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Abstract: In recent years, multibeam sonar has become the most effective and sensitive tool for the de-
tection and quantitation of underwater gas leakage and its rise through the water column. Motivated
by recent research, this paper presents an efficient method for the detection and quantitation of gas
leakage based on a 300-kHz multibeam sonar. In the proposed gas leakage detection method based
on multibeam sonar water column images, not only the backscattering strength of the gas bubbles but
also the size and aspect ratio of a gas plume are used to isolate interference objects. This paper also
presents a volume-scattering strength optimization model to estimate the gas flux. The bubble size
distribution, volume, and flux of gas leaks are determined by matching the theoretical and measured
values of the volume-scattering strength of the gas bubbles. The efficiency and effectiveness of the
proposed method have been verified by a case study at the artificial gas leakage site in the northern
South China Sea. The results show that the leaking gas flux is approximately between 29.39 L/min
and 56.43 L/min under a bubble radius ranging from 1 mm to 12 mm. The estimated results are in
good agreement with the recorded data (32–67 L/min) for gas leaks generated by an air compressor.
The experimental results demonstrate that the proposed method can achieve effective and accurate
detection and quantitation of gas leakages.

Keywords: multibeam sonar; underwater gas leakage; water column image; detection and quantitation

1. Introduction

Over the last decade, active hydroacoustic systems have been demonstrated to be
efficient tools for detecting and quantitating gas leaks from natural seeps, commercial
subsea gas (bubble) pipelines, and facilities for carbon capture and storage (CCS) [1–7].
These active hydroacoustic systems include single-beam and multibeam sonars. However,
detecting and quantifying the gas leakage in a large area using a single-beam sonar is
usually time-consuming. Compared with a single-beam sonar, a multibeam sonar owns
the advantage of having spans of more than 120◦, resulting in significantly wider coverage
per survey line. In addition, the deconvolved beam-forming technique can effectively
handle the sidelobe interference from multibeam data [8]. Furthermore, in addition to the
capability of being installed on survey ships, a multibeam sonar can also be mounted on
an autonomous underwater vehicle (AUV) or a remotely operated vehicle (ROV) to detect
and map gas leaks in the deep sea [9]. Unlike optical approaches, a multibeam sonar can
operate in turbid water with low visibility.

Due to the large density difference between water and rising bubbles, the latter are
strong acoustic scatterers that can be detected in sonar systems based on their typical
flare-like shape or as a rising line when gas plumes are ensonified. Several acoustic models
have been proposed to predict the bubble acoustic backscattering cross-section based on
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various parameters, such as bubble size, bubble shape, or environmental conditions [10–15].
Although most of these models were initially developed for spherical bubbles, some of them
can operate with non-spherical shapes, such as prolate spheroids or spherical caps [16,17].

However, it is challenging to distinguish the bubble size and bubble shape using optical
equipment because of failure of an optical system at long distances in the sea. Therefore, in
most studies, a bubble is considered spherical. Theoretical research on the omnidirectional
breathing mode resonance was reviewed by Ainslie and Leighton [14]. However, this
researchs valid only under the condition of ka � 1, where k is the wave number and a
represents the bubble radius. Li et al. [4] improved the omnidirectional breathing mode
by optimizing the model proposed by Thuraisingham for all ka values [12]. However,
the contribution of the breathing mode decreases as the ka value increases. Therefore, a
solution that can be used in various modes is required, and the modal solution can be used
for modeling in this regime [18]. The modal solution was revisited and simplified from the
aspect of computation efficiency [11,19]. In this paper, the omnidirectional breathing mode
is modified for ka� 1, and the modal solution is adapted to the condition of ka > 1.

In the sea, interfering objects, such as fish and plankton, have a similar backscatter
strength to the gas bubble [20–22]. However, the behavioral characteristics of a gas plume
in multibeam sonar images can be used to distinguish other targets with the same backscat-
tering strength. The water column images (WCIs) from multibeam sonar can provide
two-dimensional information on a gas plume [23,24]. In recent work, the ability to create
three-dimensional (3D) images from the WCI data has been used to study gas bubbles
using both calibrated [25] and uncalibrated multibeam sonars [26]. As a result, simple
morphological data of a gas plume in WCIs can be extracted and used in the detection
process [27].

