
IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 71, 2022 9508410

Acoustic Observation, Identification, and Scattering
Intensity Measurement of Cold Seep Based on

Bubble Resonance
Lin Guo , Octavian Postolache , Senior Member, IEEE, Lin Ma , and Yang Shi

Abstract— The active “cold seep” is indisputable evidence to
identify the existence of submarine gas hydrate. Due to the
difference in acoustic properties between cold seep bubbles and
surrounding seawater, measuring scattering intensity is a new
means to detect active cold seep. Cold seep bubbles are the
main cause of acoustic scattering, and the scattering ability is
closely related to the frequency of the incident sound wave, the
radius of the bubble, and the depth of the bubble. This article
introduces a ship-borne cold seep sonar system, which uses the
resonance principle of bubbles to measure the scattering intensity
at various depths underwater and display it with an intuitive
acoustic image. Through the investigation and measurement of
the cold seep located in the South China Sea, it is proven that the
cold seep sonar system can well identify the submarine cold seep.
The measured data are consistent with the theoretical simulation
results, confirming that the cold seep bubbles have frequency-
selective characteristics for incident sound waves. Compared with
other detection methods, it has the characteristics of lossless, fast,
and high efficiency.

Index Terms— Acoustic resonance, cold seep identification, cold
seep sonar system, scattering intensity measurement.

I. INTRODUCTION

THERE are abundant, clean, and efficient natural gas
hydrates distributed on the seafloor, which have extremely

high resource value and have been the hotspot of long-term
research [1]. The methane formed by the decomposition of
natural gas hydrate infiltrates or spills into the overlying water
in the form of gas, forming a gas column in seawater, which
can characterize and discover the existence of gas hydrate. The
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cold seep is the area on the seafloor where natural gas hydrate-
rich fluid seeps into the water layer. Compared with the
surrounding seawater, it has unique physical characteristics,
and the temperature does not increase significantly, so it is
named “cold seep” [2]. When the gas source is sufficient,
the methane gas will form the “bubble plume,” which is a
significant feature to prove the existence of submarine cold
seep [3]–[5].

Acoustics has a natural advantage in underwater engineering
applications [6]. Sound waves are scattered to all directions
in the process of propagation when meeting the medium
is inhomogeneous. Considering that there are differences in
acoustic properties between “cold seep” and the surrounding
seawater [7], active acoustic detection becomes an effective
method for the identification of the seabed cold seep. The
cold seep bubbles are the main cause of acoustic scatter-
ing, so the active cold seep can be observed by detecting
the escaping bubbles from the cold seep. Liu et al. [8],
Klaucke et al. [9], [10], Jones et al. [11], and Dumke et al.
[7] identified and discussed the morphological characteristics
of shallow gas related to gas leakage according to sea-
bottom profile, seismic profiles, multibeam echo sounders,
side-scan sonar, and so on that is mainly manifested as
abnormal spots or linear reflections under the image. Tu et al.
[12] verified that underwater bubbles with different depths
damp the impact signal according to the bubble resonance
theory.

To observe and identify cold seep on seafloor more intu-
itively, the ship-borne cold seep sonar system is designed in
this article by using the characteristics of the bubble scattering
and absorbing of the incident sound wave [13], [14]. After the
sonar completes the measurement of the preset trajectory, the
acoustic image is generated based on the scattering intensities
of different underwater depths, which can realize the purpose
of identifying the cold seep visually. Considering that the
scattering intensity of the bubble is mainly determined by its
resonance frequency [15]. According to the derivation, the
resonance frequency of the bubble is related to its radius
and depth [16], which directly affects the acoustic charac-
teristic of the bubble. Therefore, to verify the feasibility of
the ship-borne cold seep sonar, experimental verification is
carried out. The experimental results under different incident
frequencies are compared with the simulation results. It can
be seen that the variation trend of the bubble scattering
characteristic is consistent, which can verify the feasibility of
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the cold seep sonar system based on the scattering intensity
measurement.

II. MEASURING PRINCIPLE

The bubble in water can be regarded as a cavity. When the
sound wave contacts the bubble during propagation, a strong
scattering process occurs. After the sound wave passes through
the bubble group, its intensity decreases significantly. Burdick
and William [17] and Urick [18] gave the conclusion: when
the sound wave frequency is close to the resonance fre-
quency, the scattering cross section is the largest, the target
intensity is the strongest, and the bubbles are most easily
detected.

