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A B S T R A C T

Accurate determination of seabed gas flux is important for understanding natural processes as well as giving
confidence that the size of any leaks from marine infrastructure can be properly assessed. Acoustic methods for
flux determination require a relatively quiet underwater environment, and can fail when there is too much noise
from other natural or anthropogenic sources. This study applies an acoustic monitoring example of seabed gas
leakage in terms of sound level intensity, to statistically assess and minimize the impact from oceanic noise on
seabed acoustic experiments which require a relative quiet environment. It addresses the question: how far from
a source of radiated ambient noise does a recording hydrophone and location of seabed gas need to be so that
acoustic methods for remotely determining gas flux are successful. We develop a model to assess impacts of
ambient noise under various conditions, incorporating sound/noise sources (seabed gas leaks, sea surface agi-
tation and shipping) and underwater acoustic propagation. The reliability of the model is tested by comparing
measured seabed ambient noise in the central North Sea, and the robustness of it is verified by presenting
statistical outliers and a receiver operating characteristic (ROC) curve. A range of scenarios are presented for
several gas flow rates, which show the threshold of detection when the recording hydrophone is at different
distances from the location of seabed gas escape, and competing noise sources (including shipping and surface
waves).

1. Introduction

In the past decades, the increasing level of greenhouse gas, in-
cluding carbon dioxide (CO2) (Calleya et al., 2015), has resulted in
global climate change as shown by a variety of observances, including
by the melting of sea ice (Raynaud et al., 2000), the rise of sea level,
and the disappearance of wetlands (Titus et al., 1991). For mitigating
climate change caused by anthropogenic emissions of greenhouse gases,
sub-seabed storage of CO2 in Carbon Capture and Storage (CCS) facil-
ities has been discussed as one of a range of technologies that could be
used (Schmidt et al., 2015; Wang et al., 2016; Zhou and Wang, 2014;
Winden et al., 2014). For the CCS to be successful, it is critical that the
sequestered gas remains in the sub-surface and that any significant
leakage is detected. In the marine environment there has been experi-
mentation to determine the limits for this detection, as well as locali-
zation and quantification of CO2 leakage from controlled sub-seabed
gas release experiments (Blackford et al., 2014; Hvidevold et al., 2016;
Berges et al., 2015; Atashwant et al., 2015; Taylor et al., 2015; Pearce
et al., 2016). With regard to quantifying gas leakage using acoustic

techniques, ambient noise is an essential factor that needs to be con-
sidered (Ainslie, 2010). Acoustic techniques are critically dependent on
discrimination of bubble sounds from background noise to allow mea-
surement of bubble radii and flux rates (Leighton and White, 2012).

In the ocean, ambient noise can be radiated from turbulence, surface
wave agitation, thermal agitation, seismic events, rainfall, marine ani-
mals, ice sheet cracking, and shipping (Pizzuti et al., 2012; Hodges,
2011; Asolkar et al., 2017; Liu et al., 2005; Li et al., 2018; Brooker and
Humphrey, 2016; Kellett et al., 2013; Wittekind and Schuster, 2016).
The bubble source spectrum of interest for bubbles released from the
seabed (where bubbles tend to be larger than those generated by
breaking ocean waves) (Leighton et al., 2018; Brooks et al., 2009) is
usually within a frequency band from hundreds of Hz up to around
25 kHz for small/moderate-sized injection points (Leighton and White,
2012; Leifer and Culling, 2010). The frequency band is particularly
affected by ambient noise produced from the sea surface (Asolkar et al.,
2017; Liu et al., 2005), as well as ship noise (Wenz, 1962; Rodney,
1990; Li et al., 2018; Brooker and Humphrey, 2016; Kellett et al.,
2013). Noise outside this frequency band is usually not of concern
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(Jensen et al., 2000). The interaction of the two types of noise sources
and how they may affect the acoustic measurements, provides the im-
petus for this investigation. The approach taken here is to build a model
to assess the impacts of ambient noise, by considering acoustic signals
produced by oscillating bubbles as well as the noise received by the
acoustic receiver.

Considering a prediction of acoustic carbon dioxide emission during
a leak, Leighton and White (2012) described a method which provides
quantitative measurements of gas leakage, which is applicable to a
range of scenarios including from CCS facilities and natural methane
seeps. In this initial study, the acoustic spreading loss is considered as
spherical and more real propagation losses, e.g., with ray bending, are
not considered, which is a simplification and unrealistic for remote
acoustic detection. In an underwater environment, the effect of the
seabed can be a potential problem, and is controlled by the sound speed
profile (SSP) and physical characteristics of the sediment in the
channel. The SSP and seabed parameters usually vary significantly at
different field sites, which makes the sound propagation complicated
and can be critical impact factor in underwater acoustics (Li and
Zakharov, 2018; Li et al., 2016, 2017). For detecting bubble sounds, an
acoustic receiver, e.g., a single omnidirectional hydrophone or an array
of hydrophones, is usually employed. The position of the receiver re-
lative to the centre of the gas seep is a critical factor when determining
the performance of a system.

Sea surface generated noise is probably the most pervasive con-
tributor to underwater noise in the ocean, particularly in areas affected
by strong winds or in shallow water. Normally, the magnitude of the
agitation noise is controlled by the strength of the wind blowing over
the surface, causing breaking waves (Wenz, 1962) and entraining
bubbles (Phelps and Leighton, 1998). The breaking waves then im-
mediately radiate sound (Updegraff and Anderson, 1991; Lurton,
2010), such that the level of surface noise depends on the strength of
the wind (Rodney, 1990). In underwater environments, ship noise is
another significant contributor, which can cause substantial elevation
of ambient noise (Wittekind and Schuster, 2016), and affects the ability
to detect and quantify leaks. The ship noise, including transit noise and
traffic noise (Kang et al., 2018), can be a dominant noise source,
especially the transit noise, i.e., noise from a vessel travels in the vici-
nity of acoustic receiver, where there is little propagation loss in the
acoustic channel (Jensen et al., 2000). To assess the impact of nearby
shipping, we compute the distance at which a vessel is likely to hinder
detection of a leak.