In this study, the volume scattering strength and the gas plume size, as well as the
aspect ratio, are used to isolate interference objects. To quantitate the gas flux, a calibrated
multibeam sonar and measured oceanographic information are used to design a quanti-
tation model of gas leakage. Using multiple pings of consecutive multibeam sonar WCI
data, a gas plume is located and mapped. Next, the angle formed by the seabed and the gas
plume is determined. Given the mathematical relationship and the speed of the horizontal
ocean currents, the rising speed of a gas plume is predicted. Because the ascent velocity
of a gas plume and the bubble size are directly related, the dominant bubble size can be
preliminarily estimated [11]. By matching the theoretical value of the volume scattering
intensity with the value measured by multibeam sonar, a volume-scattering strength opti-
mization model is constructed. Finally, the volume and flux of a gas plume are estimated.
The proposed method is verified by the case study on the detection and quantitation of
artificial gas leakage in the northern South China Sea. The results show that the proposed
method represents an easy-to-use technique, allowing a calibrated multibeam sonar to
detect and quantitate gas leakage from pipelines through the water column without using
optical devices.

The rest of this paper is organized as follows. In Section 2, the theoretical approach,
including the volume-scattering models of the bubbles and the volume-scattering strength
of the gas bubbles measured by multibeam sonar, is introduced. In Section 3, the experiment
equipment and data processing procedure are described. The experimental results and
discussion are presented in Section 4. Finally, the conclusions are drawn in Section 5.

2. Theoretical Background
2.1. Volume-Scattering Model of Gas Leakage

Inspired by the work of Ainslie and Leighton [14,28], this study provides a calcula-
tion formula of the backscattering cross-section of an individual bubble, which is valid
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for a wide range of ka. This formula is derived by correcting a final factor reported by
Thuraisingham [12]. The backscattering cross-section of a single bubble can be expressed by

σbs =
a2(

ω2
0
/

ω2 − 1− 2kaβ0
/

ω
)2

+
(
2β0
/

ω + kaω2
0
/

ω2
)2

(
sin ka

/
ka
)2

1 + (ka)2 , (1)

where

ω2
0 = 3ReΓ

Pgas

ρliqa2 − 2
τ0

ρliqa3 , (2)

β0 = βth + βvis, (3)

Γ =
γ

1−
{

(1+i)X/2
tanh((1+i)X/2) − 1

}(
6i(γ−1)

X2

) , (4)

X =

√
2ω

Dp
a, (5)

Here, a is the bubble radius (m), k is the wavenumber in the water ( 2π f
c ) (m−1), f

is the echosounder frequency (Hz), c is the speed of the sound (m/s), γ is the specific
heat ratio of the gas bubble (dimensionless), τ0 is the surface tension of the gas bubbles
(N/m), βth is the viscous damping ( 3Pgas

2ρliqa2ω
ImΓ) (N·s/m), βvis is the thermal damping

(
2µliq
ρliqa2 ) (N·s/m), µliq is the shear viscosity of the liquid (N/(m·s)), Pgas is the pressure of the

gas inside the bubble (Patm + ρliqgd + 2τ
a − pv) (Pa), Patm is the atmospheric pressure (Pa),

g is the gravitational acceleration (m/s2), pv is the vapor pressure of the water (Pa), d is the
water depth at the bubble location (m), ρliq is the water density (kg/m3), ω is the angular

frequency (rad/s), Dp is the thermal diffusivity of the gas in a bubble ( Kgas
ρgasCp

) (m/s), Kgas is

the thermal conductivity of the gas in a bubble (W/(m·k)), ρgas is the gas density ( Mm
RT Pgas)

(kg/m3), Cp is the specific heat capacity of the gas at a constant pressure (kJ/(kg K)), Mm is
the molar mass of the gas (kg/mol), R is the gas constant (m2 kg s−2 K−1 mol−1), and T is
the temperature (K).

The backscattering cross-section is typically expressed in decibels, and the backscatter-
ing cross-section of a single bubble can be expressed as a target strength as follows:

TS = 10log10(σbs)
(

dB re 1 m2
)

. (6)

Figure 1a shows a resonance peak when ka� 1, where it can be seen that the target
strength first reached its maximum, then started to decline, and after that increased again.
This is consistent with the variational tendency of the target strength at the acoustic fre-
quency in the range of 10–400 kHz, as shown in Figure 2a. As shown in Figure 2a, when
the acoustic frequency was in the range of 0.5–1 MHz, the ka value approached one, so the
first resonance peak was missed. When ka > 1, the changing trend of the target strength
entered a continuous period of oscillatory decline, as shown in Figure 1b. This explains
the phenomenon of multiple stripes existing in Figure 2b, representing the target strength
alternately rising and falling.
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Figure 1. Target strength of a single gas bubble under (a) a relatively small ka value and (b) a relatively
large ka value.

Figure 2. Target strength of a single gas bubble with a different radius at the acoustic frequency
ranging from 10 kHz to 1 MHz: (a) radius of 0.01–0.2 mm and (b) 1–20 mm.