A. Theoretical and Numerical Results

Assuming that the bubble medium and the biological
medium are homogeneous, the other abiotic scattering sources
can be ignored [18]. The small bubble is approximately
uniformly deformed under the action of sound waves, and the
scattering power of a single bubble can be obtained from the
single bubble. From the scattering power, the scattering cross
section of the bubble is [4], [7], [9]

σs = 4πr2
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where r is the radius of the bubble, d is the depth of the
bubble, f is the incident frequency of the sound wave, and
δ is the damping constant of the bubble vibration. The target
intensity TS of a single bubble is
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It can be seen from (2) that the target intensity of the bubble
can reach the maximum value when the sound wave incident
frequency f = f0.

The target intensity of bubbles in water is simultaneously
affected by the size of the bubble, its depth, and the frequency
of the incident acoustic wave. Under the premise that the
incident signal type is a single frequency, Fig. 1 shows
the curve of the bubble scattering intensity as a function of the
bubble radius and depth under different incident frequencies.
It can be seen that with the increase of the incident frequency,
the scattering intensity is gradually less affected by the bubble
depth and size and gradually tends to be stable.

Furthermore, for different incident frequencies, there will
have a corresponding size of the bubble that resonates with
the sound wave, and the target scattering intensity can
reach the maximum. When the sound wave frequency is lower
than the resonance frequency, the scattering intensity decreases
rapidly with the fourth power of the resonance frequency;
when the sound wave frequency is higher than the resonance
frequency, the scattering intensity decreases by about −10 dB
and then tends to be stable. For the same incident frequency,

Fig. 1. Heatmap of bubble scattering intensity as a function of radius and
depth under different incident frequencies. (a) f = 1 kHz. (b) f = 5 kHz.
(c) f = 10 kHz. (d) f = 20 kHz. (e) f = 30 kHz. (f) f = 40 kHz.

as the depth increases, the bubble size of the resonance
increases, while the resonance peak of the scattering intensity
value becomes smoother.

B. Scattering Intensity Measurement

There are generally three types of measurement of bubble
scattering intensity in seawater: theoretical model calcula-
tion method, direct measurement method [19], and inversion
method using reverberation data. The theoretical model and the
empirical formula used to calculate the scattering intensity of
bubbles have been given in Section II-A. The direct measure-
ment method is based on the definition of scattering intensity
and the actual measured value of the scattering intensity. The
method is often used in the laboratory, but it is not suitable
for cold spring bubbles of the deep seafloor. The inversion
method using reverberation data is also discussed in [20].
Many scholars, such as [19] and [21]–[24], have also done a
lot of research work, numerical simulation, and experimental
verification on the inversion of seafloor scattering intensity
from the reverberation data. The scattering intensity is mea-
sured using the reverberation data inversion in this article.

The equivalent plane wave reverberation level is defined
to measure the strength of the reverberation. When a plane
wave of intensity Is is incident on the hydrophone in the axial
direction, the output voltage is equal to the voltage that the
acoustic axis, which is placed in the reverberant sound field,
is facing the target. Therefore, the intensity of the reverberation
sound field is considered to be Is . The reverberation level of
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TABLE I

PARAMETER DEFINITION

the equivalent plane wave is

RL = 10lg

�
Is

Iref



(3)

where Iref is the reference sound intensity.
In an ideal seawater medium with a large number of scat-

terers evenly distributed, the axial sound intensity at the unit
distance is I0 was placed a transmitter with directivity b(θ,∅).
There is a volume scatterer with volume dV at distance r , its
backscattering ability is S�

v , and the definition of scattering
intensity is Sv = 10lgS�

v . When the volume element dV is
small enough and the receiving directivity is b�(θ,∅), the total
scattered sound intensity is [19]

Iscat = I0 S�
v

�
V
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According to the definition of equivalent plane wave rever-
beration level [19], it can be obtained that under the scatterer in
the actual ocean is excited by acoustic waves with a pulsewidth
of τ , the reverberation level of the equivalent plane wave
is

RL = 10lg
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where c is the speed of sound and d� is the solid angle that
the cross section of the scatterer opens to the receiving point.
Combined with the sound propagation loss in seawater, set the
absorption coefficient as α, and the scattering intensity Sv can
be calculated by measuring the output voltage of the receiving
transducer array

Sv = RX − SRX−G − SL + 20lgr

+2rα − 10lg

�
cτ

2
· θvθhπ

4



. (6)

The parameter definitions are shown in Table I.