To determine whether detection of a leak is likely to occur, the
signal-to-noise ratio (SNR) is calculated and compared to the Detection
Threshold (DT). The value of DT incorporates the probability of de-
tection (PD) and the probability of false alarm (PFA) (Dawe, 1997;
Dunn et al., 2015). For example, for a PD of 50% and a PFA of 0.01% in
Gaussian noise background, the DT is 6 dB (Dunn et al., 2015). The gas
flow rate and the acoustic source level of the injected bubble are critical
factors when determining the SNR. Leighton and White (2012) high-
lighted the lack of information on the source level, and that reliance on
the literature and simple calculations to infer a source level was un-
satisfactory and could lead to inaccuracies. The gas flow rate varies in
different marine/laboratory experiments and natural seeps, and de-
termines the intensity of the sound radiated by the bubbles (Vazquez
et al., 2008; Manasseh et al., 2001). For example, the QICS (Quantifying
and Monitoring Potential Ecosystem Impacts of Geological Carbon
Storage) CO2 release experiment (Blackford et al., 2014; Taylor et al.,
2015; Atashwant et al., 2015) was carried out in Ardmuchnish Bay
(10–12m depth) with gas leakage rate estimated between approxi-
mately 0.1 and 18 L/min (Blackford et al., 2014). Laboratory experi-
ments, such as (Thomanek et al., 2010), estimated leakage rates be-
tween 2 and 12 L/min. Further, numerous natural gas seeps have been
discovered worldwide (Linke et al., 2014; Veloso et al., 2015;
Thomanek et al., 2010; Leifer and MacDonald, 2003; Torres et al.,
2002; Sauter et al., 2006; Sahling et al., 2009), and some of them were

quantified from single seep vents: the reported leaks rates range from
0.1 L/min to 78 L/min.

In this paper, to assess the underwater ambient noise, particularly
the ship noise, in light of the potential impacts to gas flux measure-
ments, we develop a passive acoustic model. The bubble acoustic signal
is predicted from the gas flow rate and the distribution of bubble sizes
at the point of formation. The underwater sound propagation is simu-
lated using the Bellhop ray-tracing program (Porter, 2011), to predict
acoustic pressure field in ocean environments. In the modelling, we
consider various conditions, involving underwater gas flow rates
(0.5–18 L/min), wind speeds over the sea surface, ship noise source
levels, ranges between acoustic receiver and gas seep centre (0.5–12m),
(nearby) ship distances to the receiver (0–5 km), and (distant) shipping
density and distribution. A detection threshold of the receiver is applied
to predict maximum hydrophone/bubble ranges and minimum ship/
hydrophone distances. We take the central North Sea as an example of
the modelled environment at a depth of 150m.

This paper is organized as follows. Section 2 introduces the mea-
surement scenario and model framework, while Section 3 describes the
bubble sound simulator. Section 4 describes the ambient noise model-
ling, including noise radiated from sea surface agitation and shipping,
and propagation loss in the acoustic propagation channel. Section 5
processes acoustic signals in the receiver. Section 6 displays simulation
results, and Section 7 justifies the model with experimental data and
statistical analysis. Section 8 completes the paper with concluding re-
marks, discussions, and gives outlooks for future work.

2. Measurement scenario and model framework

In underwater acoustic environments, a sound source having a
Source Level (SL) subjected to propagation loss (PL), will have the
following Spectral Receive Level (SRL) at the hydrophone:

=SRL SL PL. (1)

The Source Level (SL) represents the sound radiated underwater by
the source and is always referred to a standard range (1m adopted
here) from the acoustic centre of the source. The Source Level (SL) is
expressed as a power density and measured in µdB re 1 Pa /Hz2 at 1m.
The PL [dB] represents the power loss due to the propagation of the
signal through the water column between the sound source and the
hydrophone. Essentially, it is a function of two terms: the geometrical
loss PLg and the absorption loss PL :

= +PL PL PL .g (2)

The geometrical loss PLg considers the geometrical spreading of
sound wave, and the PL is the effect of absorption, both in the water
column and seabed. In seeking to detect a gas leakage, we are con-
cerned with both the sound made by the bubbles and the ambient noise
(sea surface noise and ship noise), as shown in Fig. 1. The potential for
the noise to mask the bubble sounds can be estimated based on the
signal-to-noise ratio (SNR) (Urick, 2013):

=SNR SPL NPL,b (3)

where SNR is measured on a receive hydrophone expressed in dB, SRLb
is the SRL of the bubble signature, and NPL is the noise pressure level.

Fig. 2 shows the block diagram of the noise impact assessment si-
mulator. In the simulator, there are blocks representing the bubble
sound, ship transit and traffic noise and sea surface noise generators,
propagation models, and hydrophone signal processing model.

3. Bubble sound simulator

As a bubble is released into the water column, it undergoes fluc-
tuations in its volume which efficiently radiates sound (Leighton,
1994). The bubble acoustic signal, which is the sound of interest, is
used for gas quantification at the receive hydrophone. At the
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hydrophone, the SRL of bubbles (SRLb) can be expressed as:

=SRL SL PL ,b b b (4)

where SLb is the bubble sound source level, depending on the bubble
signal intensity in the frequency range of interest, and PLb is the pro-
pagation loss associated with the bubble sound. The sound propagation
in underwater acoustic environments are complicated and vary among
different field sites in the ocean, then the propagation cannot be simply
described as spherical or cylindrical propagation. Herein, the Bellhop
program (Porter, 2011) is applied as the propagation model to calculate
sound propagation loss in the channel. In the Bellhop calculation, we
consider the rays combined coherently in a medium in the sense that
the pressure signatures are summed (Hodges, 2011).