The accuracy of this solution is reduced to the case where ka > 1. Therefore, this study
uses the modal solution presented by Anderson to model the backscattering cross-section
of a single bubble precisely for ka > 1 [29]. In addition, the formulation used by Berges [18]
is adopted, and the backscattering cross-section is given by

σ̄bs = |ζ|2, (7)

where

ζ =
ia
ka

∞

∑
l=0

(−1)l(2l + 1)Dl , (8)

Dl =
j′l(kga)jl(ka)− gρhc × jl(kga)j′l(ka)
j′l(kga)hl(ka)− gρhc × jl(kga)h′l(ka)

, (9)

where the meaning of the parameters is as follows:
gρ: Density ratio of a gas bubble and water ( ρg

ρl
) (dimensionless);

hc: Sound speed ratio of a gas bubble and water ( cg
cl

) (dimensionless);

kg: Wavenumber in a gas bubble ( ωg
cg

) (m−1);
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jl : The spherical Bessel function of the first kind;
hl : The spherical Hankel function of the first kind;
j′l : The derivative of the spherical Bessel function of the first kind;
h′l : The derivative of the spherical Hankel function of the first kind.

The target strength of a single gas bubble calculated by the modal and Thuraisingham
solutions is shown in Figure 3. In Figure 4, the modal solution did not consider the bubble
damping effects, and it had low precision for ka� 1. However, the accuracy of the modal
solution decreased for ka > 1. In this paper, the modal solution is used to model the
backscattering cross-section of a gas bubble for ka > 1, and for ka � 1, Equation (1) is
used to ensure model accuracy.

Figure 3. Two solutions used to calculate the target strength of a single gas bubble: (a) modal solution
and (b) Thuraisingham solution.
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Figure 4. Comparison results of the two models for target strength calculation of a single bubble. It
should be noted that multiple scattering between bubbles was ignored, and the volume backscattering
strength of the bubbles was contributed by each bubble and computed using Equations (10) and (11).

The target strength has been commonly used to describe the backscattering of a single
bubble, while for a bubble population with a wide range of radii, the volume backscattering
strength should be used. It should be noted that for multiple discrete bubbles, the multiple
scattering effects between bubbles can be ignored [16]. Therefore, the total backscattering
value is contributed by all bubbles individually and can be expressed as the volume
backscattering coefficient sv as follows:

sv =
∫

σbsn(a)da, (10)
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where n(a) denotes the density of gas bubbles with different radii per unit volume.
According to Equation (10), the volume backscattering coefficient is mainly controlled

by the gas bubble size distribution and the backscattering cross-section of a gas bubble.
Furthermore, the volume backscattering coefficient of multiple discrete bubbles can be
expressed as the volume backscattering strength [16] as follows:

Sv = 10log10(sv)
(

dB re 1m2
)

. (11)

Thus, once the bubble size distribution is determined, the volume backscattering
strength can be estimated by Equation (11).

2.2. Bubble Size Distribution Estimation Model

The detection and quantitation of undersea gas leakage are highly dependent on the
gas bubble size and rising velocity. Therefore, the determination of these parameters for a
given bubble volume is important for both the volume-scattering strength calculation and
the gas flux quantitation.

In the literature, there have been several approaches for bubble rising velocity calcu-
lation [30–33]. However, most of them can determine only the rising velocity of bubbles
without defining their shapes, such as a sphere, an ellipsoid, or a spherical cap. It should
be noted that the bubble shape constantly changes during undersea gas leakage and can
also be irregular. To overcome the mentioned shortcoming, this paper derives a sim-
ple general formula for the gas bubble’s rising velocity calculation as a function of the
volume-equivalent bubble diameter, and it can be expressed as follows [34]:

vb,general =
1√

144µliq
2

g2ρliq
2de

4 +
µliq

4/3

0.0208g5/3ρliq
4/3de

3 +
1

2.14τliq/ρliqde+0.505gde

, (12)

where de is the volume-equivalent diameter of a bubble and τliq is the surface tension of a
liquid medium.

In Figure 5, the bubble’s rising velocity values for three bubble shapes (i.e., sphere,
spheroid, and spherical cap) are presented. The simple general shape, which is calculated
by the general formula and represents a function of the volume-equivalent bubble diameter,
is provided for the purpose of comparison. The advantage of the general formula is that
it does not require prior knowledge of bubble shape. Therefore, it was not necessary to
consider the shape change of a bubble during its rising process. In the test conditions
without optical equipment or with inapplicable optical equipment, it is convenient to
estimate the bubble radius.
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Figure 5. The rising velocities for bubbles with different shapes.
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To estimate the rising velocity of a gas bubble, this study adopts the slope angle
and the measured sea current speed. It is assumed that the gas plume rises at a constant
angle and that the horizontal displacement of gas leakage is dependent only on the sea
current. The slope angle is obtained using the height and extent of the gas leakage, and it is
calculated by

tan θ =
Xv

Xh
=

vv

vh
, (13)

where Xv and Xh are the vertical and horizontal displacements, respectively, vh is the
horizontal velocity (the current), and vv is the rising velocity of the gas leakage.