III. COLD SEEP SONAR SYSTEM

According to the working principle of the cold seep bubble
plume and sound wave resonance, the ship-borne cold seep
sonar system measures the reverberation level of the equivalent
plane wave to achieve the measurement of the active cold seep
and water body scattering intensity. The system also forms
acoustic images from the echo data [5], [25]. After processing

Fig. 2. Structure of display control unit and acoustic signal processor.

Fig. 3. Equipment diagrams of display control unit and acoustic signal
processor.

the visual images, it further realizes the identification and
detection of seafloor cold seep.

A. System Overview
The system includes three parts: the part of transduce array,

the part of the acoustic signal processer and display control
unit, and the part of the underwater transducer array.

The structure of the display control unit and the signal
processor is shown in Fig. 2, which is placed on the surface
boat. The user sets the detection distance, signal form, center
frequency, sampling rate, and other parameters on the water
echo processing sever through the mouse, keyboard, and
monitor. The detection signal is sent through the transducer
array after processing by synchronizing, the water echo signal
processor, power amplifier, and transmit switch. After the
transmit signal reaches the seabed, it is reflected into the trans-
ducer array and then returns to the signal processor through
the receiving switch and the signal conditioner. Finally, it is
spliced into a cold seep image and displayed on the server.
The equipment diagrams of the display control unit and the
acoustic signal processor are shown in Fig. 3.

The underwater transducer array is installed near the bottom
of the ship, which is rigidly connected below the keel and
communicates with the signal processer using the watertight
cable.

The signal processor transmits measurement sound waves
through the transducer array according to the selected fre-
quency, period, pulsewidth, transmission power, and other
controllable acoustic parameters. After the transmitter sends
out one pulse (i.e., one Ping), the echo data are sampled and
recorded at equal time intervals to record the current scattering
intensity Sv,i , which can obtain 	1,	2, . . . ,	i(i = 1, . . . ,N),
and has a total of N sampling points, as shown in Fig. 4. Under
the condition that the sound speed C remains unchanged,
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Fig. 4. Schematic of beam sampling point location.

according to the fixed sampling rate Fs of the instrument,
the round-trip propagation time of the ith sampling point can
be obtained as Ti = i/Fs, and the slope distance of the
ith sampling point is 	i = C × Ti/2 = i × C/(2 × Fs).
According to the directivity θ of the beam, the horizontal
track distance xi and depth yi of the ith sampling point in
the horizontal track-depth coordinate system are obtained as

xi = 	i sinθ = i ·C · sinθ

2F

yi = 	i cosθ = i ·C · cosθ

2F
. (7)

When the transducer emits a single-frequency narrow beam
vertically downward, that is, θ ≈ 0◦, the acoustic section
image of the cold seep sonar represents a 2-D plane in which
the sampled data are arranged in sequence according to the
sampling time. The acoustic section image is defined as: the
Ping sampling order is the x-axis, the depth is the y-axis,
the scattering intensity Sv,i of the sampling points at equal
time intervals is the z-axis, and the increasing direction is
positive.

B. Frequency Setting
The operating frequency of the sonar has a great influence

on the performance of the sonar. When the incident frequency
of sound wave resonates with the bubble, the scattering inten-
sity of the target is the highest, and when the frequency is
higher than the resonance frequency, the scattering intensity
tends to be stable, which is beneficial to the detection of cold
seep bubbles in the sea.

According to (6), with the transducer parameters unchanged,
only the bubble radius and depth affect the target scattering
intensity. Fig. 5 shows the relationship between the resonance
frequency and size of bubbles at different depths. When the
depth is constant, the resonance frequency increases as the
bubble size decreases. For bubbles of the same size, the reso-
nance frequency increases with depth.

