 and 4 frequencies cases are representative of the EK60 echosounder in-
strument (single beam sonar). This system was used to collect data presented in
chapter 7 and is commonly used on vessel for various applications (e.g. methane
seeps [46, 49], fisheries acoustics [43, 44]). At these frequencies, considering bubble
radii from R0 = 1mm to R0 = 10mm, kR0 lies in the range 0.16 to 8.38. As explained
in subsection 6.2.1, σbs is calculated using the modal solution (subsection 3.6.2,
Equation 3.34) and σbs is plotted in Figure 6.5(a). Figure 6.5(b) shows σbs in the
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Figure 6.5.: Model for σbs (modal solution, Equation 3.34) used for simulating data
and solving the inverse problem. (a): σbs (normalized by πR2

0) versus kR0. (b):
Zoom on the kR0 regime of interest in this chapter and chapter 7. This includes
the transition region and the geometrical scattering regime (kR0 << 1).
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range of kR0 of interest. This spans the transition region (kR0 ≈ 1) and the geomet-
rical regime (kR0 � 1). For each set of simulated bubble population, measurement
vectors svexact are determined at different frequencies. White noise is introduced
by adding an error vector e (representing errors in the measurement) to svexact ,
sv = svexact + e. The level of the noise in e is controlled by the quantity E (relative
noise level):

E = ‖e‖
‖svexact‖

. (6.16)

The quantity E relates to the Signal to Noise level Ratio as SNR = 20log (1/E).
Noise is added to the data for the case of the two frequency inversion and the multi-
frequency inversion with three and ten frequencies. In each case, noise is introduced
with a relative noise level from 0% to 50%. From the resulting measurement vectors
sv (with various amount of noise), Vest is computed through the multi-frequency
inversion (subsection 6.2.4) and the two frequency inversion (subsection 6.2.3).

6.3.2. Solution procedure

From the procedure described in subsection 6.3.2, the computed measurement vec-
tors sv are determined at different frequencies with: different number of bubbles
in the sampling volume; different bubble size distribution. In addition, various
amounts of noise are added to sv to simulate measurement errors. Each simulation
then stands a reference volume Vref that is sought to be estimated (Vest) through:

• A two frequency approach.

• An inverse approach based on 3, 4, 5, 6, 7, 8, 9, 10, 20, 30, 40, 50 frequencies.

Two frequency approach Following the theoretical development for the two fre-
quency approach described in subsection 6.2.3, Vest is calculated by computing the
dominant bubble size R0d . Then, the abundance of R0d (N0) can be inferred.
With the constraint that the dominant radius R0d lies between R0 = 1 mm and
R0 = 5, 10 mm (input ranges of bubble sizes are different depending on the prob-
ability density function, subsection 6.3.1), Equation 6.7 is first solved numerically,
resulting in a solution for R0d . Using R0d , the abundance N0 is computed from
Equation 6.6. It is important to note that because data are simulated from a range
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of bubble sizes (and not one bubble size only), assuming that bubbles are of size
R0d is wrong based on the definition of the problem. As a result, the problem does
not possess an exact solution and solving Equation 6.6 then produces two different
solutions for N0. Thus, for each simulation, two volumes Vest are resulting from
Equation 6.9. The two solutions are labelled “solution 1” and “solution 2” in the
following sections. The degree of discrepancy between these two solutions and the
level of accuracy and precision to which they estimate Vref are investigated.

Inverse approach When applying a two frequency scheme, the assumption is made
that the bubble size distribution is of one size only and approximated by a dominant
bubble radius R0d . While employing a multi-frequency inversion requires more fre-
quencies in order to provide acceptable performance [65], this allows one to determ-
ine characteristics of the bubble size distribution and then estimate more precisely
gas volumes, especially those of a complex form. The procedure used here follows
theory given in subsection 6.2.4.

The vector sv containing the measurements sfv at different frequencies (of size
Nω × 1) is the starting point of the inverse problem. A range of bubble radius bins
is chosen, consisting of linearly spaced bins between the chosen bubble radii R1 and
RNR

, the smallest and largest bubble size bins. The number of bubble size bins is
NR = Nω × UND, with UND the under-determination factor (section 2.2). With
UND = 1, the constructed problem is square while if UND > 1, additional rows are
added to the least squares problem, leading to an under-determined problem. While
building an under-determined problem (UND > 1) can increase the degree to which
the problem is ill-conditioned, it presents benefits when the number of measurements
are limited [62, 169] because the resolution of the bubble size distribution N(R0)
is increased. In the specific case of the active inversion considered in this study,
because of technical and cost limitations, the number of frequency channels is often
reduced, giving limited data set (see chapter 7). The first and last bubble radius
bins R1 and RNR

are chosen as the same than those chosen when constructing
the probability density functions for generating discrete bubble radii: R1 = 1 mm
and RNR

= 10 mm (chi and lognormal probability density functions); R1 = 1 mm
and RNR

= 5 mm (Leifer minor 1, Leifer minor 2, Leifer mixed and Leifer major
probability density functions). For each bubble radius Rm, m = 1, 2, 3 . . . NR and
frequency fl, l = 1, 2, 3 . . . Nω, the matrix σbsl,m

= σbs (Rm, fl) (Equation 3.34) is
constructed.
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For each simulation and for each frequency setting, σbs and sv are the kernel
and the measurement matrices of the forward problem in Equation 6.12. Through
the inversion of this equation, the vector of abundances N is sought. This is com-
puted using:

• A Tikhonov regularization (section 2.2, Equation 2.3) with the regularization
factor α determined using the GCV criterion (section 2.3, Equation 2.9).

• Levenberg-Marquardt least squares (section 2.2, Equation 2.4) with the para-
meter Λ determined using the L-curve criterion (section 2.3, Equation 2.8).

Using these two methods, abundance vectors N are calculated for each simulation
and Vest are determined through Equation 6.13.

6.4. Results and discussion

In this chapter, methods to solve the active acoustic inverse problem described
in section 6.2 are tested against simulated data (subsection 6.3.1). This section
is divided into two subsections, discussing each of the two techniques: the two
frequency approach (subsection 6.2.3); the multi-frequency approach (using three
or more frequencies, subsection 6.2.4). From active acoustic measurements in the
form of volume backscattering strength coefficients sfv at frequency f , the methods
described in section 6.2 aim to estimate gas volumes Vref (Equation 6.14). For both
approaches, the way by which the estimated volume Vest is obtained relies on the
multi-frequency ability of the data set.

With a one or two frequency data set the basic assumption is that the bubble
size distribution are of one size only. A reasonable approximation is to considerer
distribution with a dominant size R0d . This way, the problem is reduced to two
unknowns: the dominant size R0d ; the abundance N0 of bubbles of size R0d . The
one frequency case provides a single equation that can be used to determine either
N0 or R0d given a prior knowledge of one of these two quantities. If sv is measured
at two frequencies, both R0d and N0 can be solved without prior knowledge. The
use of a separate method to obtain prior knowledge of the bubble size distributions
is often infeasible. Techniques that provide quantification without prior knowledge
are then very advantageous and for this reason, only the two frequency methodology
is tested here.
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The assumption that the bubble size distribution possesses a dominant size
R0d limits the range of bubble size distributions that can be studied using a two
frequency approach. Especially, distributions of bubble sizes can be diverse and
do not necessarily present a dominant size R0d [54]. In contrast to the two fre-
quency methodology, the multi-frequency inverse approach (three or more frequen-
cies, subsection 6.2.4) provides an estimate of the bubble size distribution.

The simulations consist of 100 trials for 6 different bubble size distributions (see
subsection 6.3.1). The bubble size distributions (Figure 6.4) are taken to be repres-
entative of distributions presenting a strongly dominant bubble size or of more com-
plex form. For each simulation, a reference volume Vref is generated by adding each
individual bubble volume (Equation 6.14) and this is the quantity that is sought.
The performances of the two methods are addressed by comparing Vest to Vref . The
robustness to noise is also tested.

6.4.1. Two frequency approach

Dominant radius For each of the six bubble size distributions (subsection 6.3.1,
Figure 6.4), 500 bubbles are generated and combined to produce in each case two
measurements sf1

v and sf2
v at two frequencies f1 = 38kHz and f2 = 120kHz. The first

step of the two frequency approach is to determine the dominant size of the bubble
size distribution R0d . To that purpose, Equation 6.7 is optimized numerically. Res-
ults for R0d are shown in Figure 6.6. The estimates for R0d are found to fluctuate
and the spikiness varies between being less pronounced in Leifer minor 2 distri-
bution (Figure 6.6(f)) and more pronounced in the Chi distribution (Figure 6.6(b))
and Leifer major distribution (Figure 6.6(d)). Summarizing results in Table 6.2, the
standard deviation for R0d over the 100 simulations is found to be lowest for the
Leifer minor 2 distribution and highest for the chi distribution. From Figure 6.4,
it is interesting to note that the Leifer minor 2 is the distribution with the lowest
spreading in bubble size with a large peak at R0 = 2.3 mm. For each distribu-
tion, Table 6.2 details the modes of the probability density functions Rmode (value
of R0 for which the probability is the highest). The quantity Rmode is an indic-
ator of the performance of the algorithm as one would ideally want R0d to predict
Rmode. Final results in Table 6.2 are presented as the deviation of R̄0d from Rmode:∣∣∣R̄0d −Rmode

∣∣∣ /Rmode. In the case of the Leifer major distribution (Figure 6.4(b),
solid black line), no peak value is clearly identifiable and consequently, no value
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Chi Leifer
major

Leifer
minor 1

Leifer
minor 2

Leifer
mixed

Lognormal

mean value
R̄0d (mm) 6.6 3.3 2.5 2.4 3.9 4.6

R0d

standard
deviation
(mm)

1.4 0.6 0.5 0.3 0.4 0.8

R0d

standard
deviation
(% of R̄0d )

21.2 18.2 20 12.5 10.3 17.4

pdf mode
Rmode (mm) 5.2 - 1.9 2.3 3.8 3.2

pdf
standard
deviation
(mm)

1.3× 10−4 - 3.9× 10−5 9.8× 10−6 5.7× 10−5 1.7× 10−4

difference
with R̄0d

(%)
26.9 - 24 4.3 2.6 43.8

Table 6.2.: Results from the two frequency approach for the six bubble size dis-
tributions considered. For each case, over the 100 simulations, the mean of the
dominant radius R0d is given together with the standard deviation (in mm and
as a percentage of R̄0d). The accuracy of the results is addressed by comparing
R̄0d to Rmode, the value of R0 for which the probability density function is largest
(called “mode”).
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Figure 6.6.: Dominant bubble radius R0d (mm) estimated for each simulation trial.
For each bubble size distributions (six distributions considered, Figure 6.4), 100
simulations are computed and analysed.
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is given in Table 6.2. For the Leifer minor 2 distribution, over the 100 trials, the
mean value for the dominant radius is R̄0d = 2.4 mm (Table 6.2), and is in good
agreement with the initial distribution (Rmode = 2.3 mm, deviation of 4.3%). Con-
versely the lognormal and chi distributions perform poorly due to their larger spread
(Table 6.2, shown as the standard deviation of the probability density functions).
Note that while these two distributions are limited to an interval from R0 = 1 mm
to R0 = 10 mm, the 4 other distributions span bubble radii from R0 = 1 mm to
R0 = 5 mm. Although the lognormal and chi distributions present clear peaks in
their probability density functions (Figure 6.4(a)), their large spread in bubble sizes
degrades the performance of the two frequency algorithm. Conversely, the method
performs best in the case of the Leifer minor 2 distribution, probability density
function that presents the smallest standard deviation. In light of these results, it
is clear that the two frequency approach performs best at recovering the dominant
radius R0d when the bubble size distribution is of a simple form with a strongly
dominant bubble size (i.e. with a spreading in bubble size which is minimal).

Performance against gas volume The two frequency method consist on a two step
algorithm. First, the dominant radius R0d is estimated by optimizing Equation 6.7
numerically. Then, the abundance N0 is determined through Equation 6.6. The
simulated measurements sf1

v and sf2
v are generated using the bubble size distributions

in Figure 6.4 and assuming a single abundance N0 associated to a single radius R0d

is an approximation. For this reason, no exact solution can be obtained when solving
the two frequency inversion. As a result, Equation 6.7 is optimized and the value of
R0d is then replaced in the two equations in Equation 6.6 that produce two solutions
for N0 (one for each equation). From R0d and the two abundances N0, gas volumes
are computed using Equation 6.9. Because two values of N0 are calculated as a
result of the two frequency inversion, two gas volumes Vest are computed. For each
of the six bubble size distributions, the results from the 100 trials are first presented
as a scatter plot in Figure 6.7. Black and white dot markers represent the two
solutions for each simulation. The reference volumes Vref are plotted against the
estimated volumes Vest and the diagonal line represents Vest = Vref (i.e. the perfectly
accurate estimate). Of interest is the closeness of the two solutions (black and grey
dots overlapping each other), varying from distant (e.g. Leifer mixed, Figure 6.7(e))
to near (i.e. Leifer minor 2, Figure 6.7(f)). This is an indicator of the consistency
between the two solutions for Vest. Results suggest a better consistency between
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Figure 6.7.: Scatter plot of the results from the inversion of the simulated data us-
ing the two frequency approach (subsection 6.2.3). For each bubble size distribu-
tion (six distributions, Figure 6.4), 100 simulations are computed, each presenting
a reference gas volume Vref that is sought (Vest). In each graph, the diagonal line
represents the exact estimate Vref = Vest. There is two solutions for Vest because
no exact solution can be obtained through the two frequency inversion. The two
solutions are represented by black and grey dot markers.
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Figure 6.8.: Performance of the two frequency inversion against estimated volumes.
Results are shown for the six different bubble size distributions. The quantity ε̄
(Equation 6.15) is computed over the 100 simulations in each case and is expressed
in %. There is two solutions for Vest because no exact solution can be obtained
through the two frequency inversion. The two solutions are represented by black
and grey dot markers.

the two solutions with distribution presenting a strongly dominant bubble size (e.g.
Leifer minor 2 distribution, Figure 6.7(f)). As the range of the size distribution of
bubbles increases, the agreement between these two solutions is less (e.g. Leifer
mixed, Figure 6.7(e)).