The rising velocity of the gas leakage can be obtained by Equation (13), and the radius
distribution of the gas leakage can be estimated by Equation (12).

2.3. Volume-Scattering Strength of a Gas Leakage Measured by Multibeam Sonar

Due to the complexity of an underwater acoustic environment and a multibeam sonar
system, the measurement of the volume-scattering strength of gas bubbles is affected by
a number of factors. In this paper, the measured volume-scattering strength (Sv) of gas
bubbles is inferred by the sonar equation with the measured sonar data [35]. For the volume
scatters, the received echo level (EL) can be approximated as follows:

EL = SL− 2TL + Sv + 10 log10 V, (14)

where SL is the calibrated multibeam sonar source level, Sv is the measured volume-
scattering strength, V is the volume ensonified by the transmitted pulse in the receiving
beam, and TL is the one-way transmission loss, which can be calculated by Thorp’s for-
mula [36] as follows:

TL = 20 log10 R1 + αR1, (15)

where the first term denotes the geometrical losses, the second term represents the absorp-
tion loss, α is the absorption coefficient, and R1 is the range of the multibeam sonar, which
is determined based on t and θ using constant gradient ray-tracing techniques.

The volume ensonified by the transmitted pulse in the receiving beam can be calculated
from the pulse width of the transmitted signal (τ1), the speed of the sound in the water (c),
and the effective beam solid angle (ψ) as follows:

V =
cτ1

2
R2

1ψ. (16)

The relationship between the received echo levels (EL) and raw WCI sampling am-
plitudes (AWCI) is defined by the array gain associated with the beam-forming processing,
time-varying gain (TVG), and a constant calibration factor (CF). This relationship is affected
by a number of parameters, including the frequency, bandwidth, digital-to-analog converter
sensitivity, receiving beam pattern, and transducer aging processes [3], and it can be
expressed by

AWCI = EL + TVG + DI + CF. (17)

Accordingly, the measured volume-scattering strength (Sv) can be obtained from the
WCI sampling amplitudes (AWCI) as follows:

Sv = AWCI − SL + 2TL− TVG− DI − CF− 10 log10 V. (18)

3. Case Study
3.1. Field Study Area

The study area was located on the continental slope off China’s shore in the northern
South China Sea, as shown in Figure 6c. The water depth in the study region was approxi-
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mately 35 m–40 m. The gas leakage device was positioned on the seabed (21◦38′58.9′′N,
113◦24′39.9′′E) at a water depth of approximately 37 m. Figure 6b, shows the gas leakage
site, marked with a red star. Gas was pumped to the seabed using a gas compressor.

Figure 6. Study area, equipment, and survey lines. (a) Autonomous underwater vehicle (AUV)
equipped with multibeam sonar. (b) Survey lines (black lines) of the AUV in the study area, where
the red star indicates the location of the gas leakage site. (c) Position of the study area in the South
China Sea, where the red rectangle indicates the multibeam sonar survey area.

3.2. Data Acquisition and Processing

Acoustic backscattering data were collected by an HT300 QY multibeam sonar de-
veloped by Harbin Engineering University in China. The sonar was equipped with an
AUV, which was designed to detect subsea pipeline leakages. As shown in Figure 7, it
was mounted on the bottom of the AUV during the day survey on 20 August 2020. The
multibeam sonar could detect acoustic targets in the water column with a high spatial
and temporal resolution over a fan observation area of 120◦ with a step of 1◦. It emitted
an acoustic wave with a frequency of 300 kHz and a CW pulse signal with a pulse width
of 35 µs. There was a total of 512 beams in the ping fan, and a sampling frequency of
22.22 kHz was used in the beam pattern with a ping rate of 1 Hz. The locations of the
detected gas bubbles were accurately determined with a distance resolution of 0.07 m and
an angular resolution of 1◦, corresponding to at most 0.7 m at the maximum range of 40 m.
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Figure 7. A photograph of the HT300 QY multibeam sonar equipped with an AUV.

The AUV position was recorded by an integrated navigation system, which con-
sisted of the inertial navigation unit (INU), a doppler velocity log (DVL), and a global
positioning system (GPS). The positioning accuracy of the integrated navigation system
is shown Table 1. The sound speed at the depth of the multibeam sonar was measured
continuously using the MiniSVS developed by Valeport Company, Totnes, UK. The sound
speed profile measured by the RBRconcerto CTD (PBR, Ottawa, ON, Canada) in the study
area is presented in Figure 8. The acoustic absorption profile was calculated using the
temperature, salinity, and depth data by the empirical formula derived by Wilson [37].