The scattering intensity of the bubbles is highly related to
the frequency of the incident sound wave, the size of the
bubble, and the depth. Fig. 6 presents the plot of the scattering
intensity of a single bubble as a function of the incident
frequency at different depths and different bubble radii. It can
be seen that at the same depth, the larger the bubble radius

Fig. 5. Evolution of bubble resonance frequency versus bubble radius
under different depths. (a) Bubble radius = 0 − 0.1 cm. (b) Bubble radius =
0.1 − 1 cm.

Fig. 6. Evaluation of bubble scattering intensity versus bubble size and
incident frequency for different depths. (a) Depth = 100 m. (b) Depth =
300 m. (c) Depth = 500 m. (d) Depth = 800 m. (e) Depth = 1000 m.
(f) Depth = 2000 m.

is, the resonance frequency is smaller, and after the incident
frequency is greater than the resonance frequency, the target
scattering intensity can reach stabilized; under the same bubble
radius, when the scattering intensity tends to be stable, the
incident frequency increases with the depth.

In summary, in order for sonar to cover more bubbles of
different radii in detection, the incident frequency of the cold
spring sonar system should be ≥10 kHz. In addition, when
the incident frequency is ≥10 kHz, the scattering intensities
at different depths and bubble radii are easy to identify. At the
same time, considering the increasing the working frequency,
the absorption of the acoustic signal by the seawater will also
increase, and the distance detection capability will decrease.
Therefore, the working frequency of the cold seep sonar is
selected to 10–20 kHz.
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Fig. 7. Beam pattern of the transducer array. (a) Vertical. (b) Horizontal.

C. Transducer Design
The transducer array is used for the transmission and recep-

tion of acoustic signals and adopts the design form of a planar
array. Its length a = 10λ = 1 m, width b = 1.5λ = 0.15 m,
and the directivity index DI = 10lg(4π S/λ2) = 22.75 dB; the
transmit power of the designed power amplifier P = 3 kW and
the electroacoustic conversion efficiency η = 0.5. Therefore,
the emitted sound power PA = η∗P = 1.5 kW.

According to the above parameters, the emission source
level of the transducer array can be calculated as

SLmax = 171.8 + 10 lg(PA) + DI ≈ 226 dB. (8)

Place the transducer and the standard hydrophone at the
same depth underwater, rotate the transducer array horizontally
at 2◦ intervals, and measure the sound source level at different
angles. According to the corresponding relationship between
the sound source level and the angle, the horizontal beam
opening angle can be obtained; in the same way, by changing
the pitch angle of the transducer at 2◦ intervals, the vertical
beam opening angle can be obtained. The vertical beam angle
of the transducer θv ≈ 5◦, the horizontal beam angle θh ≈
33◦, and digital weighting is used to suppress the sidelobe.
The measured vertical beam and the horizontal beam of the
transducer are shown in Fig. 7(a) and (b), respectively.

The operating parameters of the cold seep sonar are shown
in Table II.

IV. COLD SEEP SONAR DATA PROCESSING

A. Data Collection

In the experiment, the cold seep echo data of the acoustic
wave at the incident frequency from 14 to 19 kHz were
obtained. Using the system, a survey and measurement experi-
ment was carried out in the northern waters of the South China
Sea [8], and the measurement range was selected in the cold
seep area, where the depth is between 800 and 1300 m.
The survey line is centered on the cold seep bubble plume.
To reduce the influence of high speed on the measurement
results, the speed range of the survey ship is 2.5–5.2 knots
during the test. A total of six vertical or intersecting survey
lines are designed along the 147◦ azimuth, and the incident
frequencies of 14–19 kHz are used one after another at the
six survey lines. Doppler tolerance is considered during cold
seep sonar system design. Fig. 8 shows the transducer array
design drawing and physical drawing. During operation, the
transducer array is fixedly installed on the side of the ship and
enters the water 4-m downward.

TABLE II

SONAR PARAMETERS

Fig. 8. Transducer array and housing. (a) Design diagram of transducer
array. (b) Physical figure of transducer array.