For each simulation, the deviation of Vest compared to Vref can be calculated
and represents the error in estimated gas volumes (ε̄, Equation 6.15, expressed in %).
In each case, two results are shown representing the two solutions to Equation 6.6.
Results are presented in Figure 6.8. Similarly to Figure 6.7, the closeness of the
two solutions are representative of the robustness of the two frequency inversions.
When estimating volumes generated using a Leifer minor 2 distribution, results are
consistent (Figure 6.8(a), 0.02% difference in volume estimate error between the
two solutions). The difference between the two solutions is larger with the other
bubble size distributions considered. For example, the lognormal distribution exem-
plifies the highest difference in error between the two solutions with 1.2% difference
(Figure 6.8(a)). Though, the difference between the two solutions for Vest for the
six bubble size distributions remains within an acceptable level. As for the estim-
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ation of R0d , the error in gas volume (Figure 6.8(a)) is found to be minimized for
the Leifer minor 2 distribution with a mean error of ε̄ = 8.2%. Chi, Leifer major,
Leifer minor 1 and lognormal distributions present errors in excess of 25%. The two
frequency approach seems to perform best with bubble distributions presenting a
highly dominant bubble radius (e.g. Leifer minor 2 distribution). For bubble size
distributions of a more complicated form, the method remains limited in terms of
accuracy.

Performance against different spreading in the bubble size distribution Res-
ults in Figure 6.8 suggest that the performance of the two frequency inversion is
best for bubble size distributions have a strongly dominant bubble radius. Res-
ults in Figure 6.8 are only suggestive because results are from six distributions that
present different characteristics (Figure 6.4). In order to further the investigation
of the effect of the spreading in bubble sizes on the performance of the two fre-
quency approach, a lognormal distribution with different standard deviation is used
to simulate sf1

v and sf2
v . The expression for the lognormal distribution is given in

Appendix C and the spreading of the distribution is controlled by the variance of
ln (X), σX, with X representing the random variable (bubble radii R0 here). Meas-
urements are simulated from five lognormal distributions with σX ranging from 0.5
to 0.1 in 0.1 steps. The distributions are presented in Figure 6.9(a). Figure 6.9(b)
shows results for the estimation of R0d similarly to Table 6.2. The absolute devi-
ation between R̄0d and Rmode is calculated as

∣∣∣R̄0d −Rmode

∣∣∣ /Rmode. This quantity
decreases with decreasing σX. This shows that the two frequency method becomes
more accurate at determining mode of the pdf as the spreading in bubble sizes in
reduced. In term of accuracy for Vest, results are presented in Figure 6.9(c). Again,
two solutions result from the two frequency approach and it is clear that the al-
gorithm performs best with reduced spreading in bubble sizes.

Impact of noise For the six bubble size distributions, various amounts of noise are
added to sf1

v and sf2
v before solving the two frequency inversion. The error in gas

estimate ε̄ is calculated for these scenarios. Results are shown in Figure 6.10. This
displays ε̄ against the relative noise level E (Equation 6.16). It can be observed that
the effect of noise differ between the different bubble size distributions. Leifer minor
1 and Leifer minor 2 are very sensitive to the added noise with 80% error reached
with only ~15% of relative noise level. In contrast, lognormal and chi distributions
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Figure 6.9.: Results of the two frequency inversion on data generated using lognor-
mal distributions with different spreading. The spreading of the lognormal dis-
tribution is controlled by the quantity σX in Equation C.2. Five cases for σX
are considered for the probability density function: σX = 0.1 (low spreading) to
σX = 0.5 (high spreading) in 0.1 steps. (a): Probability density function com-
puted with different values σX (i.e. different spreading). (b): Dominant radius
R0d estimates using a two frequency inversion on data sets generated with lognor-
mal distributions with different σX. The results are presented as the percentage
error of R0daveraged over each 100 simulations relative to Rmode (the value of R0

for which the probability density function is largest):
∣∣∣R̄0d −Rmode

∣∣∣ /Rmode. (c):
Error in volume estimates ε̄ using a two frequency inversion on data sets generated
with lognormal distributions with different σX. The two lines represent the two
solutions deduced from the two frequency method.
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Figure 6.10.: Impact of noise on the estimated volumes Vest computed using a two
frequency acoustic inversion. Results ε̄ (Equation 6.15) are plotted against the
relative noise level E (Equation 6.16).

are found to be the most robust.

6.4.2. Multi-frequency approach

Results presented in subsection 6.4.1 suggest the two frequency approach can be
suited for bubble size distributions that present a strongly dominant bubble size.
However, with bubble size distributions of more complex form, the accuracy is poor.
In order to deal with these issues, and if the data set allows it (sv measurements
at three or more frequencies), a multi-frequency inverse approach can be employed.
Similarly to the two frequency approach, the inverse method is tested against sim-
ulated data (subsection 6.3.1) and the ability of the method to predict accurately
the bubble size distributions and the gas volumes is investigated.

Recovering BSD Using measurements at Nω frequencies sf1
v . . . s

fNωv , the inverse
problem is built following the procedures in subsection 6.3.2. The number of bubble
radius bins isNR = UND×Nω with UND the under-determination factor (section 2.2).
The direct result of the inverse problem is the bubble size distribution vector N,
containing the abundances N1 . . . NNR

in each bubble size bin. These are origin-
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Figure 6.11.: Example of bubble size distributions inferred from simulated meas-
urements using a three frequency inversion (solid grey line with cross markers)
and a ten frequencies inversion (dashed grey line with diamond markers). The
black bars represent the reference distributions.

106



6.4 Results and discussion

ally expressed in number of bubbles relative to 1 m3 of water. By scaling N as
N/∆R0 × 10−6, the abundances are normalized to number of bubbles µm−1m−3.
Considering first UND = 1 (i.e. NR = Nω), result examples for N for the six prob-
ability density functions are shown in Figure 6.11. In each case, one result (out
of 100 simulations) is presented. Cases with a data set containing three and ten
frequencies are compared to the reference distributions. Data sets obtained using
three and ten frequencies represent cases with extremely sparse and relatively large
number of frequencies respectively. The limiting case of using only three frequencies
(solid grey lines with cross markers) is exhibited here with a limited resolution in
bubble radius (only three data points defining the bubble size distribution). Most
distributions are poorly recovered with only three frequencies (e.g. chi and Leifer
major distributions, Figure 6.11(b) and (d)). The results for the three frequency
inversion in the case of the chi distribution (Figure 6.11(b)) is misleading. The
reference distribution has a peak at R0 = 5.2 mm but the inversion produces the
lowest abundance around this bubble radius. Using ten frequencies (dashed lines
with diamond markers) enhances the results. It can be observed that features in
the distributions are identified with greater accuracy. For example, considering the
chi distribution, N inferred from measurements at ten frequencies now exhibits a
peak value at R0 = 5 mm, similarly to the reference distribution. Though, in some
cases agreement remains poor with a 10 frequency inversion, e.g. for Leifer mixed
and Leifer major distributions (Figure 6.11(d) and Figure 6.11(e)).

Performance against gas volume While comparing bubble size distributions can
help addressing the efficiency of the inversion, the final quantity of interest here is
the estimated gas volume Vest compared to the reference volumes Vref . Estimated
volumes Vest are computed by integrating N across bubble radii. Reference volumes
Vref is the summation of the volumes of each single bubble generated (Equation 6.14).
The accuracy of Vest is measured using the quantity ε̄ (Equation 6.15) which is the
mean across all the simulations of the absolute difference between Vest and Vref .
Figure 6.11 only shows 1 case study out of 100 simulations for each trial. In order
to present results from an entire set of 100 simulations, a scatter plot is used and
the results are displayed in Figure 6.12. Results in the case of inversions performed
with three and ten frequencies are presented. Similarly to Figure 6.7, the diagonal
line represents the exact volume estimate (Vest = Vref ). Each data point is a result
from a simulation trial. The more a data point deviates from the diagonal line the
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Figure 6.12.: Scatter plot of the results from the inversion of the simulated data
using three and ten frequencies. For each bubble size distribution (six distri-
butions, Figure 6.4), 100 simulations are computed, each presenting a reference
volumes Vref that is sought (Vest). In each graph, the diagonal line represents the
exact estimate Vref = Vest. Black dots are the results from the three frequencies
inversion and grey dots the results from the ten frequencies inversion
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more inaccurate the volume estimate is for this particular trial. For all distributions
except Leifer major (Figure 6.12(d)), the increase in number of frequencies results
in better estimates with grey dot markers being brought closer to the Vest = Vref

line. This graph demonstrates that the accuracy is highly dependent on the bubble
size distribution.

As described in subsection 6.3.1, simulations are performed for 13 scenarios
(13 different number of frequencies). Figure 6.12 only shows the 3 and 10 frequen-
cies cases and Figure 6.13 shows the results in a form that allows to observe the
accuracy of the inverse method for the 13 scenarios. Similarly to Figure 6.8, the
performance of each inversion is addressed through the quantity ε̄ (Equation 6.15)
which represented the percentage error of Vest relative to Vref . Results are presen-
ted in Figure 6.13 and this compares two methods for solving the inverse problem
(section 2.2): Tikhonov regularization (using the GCV criterion for the optimization
of α); Levenberg-Marquardt least squares (using the L-curve criterion for the op-
timization of Λ). So far, results are computed using the Levenberg-Marquardt least
squares (Figure 6.11 and Figure 6.12) but comparing Tikhonov regularization and
Levenberg-Marquardt least squares could demonstrate the usefulness of one of the
technique over the other for a given scenario. With solid thick lines representing res-
ults from Levenberg-Marquardt least squares and dashed thin lines results from Tik-
honov regularization, Figure 6.13 clearly shows that the Levenberg-Marquardt least
squares method is in general more suited for the inverse problem considered here.
Both methods are found to perform similarly in most cases with a reduced number of
frequencies (e.g. Leifer major and Leifer mixed distribution for Nω between 3 and 10,
Figure 6.13(d), (e)). However, with an increased number of frequencies, ε̄ increases
significantly for results computed using Tikhonov regularization (e.g. Leifer minor 2
distribution with an error of more than 60% for Nω = 20, Figure 6.13(f)). The Leifer
mixed distribution (Figure 6.13(e)) is the only case where results from both methods
are comparable (with Tikhonov regularization performing slightly better). Though,
in all other cases, the results computed using Levenberg-Marquardt least squares
produces volumes estimates that are more accurate as Nω is increased. This suggests
a better robustness of the Levenberg-Marquardt algorithm for the particular prob-
lem considered here. The main difference between regularization and least squares
methods is that regularization assumes a smooth solution. This could explain that
the Levenberg-Marquardt performs best for this particular inverse problem. These
results clearly show that the Levenberg-Marquardt least squares is more suited for
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Figure 6.13.: Performance of the acoustic inversion of simulated data using differ-
ent number of frequencies (from 3 frequencies to 50 frequencies). Two methods
are used for solving the inverse problem (Tikhonov regularization and Levenberg-
Marquardt least squares, section 2.2). Results are shown for the six different
bubble size distributions in term of ε̄ (Equation 6.15). Results using a Tikhonov
regularization are shown as dashed thin black lines. Results computed using
Levenberg-Marquardt least squares are shown as thick solid thick black.
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Figure 6.14.: Results of a three frequency inversion on data generated using lognor-
mal distributions with different spreading. The quantity ε̄ is plotted against dif-
ferent spreading (parameter σX). The spreading of the lognormal distribution
is controlled by the quantity σX in Equation C.2. Five cases for σX are con-
sidered for the probability density function: σX = 0.1 (low spreading) to σX = 0.5
(high spreading) in 0.1 steps. The probability density functions are shown in
Figure 6.9(a).

solving the inverse problem considered here. As a results, this method will be used
in the following sections and in chapter 7.