Table 1. Positioning accuracy of the integrated navigation system.

Integrated Navigation System Positioning Accuracy

INU + GPS-Assisted 5–15 m
INU + Difference GPS-Assisted 0.5–3 m

INU + RTK Difference GPS-Assisted 0.02–0.05 m
INU + DVL-Assisted 0.2% of the sailing distance
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Figure 8. The sound speed profile measured by the RBRconcerto CTD at the study area in the
northern South China Sea.

3.3. Gas Leakage Quantitation

The acoustic quantitation flowchart of the gas leakage is shown in Figure 9. The
multibeam sonar point cloud data were processed using the detection threshold and mor-
phological characteristics to obtain a 3D structure of the leaking gas plume. Meanwhile,
the current data were obtained by DVL. Then, the dominant bubble size was estimated by
the volume-equivalent bubble diameter model using Equation (12). By using the acoustic
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scattering cross-section model of the bubbles, the theoretical volume scattering strength
of the gas plume was obtained. In addition, the multibeam sonar water column data and
multibeam sonar calibration parameters were used to obtain the measured gas plume’s
volumetric scattering intensity with the sonar equation. The theoretical and measured val-
ues of the volume-scattering strength were used to construct a volume-scattering strength
optimization model. Finally, the bubble radius distribution was estimated, and the leakage
flux was quantified.

Figure 9. The gas leakage acoustic quantitation flowchart, where orange blocks represent the input
data obtained from the multibeam sonar and doppler velocity log (DVL), and blue blocks denote the
applied models.

Assuming that all gas leakage bubbles were of an approximately spherical shape or
could be approximated to the spherically shaped bubbles, the contribution of multiple
scatterings to the volume scattering of gas leakage bubbles was neglected. Accordingly, the
modeled volume-scattering strength of the sample volume was regarded as a sum of single
backscattering strengths generated by gas leakage bubbles. The volume-scattering strength
obtained from a sample volume was calculated by

sv =

a2∫
a1

N(a)σbs(a)da, (19)

where a is the bubble radius, σbs(a) denotes the backscattering cross-section of a bubble
with a radius a, N(a) represents the distribution of gas leakage bubbles as a function of the
bubble radius, and a1 and a2 are the lower and upper limits of the bubble size distribution,
respectively.

For artificial bubble leaks, the bubble size distribution can be approximately parametrized
by a log-normal probability density function (PDF) [16], which can be expressed by

N(a) =
1

a
√

2πσ
e
[
− 1

2σ2 (ln a−µ)2
]
, a > 0, (20)

where
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µ = ln[E(a)]− 1

2 ln
[

1 + D(a)
E(a)2

]
σ =

√
ln
[

1 + D(a)
E(a)2

] , (21)

where E(a) represents the expectation for the bubble radius and D(a) denotes the variance
in the bubble radius.

The modeled volume-scattering strength is mainly affected by two parameters (µ and
σ) in the log-normal probability density function of gas leakage bubble sizes and the total
number of bubbles inside the sample volume N0. Therefore, a volume-scattering strength
optimization model was constructed to estimate these three parameters. This model is
defined as follows: [

µ̂, σ̂, N̂0
]
= arg min

µ,σ,N0

‖y− f (µ, σ, N0)‖2, (22)

where arg min is a function that returns the variable value when the objective function
reaches the minimum value, y is the measured volume scattering strength, f (µ, σ, N0) is
the modeled volume-scattering strength, and‖ ‖2 is the L2 norm.

The nonlinear least squares problem can be solved by the direct search method or
the numerical iterative method. However, since it is challenging to find the gradient of
function f , the numerical iterative method could not be used in this study. Thus, the
estimated parameters (i.e., µ̂, σ̂, and N̂0) were obtained by the direct search method. The
direct search method’s steps were as follows: µ had a range of 0.1–1.2 in steps of 0.05,
σ had a range of 0.01–0.4 in steps of 0.01, and the total number of bubbles per volume
sampling unit N0 was initialized from the volume of the sampling unit. Next, the three
parameters were substituted into Equation (22). Finally, the three estimated parameters,
which minimized the objective function, were obtained. Based on the estimated bubble size
distribution and the total number of bubbles, the gas leakage volume was approximated
to be

V̂ =
Nt

∑
j=1

a2

∑
i=a1

4
3

πNijaij
3, (23)

where a(ij) is the bubble radius of size i in the jth sample volume, a1 and a2 are the lower and
upper limits of the bubble size distribution, respectively, N(ij) is the number of bubbles with
a radius size i in the jth sample volume, and Nt is the total number of the sample volumes.