B. Signal Processing

The following signal processing flow is adopted to process
the original echo signal in real time: 1) filtering and denois-
ing; 2) Hilbert transform to obtain the signal envelope; and
3) scattering intensity estimation. Considering that different
sampling points contain different target scattering intensity
values, therefore, the distribution of target scattering intensity
is related to the pulse sampling point, the existence of bubbles,
and the correct selection of the incident frequency, and the
frequency-domain analysis is not necessary. Fig. 9 shows the
processing results of the incident signal characterized by a
frequency of 15 kHz.

Fig. 9(a) shows the original signal received by the cold
seep sonar. Fig. 9(b) shows the filtering result of the original
signal, which can significantly reduce the biological noise
interference in the deep scattering layer (DSL). Fig. 9(c)
shows the envelope of the denoised signal. Fig. 9(d) shows the
scattering intensity of each sampling point after compensating
for the receiving sensitivity, preamp gain, filter processing
gain, and the other parameters of the transducer. Here, the red
ellipse marks the scattering intensity generated by the plume,
and the green ellipse marks the scattering intensity generated
by the seafloor.

The complete scattering intensity of one Ping can be
obtained through the above data processing steps. After splic-
ing the scattering intensities of multiple Pings according to
the time order, the acoustic section image of size [N ×
M] can be obtained, where N represents the number of
sampling points per Ping and M represents the total number of
Pings.
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Fig. 9. Sonar echo signal processing results. (a) Original waveform.
(b) Filter denoising waveform. (c) Waveform envelope. (d) Scattering intensity
distribution.

C. Acoustic Feature Extraction and Recognition

To calculate the scattering intensity accurately of subma-
rine cold seep, recognizing the section image and extracting
features of the cold seep are necessary. The essence of the
acoustic section image of the submarine cold seep is the
grayscale image between 0 and 255, and different targets are
distinguished by different brightness.

1) Preprocessing: Since the edge of the bubble plume is not
obvious enough compared with the background water body,
to highlight the ambiguous edge and improve the contrast
between the bubble plume and the water body, homomorphic
filtering is used to process the image. The homomorphic filter-
ing is based on the synthetic imaging principle of the amount
of source illumination i(x, y) and the reflectance component
r(x, y), and the image f (x, y) can be represented [26]

f (x, y) = i(x, y)r(x, y). (9)

The relative change of i(x, y) in the image f (x, y) is
small, which can be seen as the low-frequency component.
The reflectance component r(x, y) is the high-frequency com-
ponent. To eliminate the influence of the uneven distribu-
tion of the amount of source illumination, the low-frequency
component is reduced, and the high-frequency component is
increased in frequency-domain processing, which can achieve
the purpose of sharpening the edge. The Gauss high-pass filter
is selected as the transfer function of the homomorphic filter

H = ( f2 − f1)

�
1 − e

−cD2

D2
0



+ f1. (10)

Here, f2 and f1 are adjustment coefficients, representing
high-frequency gains and low-frequency gains, respectively;
the constant c is used to control the sharpening of the slope;
D0 is the cutoff frequency; and D represents the Euclidean
distance of each image pixel from the center of the image

D(x, y) =
�

(x − 	M/2
)2 + (y − 	N/2
)2 (11)

where 	∗
 means round down.

Fig. 10 shows the results of homomorphic filtering for an
incident frequency from 14 to 19 kHz. It can be seen that the
homomorphic filter can effectively enhance the image part of
the bubble plume and make its edge clearer, which provides
convenience for observation.

2) Boundary Extraction: As mentioned before, DSL does
exist between the sea surface and the seafloor [27], its intensity
is lower than the seafloor and the sea surface, about the same as
the cold seep bubble, which adversely affects the identification
of cold seep. Therefore, the detection and segmentation of the
seafloor and the DSL is an important link in the identification
of cold seep. The processing of the region growing method is
based on the continuity and adjacency between image regions
or image regions, that is, an image segmentation algorithm
based on the image region feature. Select a point or an area
in the image, make it grow according to certain rules, and
divide the areas with different feature attributes in the image
[28]. Since the seafloor and the DSL have the characteristics of
clear and continuous boundaries in the acoustic section image,
theoretically, the boundaries can be perfectly segmented by
using the regional growth method with a suitable threshold as
the growth judgment rule.