3.1. Bubble sound generator

To model the bubble sound generator, two steps are considered: the
creation of probability density function (PDF) of bubble equilibrium
radius, and the computation of approximate acoustic emission detected
in the far field. This probability density function (PDF) is a statistical
representation of the number of bubbles emitted per second as a
function of radius.

3.1.1. Creating PDF of bubble equilibrium radius
We consider the probability density function (PDF) of the bubble

radius as being approximated by a lognormal distribution (Lage and
Esposito, 1999; Lehr et al., 2002; Orris and Nicholas, 2000; Leblond

et al., 2014):

=p
R

e1
2

,b
R

l

R µ( (ln ) /2 )l l
2 2

(5)

where l is the lognormal mean value [m], µl is the lognormal standard
deviation [m], and R is the bubble radius [m]. With the bubble radius
distribution pb, the mean volume across the bubble population Vm (Yeh
and Kwan, 1978) can be computed. Then, the average number of
bubbles per second is given by:

=N V V/ ,b r m (6)

whereVr is the gas flow rate [m /s3 ]. Note that the flow rate composes of
components from both large bubbles and small bubbles. Through a
large opening, the size of leaked bubble is larger than that from a small
opening. The low pressure of large bubbles makes low ratio of R R/i0 0
(see Eq. (7)) corresponding to relative low frequency noise, while the
high pressure of small bubbles makes high ratio of R R/i0 0 corre-
sponding to relative high frequency noise.

3.1.2. Far field acoustic emission of the bubbles
Leighton and White (2012) identified the lack of a validated model

for the source strength of a bubble emitted from a seabed as the major
limitation in implementing their approach. Until an improved model
becomes available, we will use their interim model to demonstrate the
method. For a single bubble emitted from a leak, assume the bubble
oscillates in a limit of small amplitude R R| | 0, which is valid for most
ocean gas bubbles pulsating at their natural frequencies (Ainslie and

Fig. 1. Modelled gas flux measurement scenario. Noise is contributed from the sea surface and shipping. The model investigates the relative contributions of bubble
emissions and ambient noise at different ranges/distances of the recording hydrophone from the sound sources.

Fig. 2. Flowchart of the passive acoustic model, shows the dependencies in the integrated underwater noise impact assessment modelling approach.
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Leighton, 2009). The oscillatory pressure signature in the liquid P t( )b1
of the monopole emission detected at time t by a hydrophone in the far
field for a single pulsating bubble, is given by (Leighton and White,
2012):

=P t t R
r

R e H t t t t( , ) ( ) ( )cos ( ),b
R

i i
t t

i i1 0 0
2 0

1
0

( )/2
0tot i0 0

(7)

where R0 is the bubble equilibrium radius [m], 0 is the ambient liquid
density [kg/m3], R i0 is the initial bubble wall amplitude [m], tot is the
total dimensionless damping coefficient at bubble natural frequency
(Leighton, 1994), ti is the time at which the acoustic signal is first de-
tected at the monitor, H is the Heaviside step function, and r1 is the
reference range (1m adopted here) from the bubble acoustic centre.
Low-amplitude pulsations occur at a natural angular frequency 0,
which is given by (Leighton, 1994):

= + +
R

p p
R R

p
R

1 3 2 2 4 ,v v0
0 0

0
0 0

2

0 0
2 (8)

where p0 is the ambient pressure [Pa], pv is the vapor pressure [Pa], is
the surface tension [N/m], is the shear viscosity [Pa.s], and is the
ratio of specific heat of the gas at constant pressure to that at constant
volume, depending on whether the gas is behaving adiabatically, iso-
thermally, or in some intermediate manner (Siedler, 1986).

If the acoustic emissions of the bubbles are all uncorrelated, then the
far-field acoustic signature of the bubble cloud (gas flux) can be ex-
pressed as

=
=

P t P t t t T( ) ( , ), [0, ],b
i

N

b
R

i i b1
1

1

b
0

(9)

where ti is randomly distributed in the interval [0 Tb], following the
bubble radius probability density function PDF pb

R0.

3.2. Bubble sound propagation loss

A bubble can be regarded as omnidirectional source (Leighton and
White, 2012), i.e., the power of it is equally radiated in all the direc-
tions. However, a lab experiment (Manasseh et al., 2004) has shown
that for a vertical chain of rising bubbles the distribution of acoustic
pressure around a bubble chain revealed a strong anisotropy in the
acoustic field, and the sound appeared to propagate much more effi-
ciently along the chain than normal to it. The Bellhop program that we
are applying considers this anisotropy by defining the source beam
pattern with angle-level pairs (Porter, 2011). In the calculation of PLb,
the hydrophone is situated at a range of r from the centre of the gas
seep. The geometrical loss PLg modelled as a spherical spreading from
the centre of the gas seep to a reference range r1, while the sound
spreading from the reference range r1 (1 m) to a sensor position r r1
are modelled using the Bellhop program with a SSP specific to the field
site. The sound attenuation can be from spreading in the water column,
scattering from the sea surface and seabed, and the absorption. The
absorption loss PL in the water column, is related to the temperature,
salinity, pH, frequency, the range of the hydrophone to receive acoustic
signals, and the depth of the gas release field site. A variety of empirical
relationships allowing the prediction of absorption have been proposed,
e.g., in (Urick, 2013) and (Ochi et al., 2008), here we adopt the Thorp's
formula presented as (Harris et al., 2007):