Then, the gas flux F̂ (L/min) can be obtained based on the estimated gas leakage
volume V̂ and the bubble’s rising velocity vv, which can be calculated by Equation (13) as
follows:

F̂ =
V̂
hp

v̄v, (24)

where hp is the height of the gas leakage plume and v̄v is the mean rising velocity of the
bubbles in the plume.

4. Experimental Results and Discussion
4.1. Gas Leakage Localization

Multibeam data reflecting the gas bubbles that form plume flares in the water column
are presented in Figure 10. In the multibeam sonar images, gas leakage usually appears
in the flare shape, but noises appear as discrete points. Therefore, the aspect ratio (i.e.,
the maximum depth extent divided by the maximum extent across the track) of the gas
leakage was different from that of the noise or seafloor multiple. Gas leakage usually rises
from the seafloor and reaches the surface (in shallow water) or dissolves during the rising
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process (in deep water) [2]. To distinguish gas leakage from other objects in an underwater
environment, such as fish and suspended solids, this study used a specific threshold of Sv
inside the selected area and morphological characteristics including the height, width, and
aspect ratio. The thresholds of the parameters were selected as follows: height (10–40 m),
width (1–2 m), and aspect ratio (5–40). Installation error and motion compensation (pitch,
roll, yaw, and heave) were considered during data processing. For each ping multibeam
sonar WCI dataset, the detection threshold of the volume-scattering strength and statistical
filtering were used to remove the noise and unwanted backscattering from the data. After
data cleaning, 3D point cloud data were extracted from 120 consecutive WCIs. Finally, the
leakage gas plume was identified.

90

130

170

210

250MSR

multibeam sonar self-noise

sidelobe artefacts

seafloor

gas leakages plume

Intensity (dB)

Figure 10. The water column image obtained by multibeam sonar. A gas leakage plume can be
observed in this image, where it appears as a plume flare. The sidelobe artifacts are related to the
strong reflection signal from the seafloor, and they affect the gas leakage detection beyond the
minimum slant range (MSR). The presented intensities represent uncalibrated relative intensities.

Using a steered narrow beam of a multibeam sonar allows precise determination of
echo sources and therefore provides accurate positioning of the gas leakage site on the
seafloor. When the offset of the gas leakage caused by the sea current rises, the gas leakage
plume is mostly inclined. Along the AUV track, a detailed 3D multibeam sonar image can
be obtained by a sequence of WCIs. As shown in Figure 11, a 3D structure of a gas leakage
plume can be reconstructed by clouds of strong scatter points and described in physical
terms, such as the position and volume. In addition, sidelobe artifacts and unfiltered noise
are also output to the 3D space and appear as strong 3D structures that interfere with the
3D structure of a gas leakage plume. To address this problem, artifacts and noise need to
be excluded and removed from the 3D point cloud data. Furthermore, sidelobe-induced
interferences can be excluded by eliminating data that have been recorded beyong the
minimum slant range (i.e., the shortest radial distance between the multibeam sonar and
the seafloor).

As illustrated in Figure 12a, all data beyond the minimum slant range were excluded,
and the gas leakage plume could be detected in 3D point clouds. For the 3D point cloud
data of the multibeam sonar, the noise points were generally far away from the target point
cloud. The distance between the noise point and the neighbor point was larger than the
distance between the target point cloud and the neighboring point. Statistical filtering was
used to clean the leakage flare, as shown in Figure 12b. Based on the k-nearest neighbor
search in the KD tree, each point in the point cloud chose an appropriate neighborhood
and computed the average distance from the center point to all neighboring points. Points
whose average distances were outside the standard range were defined as outlier noise
points and eliminated from the data by statistical analysis, using the global distance as
a judging criterion [38]. However, when the acoustic signals of the gas leakage plume
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were beyond the minimum slant range, the source location of the gas leakage site at the
seafloor could not be determined. Therefore, to position the center of the gas leakage
accurately, this study sorted the measured volume-scattering strength values of the gas
leakage plume, where each layer had a width of 0.2 m. The volume-scattering strength
values corresponding to each layer were geometrically averaged to obtain the representative
volume-scattering strength value for the strength of the gas leakage. As shown in Figure 12c,
the geometric mean was calculated for each set of volume-scattering values for a certain
depth range, providing a line with only one position per depth range, which was denoted
as the gas leakage spine. The source point of the gas leak can be identified as the lowermost
point of the gas leakage spine when it is located just on the seafloor; otherwise, the source
point can be estimated by the gas leakage’s spine slope value. A top-down view of the gas
leakage spine is displayed in Figure 13. Due to the effect of the sea current, the gas leakage
spine was displaced by 23.29 m in the horizontal direction. The average horizontal velocity
of the current was measured by the DVL, and it was approximately 0.48 m/s.