Figure 6.14 shows the performance of three frequency inversion applied to
measurements simulated from lognormal distributions with different standard de-
viations (i.e. different spreading in bubble sizes). The spreading of the lognormal
distribution (Equation C.2) is controlled by the parameter σX. As for the two fre-
quency case, five cases are considered (Figure 6.9(a)). Figure 6.14 shows that a
reduction in standard deviation decreases ε̄, meaning that the volume estimates
Vest become more accurate. This trend is similar to what is observable for the two
frequency approach (Figure 6.9(c)). This suggests the limiting case of the three fre-
quency inversion performs best with bubble size distributions presenting a strongly
dominant bubble size.

Impact of the number of scatterers in the sampled volume In addition to
testing solving methods with different data sets, sv measurements are simulated
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Figure 6.15.: Performance of the acoustic inversion of simulated data using differ-
ent number of frequencies (from 3 frequencies to 50 frequencies) and two different
number of scatterers Nb in the sampled volume V0: Nb = 500 (thick black lines)
and Nb = 100 (thin dashed lines). Results are shown for the six different bubble
size distributions in term of ε̄ (Equation 6.15).
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using different numbers of bubbles in the sampled volume (Nb = 500, 100). This
investigates the robustness of the algorithm against different bubble population sizes
(and thus gas volumes). Similarly to Figure 6.13, the accuracy of Vest is addressed
through the quantityε̄ (Equation 6.15) and results are shown in Figure 6.15. Dashed
thin lines represent results from the inversion using 100 bubbles in V0 while solid
thick lines are for simulations with 500 bubbles. In all cases an increase in Nb

leads to volume estimates that are more accurate, notably with sv at numerous
frequencies. However, these differences in ε̄ are relatively small with a maximum
difference of ~5% for the Leifer minor 2 distribution (Figure 6.15(f)) at Nω = 40
and the lognormal distribution (Figure 6.15(a)) at Nω = 20. Despite the decrease
in Nb, volume estimates remain within reasonable accuracy and precision levels.

In order to further investigate the robustness against the number of scatterers
in the sampled volume, inversions are employed on data generated withNb from 10 to
1000 in 15 logarithmically spaced bins. Data are generated using four distributions:
a lognormal distribution with σX = 0.5; a chi distribution; a lognormal distribution
with σX = 0.3; a Leifer minor 2 distribution. Inversions are performed with with
3 frequencies, 10 frequencies and 20 frequencies. Results from the inversions are
plotted in Figure 6.16 as ε̄ against Nb for the four case studies. In all cases, the
change in ε̄ is within 10% with Nb from 10 to 1000. This shows that the performance
of the inversion remains within acceptable levels. This suggests that the multi-
frequency approach is robust against a change in the number of scatterers in the
sampled volume.

Increasing the UND factor Considering the limiting case of sv measured at three
frequencies, the results shown in Figure 6.11 poorly resolve the bubble size distri-
butions because of the lack of resolution in R0. Compared to data sets with more
frequencies, this results in gas volume estimates with lower accuracy and precision
(Figure 6.12, Figure 6.13). As described in section 2.2, the number of radius bins
at which the abundance vector N is determined can be increased by adding rows to
the inverse problem. With the Levenberg-Marquardt least squares, this is controlled
through the UND factor with UND = 1 defining a problem where Nω = Nb and
UND > 1 defining a problem where Nω < NR (i.e. more outputs than measure-
ments). For example, with a three frequency data set, using UND = 2, the vector of
abundances N is defined in six radius bins to compare to three bins with UND = 1.
Although increasing UND could potentially increase the accuracy when estimating
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Figure 6.16.: Performance of the multi-frequency inversion for different number of
bubbles Nbin the sampled volume V0. The quantity Nb is varied from 10 to 1000
and inversions are performed with 3 frequencies (solid black line), 10 frequencies
(solid grey line) and 20 frequencies (dashed black line). Results are shown for
four different bubble size distributions in term of ε̄ (Equation 6.15): lognormal
distribution with σX = 0.5 (a); chi distribution (b); lognormal distribution with
σX = 0.3 (c); Leifer minor 2 distribution (a).
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Figure 6.17.: Example of bubble size distributions computed from simulated meas-
urements using a three frequencies inversion with UND = 1 (grey solid lines with
cross markers) and UND = 2 (grey dashed lines with diamond markers). Each
graph represents one of the six bubble size distribution considered in this chapter.
Reference distributions are represented as black bars.
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Figure 6.18.: Accuracy and precision of a three frequencies inversion of the simu-
lated data set using different amount of under-determination. Each graph repres-
ents one of the six bubble size distribution considered in this chapter. Measures
of accuracy are displayed as thick black lines and relate to the right axis (black
colour). Measures of precision are displayed as thick grey lines and relate to the
left axis (grey colour).
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the bubble size distribution, it is important to investigate the efficiency of this res-
olution enhancement because the inversion remains based on the same number of
frequency measurements. Considering a three frequency inversion, as in Figure 6.11,
results for bubble size distributions are presented in Figure 6.17 for UND = 1 and
UND = 2. For each initial size distribution, one resulting bubble size distribution out
of 100 simulation trials is presented. Increasing the resolution in R0 produces mixed
results depending on the bubble size distribution. The lognormal (Figure 6.17(a))
and Leifer minor 2 (Figure 6.17(f)) distributions seem to benefit from the increased
UND factor. In these two cases, the peaks in the computed bubble size distributions
correlate well with the reference bubble size distributions: Figure 6.17(a), peak at
R0 ≈ 3 mm; Figure 6.17(f), peak at R0 ≈ 2.5 mm. In contrast, the case of the Leifer
major (Figure 6.17(d)) and Leifer minor 1 (Figure 6.17(c)) distributions, results for
N with UND = 2 and UND = 1 are misleading. In these cases, N increases with
increasing R0. This is opposite to the trend in the reference bubble size distribu-
tion. In terms of recovery of the bubble size distributions, Figure 6.17 shows mixed
results.

As the UND factor is increased, the resolution of abundances is refined but
the inversion remains limited to a small dataset (three sv values for one set of
measurement). For each simulation trial, the inverse problem is further solved
with UND = 1, . . . , 5 to test the accuracy of the methods with various amount
of under-determination. This is achieved by comparing estimated Vest to the refer-
ence volumes through ε̄ (Equation 6.15), similarly to Figure 6.13. Results are shown
in Figure 6.18. In Figure 6.17, the benefits of increasing the UND factor is shown
to be highly dependent on the bubble size distribution. From results in Figure 6.18,
the three frequency inversion performs very efficiently in the case of the Leifer mixed
distribution (Figure 6.18(e)) with an improvement of 20% in ε̄ from UND = 1 to
UND = 3. Whereas for the Leifer minor 1 (Figure 6.18(c)) distribution it exhibits
levels of error that increase with increasing UND factor (increase of ε̄ of 43% from
UND = 1 to UND = 5). To a lesser degree, the Leifer major (Figure 6.18(c)) dis-
tribution also presents a diminishing accuracy with an increase of the UND factor
(increase of 14.4% from UND = 1 to UND = 5). The lognormal (Figure 6.18(a)),
chi (Figure 6.18(b)) and Leifer minor 2 (Figure 6.18(f)) distributions show a mixed
level of accuracy in response to different levels of under-determination. These dis-
tributions demonstrate a decrease in ε̄ at UND = 2 followed by an increase. It is
interesting to note that these three distributions are those presenting the abundances
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Figure 6.19.: Impact of noise on the estimated volumes Vest computed using a three
frequencies acoustic inversion. The quantity ε̄ (Equation 6.15) is plotted against
the relative noise level E (Equation 6.16).

with the simplest forms (i.e. presents a strongly dominant radius). This suggests
that UND = 2 could be an optimum amount of under-determination for the three
frequency inversion for bubble size distributions that are not of a complex form.

Impact of noise With UND = 1, the robustness of the method is tested against re-
lative noise levels from E = 0% to E = 50% (Equation 6.16). Results are presented
in Figure 6.19 and Figure 6.20 in the case of data sets with three and ten frequen-
cies respectively. With both data sets, the accuracy decreases with increasing noise
level. However, the various bubble size distributions are affected differently. The
Leifer minor 1 (thin blue line) and the Leifer minor 2 (thick black line) distributions
are the most affected by the inclusion of noise. It is interesting to note that results
from the two frequency approach (Figure 6.10) also show that these two distribu-
tions are the most sensible to noise. In the case of the three frequency data set,
greater disparities between the different bubble size distributions can be observed
(Figure 6.19). Results from the ten frequency inversion show results that are more
consistent between the six bubble size distributions. The accuracy is improved with
the ten frequencies data set (comparing results from Figure 6.19 and Figure 6.20).
These results suggest an increased robustness of the inversion with a larger data set.
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Figure 6.20.: Impact of noise on the estimated volumes Vest computed using a ten
frequency acoustic inversion. The quantity ε̄ (Equation 6.15) is plotted against
the relative noise level E (Equation 6.16).

6.5. Summary

In this chapter, inverse methods based on the acoustic backscattering from gas
bubbles are described. They are aimed at quantifying gas release from echosounder
data at multiple frequencies. From a cloud of bubbles insonified by an acoustic
beam at different frequencies, the procedures described in section 6.2 allow to de-
termine gas volumes. Three approaches are described here based on: measurements
at a single frequency (Nω = 1); measurements at two frequencies (Nω = 2); meas-
urements at three or more frequencies (Nω > 3). Commonly, data sets consists
of three or four frequency channels. The achievable accuracy with such a limited
data set is investigated here. The two frequency inversion and the multi-frequency
inversions are tested against simulated data generated from six different bubble size
distributions with various amount of noise.

The two frequency approach consists on determining two unknowns: the dom-
inant bubble radius of the bubble size distribution; the abundance of this bubble
size. From the solution to this inversion, gas volumes can be inferred. The ap-
plicability of this method is found to be limited to distributions with a strongly
dominant bubble size. In these cases, the method performs well and the algorithm
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also estimates the dominant bubble radius with good agreement. More importantly,
it achieves acceptable accuracies in estimating gas volumes. The robustness to noise
of the method is found to be highly dependent on the bubble size distribution and
disturbances from added noise can be significant. In general, for bubble size distri-
butions that present a complex form, the performance of the method is poor. This
demonstrates the need for an inverse approach based on a bigger data set (Nω > 3)
to resolve the bubble size distribution.

The use of a multi-frequency inversion (Nω > 3) allows one to determine
bubble size distributions from backscattering measurement from a cloud of bubbles
at various frequencies. From the bubble size distribution, the volume of gas can
then be estimated. Both in terms of the recovery of the bubble size distributions
and the estimation of gas volumes, it is shown that the performance of the tech-
nique is enhanced with measurements at an increasing number of frequencies. The
Levenberg-Marquardt least squares method (section 2.2) is found to be best suited
for solving this inverse problem and is robust to different bubble population sizes.
This technique is also beneficial because it allows one to add under-determination
to the inverse problem in order to increase the resolution of the inferred bubble size
distribution. This is shown to be advantageous with limited data sets (e.g. with
measurements at only three frequency) but the performance of such a change is de-
pendent on the type of bubble size distribution considered. The best improvements
in accuracy are for the distributions presenting a simple form and results suggest the
optimal under-determination is UND = 2. The multi-frequency inversion is found
to be more robust to noise than the two frequency approach.

Using both methods tested in this chapter, chapter 7 draws on data collected at
sea during two research cruises (JR253, HE387). These research cruises investigated
methane seeps to the west of Svalbard. Many bubble releases from methane seeps
were imaged from a single beam echosounder at two or three different frequencies.
Using these data sets, the usefulness of the acoustic inversion described in this
chapter is demonstrated.
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7. Acoustical quantification of
methane seeps to the west of
Svalbard

7.1. Introduction

It is known that, around the world, significant amounts of methane are stored below
the ocean floor in sediment layers in the form of methane hydrates. Methane hydrate
(or methane clathrate) is a crystal structure of water where gas is stored [170]. These
compounds are stable at low temperature and high pressure conditions, i.e. under
specific water depths and bottom water temperatures. A change in either pressure
or temperature can cause the hydrate to dissociate, then releasing gas in the water
column either in gas or dissolved phase. In high latitude regions, because of the
low bottom water temperatures, hydrates can be found at relatively shallow depths
(≈ 100 − 400 m) [20, 47]. In addition, warming of the ocean induced by climate
change occur at a faster pace in these regions, and as a consequence the potential
release of methane gas is a positive feedback to global warming [24, 25, 171]. In
the last decade, this has raised interest in studying methane seeps in Arctic regions
[20, 36, 127, 172–175].