=
+

+
+

+ × +f f
f

f
f

f( ) 0. 1
1

40
4100

2. 75 10 0. 003,
2

2

2

2
4 2

(10)

where f is the frequency [kHz]. At the hydrophone position r , the re-
ceived sound signals are from multipath, and the attenuation coefficient

f( ) is applied to all the received multipath signals.
The propagation model estimates the propagation loss as a function

of frequency PL ( )b between the range of r1 =1m (the reference po-
sition for the source spectral level) and the hydrophone range r :

=PL ( ) PL ( ) PL ( ).b b r b r( ) ( )1 (11)

This is computed /end times for each value in the frequency
band of interest [0 end] with a frequency step . Then, the calculated
spectral shape PL ( )b is used to design a finite impulse response (FIR)
filter within the frequency band [0 end], and this filter is applied on the
bubble sound pressure signal tP ( )b1 . Allowing the time-domain bubble
sound signal tP ( )b r( ) at the hydrophone position r r1 to be obtained.

4. Ambient noise simulator

The NPL in Eq. (3), is obtained by summing the contributions of the
ambient noise, depending on the receiver bandwidth B and the overall
noise spectral level (NSL) at the receiver. The noise spectral level (NSL)
[ µdB re 1 Pa /Hz2 ] is the power sum of the sound spectrum levels attri-
butable to the predominant noise sources, and can be computed as:

=
=

NSL 10log 10 ,
q

Q

10
1

qNSL
10

(12)

where Q is the number of noise sources considered within the band-
width that contains major power of the bubble sound. In this paper, we
consider three noise sources (Q =3): the sea surface agitation noise (q
=1), the noise radiated from a single nearby vessel, i.e., ship transit
noise (q =2), and the noise radiated from vessels that are too far away
to be heard individually (Bauer and Howlett, 1995), i.e., ship traffic
noise (q =3). Other noise sources, like turbulence noise (which
dominates in the band 1–10 Hz) and thermal noise (dominant over
100 kHz) (Rodney, 1990), are secondary in the major bubble frequency
band (usually between hundreds of Hz and couples of kHz). Each noise
spectral level NSLq is expressed as:

= = …q QNSL SL PL , 1, , ,q q q (13)

where SLq [ µdB re 1 Pa /Hz2 ] is the source level radiated by the qth noise
source and the PLq [dB] is its corresponding propagation loss.

To obtain a time-domain sequence with the desired noise spectral
levelNSLq, the following steps are taken. Firstly, a white Gaussian noise
(WGN) signal = … …x x n x Nx [ (1), , ( ), , ( )] is generated with N samples.
Then, assign the spectral shape noise spectral level NSLp on it by de-
signing an FIR filter. Once the three noise sources, i.e., sea surface
noise, ship transit noise and ship traffic noise, are generated, they are
propagated into the underwater channel, which is simulated using the
Bellhop program (Porter, 2011).

4.1. Sea surface noise

4.1.1. Surface noise source
The magnitude of the sea surface spectral level SLl depends on the

surface conditions and is governed by the wind speed. Empirical re-
lationships between noise spectral level (NSL) and wind speed vw [m/s]
exist, one of which, valid in the 100 Hz-100 kHz range, is described by
(Rodney, 1990):

= + +f v f f + 0. 4SL ( ) 50 7. 5 20 log ( ) 40 log ( ),w1 10 10 (14)

where f is the frequency [kHz].

4.1.2. Surface noise propagation loss
For the physical nature of the surface agitation, it is characterized

by a distributed noise field. Neglecting reflections from the seabed,
surface agitation generates a noise field which has a constant intensity
at a given depth, d. However, the surface generated noise is affected by
absorption as a function of depth (Buckingham, 1980; Chapman, 1983;
Harrison, 1989), and can be approximated by:

= ×f f dPL ( ) ( ) ,l (15)

where f( ) is the attenuation coefficient given by Eq. (10).
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4.2. Ship transit noise

4.2.1. Transit noise source
Underwater noise radiated from a vessel passing nearby is also

considered as an acoustic pollutant affecting passive acoustic mea-
surement (Solan et al., 2016). The ship transit noise can be considered
as being generated by a single nearby vessel with a number of different
source mechanisms, e.g., water flow noise, auxiliary machinery and
equipment noise, diesel generators noise, electric motors noise, and
propeller noise.

For a vessel radiating underwater noise, an empirical equation,
which considers the displacement, speed relative to cavitation inception
speed, block coefficient as an indicator for wake field variations, mass
of diesel engines and diesel engine resiliently mounted, can be taken to
model the corresponding SL2 (Wittekind, 2014):

= + +fSL ( ) 10 log (F F F ),2 10 1 2 3 (16)

where F1 represents the low-frequency contribution, the F2 represents
the high-frequency propeller noise, and the F3 represents the engine
noise. The three terms are given by

= × × + × × +
+ + +

f f f f f
A B

F 2. 2 10 2 10 6 10 8 10 0. 35
125 ,

1
10 5 7 4 5 3 3 2

(17a)

= × + + +f
f

B CF 5 log ( ) 1000 10 ,2 (17b)

= + + +f f D EF 10 0. 03 145 ,3
7 2 (17c)

where

= ×A v
v

c80 log 4 , speed & block,B10
CIS (18a)

=B 10 log , displacement,10
ref

2 3

(18b)

= ×C v
v

c60 log 1000 , speed & block,
CIS

B10
(18c)

= +D m n15 log ( ) 10 log ( ), engine mass & number,10 10 (18d)

=E
0, engine resiliently mounted
15, engine rigidly mounted ,

(18e)

In Eqs. (17) and (18), f [Hz] is the frequency of interest, v [knots] is
the speed through water, vCIS [knots] is the cavitation inception speed,
cB is the block coefficient, [t] is the displacement, ref =10,000 t is
the reference displacement, m [t] is the engine mass, and n is the
number of engines operating at the same time. As Wittekind (Wittekind
and Schuster, 2016) pointed out that the model is still continuously
compared to most recent data and has been found reasonable and ap-
propriate, we have adjusted the parameters in Eq. (17c) to fit the
measured data, which will be discussed in Section 7.1.