Figure 11. The three-dimensional (3D) point cloud data extracted from 120 consecutive water column
images. A 3D gas leakage plume can be observed in this image, and it is tilted due to the horizontal
current. The sidelobe artifacts and unfiltered noise also exist in the 3D space, and they appear as
strong 3D structures that interfere with the 3D structure of a gas leakage plume. The presented
intensities denote relative intensities.

Figure 12. The 3D illustration of the processing steps’ results of the gas leakage flare, where 3D
results of the gas leakage flare obtained from (a) uncleaned data, (b) cleaned data, and (c) gas leakage
flare spine results calculated by the geometric mean.
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Figure 13. A top-down view of the gas leakage spine illustrating the current effect on the horizontal
displacement (23.29 m) of bubbles. The average horizontal velocity of the current was measured by
the DVL to be approximately 0.48 m/s.

4.2. Bubble Size Distribution

The bubble size distribution is one of the most important factors for quantitating the
gas flow rate. Based on the relationship between the upward velocity of the gas leakage
plume and the bubble size, the bubble size distribution was determined, and it followed
the log-normal distribution. Then, the bubble size distribution was estimated using the
volume-scattering strength optimization model.

Due to the influence of ocean currents, bubbles moved laterally through the water
column. In the experiment, ocean currents were measured, with the speed varying from
0.32 m/s to 0.61 m/s and having a mean of 0.48 m/s. According to the estimated result of
the volume-scattering strength optimization model (Equation (22)), the bubbles in the gas
plume had radii ranging from 1 mm to 12 mm with a mean value of 3 mm, as shown in
Figure 14a.
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Figure 14. (a) Bubble radius distribution obtained by the volume-scattering strength optimization
model. According to the estimation results, the bubble radius was in the range of 1–12 mm. (b) Gas
leakage flux results for each bubble radius range. The highest gas leakage flux was contributed by
bubbles with a radius from 3 mm to 4 mm.

4.3. Flow Rate Estimation

Obviously, the gas flux is of primary importance. However, to compute the gas flux,
it is necessary to know the depth and volume of a gas leakage plume. Using the water
column image data obtained from the multibeam data, the 3D plume was reconstructed.

In this study, the volume of the gas leakage plume was determined using the esti-
mated bubble size distribution. Using the measured depth of the gas leakage plume and
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horizontal current speed, it was obtained that the gas leakage flux ranged from 29.39 L/min
to 56.43 L/min, having a mean value of 44.21 L/min, which was obtained by Equation (24).
Due to the constant deflation and inflation process during the operation of the air com-
pressor, the flowmeter value fluctuated between 32 L/min and 67 L/min, having a mean
value of 47.34 L/min, which was calculated by the total gas flux and time. The error of
the estimated results was −6.61%. The estimated results of the gas flux were roughly in
agreement with the experimental data. Additionally, the relative gas flux contribution for
each size interval of bubbles was obtained through the calculation of the gas flux for each
bubble size interval. As shown in Figure 14b, bubbles with a radius of 2–9 mm accounted
for roughly 90% of the gas flux. In particular, bubbles with a radius of 3–4 mm contributed
to the gas flux the most, accounting for 17.76%, and they were followed by the bubbles
with a radius of 2–3 mm, accounting for 16.21% of the gas flux.

4.4. Seabed Sidelobe Effect and Smearing Effect in Multibeam Sonar

The smearing effect and the seabed sidelobe effect on the estimation of volume scatter-
ing strength in multibeam sonar were also analyzed.

For the seabed sidelobe interference, there has been a wide range of high-resolution
beam-forming methods, including the multiple signal classification algorithm (MUSIC) [39],
the minimum variance distortionless response (MVDR) [40], and their variants [41,42].
These algorithms provide narrow beam widths and low sidelobe levels, which improve
interference rejection and enable the detection of targets with small bearing separations.
However, they have poor performance in a nonstationary environment [43]. The decon-
volved beam-forming algorithm can obtain a high bearing resolution and a low sidelobe [8],
but there still will be insufficient or excessive sidelobe suppression. Another method to
handle the seabed sidelobe interference is to consider the WCI data only inside the mini-
mum slant range (MSR) [3,44]. However, gas bubbles submerged in the seabed sidelobes
cannot be detected through the threshold of the volume-scattering strength. To solve this
problem, this study used the aspect ratio to eliminate the effect of seabed sidelobes on the
estimation of the volume-scattering strength.