In 2009, gas bubble emissions were reported on the western Svalbard margin
(Norway) [176] at a depth of ~390 m by Wesbrook et al. [20]. They suggest that
these releases might originate from dissociation of methane hydrates and that the
1 ◦C increase in water temperature in the last 30 years could be the cause of the
observed released of methane gas in the water column at specific depths. Further-
ing this hypothesis, direct collection of methane hydrates in western Svalbard is
reported by Fisher et al. [174]. In addition, gas emissions are found to cluster at a
depth of 396 m, and it is suggested this corresponds to the depth at which hydrates
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Figure 7.1.: Schematic of Westbrook et al. [20] hypothesis for concentrated meth-
ane discharges in western Svalbard at ~390 m depth. (a): Methane hydrates are
stored at given temperature and pressure conditions, defining the Gas Hydrate
Stability Zone (GHSZ). Thermogenic methane is seeping from the seafloor at vari-
ous depths. (b): With an increase in bottom water temperature, the stability of
the hydrates is disturbed and hydrates start the dissociate. This produces cluster-
ing gas release at the margin (defined by the GHSZ). (c): vessel tracks of research
cruises JR253 and HE387 in western Svalbard.
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dissociate [20] (based on the composition of the gas, bottom water temperature and
hydrostatic pressure on site). Schematics illustrating this mechanisms are extracted
from Westbrook et al. [20] and presented in Figure 7.1(a) and (b). Gas migrates
through fractures in the sediments and is released in the water column, producing gas
releases at various depths (Figure 7.1(a)). With increasing bottom water temperat-
ures, the gas hydrate stability zone is moved to a lower depth because of dissociation
of hydrates, producing strong discharges of gas at localised depths (Figure 7.1(b)).
Recently, the study by Berndt et al. [36] suggests seasonally variation of the gas
hydrate stability zone and then gas emissions. Since 2009, strong endeavour is given
to study the western Svalbard region [36, 172–174] because it could prove to be one
of the first sites to demonstrate global warming induced by hydrate dissolution. The
data presented in this chapter are from two research cruises (JR253, HE387 [47, 48],
ship tracks in Figure 7.1(c)) motivated by this context.

Considering the western Svalbard region, the survey area (where the gas re-
leases are located) is very large and contains over 1000 flares (i.e. echosounder
marks) [47, 48]. While the application of strictly local techniques can provide quant-
itative and qualitative insights into the mechanisms of gas release, these are restric-
ted to a very small part of the gas escape area. Of interest for climate scientists
are order of magnitude estimates for gas volumes released across the entire area.
In addition, of importance for the study of gas release is the ability to produce
large amount of data with relative ease. To this purpose, this study investigates the
performance of the inversions described in chapter 6 to quantify gas releases.

Drawing on echosounder data from methane seeps collected during the two re-
search cruises JR253 [47] and HE387 [48], this chapter demonstrates the usefulness
of these “signal of opportunity” data sets for the study of gas seeps. Preliminary as-
sessment of the applicability of the two frequency and the multi-frequency inversions
(section 6.2) is presented.

7.2. Procedures

Research cruise JR253 was conducted from 26th July 2011 to 25th August 2011
and research cruise HE387 from 21st August 2012 to 16th September 2012. During
both research campaigns, various non acoustic operations were conducted: coring,
CTD (Conductivity, Temperature, Depth) of the water column, ROV video survey
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(including bubble counting), gas sampling, flow rate monitoring... ROV operations
were performed using the HyBis (NOC) vehicle during research cruise JR253 and
the Cherokee vehicle (MARUM) during research cruise HE387. In parallel, acoustic
operations consisted on:

• Large scale gas plume mapping using:

– Multi-beam echosounders: EM122 instrument during research cruise JR253;
EM710 instrument during research cruise HE387.

– Single beam echosounders (EK60): 3 frequencies available during research
cruise JR253 (38 kHz, 120 kHz and 200 kHz); 4 frequencies available
during research cruise HE387 (38 kHz, 70 kHz, 120 kHz and 200 kHz).

• Mapping of local gas streams during research cruise HE387 using the multi-
frequency imaging sonar Imaginex 881A mounted on the Cherokee ROV from
MARUM.

Figure 7.2.: Topography of the region surveyed during research cruise HE387 (sim-
ilar to research cruise JR253). The 400 m depth contour was followed in order to
investigate potential gas releases along the ~390 m depth margin. The pockmark
area was investigated for potential gas releases because hydrates are reported to
be found in this area by Fisher et al. [174]. Regions that were extensively covered
during research cruise JR253 and research cruise HE387 are Area 1 (~90 m), Area
2 (~250 m) and Area 3 (~390 m).
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From acoustic surveys, three areas presenting high intensity of gas releases at
different depths were identified and are shown in Figure 7.2. Each region is labelled
as follows and exhibits a specific depth: Area 1 (~90 m); Area 2 (~250 m); Area
3 (~390 m). Gas escape in Area 3 is believed to be induced by methane hydrate
dissociation [20].

7.2.1. Data collection

During the two research cruises, data from the EK60 single beam echosounder were
recorded using the ER60 software. Each reccord was stored as *.raw files and pro-
cessed afterwards using the readEKRaw MATLAB toolkit [177]. This toolkit was
used to convert the data in the *.raw files into sv quantities in order to produce cor-
responding echograms. The EK60 instrument is widely used on vessels because of its
robustness [178] and standardized calibration procedure against calibration spheres
[43, 133, 179]. This enables this equipment to produce comparable data set between
research cruises. Measurements of sv are performed at a sampling rate of 0.5 Hz
(measures every 2 seconds) and at a depth resolution of 0.1912 m. If each data point
is represented by a pixel on a colour scale, a 3D plot (echogram) can be produced.
Because sv values can span large ranges on a dB scale from high (high backscatter
near the surface and from seabed) to low (low backscatter from background noise),
low and high thresholds are used for clarity in these graphs. Throughout this study,
an upper threshold of sv = −30 dB and lower threshold of sv = −90 dB are used.
An echogram example is presented in Figure 7.3(a). Over ~10 minutes, this shows
the acoustic imaging of the water column while the vessel is navigating at low speed.
The observed acoustic flares are the strong acoustic response produced by the gas
bubbles escaping from the seabed. They show a high degree of variability in height
and intensity across the entire study area [48]. Acoustic operations during the two
research cruises consisted on surveying areas using three acoustic instruments: multi-
beam systems (water column imaging and bathymetry); single beam systems (water
column imaging); sub-bottom profilers (imaging layers below the seabed). On both
cruises, the single beam echosounders were EK60 systems and because of their ease
of use, they were primarily used to give preliminary assessments, i.e. identifying
regions of interest.

An important specification for single beam echosounders is the beam angle
θ−3dB that represents the angle between two points at which the acoustic energy
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Figure 7.3.: Imaging of gas releases using single beam and multi-beam echo-
sounders. (a): Echogram collected during research cruise HE387 from the EK60
instrument exemplifying several acoustic flares. (b): Along the same path, an
EK60 echogram is superposed to a cross section of the water column from the
EM710 multi-beam system. Single acoustic flares from the EK60 echogram are
observed to originate several flares from the EM710.
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Area 1 Area 2 Area 3
Maximum number of
streams per cluster

(#)

50 15 10

Minimum number of
streams per cluster

(#)

3 1 2

Average number of
streams per cluster

(#)

15 6 8

Maximum bubble
stream flow rate

(mL/min)

100.1 27.9 41

Minimum bubble
stream flow rate

(mL/min)

4.3 5.2 3

Average bubble
stream flow rate

(mL/min)

27.3 15.1 20.9

Table 7.1.: Summary of research cruise HE387 data collected through various ROV
dives. Flow rates were measured using a bubble catcher and video analysis. The
localization of single bubble streams was performed using the 881A Imaginex
sonar mounted on the ROV. Data are extracted form Sahling et al. [48].

127



Chapter 7 Acoustical quantification of methane seeps to the west of Svalbard

intensity has fallen by 3 dB [180]. Of importance is that this quantity defines the
insonified area A−3dB = π (z × tan (θ−3dB))2, i.e. a circle of diameter D−3dB =
z × tan (θ−3dB) [44, 181] at depth z. The EK60 system presents a beam angle of 7◦

at the frequencies of interest (38 kHz, 70 kHz, 120 kHz, 200 kHz), and the resulting
footprint D−3dB is approximately 12.3% of the water depth z. Thus, at depths
considered here, the footprint is significant (e.g. at 80 m depth, D−3dB = 11.1m and
A−3dB = 383 m2) and the resolution of the EK60 echosounder is inadequate to allow
one to localize singular features such as bubble streams. Responses obtained from
the scattering of gas bubbles are the combination of several bubble streams within
the sonar beam.

Whilst multi-beam systems propose enhanced resolution, their calibration is
not as robust as that for the EK60 system. An example exhibiting differences in
resolution between the EM710 and the EK60 can be observed in Figure 7.3(b). An
EK60 echogram is displayed together with a water column cross section from the
EM710 multi-beam system. With the EM710, several flares are identified (2-3 flares)
through the cross section of the water column. This appears as a single mark in
the EK60 records. During research cruise HE387, using the ROV vehicle, this was
confirmed by mapping of individual bubble stream from visual and acoustic (using
a 881A imaginex system) observations [48, 49]. It was noticed that bubble streams
are clustering, and flares from the EM710 and EK60 systems are the combination
of several individual gas streams [48].

When calculating an order of magnitude estimates for the gas being released
in Area 2 and Area 3, Sahling et al. [49] use these ROV observations correlated to
multi-beam data. They assume that each flare observed in EM710 records corres-
ponds to a cluster of bubble streams. Then, further employing an average bubble
stream flow rate and an average number of bubble streams per cluster (both inferred
from ROV observations), they calculate an order of magnitude for the total flow rate
of Area 2 and 3. Such an approach remains inaccurate because the average of the
bubble streams flow rates and the number of bubble streams per clusters is based on
very small samples over the overall area considered. These estimates are two order
of magnitude higher than those of Berndt et al. [36] (seasonal observation from
a lander on the seafloor). Both studies [36, 49] envision further investigation on
refining order of magnitude estimates, and point out the need for increased research
on the yearly variation of gas fluxes. This temporal variability could be resolved
by employing for example the inverse method presented in chapter 4 and chapter 5.
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Figure 7.4.: Acoustic flares observed with the EK60 echosounder from the vessel
on station. (a): Acoustic flare from Area 1. (b): Acoustic flare from Area 3.

Extracted from Sahling et al. [48], Table 7.1 summarizes various quantities for the
three venting areas. Numbers in Table 7.1 are used for comparison when assessing
the performance of the active acoustic inversion.

During research cruise JR253, bubble plumes were heavily studied with lengthy
acoustic surveys but for the purpose of investigating their temporal variability, active
acoustic data were collected while keeping the vessel on station. This was performed
at Area 1 and Area 3. Echogram examples are presented in Figure 7.4.

The overall performances of the echosounder was very good during both re-
search cruises and only disturbances due to bad weather conditions were experi-
enced. An echogram presenting data collected under rough weather is shown in
Figure 7.5(a). Such data can be used for flare mapping but for the purpose of quan-
tification using an inverse method, these data are hardly exploitable. In addition,
because of transmission losses, every frequency channel could not perform similarly
at any depth. Channels that are available without significant amount of noise over
the different areas are:

• Area 1 (~90 m): 38 kHz, 70 kHz (only during research cruise HE387), 120
kHz, 200 kHz

• Area 2 (~250 m): 38 kHz, 70 kHz (only during research cruise HE387), 120
kHz

• Area 3 (~380 m): 38 kHz, 70 kHz (only during research cruise HE387), 120
kHz

For Area 1, using thresholds sv = −30 dB and sv = −90 dB (e.g. in Figure 7.3(a),
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Figure 7.5.: (a): Echogram presenting disturbances produced by bad weather con-
ditions. (b): Increased background noise level at the 200 kHz frequencies channel
(induced by further attenuation at higher frequencies).

echogram at 38 kHz), Figure 7.5(b) shows the increased background noise in the 200
kHz channel.

7.2.2. Flare mapping and classification

The EK60 instrument is a powerful tool for mapping gas flares. During acoustic
surveys, the time and position of appearance of each flare was recorded using the 38
kHz channel of the EK60 instrument. Also, from these records, the strongest events
with heights near the water surface can be identified. During research cruise JR253,
this was performed manually with an operator recording the time of appearance and
comments on the intensity and height of the flare. Using the positioning system of
the vessel, the position of each flare was inferred. During research cruise HE387, this
process was improved by using a home made MATLAB toolbox to map gas release
and give preliminary assessments of their intensity. From an EK60 echogram at 38
kHz, the MATLAB routine allows the user to select flares over a rectangle section
as shown in Figure 7.6. For each selected flare, an identification number (with the
format DayMonthNumbering) is given, and the following characteristics are stored:

• The date and time at which the flare is observed.

• The longitude, and latitude of the flare.

• The sum of all sv within the rectangle area (in m−1).
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Figure 7.6.: Echogram exemplifying the use of a MATLAB toolbox designed to
perform echo-integration. In this echogram, six flares were picked up manually in
rectangle areas. These areas define the data set that are stored and analysed.

• The selected rectangle area (in s×m).

• The height extend (in m).

Running this procedure over the research cruise HE387 data set, this allows one
to produce a map like the one shown in Figure 7.7. It is clear that flares are con-
centrated in three main areas (Area 1, 2 and 3). During research cruise HE387,
these records helped selecting multi-beam data of interest in order to give further
directions for ROV dives. It is important to note the abundance of flares could be
increased artificially with the relative observation activity. If an area is surveyed
several times, the number of flares observed is enhanced if care is not given to
identify each single flare (e.g. discard flares occurring in position of earlier obser-
vations). During research cruise HE387, acoustic surveys were performed so that
survey lines did not overlap, thus producing distributions of flares with minimal
artificial enhancement of this sort.