Fig. 11 shows the boundary extraction diagram using
the region growing method at the incident frequency of
14–19 kHz. The black parts are the seafloor part and the DSL
part divided according to the growing rule, and the red lines
are the dividing lines extracted based on the growth result.
It can be seen that the seafloor and the DSL can be effectively
identified, and the boundaries are obvious.

3) Identification: Part of the acoustic section image between
the seafloor and the DSL is preserved to eliminate the difficulty
in identifying cold seep bubbles caused by the echo intensi-
ties. The identification uses the particle swarm optimization
algorithm [29]. The basic idea is to find the optimal solution
through cooperation and information sharing among individu-
als in the group.

Since each pixel in the acoustic section image is represented
by a gray value from 0 to 255, the initial population number
is defined as �, the particle position Xk is defined as an array
of [�× 2], and k is the number of iterations, k = 0, 1, . . . ,K .

After the iteration starts, first, calculate the probability

m(m = 0, 1, . . . , 255) of each grayscale. The fitness function
F(ξ) is defined as

F(ξ) =
2�
0

ρr,l (12)

ρr,l = ωr · ωl · (σr − σl)
2. (13)

Here, r = 0, 1, 2; l = 0, 1, 2; r �= l; ξ = 1, 2, . . . ,�;
and ω0, ω1, and ω2 are defined as the probabilities of the
acoustic section image in the pixel range [0, χ], [χ+1,β], and
[β +1, 255], respectively. χ = Xk(ξ, 1) and β = Xk(ξ, 2). σ0,
σ1, and σ2 are defined as the ratio of the expected E(μ) to
the sum of the probability of the acoustic section image in the
pixel range [0, χ], [χ + 1,β], and [β + 1, 255], respectively

σμ = E(μ)

ωμ
. (14)
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Fig. 10. Preprocessing results of cold seep sonar grayscale image. (a) Origi-
nal Image of 14 kHz. (b) Homomorphic filtering image of 14 kHz. (c) Original
image of 15 kHz. (d) Homomorphic filtering image of 15 kHz. (e) Original
image of 16 kHz. (f) Homomorphic filtering image of 16 kHz. (g) Origi-
nal image of 17 kHz. (h) Homomorphic filtering image of 17 kHz. (i) Original
image of 18 kHz. (j) Homomorphic filtering image of 18 kHz. (k) Original
image of 19 kHz. (l) Homomorphic filtering image of 19 kHz.

Fig. 11. Extraction results of the seafloor line and the SDL. (a) 14 kHz.
(b) 15 kHz. (c) 16 kHz. (d) 17 kHz. (e) 18 kHz. (f) 19 kHz.

Here, μ = 1–3. After K iterations, the optimal position YK

of the particle swarm is obtained, and the acoustic image of
the cold seep can be expressed as

Imageu,v =

⎧⎪⎪⎨
⎪⎪⎩

255, Imageu,v ≥ Yk(1, 2)

�
YK

2
, YK (1, 1) < Imageu,v < YK (1, 2)

0, Imageu,v ≤ YK (1, 2).

(15)

After the particle swarm optimization algorithm processes,
the cold seep image is represented by up to three values: 0,�

YK /2, and 1, which were described as black, gray, and
white in the figure, respectively, as shown in Fig. 12, where
K = 200, and the particle swarm optimization algorithm can
accurately identify the cold seep and its shape from the water
body.

D. Scattering Intensity Calculation
The measurement of the scattering intensity of the acoustic

image was carried out after target identification and feature
extraction. According to the signal processing and feature
extraction methods presented in Sections IV-B and IV-C, the
echo data of the incident acoustic wave at frequencies of
14–19 kHz were processed, and the particle swarm algorithm
was used to identify and extract the outline of cold seep
bubbles. The processing results are shown in Fig. 13.

After the boundary of the bubble plume is extracted, its
echo signal effective values can be calculated, which is directly
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Fig. 12. Cold seep plume identification results. (a) 14 kHz. (b) 15 kHz.
(c) 16 kHz. (d) 17 kHz. (e) 18 kHz. (f) 19 kHz.

related to the calculation of target scattering intensity. Analyze
the data under the same depth profile at different frequencies
so that the effective value of the echo signal is more com-
parable. Fig. 14 shows the cross-sectional image of the echo
signal effective values under the depth ranging from about
700 to 850 m.