4.2.2. Transit noise propagation loss
An assumption made is that the ship path takes the vessel directly

over the top of the field site, so that the ship is always in the same
vertical plane as the hydrophone. To predict the received level from a
vessel at a distant point, it is important to take into account the di-
rectivity of ship noise. The noise radiated from a vessel is usually
loudest approximately in angle range [ 15 180 ]ship

o o (Bartle,
2003), as shown in Fig. 1.

The noise from a vessel is a local non-stationary noise source in the
sense that the vessel radiates as a point-like dipole source, which
changes its position dynamically, so that the relative distance between
the vessel and the hydrophone changes as a function of time. For each
position of the vessel, the propagation loss (PL2) is computed using

Bellhop, considering the effect of the seabed absorption and the mul-
tipath structure in the propagation channel.

4.3. Ship traffic noise

While one vessel is close to the hydrophone, other vessels are as-
sumed distributed in the surrounding well-defined ocean area on the
sea surface (Kang et al., 2018). The ship traffic noise (SL3) accounts for
the cumulative radiating effect of a number of vessels and corresponds
to the distribution of these vessels. The ship traffic noise consists of a
linear combination of radiated acoustic components from all these
distributed vessels recorded by a hydrophone. For each acoustic com-
ponent, the radiated source level is described by Eq. (16). The at-
tenuation of the radiated noise (PL3) from these vessels differs from the
relatively large distances to the hydrophone. A more complete model
would consider or estimate the statistics and geometries of surrounding
vessels. For real-time marine traffic across the oceans, readers are re-
ferred to (Traffic, 2018).

5. Hydrophone signal processing

After the channel propagation of the four sound sources, the SNR at
the hydrophone can be computed to estimate the potential for the noise
to mask bubble sounds from gas release measurements. To decide
whether a detection is made or not at the hydrophone, a SNR detection
threshold [dB] is calculated. The process to determine a detection
threshold depends on the PD and the PFA (Dunn et al., 2015). The
relation between the SNR at the hydrophone output of the signal in
Gaussian noise to the detection index is given by (Dawe, 1997):

= d BTDT 5 log( / ), (19)

where B is the bandwidth, T is the integration time, and d is the de-
tection index, which indicates how easy it is to observe a signal in noise.
Urick (2013) presented receiver operating characteristic (ROC) curves
for both the signal plus and noise as Gaussian probability density
function PDF, from which we can find that for a PD of 50% and a PFA of
0.01%, the detection index is d =16, and the detection
threshold= 6 dB. The value 6 dB is also imposed in (Leighton and
White, 2012) as a detection threshold to determine maximum detection
range.

6. Simulation results

As an example of the designed model for noise impact assessment, a
set of scenarios of passive acoustic measurement of gas fluxes in the
central North Sea are considered. Specifically, data from vicinity of the
Goldeneye Complex (around 58 38o N, 01 08o E) is used (Fig. 3), which has
been considered to be a possible site for CCS (Chadwick, 2015), and the
depth of the seafloor is around 150m (Shell, 2017). The shape of the
sea surface is considered as sinusoidal waves, of which the height and
period is affected by the wind speed. The seabed is considered as an
acousto-elastic half space without layers, because of the high acoustic
attenuation at the frequencies emitted by these bubbles (5–15 kHz, say)
in the seabed surface layer (Leighton and Robb, 2008). In this part of
the North Sea, the surface sediment is mostly mud (Stevenson et al.,
1995; Paramor et al., 2009), below which is a sand layer, and so an
attenuation coefficient of 0.7 dB/wavelength is appropriate (Porter,
1992).

In this scenario, the bubbles are generated at the seabed at 150m
water depth, and the sound radiates omnidirectionally. The sea surface
noise is generated by the sea surface agitation, which radiates sound
towards the seabed. The ship transit noise source is assumed to be
generated at a depth of 2.5 m with a radiation angle interval from -15o

(stern) to 180o (bow) (see Fig. 1), so as each component of the ship
traffic noise. In the simulation, the SSP shown in Fig. 3 is applied. The
simulated signals are constructed assuming an omnidirectional
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hydrophone, which is located close to the seafloor at depth d =149m.
We simulate a variety of hydrophone ranges relative to the seep's
centre, specifically a range r (0.5–12m), and the focal vessel is mod-
elled at horizontal distances D (0–5 km) from the position of the receive
hydrophone. The parameters used in the simulations are shown in
Table 1. During the simulation, no change in noise contribution from
the sea surface and the vessel is assumed. Because of the randomness of
the bubble radius generation and the ambient noise generation, 1000-
time Monte Carlo simulation with the model has been conducted and
the results averaged.