Furthermore, dividing the summed sv by the selected area (of dimensions
s×m, time extend multiplied by height extend), a measure of the relative intensity
of each flare can be determined. From these quantities, a relative classification is
achieved (e.g. in Sahling et al. [49, Figure 2] where strong and weak flares are
distinguished). This is easily obtained and provides useful information that helps to
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Figure 7.7.: Flare positions recorded using EK60 echosounder records. Strong gas
emissions were observed in so called Area 1, Area 2 and Area 3.

refine the areas of interest. From research cruise HE387, the distribution of flares is
displayed in Figure 7.8. A clear dependence of the number of flares with depth is no-
ticeable, especially in Area 3 (Figure 7.8(a) ~390 m, zoomed view in Figure 7.8(c))
and Area 1 (Figure 7.8(a) ~90 m, zoomed view in Figure 7.8(b)). In Area 3, a very
high abundance of flares is observable in the 390 m depth bin. This also corresponds
to the highest intensity of flares (Figure 7.8(a) and (c), grey scale). During research
cruise HE387, from the distribution of flares obtained from the multi-beam instru-
ment, Sahling et al. [49, Figure 11] show that most of the flares in Area 3 are found
between 360 m and 415 m depth. Their composition is confirmed as methane using
samples collected on site and this interval in depth corresponds to a gradient in
sediment temperature of 1.2C◦. This result correlates well with the hypothesis from
Westbrook et al. [20] (localized depth at which flares are observed, corresponding to
a 1C◦ increase in the last 30 years) and the seasonal change in temperature observed
by Berndt et al. [36] (1− 2 C◦ change). Area 2 (Figure 7.8(a), ≈ 250 m depth) also
presents a large number of flares, but there are fewer than in Area 1 and Area 3.
However, a peak in intensity is noticeable for the 240 m depth bin. In comparison,
Area 1 (Figure 7.8(a) ≈ 90 m, Figure 7.8(b)) presents much higher abundances and
greater intensities. In addition, the abundance of flares is spread over a larger range
of water depths.
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Figure 7.8.: Density and intensity of flares versus water depth. The flare abund-
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During research cruise HE387, video recordings of bubbles rising from the
seafloor were performed during ROV dives. The cruise report of the research cruise
HE387 [48] shows the methods and results. From several bubble releases, bubble
radii R0 and bubble rise speeds v are estimated. Results for Area 1 are extracted
from Sahling et al. [48] and presented in Table 7.2. This shows R0 and v with
uncertainties and the number of observed bubbles these estimates are based on.
Each observed stream is labelled with a different name that relates it to its area
(1,2 or 3) and the corresponding cluster [48]. It is important to note that 6 streams
is a very small sample and is certainly not necessarily of all gas streams in Area
1. Marine seepages have shown to span various range of bubble size. For example,
Leifer [182] observed bubbles up to R0 = 20 mm and Leifer and Culling [54] bubbles
sizes vary from R0 = 1 mm R0 = 8 mm. Furthermore, [48] infers R0 from the
measure of the largest extend of each bubble object observed. Bubble sizes are then
given as spherical bubble radii. However, for bubbles of relatively large sizes [102]
the departure from sphericity is more likely and a direct measure of the bubble
radius then introduces a bias in the estimate. On the other hand, the measure of
the rise speed is performed over few frames by tracking the bubble object rising
the water column and do not introduce this bias. It is suggested that equivalent
spherical bubble radii R0 could be indirectly estimated by inverting v using for
example [183]. Because the buoyancy velocity v is directly related to the amount
of gas in the bubble, such an inversion could provide more robust estimates for R0

than estimating R0 directly from the size of the object.

Stream name R0 (mm) v (m/s) number of
bubbles
observed

A1-C1-S2 2.1± 0.3 0.262± 0.032 2965
A1-C4-S1 1.4± 0.1 0.379± 0.035 3000
A1-C4-S4 2± 0.5 0.256± 0.061 2410
A1-C4-S1 1.8± 0.5 0.317± 0.081 3279
A1-C4-S2 1.1± 0.2 0.387± 0.034 4230
A1-C4-S6 1.9± 0.3 0.336± 0.031 1785

Table 7.2.: Results from video observations during research cruise HE387. Results
show the averaged bubble radii R0 and rise speeds v from the video analysis of
several bubbles. Each estimate is deduced from different number of bubbles. Data
are extracted from Sahling et al. [48].
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7.2.3. Acoustic inversion

Here, the inversion procedures described in chapter 6 are applied to EK60 data
collected during the research cruise JR253. With the vessel on station, gas release is
observed over time (e.g. Figure 7.4(a) and (b)) in Area 1 and Area 3. These data sets
are used to estimate the amount of gas released. The different parameters used when
solving the inverse problem are for methane gas and correspond to environmental
conditions on site (the different quantities are summarized in Appendix E). The
inversion methods are described and tested in chapter 6. For data collected at
Area 3, because of the relatively large depth (~390 m), two frequency channels are
available (38 kHz and 120 kHz) and only the two frequency approach is applicable.

As shown in chapter 6, the results of the two frequency approach consist of
the estimation of the dominant radius R0d of the bubble size distribution. However,
this approach does not allow one to resolve the full bubble size distribution. Using
an inverse approach with three or more frequencies, the bubble size distribution
N (R0) can be determined with a resolution which is dependent on the number of
frequency channels available. From the results of the two methods, gas volumes
can be calculated assuming spherical bubbles (Equation 6.9 for the two frequency
inversion, Equation 6.13 for the multi-frequency inversion). As shown in chapter 6,
the resolution of N (R0) can be enhanced by increasing the under-determination
factor UND (section 2.2). These results suggest the value of UND = 2 as a good
compromise. For this reason, the inversions performed on data from Area 1 are
conducted with UND = 2, in order to better resolve the bubble size distributions.

The input to the inversion is the vector containing sv measurements at the
various frequencies. The fundamental assumption of volume scattering strength sv

is that the total scattered intensity from a volume containing a random distribution
of scatterers, on average, is equal to the sum of the scattered intensities from each
individual target [60, 67, 68]. The quantity sv is a random process and the measure-
ment that relates to the abundance of scatterers is the average of sv. Consequently,
sv needs to be time averaged over several samples in order to be meaningful. How-
ever, the average also needs to account for the stationarity of the scatterers in the
insonified volume, i.e. averages need to be applied to sv over volumes presenting the
same mix of scatterers. The average values are biased if the target size distribution
changes significantly over the period over which the average is computed. Com-
puting the input measurements to the inverse problem then constitutes a trade off
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between converging toward the true mean value for sv and averaging over a period
time presenting a realistically stable target size distribution in V0. Here, only data
where the ship was on station are used as the variability of the signal can be invest-
igated (e.g. Figure 7.4(a) and (b)). These data sets are best candidates for applying
the inversions. Data collected during acoustic surveys present a limited number of
samples over which averaging can be performed because the vessel is traversing a
flare. These data are not analysed as this requires further research on the stability
of sv. Using stationary data, at each depth, sv values at the different frequencies
are averaged over 100 samples in time (corresponding to 200 seconds). Inversion
is then performed on each resulting sv quantity (at two or three frequencies). The
result of the inversion can further be converted into gas volumes Vest. As a result,
it provides a track of gas volumes and distribution of bubble sizes across depths
and time. Because sv quantities are relative to a volume of 1 m3, resulting volumes
from the inversion are in m3 per 1 m3 of water. Although these calculations of gas
volumes provide insights into the amount of gas released, researchers are mainly
interested in gas fluxes instead of gas volume.

From size distributions to meaningful quantities Considering a bubble genera-
tion rate ψA (R0) per unit bubble radius, per unit area, per second, then the number
of bubbles dNb generated in an area dA , over a period dt , within a radius bin of
width dR0 is given by:

dNb = ψA (R0) dR0dAdt. (7.1)

The bubble rise speed for a bubble of radius R0 is defined by v (R0) = dh

dt
where h

is the vertical elevation. With dAdt = dAdh

v (R0) = dV

v (R0) , the number of bubbles per
radius increment dR0 in the increment volume dV is then:

dNb = ψA (R0)
v (R0) dR0dV, (7.2)

with v (R0) the bubble buoyancy velocity, i.e. solely due to buoyancy effect (not
accounting for upward flow) [102]. The model used here is the one given by Fan
and Tsuchiya [183] and recalled by Leifer and Patro [184]. For salt water, v (R0) is
plotted in Figure 7.9. Rise speeds for clean and dirty bubbles are compared and it
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Figure 7.9.: Bubble rise speed [183] for clean (dashed line) and dirty bubbles (solid
line).

can be observed that differences are significant, especially around R0 = 1 mm. This
shows the importance of the contamination of the bubble wall by surfactant.

The inverse problem considered here evaluates N (R0), the number of bubbles
per unit volume per µm radius increment. Using Equation 7.2, with dV = 1 m3,
N (R0) then relates to ψA (R0) as:

N (R0) = ψA (R0)
v (R0) dR0, (7.3)

and the volume gas flux per unit area per second is given by:

Fgm = 4π
3

RNRˆ

R1

R3
0ψA (R0) dR0 = 4π

3

RNRˆ

R1

R3
0N (R0) v (R0) dR0. (7.4)

It represents the volume flux per unit area.
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7.3. Results and discussion

Here, drawing on data collected during research cruise JR253 from Area 1 and Area
3, results from two inversions are presented: a two frequency inversion (subsection 6.2.3);
a multi-frequency inversion (subsection 6.2.4, based three frequencies). The backs-
cattering cross coefficient per unit volume sv is measured at three frequencies (38
kHz, 120 kHz, 200 kHz) at Area 1 (~90 m) and two frequencies (38 kHz, 120 kHz)
at Area 3 (~390 m). Each data set consists on backscattering strength time series
(at a sampling rate of 0.5 Hz) at various depth (linear spacing of 0.1912 m).

General considerations Considering the echogram of the acoustic flare from Area
1 presented in Figure 7.4(a), the variability of sv values is shown in Figure 7.10(a).
At each frequency and each depth, 887 time samples are analysed (approximately
25 minutes). the mean values, 75th and 25th percentiles of Sv (sv on a dB scale) are
displayed. At 86 m depth (1 m above the seabed), S38 kHz

v = −62.1 dB, S120 kHz
v =

−63.2 dB, S200 kHz
v = −65.8 dB. With decreasing depth, Sv decreases, reaching a

water depth (~30 m) where sv increases with decreasing depth. This enhanced
backscattered intensity near the sea surface can be the result of the interaction of
the sound waves with bubbles near the surface produced by the hull of the vessel
[43]. Consequently, further in this chapter, the inversions are applied to this data
set between z = 86 m and z = 10 m. At z ≈ 40 m, a large increase in Sv is
noticeable (especially at 38 kHz). From the echogram (Figure 7.4(a)), the increased
intensity at this depth is noticeable but is intermittent. This suggests the increase
in sv is from random scatterers in the sampled volume (e.g. fish). At all three
frequencies, the difference between the mean value and the 75th and 25th percentiles
is approximately of 3 dB, confirming the variability in the data and the need for
averaging over several samples before applying the inversion. Similarly, mean values,
75th and 25th percentiles for a gas plume in Area 3 is presented in Figure 7.10(b)
(echogram shown in Figure 7.4(b), 27 minutes). Because these data were collected
at larger depths (~390 m), only two frequency channels are usable (38 kHz, 120
kHz). At z = 390 m (1 m from the seabed), S38 kHz

v = −66.6 dB, S120 kHz
v = −65.4

dB and Sv decreases with depth, with S38 kHz
v becoming greater than S120 kHz

v from
~370 m. At z > 250m, Sv is below the echogram threshold of -90 dB (Figure 7.4(b)).
Such low Sv is near the background noise and suggests no bubbles are detected.
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Figure 7.10.: Sv versus depth for the two acoustic flares shown in Figure 7.4.
(a): Acoustic flare in Area 1 (Figure 7.4(a)). (b): Acoustic flare in Area 3
(Figure 7.4(a)). Thin lines are 75th and 25th percentile. Thick lines are the mean
values.
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Figure 7.11.: analysis of three gas plumes through a three frequency acoustic inver-
sion (38 kHz, 120 kHz, and 200 kHz). The bubble size distributions are computed
from a bubble radius R0 = 0.5 mm to R0 = 10 mm. By integrating over all bubble
sizes, gas volumes are determined. Following the procedure in subsection 7.2.3,
they can further be converted into flow rates per unit area. For each sampled
depth, this procedure is applied on times series for Sv collected with the vessel
on station (e.g. Figure 7.4) for: 15 minutes for flare 1; 23 minutes for flare 2; 27
minutes for flare 3. (a): Resulting bubble size distributions near the seabed from
the three different plumes (grey, yellow and red lines) and ROV video analysis of
bubble release (black bars). (b): Gas volume estimates for the three gas flares
from the seabed to 10 m below the water surface. (c): Sampled 5 minutes of 38
kHz EK60 echogram profiles for each individual plume.
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Area 1 Flare
Area 3Flare 1 Flare 2 Flare 3

Flow rate per unit
area at seafloor (mL

min−1 m−2)
1.3 1.1 1.3 0.7

EK60 footprint area
(m−2) 334.2 400.9 350.3 7200

Flow rate over
footprint area (mL

min−1)
434.5 440.9 455.4 5040

Average flow rate per
cluster (mL min−1)

[48, 49]
409.5 167.2

Table 7.3.: Summary of results from the acoustic inversion in Area 1 and Area 3.
Results are first presented as flow rates per unit area. Using the footprint area at
the operating depth, total flow rate can be calculated. This is further compared
to flow rates inferred by Sahling et al. [48, 49] from ROV observations.