The calculation method of the cross-sectional image is to
calculate the average value of echo signal effective value in
the range of the bubble plume outline at different depths under
the same indicate frequency, and next, calculate the target
scattering intensity according to the working parameters of the
cold seep sonar at different frequencies in the test. In Fig. 14,
the x-axis represents the depth of the lateral profile of the
plume and the y-axis represents the echo signal voltage. The
blue dots represent the effective values of the echo signal,
which is related to RX, and the red line represents the fitting
result of the effective values of the echo signal. Table III
presents the parameter settings of the cold seep sonar at each
incident frequency in the detection experiment.

Here, RX is the echo level of the transducer array, SRX is
receiving sensitivity of the transducer array, G is the receiver
gain, SL is the source level of the acoustic emission signal,
20lgr is the spread loss, 2rα is the absorption loss, 10lg(cτ/2)
is the pulsewidth gain, and 10lg(θvθhπ/4) is the transceiver
combined gain. According to (6) presented in Section II-B, the
measurement results of the scattering intensity of the cold seep
were calculated and compared with the results of theoretical
analysis of the acoustic scattering characteristics of the bubble
calculated by (2). This comparison is presented in Fig. 15.

Fig. 13. Cold seep plume contour extraction results. (a) 14 kHz. (b) 15 kHz.
(c) 16 kHz. (d) 17 kHz. (e) 18 kHz. (f) 19 kHz.

TABLE III

SONAR PARAMETERS SETTING

The blue solid line represents the ideal scattering intensity,
where the damping constant of the bubble vibration δ = 0; the
red dotted line represents the scattering intensity with strong
damping where δ = 0.20, and the black star points represent
the scattering intensity measurement results of the cold seep.
It can be seen from the figure that the experimental results
(black dots) are generally consistent with the distribution of the
scattering intensity with damping (red dotted line). In addition,
the scattering intensities of theory, damp, and experiment
are shown in Table IV, the measurement error, that is, the
difference between the experimental scattering intensity and
damping scattering intensity is between −3.06 and 0.07 dB,
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Fig. 14. Cross-sectional image of the echo signal. (a) 14 kHz. (b) 15 kHz.
(c) 16 kHz. (d) 17 kHz. (e) 18 kHz. (f) 19 kHz.

Fig. 15. Theoretical analysis of scattering intensity and comparison of
experimental results.

which further verifies that the cold seep bubble has frequency-
selective characteristics for the incident acoustic wave, that is,
the closer the incident frequency is to the resonance frequency,
the larger the scattering cross section, and the stronger the
scattering intensity.

Compared with other methods, such as bubble cameras,
laser scanning, and quantitative echo sounder carried by the
submarine vehicle [1], [30]–[32], the cold seep sonar devel-
oped in this article does not need to be carried into the deep
sea by the submersible and can be installed on a surface boat
to detect the cold spring plume in a wide water area, so it has

TABLE IV

STATISTICS OF SCATTERING INTENSITY

the advantages of convenience, efficiency, rapid deployment,
high integration, and low cost.

V. CONCLUSION

The cold seep sonar is designed in this article to measure
bubble plume and verify the scattering properties of sound
waves by the cold seep bubble. The cold seep located in
the northern South China Sea was investigated and measured,
and through the processing of the experimental echo data, the
cold seep was identified successfully, which can be verified
that the bubble has the strongest scattering power and the
sonar has the best detection capability when the incident
frequency is equal to the resonance frequency. In addition,
the measured tests of the incident acoustic wave under the
different frequencies were carried out, the experimental results
were consistent with the theoretical analysis, and the maximum
measurement error is −3.06 dB. This article only identifies the
approximate shape of the bubble plume. In the future, other
characteristic parameters will be measured or calculated, and
the 3-D graphics of the cold seep will be further extracted to
provide users with more intuitive cold seep information and
realize the acoustic expression of the submarine cold seep.
The measurement model also needs to be further modified to
adapt to the situation of inhomogeneous cold seep media in
the follow-up research. In addition, the cold seep sonar will
be optimized and miniaturized to make it more portable and
easier to install.
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