6.1. Bubble signals

We model possible gas leakage through the seabed, by bubble
generation at the seafloor (150m), with the bubble source spectral level
[ µdB re 1 Pa /Hz2 ] predicted at 1m above the seabed. The default bubble
flow rate is set to 4 L/min, which is a medium sized release experiment
(Blackford et al., 2014; Thomanek et al., 2010). Note that the gas flux is
measured as volume at depth, not at standard atmosphere. The para-
meters ( p p, , , , ,v0 0 and ) in Eq. (7) and Eq. (8) are based on
those found in (Siedler, 1986). Fig. 4 shows the probability density
function (PDF) of the bubble radius from the lognormal distribution Eq.
(5) (number of bubbles generated per second per micron increment in
radius range), from which we can see that the bubble radius mainly falls

between 0.3 mm and 2.4mm.
The curve, shown in Fig. 5, indicates the spectrum estimated from

the theoretical model based on Eq. (9) (Leighton and White, 2012),
considering ambient environment, including salinity, temperature, and
the depth. Note that the curve may change depending on the changes of
bubble sound time series and spectral methods. The maximum value of
the bubble spectrum SLb =91 µdB re 1 Pa /Hz2 is found at the frequency
of around 8 kHz. Simulations demonstrated that 90% of the energy in
the bubble spectrum lies between 5.3 and 14.8 kHz. The propagation
loss of the bubble sound at 8 kHz is shown in Fig. 6(a).

6.2. Ambient noise

In the ocean, the frequency band of bubble radiation sound is par-
ticularly affected by ambient noise produced from the sea surface
(Asolkar et al., 2017; Liu et al., 2005), ship transit noise and traffic
noise (Wenz, 1962; Rodney, 1990; Li et al., 2018; Brooker and
Humphrey, 2016; Kellett et al., 2013). Here we investigate the inter-
action of the three types of noise sources and how they may affect the
acoustic measurements.

6.2.1. Sea surface noise
The sea surface noise source level SL1 is computed from Eq. (14). To

specify the noise spectral level NSL1 shape, we consider a case of a
relatively calm sea surface with wind speed at 1 knots, corresponding to
the Sea State 1. The sea surface noise spectra, shown in Fig. 7(a), is
obtained by filtering the generated Gaussian noise with the designed
FIR filter by considering the position of an acoustic receive hydrophone,
1m off the seabed here. Note that the propagation loss of sea surface

Fig. 3. Typical sound speed profile (SSP) at the Goldeneye Complex area of the
North Sea at a water depth of 150m. Seabed parameters (sound speed (c),
density ( ) and wavelength-dependent attenuation coefficient ( f( )) in mod-
elling are indicated.

Table 1
Parameters used in the simulations.

Parameter symbol value

seafloor depth 150m
bubble source depth 150m
gas flow rate 0.5–18 L/min
seafloor temperature °10 C
highest frequency of interest end 24 kHz
frequency step 24 kHz/1024
sea surface wind speed w 1 knot
ship noise source depth 2.5m
ship noise radiation angle ship ° °[ 15 180 ]
receiver(hydrophone) depth d 149m
receiver/bubble range r 0.5–12m
transit ship/receiver distance D 0–5 km
traffic ship/receiver distance D̂ 5–100 km
SNR detection threshold DT 6 dB
duration of signal time series T 1 s
sampling frequency Fs 48 kHz

Fig. 4. Lognormal distribution of bubble radius used in the model.

Fig. 5. Prediction of the source spectral level [ µdB re 1 Pa /Hz2 ] at 1m, assumed
to occur at 150m depth with bubble flow rate 4 L/min. The curve indicates the
spectrum estimated from the theoretical model based on Eq. (9) (Leighton and
White, 2012), with a peak value 91 µdB re 1 Pa /Hz2 at 1 m (∼8 kHz) as marked.
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noise is relatively small in such shallow water, while the ship transit
noise and traffic noise may experience much high propagation loss in
the acoustic channel.

6.2.2. Ship transit noise
The ship transit noise is computed based on the RRS James Cook

travelling at 14 knots in the central North Sea. Table 2 shows relevant
parameters for the RRS James Cook. The channel propagation loss of
the ship radiated noise at 8 kHz is shown in Fig. 6(b).

The ship transit noise spectra at distances 1–5 km, are shown in
Fig. 7(c)-(e). It is seen that increasing the ship/hydrophone distance
from 1 km to 3 km, the magnitude of the ship noise spectral level NSL2
decreases by approximately 10–20 dB at 8 kHz. By comparing the noise
spectral level (NSL) contribution of the sea surface agitation noise in

Fig. 6. Propagation loss (PL) [dB] of different sound sources in the channel at 8 kHz, calculated from the Bellhop program (Porter, 2011). The PLb of bubble sound
and the PL2 of ship noise changes significantly as the hydrophone range/distance increases, compared to the PL1 of surface noise as the hydrophone depth increases.
The sound intensity reduces as the propagation loss increases. (a) Bubble sound PLb. (b) Ship noise PL2.

Fig. 7. Noise spectral levels (NSL) of sea surface noise at depth of 149 m and ship noise at distances of 1–5 km. The ship noise dominates the ambient noise at
distances of 1 km, whereas the sea surface noise dominates the ambient noise at ship distances of 5 km. (a) Sea surface noise, 149 m depth. (b) Ship traffic noise. (c)
Ship transit noise, 1 km. (d) Ship transit noise, 3 km. (e) Ship transit noise, 5 km. (f) Combined noise, surface + traffic + transit (3 km).

Table 2
Some characteristics of the ship ‘James Cook’.

Characteristics Values

Displacement 5800 t
Maximum speed 16.00 knots
Main propellers ×2 five bladed inward turning
Propeller diameter 3.6 m

Diesel electric
Propulsion plant ×2 2500 kW Teco dc mot

(speed 0 to 180 rpm)
Power plant ×4 1770 kW Wartsila 9L20

(1000 rpm generators, 9 cylinders)
×2 Siemens alternators, 60 Hz
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Fig. 7(a) and the ship noise in Fig. 7(c)-(e), we can see that the ship
transit noise dominates the ambient noise field at distances less than
3 km, whereas the sea surface noise dominates at distances above 3 km.
While ship transit noise is from specific ships nearby, the ship traffic
noise is from all ship related noise sources in the vast ocean.