Inversion of data from Area 1 At each frequency and depth, sv is averaged over
100 samples and an inversion is applied following the procedure in subsection 6.3.2.
For each averaged time sample, at each depth, this gives a bubble size distribution
N in six size bins (UND = 2). This can be integrated through Equation 6.13 to
compute Vest. Following the procedure in subsection 7.2.3, using the model of Fan
and Tsuchiya [183] for the buoyancy bubble velocity, this can further be converted
into flow rates per unit area (expressed in mL min−1 m−2 for comparison with the
data from Sahling et al. [48, 49], summary of results in Table 7.3). In Area 1,
this method is applied to 3 gas plumes presenting different profiles (Figure 7.11(c)):
“flare 1”, observed on 15th August from 09:35 pm to 09:49 pm, 14 minutes, 84 m
water depth; “flare 2”, observed on 15th August from 10:01 pm to 10:23 pm, 23
minutes, 92 m water depth; “flare 3”, observed on 16th August from 02:05 pm to
02:32 pm, 27 minutes, 86 m water depth, acoustic flare shown in Figure 7.4(a) and
analysed in Figure 7.10(a)). The size distributions N (1 m above the seabed) and
flow rates per unit area Fgm are averaged over the time period that the flares are
observed. Results are presented in Figure 7.11. Figure 7.11(a) first compares the
different bubble size distributions from the inversion of the three gas flares in Area
1 (Figure 7.11(a)). The result of the inversion consists of N resolved in six size bins.
Through the three cases considered, various bubble size distributions are obtained.
Flare 1 and 3 (Figure 7.11(a), grey and red curves) have their highest abundance in
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the size bin R0 = 4.3 mm while the distribution computed for flare 2 has a peak in
the size bin R0 = 2.4 mm. With a peak at R0 = 2.4 mm, results of the inversion
of flare 2 are the closest to the video observations performed during research cruise
HE387 [48] (Table 7.2). The bubble size distributions for flare 1 and 3 show larger
bubble sizes that are larger than what was observed using the video analysis [48].
However, this analysis is based on 6 streams and this is only a small samples of
bubble releases in Area 1. Several studies suggest that the range of bubble sizes can
vary [33, 40, 42, 54, 75, 182] and the results obtained here from the inversion remain
within in a physically viable range of R0.

For the three flares of interest, integrating N through Equation 7.4 allows to
estimate the flow rates relative to 1m2, Fgm. Results are presented in Figure 7.11(b).
It can be observed that Fgm decreases with depth. Similarly, sv decreases with
decreasing depth (echogram profiles shown in Figure 7.11(c)). Considering flare
1, Fgm = 1.3 mL min−1 m2 and at z = 84 m, the footprint is A−3dB = 334.2 m2.
Consequently, over the footprint area, flare 1 exhibits a flow rate of 434.5 mL min−1.
Similarly, flow rates for flare 2 and 3 over their respective footprint areas are 440.9
mL min−1 and 455.4 mL min−1. In Area 1, Sahling et al. [48] report an average
bubble stream flow rate of 27.3 mL min−1 and an average number of 15 bubble
streams per cluster (Table 7.1). This gives an approximate flow rate of 409.5 mL
min−1 per cluster. This suggests the footprint area of the EK60 at depths in Area
1 is approximately the size of one cluster of bubble streams.

Two frequency inversion and quantification of flares in Area 3 If two frequencies
(38 kHz and 120 kHz) are available instead of three, the inverse approach is not ap-
plied. However, using the two frequency approach described in subsection 6.2.3, gas
volumes can still be estimated. In order to compare results presented in Figure 7.11,
a two frequency inversion is employed on the data of flare 3. First, computation of
the dominant bubble radius R0d is performed through a numerical optimization of
Equation 6.7. If the computed values for R0d are used in Equation 6.7, two solutions
for the abundance of R0d are found and through Equation 6.9 volumes are estimated.
Similarly to the inverse approach, these can be converted into flow rates per unit
area (subsection 7.2.3). In Figure 7.12(a) (Area 1), the two solutions (black and grey
solid lines) are compared to the results from the three frequency inversion (dashed
red line). Across all depths, the solutions for Fgm computed with two frequencies
vary significantly with depth, with large spikes. Flow rates Fgm computed through a
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Figure 7.12.: Flow rate per unit area Fgm versus depth. (a): Gas flow rates inferred
from the time series of a flare in Area 1 (Figure 7.4(a), flare 3 in Figure 7.12) using
two frequency and three frequency inversions. (b): Gas flow rates inferred from
the time series of an acoustic flare in Area 3 (Figure 7.4(b)).
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Chapter 7 Acoustical quantification of methane seeps to the west of Svalbard

two frequency inversion are within one order of magnitude to Fgm computed through
a three frequency inversion. Near the bottom (z = 86 m), Fgm ≈ 3 mL min−1 m−2

(two frequency approach), ~2 times higher than those from the three frequency in-
version. It is important to note that the solution using a three frequency inversion is
less spiky than the two frequency inversion, suggesting the multi-frequency inversion
method is more robust. In Area 3, the acoustic flare presented in Figure 7.4(b) is
analysed using the two frequency approach and results are shown in Figure 7.12(b).
The two solutions for Fgm are close, exemplifying good robustness of the algorithm.
Near the seabed (z = 390 m) Fgm ≈ 0.7 mL min−1 m−2, ~38% lower than Fgm for
the flares analysed in Area 1 (Table 7.3). At z = 390 m, the footprint area is of
A−3dB = 7200 m2 and the flow rate is then of 5040 mL min−1. Sahling et al. [48, 49]
observed an averaged bubble stream flow rate of 20.9 mL min−1 with an average
number of 8 bubble streams per cluster. This suggests the footprint area of the
EK60 at depths in Area 3 is produced by a combination of several clusters.

7.4. Summary

During two research cruises (JR253, HE387) to the west of Svalbard, single beam
echosounder data of methane seeps were collected. Bubbles released from the sea-
floor strongly scatter sound and emissions of methane are identified by strong acous-
tic flares during acoustic surveys from single beam echosounder instruments. Here,
these data are used to investigate the spatial variability of the gas emissions by re-
cording each acoustic flare position. This allows to determine the strong dependence
of gas release with water depth. In addition, in order to quantify these releases, the
inverse methods described in chapter 6 are applied to data collected when the vessel
was on station over a gas flare. These data are collected for Area 1 (~90 m depth)
and Area 3 (~390 m depth).

In order to quantify gas emissions, the two methods of chapter 6 are used
in this chapter. These methods predict gas volumes that can be converted into
flow rates per unit area (subsection 7.2.3). First, based on a two frequency data
set, the method described in subsection 6.2.3 allows to determine the dominant
bubble size and then the amount of gas in the insonified volume. Second, the multi-
frequency inversion described in subsection 6.4.2 is based on echosoudner data set
at three or more frequencies. With this technique, the bubble size distribution can
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be resolved. Results from chapter 6 suggest the volume of gas estimated are more
precise than with the two frequency method. While it is preferable to use the inverse
method because it resolves the bubble size distribution, the operating depth limits
the number of frequency channels that are usable. For this reason, the acoustic flare
from Area 3 is analysed using the two frequency method. In Area 1, the inversion
method is applied on echosounder data from three gas release of different intensity.

Results from the inversion of data in Area 1 show different bubble size distri-
butions. Highest abundances are found at sizes R0 = 4.3 mm or R0 = 2.4 mm. The
amount of gas released it is found to decrease with decreasing depth with an estim-
ated flow rate per unit area near the seafloor varying from Fgm = 1.1 mL min−1 m2

to Fgm = 1.3 mL min−1 m2. Results from the two frequency inversion on data from
Area 3 also exhibit a clear decay of estimated flow rates with decreasing depth. Near
the seafloor, Fgm = 0.7 mL min−1 m2, ~38% less than in Area 1.

The results presented here are only based on data collected with vessel on
station and are preliminary assessments for the inversion methods described in
chapter 6. The aim is to apply the inversion to data collected with vessel cruising
in order to obtain estimates for the amount of gas released over the whole studied
area.

In the next chapter, concluding remarks will be addressed on the use of the
inversion methods (using passive and active acoustics) described in this thesis. Also,
leads for further work will be given.
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8.1. Summary of main findings

In this study, quantification of gas escape from the seafloor using passive and active
acoustics is described. It has application to the monitoring of anthropogenic (e.g.
leak from pipelines...) and natural (e.g. methane seeps) gas releases. Two acoustic
inversions are described and are based on models of: the passive acoustic emissions
of gas bubbles; the acoustics backscattering of gas bubbles at multiple frequencies.
These methods are applicable to the monitoring of gas leaks in the form of bubbles
and are therefore unable to detect gas released in dissolved phase. For the detection
of gas release in dissolved phase, chemical sensors can be used [185].

In chapter 4 the passive acoustic inversion was successfully implemented in
laboratory conditions and validated the methodology for further at sea deployment
(chapter 5). Metered amount of gas are released with two different bubble generation
systems (an arrangement of needles and a bubbling stone) in a large enclosure and
the sound from the bubbles are recorded and used to infer flow rates. Acoustically
inferred flow rates are given as a spread of acoustic estimates and gas estimates
span one order of magnitude. This large spreads is due to the unknown parameter
Rε0i/R0, which accounts for the strength of the acoustic emission when the bubble
is released. The absolute level for flow rates then rely on accurate prediction for this
parameter. However, results show good accuracy at tracking the relative changes in
flow rate, this for both bubble generation systems. In light of the current knowledge
[61, 82], Rε0i/R0 is dependent upon the bubble size, the type of bubble generation
system (e.g. solid orifice, sediments...) and potential the depth of the bubble release.
The results from the laboratory measurements suggest Rε0i/R0 = 3.5 × 10−4 for
the arrangement of needles (1.2 mm diameter) and Rε0i/R0 = 1.6 × 10−4 for the
bubbling stone. The ratio Rε0i/R0 is key in order to quantify precisely with the
passive acoustic inversion and although the understanding to date of Rε0i/R0 remains
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limited, knowledge will increased with further experimental and theoretical work.

In chapter 5, the deployment of a passive acoustic recorder during an exper-
imental release of CO2 gas at sea [50] is described. From a container positioned
onshore, gas was injected through a bore hole and gas migrated through the sed-
iments and seeped into the water column. An hydrophone was deployed and was
able to measure the sound from bubble releases. The passive acoustic method can
then be employed to monitor the amount of gas released in the form of bubbles in
the water column every ten seconds. In comparison, diver measurements provided a
single data point at expensive cost by measuring individual streams over a one hour
window. Strong correlation with tide is found with a decrease of 15.1 kg d−1 in flow
rate for each meter of tide increase. This shows that tide effects are significant in
the amount of gas release from say gas seeps. It is important to account for them
when addressing the amount of gas released from gas seeps [36, 175]. In addition,
the acoustically inferred flow rates correlate well with the various changes in the
rate of gas injection.

Models for predicting the scattering strength of a single gas bubble are de-
scribed in chapter 3 and are of two types: analytical breathing mode solutions;
modal solutions. They are used to compute the backscattering cross section matrix,
kernel matrix of the active acoustic inversion (chapter 6, chapter 7). The model-
ling of the backscattering cross section via the analytical model (Equation 3.31)
for the breathing mode assumes the wavelength of the driving acoustic field is large
compared to the size of the bubble (kR0 � 1). An analytical expression by Thurais-
ingham (Equation 3.32) [96] expands its applicability to all kR0. At kR0 ≈ 1 and
kR0 � 1, the contribution of the breathing mode is shown to becomes negligible and
it is then important to account for the contribution of other modes. In that context,
the modal solution described in subsection 3.6.2 is best suited to work at regimes
kR0 ≈ 1 and kR0 � 1. These regimes are the one considered in Chapter 6 and 7. It
is interesting to note that in many studies [37, 42, 152, 153], the analytical breathing
mode solution (e.g. Equation 3.31) is used while considering kR0 regimes that are
not fulfilling kR0 � 1, thus making the use of the backscattering models improper.
Here, this issue is addressed prior to the formulation of the inverse problem. The
methodology for solving the inversion problem is inspired from the estimation of
zookplankton populations [60, 62, 65].

The active acoustic inversion is based on the backscattering strength levels
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from clouds of bubbles at different frequencies. Two inversion approaches are con-
sidered: using two frequency data sets; using three or more frequency data sets.
While the two frequency approach provides the dominant radius of the bubble size
distribution, the inversion based on more numerous frequencies is able to resolve
the bubble size distribution. In chapter 6, each methodology is described and then
tested against simulated data. Various bubble size distributions are used for the sim-
ulations. Simulated measurements are used to run inversions with different number
of frequencies. The performance of the methods are addressed from the accuracy
of the estimation of the gas volumes. The two frequency approach is found to per-
form well under the constraint that the bubble size distribution considered present a
strongly dominant size. However, using an approach with three or more frequencies
exemplifies an increased accuracy and robustness to noise.