Dinner [45] reported the smearing effect in the school extension measured by multi-
beam sonar. This scenario is similar to the case considered in this work, where the volume
scattering strength of the gas bubbles estimated from multibeam data was biased due to
the beam width-related effects. The results indicated that the estimated volume of the
gas bubbles increased due to the boundary effects associated with a finite beamwidth.
As shown in Figure 15, when a beam partially encountered gas bubbles, the image of the
bubbles was spread throughout the beam’s full cross-section. Different from the school
targets, in this study, the gas bubbles tended to be partially located within a few beams.
This resulted in a smaller measured volume-scattering strength of bubbles, affecting the
detection threshold of the volume-scattering strength. Furthermore, since the effect of
overlapping beams has been found to be insignificant in practice [46], it is not discussed in
this paper.

Figure 15. (a) Smearing effect at long range. Bubble targets were partially located in three adjacent
beams, and the echo trace was smeared over the three beams. (b) Smearing effect at short range. Bub-
ble targets were located in several beams and partially in the border beams. The target’s echo was
smeared across all beams.
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4.5. Proposed Method Limitations

Recently, methods for monitoring gas leaks from an anthropogenic viewpoint in
lakes and oceans have developed significantly in terms of reliability and accuracy. These
methods have been applied to both the detection of gas emissions and the quantitation
of gas fluxes. It should be noted that optical equipment could not be used in this study
because of the turbid water in the South China Sea. The proposed method for gas flow rate
quantitation should be validated using a gas collection device and visual measurements.
In future works, the effectiveness of the proposed method could be verified for pools or
clear lakes.

In the insonified volume unit, echo data of a multibeam sonar are generated consid-
ering the contribution of the backscattering produced by several individual targets. A set
of assumptions is adopted to develop the proposed method. For the volume-scattering
strength, the fundamental assumption is that the total scattered intensity from the insoni-
fied volume is equal to the sum of the scattered intensities from each individual target. For
gas leakage bubbles, the assumption defining that bubbles are spherical and isotropic
scatterers holds. Meanwhile, this study assumed that gas leakage bubbles follow a log-
normal distribution. However, these assumptions can lead to large uncertainties because of
their idealized real conditions. Still, the acoustic scattering models for irregularly shaped
bubbles are very complex. In addition, the shape of the bubbles changes as they rise in
the water. It should be noted that without optical equipment, the bubble shape cannot be
accurately determined. As a result, it is necessary to simplify the relationship between
the bubble shape and the rising velocity by volume-equivalent spherical bubbles. Despite
the fact that the proposed method involves simplifications, which can potentially induce
uncertainties in the gas leakage flux calculation, it provides a reasonable approximation of
the gas leakage flux rate, achieving results that agreed with the experimental results.

5. Conclusions

Gas leakage from pipelines of a realistic size that generate enough bubbles to be ob-
served remotely can be detected and quantitated using multibeam sonar. Mobile platforms
equipped with multibeam sonar, such as AUVs, are very convenient for mapping the
gas leakage sites and investigating their 3D structures. Compared with other quantitation
methods, such as bubble capturing in funnel-like chambers or optical observations, the
proposed acoustic quantitation method of the gas leakage plume has important advantages.
Namely, remote investigation using an AUV equipped with a multibeam sonar does not
disturb the fluid system (e.g., by deploying a heavy device on top of a leak location), and it
can investigate a considerably broader region than optical systems.

This study introduces a method for gas leakage plume detection and quantitation
based on an AUV equipped with a 300-kHz multibeam sonar. The feasibility of inves-
tigating gas leakages using a multibeam sonar was tested in the northern South China
Sea. The results show that the escaping gas formed a sloping plume in the water column
under the influence of the horizontal ocean current. The presented method employs a
volume-scattering strength optimization model to estimate the bubble size distribution. The
results indicate that the gas leakage plume radius ranged from 1 mm to 12 mm. In addition,
the average leaking gas flux was calculated to be approximately between 29.39 L/min and
56.43 L/min, and it was shown that the bubbles with radii of 3 mm–4 mm contributed the
most to the gas flux.

The gas leakage quantitation using multibeam sonar and the proposed method can
achieve reasonable gas flux values without any prior knowledge about the bubble size dis-
tribution or using a complex scattering cross-section model for irregular bubbles. However,
it should be noted that in this study, a simple general multibeam sonar was used. Further
improvements could be achieved by observing the shape and behavior of gas bubbles
precisely using optical sensors or applying a more accurate multibeam sonar calibration
technique fitted to a specific system and natural environment. Furthermore, in future work,
a real subsea pipeline leakage detection test could be conducted on the subsea pipeline de-
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velopment demonstration platform of the China National Offshore Oil Corporation. Finally,
a real-time detection algorithm could be employed to realize the engineering significance.
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