6.2.3. Ship traffic noise
The ship traffic noise is computed based on the distribution and

types of distant vessels. Here we consider the noise sources with ap-
proximately equal engine powers and the vessels are considered equally
distributed in the surrounding area. All vessels are assumed to have the
same noise characteristics as the RRS James Cook travelling at 14 knots.
According to the real-time ship tracker (Traffic, 2018), the minimum
and maximum distances to the hydrophone are assumed to be =D̂min
5 km and D̂max =100 km (distance to the nearest shore), and the
number of vessels is estimated as 300 (average number of vessels within
100 km in the North Sea). The ship traffic noise experiences consider-
able propagation losses at such long distances, reducing the masking
potential of the distant ship noise to the bubble sound at the hydro-
phone.

The ship traffic noise spectra level is shown in Fig. 7(b), agrees well
with ship traffic noise measured and described in literature (Wenz,
1962; Bauer and Howlett, 1995). By comparing the noise spectral level
(NSL) contribution of the sea surface agitation noise in Fig. 7(a) and the

ship noise in Fig. 7(c)-(e), we can see that ship traffic noise dominates
the ambient noise at low frequencies, as a rescue of significant at-
tenuation of high frequency signals at long distances.

6.3. Impact assessment for gas flux measurement

The impacts of the ambient noise, combined by sea surface noise
and ship noise, on gas flux measurement are assessed to calculate the
SNR at the hydrophone as a function of frequency. These estimations
are based on running the designed model simulation 1000 times and
under the assumption that the hydrophone is placed at the same loca-
tion (Li, 2017) as it would experience the same bubble sound and
ambient noise levels at each time. Masking effects are here estimated
from modelled ambient noise spectral levels and quantified as ship
distance increases to fulfill the same detection threshold (6 dB).

Fig. 8 shows the smoothed SNR curves at different gas flow rates
from 0.5 L/min to 18.0 L/min. In each case, different hydrophone/
bubble ranges (0.5–12m) determines the minimum ship/hydrophone
distance required so that reliable estimates of gas flux can be made (the
detection threshold shown as the black dashed line). In all these cases,
the SNR is substantially elevated as the ship/hydrophone distance be-
comes less than 2.5 km. However, when the ship/hydrophone distance
is increased to beyond 2.5 km, the SNR is nearly constant. This suggests
that, the ship transit noise dominates as the vessel travels from 0 km to

Fig. 8. Smoothed signal to noise ratio (SNR) for various seabed gas emission rates (0.5 L/min to 18.0 L/min) for different ranges (0.5–12m) of the hydrophone from
the centre of gas emissions (indicated as different color lines). The horizontal dashed line denotes the SNR detection threshold=6 dB. When the colored SNR lines
are above the detection threshold, the recording system (hydrophone) is able to detect the bubble sound radiated from the seabed gas emissions. (a) at 0.5 L/min the
maximum hydrophone range is < 0.5m. (b) at 1.0 L/min the maximum hydrophone range < 2m. (c) at 2.0 L/min the maximum hydrophone range < 4m. (d) at
4.0 L/min the maximum hydrophone range < 8m. (e) at 9.0 L/min the maximum hydrophone range < 10m. (f) at 18.0 L/min the maximum hydrophone
range < 12m. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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2.5 km, while the sea surface noise and ship traffic noise dominate
beyond this value. This also corresponds to the comparable noise levels
shown in Fig. 7(a) and (d).

At the gas flow rate 0.5 L/min shown in Fig. 8(a), the hydrophone is
unlikely to be able to detect the weak bubble sound due to background
noise no matter how far away the vessel is. When the gas flow rate is
increased to 1.0 L/min (Fig. 8(b)), the hydrophone is able to detect the
bubble sound at 0.5m when the ship is on greater than 3.7 km away.
When the bubble flow rate is 4.0 L/min (Fig. 8(d)) and the hydrophone/
bubble range is 2m, the focal vessel only contaminates the measure-
ments at distances less than 2.5 km. If the hydrophone is just able to
detect the bubbles at a range of 6m, while the ship distance is shor-
tened by 0.5 km (increase of ship noise level), the hydrophone can
compensate the SNR loss by moving 2m towards the gas seep centre to
improve the bubble signal spectral level. In the case of gas flow rate
18.0 L/min (Fig. 8(f)), due to the louder bubble sound, the vessel can be
relatively close to the hydrophone.

The minimum ship/hydrophone distance, corresponding to an SNR
equal to the detection threshold, can be determined from each of
Fig. 8(b)-(f). Take Fig. 8(d) as an example, the minimum ship/hydro-
phone distance is close to 2.3 km when the hydrophone/bubble range is
0.5 m, while it has to be around 4.5 km when the hydrophone/bubble
range is 6m. This is limited by the hydrophone detection threshold
(6 dB). If the hydrophone/bubble range is increased, the ship/hydro-
phone distances should also be increased, to keep the SNR higher than
the detection threshold.

7. Experimental and statistical justification

To verify the effectiveness and robustness of the presented noise
assessment model, we conducted field work in the central North Sea to
measure the seafloor noise, and analyze the statistical outliers of the
simulation results.

7.1. Comparison of noise measurement and model

The noise measurement experiment was conducted in the central
North Sea (coordinate 58 38 73o N, 01 08 24o E) using the RRS James
Cook in September 2017.