The methods described and tested in chapter 6 is applied to at sea data in
chapter 7. From two research cruises, single beam echosounder data from methane
seeps were collected. Each gas release consists on a strong acoustic flare and using
the position of each flare, the depths at which seepage occur are identified. Strong
abundance of gas releases is found at a depth of ~390 m. This correlates well with
previous studies that hypothesise that these releases are induced by methane hydrate
dissociation [20]. The active acoustic inversion methodologies are applied to data
collected with vessel on station. Preliminary quantitative estimates of gas volumes
are presented. For shallow gas escapes (~90 m), the inversion can be carried out
using three frequencies. The bubble populations are obtained and exemplify the
peaks in abundances varying from R0 = 4.3 mm to R0 = 2.4 mm depending on the
acoustic flare considered. For these flares observed at shallow water, the amount of
gas is also predicted and they are shown to decrease significantly with decreasing
depth. For deeper gas escape (~390 m), only two frequencies are usable and only the
two frequency methodology is applicable. This does not allow to resolve bubble size
populations. However, estimates for gas flow rates are computed. At seafloor level,
these are less than for the shallow seeps, correlating well with ROV observations
on the field [48]. Along the water column, the deep gas escapes show a decrease in
amount of gas with decreasing depth.

To summarize, this study has yielded a number of results that might be con-
sidered an advancement in the field of acoustic quantification of gas leaks. These
include:
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1. Addressing the accuracy and applicability of the passive acoustic method de-
scribed by Leighton and White [61].

2. Performing indirect measure of the initial bubble wall amplitude (Rε0i/R0) for
two bubble generation systems and for bubble release from a sediment layer:

• Needle array (1.2 mm needle orifice): Rε0i/R0 = 3.5× 10−4.

• Bubbling stone: Rε0i/R0 = 1.6× 10−4.

• Sediment layer: Rε0i/R0 = 1.2× 10−4 ± 6.8× 10−6.

3. Measurements of the temporal variability of gas release at sea. The effect of
tide and injection flow rate is clearly resolved.

4. A formulation for the backscattering strength from a cloud of bubbles.

5. A systematic method for determining the optimisation of the Levenberg-Marquardt
least squares parameter Λ through the L-curve criterion.

6. Development of two inversion methods based on single beam echosounder data
at multiple frequencies for the quantification of gas leaks.

7. Addressing the precision and accuracy of the two active acoustic inversion
methods.

8. Estimation of bubble populations for methane seeps to the west of Svalbard.

9. Estimation of gas volumes for methane seeps to the west of Svalbard. This
include tracking the fate of free gas in the water column.

8.2. Suggested future work

The following points are suggested for furthering the research undertaken in this
thesis:

• Measuring the initial bubble wall amplitude (Rε0i/R0) for different type of rigid
bubble injection systems (e.g. using bubble generation systems with different
orifice sizes). This would help understanding the dependency of Rε0i/R0 with
the type of gas injection. This would improve the accuracy of the passive
acoustic method.
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• Measuring the initial bubble wall amplitude (Rε0i/R0) for bubbles emitted
from sediments beds with different types of sediments. This would improve
the accuracy of the passive acoustic method.

• Comparison of independent measurements of bubble size distributions with
bubble size distributions inferred from passive acoustic measurements. This
would further the understanding of the dependency of Rε0i/R0 with bubble
size.

• Comparison of bubble populations at different tidal height levels using the
passive acoustic inversion. This would further the understanding of the de-
pendency of Rε0i/R0 with depth.

• Implementation of the passive acoustic inversion with increased number of
hydrophones. This would improve the operating range of the passive acoustic
method.

• Experimental implementation of the active acoustic technique with more nu-
merous frequency channels.

• Study of the effect of non-spherical bubbles and various incidence angles on
the active acoustic inversion methods.

• Analysis of acoustic flares with vessel cruising using the active acoustic inver-
sion methods.

• Analysis of an entire research cruise data set using the active acoustic inversion
methods.
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A. Sound field in test tank

In chapter 4, passive acoustic emissions of gas bubbles are investigated under labor-
atory conditions in a large water tank (8 m x 8 m x 5 m, i.e. of volume V = 320m3).
Of importance is the effect of reverberation on the measurements because the pass-
ive acoustic inversion scheme described in section 4.2 requires to invert the acoustic
contribution to the spectrum from bubbles only. Any enhancement from say noise
floor or reverberation would enhance the bubble count artificially, thus leading to
systematic errors in gas flow rate estimates. For that purpose, under laboratory
conditions, measurements were performed at different distances from the bubble
emissions in order to determine the uncertainties induced by working in a rever-
berant environment. The results for various gas flow rate regimes are shown in
Figure 4.2. This chapter first describes the theory used to assess the impact of re-
verberation. This describes the correlation between the sound emission in free field
and in a test tank. Second, procedures for the measurements of reverberation time
T60 is presented. These are used in chapter 4. Finally, an experimental procedure
for the acoustic power of underwater loudspeakers is described and exemplified with
measurements in a small test tank.

A.1. Theoretical considerations

With a steady state sound field, the total acoustic pressure pt in an enclosure is the
combination of the direct field (pd) and the reverberant field (pr), and p2

t = p2
r + p2

d.
With the source output So = pd × r, measure of the source efficiency in free field,
the averaged total rms pressure as a function of range r is [113, 114]:

p2
t (r) = S2

o

[
1
r2 + 16π

AsQθ

]
, (A.1)

with the symbol ¯ denoting spatial average. For an omnidirectional source, the
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Figure A.1.: Illustrating example of the pressure field in an enclosure as function
of range r and 1/r2. Values used here are those from Hazelwood and Robinson
[114]: So = 9.5 Pa m; As = 5.9 m2; Qθ = 1. (a): Sound pressure level against
r for the direct (solid grey line), reverberant (dashed black line) and total (solid
black line) pressure fields. The vertical thick black line represents the radius of
reverberation r0 as defined by Equation A.3. (b): Total pressure p2

t versus 1/r2.
The linear rate of increase of p2

t represents the square of the source output S2
o and

the y-intercept of the curve is S2
o16π/AsQθ.

directivity factor Qθ is Qθ = 1 when the source is suspended and Qθ = 2 when
lying on a reflective flat surface. The quantity As is the Sabine coefficient defined
as [113, 186]:

As = 55.3× V

T60cl
. (A.2)

Equation A.1 exemplifies a balance between the direct field pressure p2
d (r) = S2

o/r
2

and the reverberant field pressure p2
r = S2

o16π/AsQθ. The range at which both fields
are equal r0 is called the radius of reverberation (or critical radius), and is given by:

r0 =
√
AsQθ

16π . (A.3)

An example of a pressure field in an enclosure is given in Figure A.1. In
Figure A.1(a), the acoustic pressure due to the reverberant field and the direct field,
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and the total acoustic pressure are plotted against the distance from the source
r. It can be observed that at large r, the reverberant field dominates, giving a
total pressure field converging toward p2

t (r) = S2
o16π
AsQθ

. Near the source, pt converges
toward the direct field pd. At the radius of reverberation r0, both fields contribute
equally and p2

t is 3 dB higher than expected from either alone [113]. Figure A.1(b)
shows that p2

t linearly increases with 1/r2. Of importance here is the linear rate of
increase. This relates directly to S2

o . The y-intercept of p2
t is equal to S2

o16π/AsQθ.
Then, the source output So can be measured by plotting p2

t versus 1/r2. This requires
measurements at different distances from a source emitting a steady state acoustic
field. The acoustic source power W can be computed from So[187]:

W = S2
o

4ρlcl
. (A.4)

Combining the reading of So to the y-intercept value with the directivity factor Qθ,
As can be determined. Furthermore, using Equation A.2, the reverberation time
can also be inferred.

An important limitation of measurements in enclosure is the mode mixing,
i.e. working at frequencies where there is enough mode overlap to give an acoustic
field that is isotropic and homogeneous[113, 187]. This condition can be fulfilled by
working at frequencies higher than the Schroeder frequency[113]

fmin = cl ×
√

6/As (A.5)

A.2. Reverberation time

Measurements of reverberation times T60 were performed in two water tanks of
different sizes: 1.82 m x 1.24 m x 0.82 m, V = 1.85 m3 (Figure A.4(a)); 8 m x 8 m
x 5 m, V = 320 m3. Both enclosures had a body of fresh water of 10 ◦C.

The reverberation time were measured using an underwater loudspeaker (Nep-
tune sonar T143). This acoustic source was placed 2 m below the water surface
and was driven by white noise generated by a signal generator (Stanford research
DS345). Using a B&K T8105 hydrophone, the acoustic emissions were recorded
for ten seconds. Over the acquisition period, the signal generator was switched off.
The decay of the acoustic energy is then used to measure T60. In the large test
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Figure A.2.: Example of T60 measurements in the large test tank. (a): Time series
recorded by the hydrophone exemplifying the acoustic source being turned off at
t ≈ 5.5 s. (b): Sound pressure level calculated every 0.01 second. The decay rate
is used to infer T60 in third octave bands.

tank, measurements at 36 different locations were performed and 24 measurements
at different locations for the small test tank. An example of time series is plotted
in Figure A.2(a). This shows the signal generator being switched off at ≈ 5.5 s.

Reverberation time T60 is the time required for the acoustic energy to decay
by 60 dB. In order to determine this quantity, each time series is divided into 1000
windows of 0.01 seconds. Over each segment of the data, rms pressure is computed
in third octave frequency bands. In each frequency band, sound pressure levels
are calculated. The decay time is then determined from the decrease of the sound
pressure level when the source is turned off. An example of sound pressure levels
recorded in the large test tank are shown in Figure A.2(b). Here, a decay of ≈ 25
dB is observable at t ≈ 5.5 s when the source is turned off. This relatively small
decay is due to the limited power delivered by the signal generator. The decay rate
is used to infer the 60 dB reverberation time T60. If the sound pressure level decays
at a rate γd, T60 is:

T60 = −60
γd

. (A.6)
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0.7-22.3 kHz 0.8-8 kHz
T60
(ms)

std
(ms)

r0 (m) T60
(ms)

std
(ms)

r0 (m)

large tank 177.7 28.9 1.64 181.2 30.3 1.64
small tank 113.4 39.2 0.12 - - -

Table A.1.: Summary of values for T60 in the two test tanks considered here. Res-
ults are shown in different frequency bands.
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Figure A.3.: Comparison of T60 measurements for two enclosures of different size.

In each frequency bands, T60 is then measured for two test tank. In chapter 4,
T60 measurements in the large enclosure are used in a frequency band between
0.8 kHz and 8 kHz. Results are summarized in Table A.1 for the two enclosures.
Considering a large frequency band (0.7 to 22.3 kHz), it can be observed that T60 is
smaller for the smallest enclosure considered. The radius of reverberation r0 is also
significantly smaller for this test tank (r0 = 0.12 m compared to r0 = 1.64 m). In
third octave bands, T60 for these two test tanks is plotted in Figure A.3. The small
enclosure presents a smaller reverberation in all frequency bands.

A.3. Acoustic sources power

In this section, the model described in section A.1 is used to measure the acoustic
power of two sources. In a small water tank (1.82 m x 1.24 m x 0.82 m, V = 1.85m3,
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Figure A.4.: (a): Photograph of the ISVR 1013 laboratory test tank. (b): schem-
atic of the experimental set up to measure pressure levels at different horizontal
distances from the source.

Figure A.4(a)), two acoustic sources are tested: a B&K T8105 hydrophone used as
projector; a circular baffle (15 cm in diameter, unknown model). Each projector
was driven by a signal generator (Stanford research DS345). Acoustic emissions
at different locations in the tank were acquired using a B&K hydrophone T8103
connected to a charge amplifier (B&K T2635). Acoustic signals were acquired at
a sampling rate of 50 kHz with a data acquisition system (NI BNC-2110) installed
on a desktop computer using MATLAB. The sensors and the acoustic sources were
suspended using metal bars and were immersed at a depth of 0.4 m. Sources were
driven with white noise and measurements were taken at 26 different ranges r. Each
distance from the source to the sensors was measured precisely and it varied from
0.1 m to 1.3 m. A schematic of the experiment is presented in Figure A.4(b).