In the field work, an acoustic recorder with an absolutely calibrated
hydrophone was attached on a lander mounted on the seafloor at depth
150m. The hydrophone was 1m above the seafloor. The measured
noise data is compared with the modelled noise, in which case the wind
speed over the sea surface was around 11 knots (Sea State 4), the ship
speed was 14 knots, and the ship/hydrophone distance was around
5 km. The comparison result is shown in Fig. 9 using 1/3 octave bands.

Generally, there is good agreement between the modelled and ob-
served noise levels, with a maximum noise at 40–80 Hz, typical of ra-
diated noise from ships. Above these frequencies the level decreases by
about 6 dB per octave until the surface agitation noise dominates at
high frequencies. There is a band of strong tones measured at ap-
proximately 160 Hz caused by the tonal harmonics of the blade rates,
which are, not shown in the model. Then at other frequency bands, the
modelled level yields agreement within ± 5 dB compared to the mea-
sured data. Errors arise from simplifications in the models, and as-
sumptions made when calculating propagation loss due to time-varying
sound speed in the water column, unknown seabed bathymetry, and
complex properties of the seabed. Our current experience indicates that
the total error is a few dB, which is small, but it has to be accepted that
the good or bad wake field, propeller design, and the non-stationary of
the ship can also cause anomaly and no quantification of this has yet
been made.

7.2. Statistical analysis

As the ambient noise and the bubble emission sound is non-statio-
narity, it is necessary to show the statistical outliers. In the 1000-time
Monte Carlo simulations, the gas flow rate is set to 1.0 L/min, and the
detection threshold is set to 6 dB. The simulation results are shown in
Fig. 10. The PDF, smoothed using the kernel estimator, suggests that the
distance threshold is distributed between 3400m and 4100m, cen-
tering at around 3740m. Then, we use the kernel smoothing function to
draw the receiver operating characteristic (ROC) curve, which shows
the PFA. At the average distance threshold 3740m, the PFA is about
50%. To be close to certain that underwater gas flux determination is
successful, then the minimum ship/hydrophone distance should be
4100m.

8. Conclusions and discussions

This study uses a numerical model to predict the dominant noise
source, maximum bubble/hydrophone range, and minimum ship/hy-
drophone distance, for ensuring valid gas leakage detection and quan-
tification from sub-seabed gas flux measurement in the field. The
modelling results (Fig. 8) showed that the prediction is possible and can
be applicable in a range of the marine acoustic environments. We have
shown that the signal-to-noise ratio at an underwater acoustic recording
system has been clearly modelled incorporating noise sources (sea
surface agitation and shipping), bubble sound, and the acoustic pro-
pagation channel. The most important contribution of the modelling
results is that it provides a statistical reference to avoid blind posi-
tioning of a ship radiating noise during passive acoustic measurements.
The modelling work can be used as a guide to ensure that noise sources
are sufficiently distant so that passive acoustic measurement of seabed
gaseous emissions is possible and successful.

8.1. Variation of acoustic signatures

In the oceans, the acoustic signature can be affected by a variety of
factors. Here we considered a relatively calm sea surface with wind
speed vw =1 knots corresponding to Sea State 1. However, if the wind
speed is higher than this level, reaching Sea State 4 or 5, it may produce
significant breaking waves and can be the dominant noise source in a
large area. The ship traffic noise can also be the dominant source when
ship traffic is heavy.

The other important factor that cannot be ignored is the vessel
specifications, such as size, speed, propulsion type, and load (McKenna
et al., 2012, 2013). Besides the vessel characteristics, the acoustic sig-
nature at a given distance may also be influenced by interference pat-
terns due to multiple radiation points from the ship, non-stationary of
the ship, and multipath propagation such as the Lloyds' mirror effect
(LME). Interference patterns vary according to the depth and distance

Fig. 9. Comparison of the modelled received noise level using the proposed/
selected noise model (source level models + Bellhop propagation model) and
measured noise level. The ship speed is 14 knots, and the wind speed is 11
knots.
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of source and hydrophone, bathymetry, sediment composition, the SSP,
and the fact that the ship at close distance can no longer be considered
as a point source (Hermannsen et al., 2014). The assessment results
show pronounced variation in the simulations from actual source levels.
Therefore, because of the complex propagation patterns, the noise le-
vels around a nearby vessel, particularly in shallow water, are very
difficult to predict (Hermannsen et al., 2014).

Furthermore, we paid attention only to noise radiated from a single
vessel travelling close to the field site. However, once a number of ship
transit noise sources, or self-generated noise from remotely operated
underwater vehicle (ROV) or autonomous underwater vehicle (AUV)
positioning a hydrophone near origin of the gas flux, the Gaussian noise
model may not be valid to model the ship noise and the specific source
statistics and geometries should be considered. Modelling of ship noise
impacts, based on noise source levels and propagation models, depends
heavily on the chosen vessel characteristics and environmental factors
and should not solely be depended upon in noise impact assessments,
but should be grounded in and verified by actual measurements
(Hermannsen et al., 2014). In addition, in practice, to minimize noise
interference, at least for the research vessels, all engines, generators,
and echo sounders should be switched off or minimized during the gas
flux measurements.

8.2. Outlooks for future work

As Leighton and White (2012) pointed out, until a good model for
the bubble source level has been validated, particularly at depth, there
remains uncertainty in the signal level and papers such as this can only
address the noise component of the SNR. The presented noise impact
assessment model can be used as a prediction bench mark and offer
chance to investigate background noise in model scale at much lower
cost and ultimately to reduce the probability of failure of the marine
acoustic works, not only for the measurements of seabed gas fluxes, but
also for wider underwater applications. Much more research in the
related mechanisms is needed together with field measurement of the
SNR such as on the seafloor of the central North Sea.
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