For each locations, over 10 seconds, the power spectral density is determined
and in each third octave band, the squared rms acoustic pressure p2

t is computed.
In each frequency band, if sound pressure level is plotted against r the contribution
of the direct and reverberant fields can be observed. In Figure A.5(a) and (b), this
is shown for the 0.9-1.1 kHz and 17.9-22.6 kHz frequency bands. This exemplifies
a similar trend to Figure A.1. The acoustic field is dominated by the direct field
near and source and further away, the reverberant field dominates and the pres-
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Figure A.5.: Examples of measured sound pressure field in a small enclosure for
two sources. (a) and (b): Sound pressure level versus range r in two third octave
frequency bands: between 0.9 and 1.1 kHz (a); between 17.9 and 22.6 kHz (b).
Cross and circle markers are the measurements at 26 different ranges respectively
for the B&K T8105 and circular baffle sources. The solid black lines are the best
fits based on Equation A.1 for the measurements. These are computed from the
linear fitting between p2

t and 1/r2 (c) and (d). (c) and (d): p2
t versus 1/r2 in two

third octave frequency bands: between 0.9 and 1.1 kHz (c); between 17.9 and 22.6
kHz (d). Cross and circle markers are the measurements at 26 different ranges
respectively for the B&K T8105 and circular baffle sources. Black solid lines are
the linear relationships determined by polynomial fitting based on Equation A.1.
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Figure A.6.: Source power in third octave bands. This compares the two sources
considered: B&K T8105 hydrophone used as a projector (grey solid line); a cir-
cular baffle (15 mm diameter, solid black line).

sure levels off. Furthermore, as explained in section A.1, p2
t linearly increases with

increasing 1/r2 (Equation A.1, see Figure A.1(b)). The gradient of this linear rela-
tionship is the squared source output S2

o and the y-intercept represent the quantity
S2

o16π/AsQθ. Here, measurements in Figure A.5(a) and (b) are plotted against 1/r2

in Figure A.5(c) and (d) (in frequency bands 0.9-1.1 kHz and 17.9-22.6 kHz). A
linear regression is performed and is represented by the solid black line. This same
line is transposed in Figure A.5(a) and (b) with p2

t (expressed in sound pressure
level) plotted versus r. In Figure A.5(c) and (d), it can be observed that most data
points are located around 1/r2 = 0. In order to have a good resolution, it is im-
portant to have many measurements near the source in order to resolve the linear
regression at large 1/r2. However, this requires precise measurement of the range r.
In the experimental set up, because of technical limitations, good precision of the
measurement of distances could not be achieved, especially very near the source.
As a result, there is only few data points at large 1/r2 (e.g. only one data point at
1/r2 > 100 m−2 ).

From the polynomial fitting of the measurements in each frequency band, the
source output So is determined. This can be used to calculate the acoustic source
power in free fieldW using Equation A.4. For the two sources considered here, W is
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computed in third octave bands and results are presented in Figure A.6. The quant-
ity W is comparable to the transmitting response to voltage of the projectors. Here,
for both sources, the acoustic power emitted increases significantly with frequency.
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B. L-curve criterion for Tikhonov and
Levenberg-Marquardt methods

In this section, expressions for ρ′ , ρ′′ , ξ′ , ξ′′ as a function of Λ and α (chapter 2)
are derived. These are used for the optimization of Λ and α through the L-curve
criterion. The matrix problem depicted in Equation 2.2 is considered. The Singular
Value Decomposition (SVD) [51] of matrix A is as:

A = UMVt =
n∑
l=1

ulσlvtl . (B.1)

The matrix M of size n× n contains the singular values σl l = 1, . . . , n on its
diagonal: M = diag (σ1, . . . , σn) , σ1 ≥ . . . ≥ σn ≥ 0. The matrices U and V of
size n × n contain the left and right singular vectors ul and vl: U = (u1, . . . ,un),
V = (v1, . . . ,vn).

B.1. Tikhonov regularization

From the SVD formulation, regularization methods can be expressed as a filtered
expansion [51, Chap. 4] and for a Tikhonov regularization:

xα =
n∑
l=1

ϕ
[α]
i

utlb
σl

vl

ϕ
[α]
l = σ2

l

σ2
l + α2

. (B.2)

Using the last formulation, ρ and ξ are as [51]:
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ξ =
n∑
l=1

(
ϕ

[α]
l

utlb
σl

vl
)2

ρ =
n∑
l=1

((
1− ϕ[α]

l

)
utlb

)2
+
∥∥∥In −UUt

∥∥∥2

, (B.3)

and the first derivatives with respect to α can be derived:

ξ
′ = − 4

α

n∑
l=1

(
1− ϕ[α]

l

)
ϕ

[α]2
l

(utlb)2

σ2
l

ρ
′ = −α2ξ

′

. (B.4)

The second derivatives are then:

ξ
′′ = − 4

α2

n∑
l=1

(
1− ϕ[α]

l

) (
6ϕ[α]

l − 5
)
ϕ

[α]2
l

(utlb)2

σ2
l

ρ
′′ = −2αξ′ − α2ξ

′′

. (B.5)

B.2. Levenberg-Marquardt least square

The Levenberg-Marquardt method depicted in section 2.2 and the SVD of the prob-
lem is considered here. Defining the vector g = Utb̂ containing elements gl, the
norm of the solution vector and of the residual (ρ and ξ with Λ) are defined by
Lawnson and Hansen [52, Chap. 25]:

ξ =
n∑
l=1

(
glσl

σ2
l + Λ2

)2

ρ =
n∑
l=1

(
glΛ2

σ2
l + Λ2

)2
, (B.6)

and the first and second derivatives are then given by:
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B.2 Levenberg-Marquardt least square

ξ
′ = −4×

n∑
l=1

(
gl
σl

)2
× Λσ2

l

(σ2
l + Λ2)2

ρ
′ = 4×

n∑
l=1

g2
l ×

Λσ2
l

(σ2
l + Λ2)2

, (B.7)

ξ
′′ = −4×

n∑
l=1

(
gl
σl

)2
× σ2

l ×
(σ2

l + Λ2)2 − 4Λ2

(σ2
l + Λ2)4

ρ
′′ = 4×

n∑
l=1

g2
l × σ2

l ×
(σ2

l + Λ2)2 − 4Λ2

(σ2
l + Λ2)4

(B.8)
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C. Probability density functions
typical of bubble releases

In this section, expressions for probability density functions used throughout the
different chapters are given. These pdf are representative of various bubble releases.

Chi distribution The chi distribution is defined as:

Pchi (R0) = Rachi−1
0 eR0/θchi

θachi
chi Γ (achi)

, (C.1)

with Γ the gamma function. Considering the distribution in Sauter et al. [55],
θchi = 1× 10−5 and achi = 6.

Lognormal distribution The lognormal distribution is a distribution that only
takes positive real values and is controlled by the mean µX and the variance σX of
ln (X). Here, the random variable is the bubble equilibrium bubble radius and the
probability density function is expressed as:

Plognormal (R0) = 1
R0σX

√
2π
× e

−
(ln (R0)− µX)2

2σ2
X , (C.2)

with µX = −5.5 and σX = 0.5 in order to build a realistic distribution with a
dominant bubble size of 4.1 mm.

Leifer minor 1 distribution The Leifer minor 1[54, Figure 5(a)] is a distribution
of bubbles observed from a minor methane seep. The distribution is given by:
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PLeifer minor 1 (R0) = 0.01× e−
(
R0×106−1878

344

)2

+0.0019× e−
(
R0×106−2979

436

)2

+0.0004× e−
(
R0×106−4149

596

)2

. (C.3)

In order to obtain a probability density function, PLeifer minor 1 is normalised by its
area.

Leifer minor 2 distribution The Leifer minor 2[54, Figure 6(a)] is a distribution
of bubbles observed from a minor seep. The distribution is given by:

PLeifer minor 2 (R0) = 0.0046× e−
(
R0×106−2062

109

)2

+0.0151× e−
(
R0×106−2313

137

)2

+0.0031× e−
(
R0×106−2735

303

)2

. (C.4)

In order to obtain a probability density function, PLeifer minor 2 is normalised by its
area.

Leifer mixed distribution The Leifer mixed[54, Figure 7(a)] is a distribution of
bubbles observed from a minor methane seep. The distribution is given by:

PLeifer mixed (R0) = 0.0027× e−
(
R0×106−969

62

)2

+1.63× (R0 × 106)−1.05

+0.0026× e−
(
R0×106−3889

860

)2
. (C.5)

In order to obtain a probability density function, PLeifer mixed is normalised by its
area.

Leifer major distribution The Leifer major[54, Figure 5(b)] is a distribution of
bubbles observed from a major methane seep. The distribution is given by:
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PLeifer major (R0) = 0.05× 10002.22 × (R0 × 106)−2.22

+0.02× 20000.21 × (R0 × 106)−0.21

+0.0248× e−
(
R0×106−3262

329

)2

+0.006× 50002.83 × (R0 × 106)−2.83

. (C.6)

In order to obtain a probability density function, PLeifer major is normalised by its
area.
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D. Acoustic scattering from rigid
spheres

For a sphere, the spherical scattering cross section σsp (isotropic cross section, no
directional dependence) can be defined as σsp = 4πσbs. For a sphere of radius a, in
terms of the form function f∞, the spherical scattering cross section is given by:

σsp = πa2 |f∞ (ka)|2 . (D.1)

In this study, the form function f∞ (ka) in the far field (kr � 1) is resolved
using the modal solution [94]:

f∞(ka) = − 2
ka

∞∑
l=0

(−1)l (2l + 1) sin (ηl)eiηl , (D.2)

with the term ηl being determined as follows:
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

q1 = ka
cl

csl

q2 = ka
cl

cst

A2 =
(
l2 + l − 2

)
jl (q2) + q2

2 j
′′

l (q2)

A1 = 2l (l + 1)
[
q1 j

′
l (q1)− jl (q1)

]

B1 = 2
(
ρs

ρl

)(
cst

cl

)2

B2 = 2
(
ρs

ρl

)(
csl

cl

)2
−B1

C2 = A2q
2
1

[
B2 jl (q1)−B1 j

′′

l (q1)
]
− A1B1

[
jl (q2)− q2j

′

l (q2)
]

C1 = ka
[
A2 q1 j

′
l (q1)− A1jl (q2)

]

tan (ηl) = −C2 j
′
l (ka)− C1 jl (ka)

C2 y
′
l (ka)− C1 yl (ka)

. (D.3)

The terms clon and ctrans denote respectively the longitudinal and transverse wave
velocities within the sphere and ρs is the density of the material of the sphere. The
quantities jl and yl are defined as follow and the ′and ′′ denote their first and second
derivative: 

jl (ka) = Jl+1/2 (ka)
√

π

2ka

yl (ka) = Yl+1/2 (ka)
√

π

2ka

, (D.4)

where Jl+1/2 and Yl+1/2 are Bessel functions of the first and second kind respectively.
In terms of the form function described above, the target strength of a rigid sphere
TS of radius a is then:

TS = 10log
(

a2 |f∞ (ka)|2

4

)
(D.5)
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E. Table of parameters

Density of free gas at sea level for air ρgA
(kg ×m−3)

1.29

Water heat capacity at constant pressure
Cp,l (J× kg−1 ×K−1)

4.19× 103

Gas heat capacity at constant pressure Cp,g
(J× kg−1 ×K−1)

1.01× 103

Water thermal conductivity λl
(W×m−1 ×K−1)

56.3× 10−2

Gas thermal conductivity λg
(W×m−1 ×K−1)

2.57× 10−2

ratio of specific heat of a gas at constant
pressure to that at constant volume γ

1.4

Gas molecular weight (g ×mol−1) 28.97
Gas sound speed cg (m× s) 353

Water salinity Sl (parts per thousand) 35
Temperature Tl (◦C) 10

Table E.1.: Summary of parameters used for the computation of the various ex-
amples presented in chapter 3.
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Chapter E Table of parameters

Water heat capacity at constant pressure
Cp,l (J× kg−1 ×K−1)

4.19× 103

Gas heat capacity at constant pressure Cp,g
(J× kg−1 ×K−1)

1.01× 103

Water thermal conductivity λl
(W×m−1 ×K−1)

56.3× 10−2

Gas thermal conductivity λg
(W×m−1 ×K−1)

2.57× 10−2

ratio of specific heat of a gas at constant
pressure to that at constant volume γ

1.4

Gas molecular weight (g ×mol−1) 14.01
Gas sound speed cg (m× s) 349

Water salinity Sl (parts per thousand) 0
Temperature Tl (◦C) 10

Table E.2.: Summary of parameters used for the calculations in chapter 4

Water heat capacity at constant pressure
Cp,l (J× kg−1 ×K−1)

4.19× 103

Gas heat capacity at constant pressure Cp,g
(J× kg−1 ×K−1)

0.83× 103

Water thermal conductivity λl
(W×m−1 ×K−1)

56.3× 10−2

Gas thermal conductivity λg
(W×m−1 ×K−1)

1.59× 10−2

ratio of specific heat of a gas at constant
pressure to that at constant volume γ

1.4

Gas molecular weight (g ×mol−1) 44.01
Gas sound speed cg (m× s) 259

Water salinity Sl (parts per thousand) 34
Temperature Tl (◦C) 11

Table E.3.: Summary of parameters used for the calculations in chapter 5
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Table of parameters

Gas sound speed cg (m× s) 353
Gas density ρg (kg ×m−3) 1.2

Water salinity Sl (parts per thousand) 35
Temperature Tl (◦C) 10

depth z (m) 80
Table E.4.: Summary of parameters used for the calculations in chapter 6

Gas sound speed cg (m× s) 446
Gas density ρg (kg ×m−3) 1.2

Water salinity Sl (parts per thousand) 35
Temperature Tl (◦C) 5

Table E.5.: Summary of parameters used for the calculations in chapter 7
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