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Abstract The near-seabed multichannel seismic exploration systems have yielded remarkable successes in marine geological disaster
assessment, marine gas hydrate investigation, and deep-sea mineral exploration owing to their high vertical and horizontal resolution.
However, the quality of deep-towed seismic imaging hinges on accurate source-receiver positioning information. In light of existing
technical problems, we propose a novel array geometry inversion method tailored for high-resolution deep-towed multichannel seis-
mic exploration systems. This method is independent of the attitude and depth sensors along a deep-towed seismic streamer, accounting
for variations in seawater velocity and seabed slope angle. Our approach decomposes the towed line array into multiline segments and
characterizes its geometric shape using the line segment distance and pitch angle. Introducing optimization parameters for seawater
velocity and seabed slope angle, we establish an objective function based on the model, yielding results that align with objective reality.
Employing the particle swarm optimization algorithm enables synchronous acquisition of optimized inversion results for array geometry
and seawater velocity. Experimental validation using theoretical models and practical data verifies that our approach effectively en-
hances source and receiver positioning inversion accuracy. The algorithm exhibits robust stability and reliability, addressing uncer-
tainties in seismic traveltime picking and complex seabed topography conditions.

Key words high-resolution deep-towed multichannel seismic exploration; source-receiver positioning; array geometry inversion;

seawater heterogeneity; seabed slope angle

1 Introduction

Marine high-resolution multichannel seismic exploration
serves as an effective method for elucidating the structural
characteristics of shallow seabed sediments and quantify-
ing their physical properties. This approach has demonstra-
ted remarkable efficacy in marine geological disaster as-
sessment, marine gas hydrate investigation, and deep-sea
mineral exploration (Chapman et al., 2002; He et al.,
2007; Vanneste ef al., 2014; Clare et al., 2017; Wei et al.,
2018; Hutapea et al., 2020; Xing et al., 2021). With the
increasing demand for resources, particularly in the ex-
ploration and development of deep-sea resources such as
gas hydrates, polymetallic nodules, cobalt-rich crusts, and
deep-sea rare earth elements, the importance of this endea-
vor has been underscored.

Traditional high-resolution multichannel seismic explo-
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ration deploys seismic sources and streamers on the sea
surface, leading to attenuation of high-frequency source
energy by the seawater layer and impacting the lateral re-
solution of seismic prospecting (Breitzke and Bialas, 2003).
Consequently, since the 1980s, near-seabed multichannel
seismic exploration technology involving the towing of
seismic high-frequency sources and streamers near the sea-
bed has been developed for deep-water working environ-
ments. This approach reduces the first Fresnel zone radius,
mitigates high-frequency energy attenuation, and enhances
both vertical and horizontal resolution, addressing limita-
tions of conventional high-resolution multichannel seis-
mic exploration methods (Colin et al., 2020a).

Recent years have witnessed the development of vari-
ous near-seabed multichannel seismic exploration systems,
including the Deep-Towed Acoustics/Geophysics System
(DTAGS) by the United States (Gettrust et al., 2004), the
SYstéme SIsmique de Fond (SYSIF) by France (Marsset
et al., 2010; Marsset et al., 2014), and the Kuiyang ST2000
by China (Pei et al., 2022). These systems have proven suc-
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cessful in evaluating gas hydrate systems (Talukder et al.,
2007; Wood et al., 2008; Kong et al., 2012; Ker et al.,
2014), characterizing free gas and gas chimneys (He et al.,
2009; Riboulot et al., 2018; Colin et al., 2020b), identi-
fying pockmarks (Riboulot et al., 2013), and assessing
submarine landslide hazards (Ker et al., 2010, 2012; Marsset
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et al., 2010). Although both DTAGS and SYSIF use a
Helmholtz resonant cavity as a deep-towed seismic source,
the Kuiyang ST2000 (Fig.1), the focus of this study, in-
novatively adopts a plasma sparker source, offering advan-
tages such as a higher sound source level and broader fre-
quency band (Pei et al., 2022).

Fig.1 Deep-towed vehicle of the Kuiyang ST2000. (a), schematic; (b), actual picture.

Ensuring equipment safety and exploration quality ne-
cessitates continuous adjustment of the towing depth for a
near-seabed multichannel seismic exploration system to
maintain a working altitude within a certain range, typi-
cally 100—150m above the seabed. The dynamic changes
in the depth of the deep-towed seismic source and the array
geometry of the streamer, influenced by ocean currents, buo-
yancy of the towed line array, and adjustments to towing
depth, pose significant challenges in obtaining accurate
source-receiver positioning information in deep water.

The acquisition of precise source-receiver positioning
is a critical prerequisite for achieving in-phase stacking of
effective seismic reflection waves in subsequent process-
ing (Liu et al., 2022), particularly in high-resolution mul-
tichannel seismic exploration. Slight errors in source-re-
ceiver positioning can lead to hyperbolic distortion of seis-
mic reflection waves, causing defocusing of the velocity
spectrum during velocity analysis, destructive interference in
the stacking process, and ultimately, seismic imaging pro-
files with suboptimal signal-to-noise ratios and resolutions.

In recent efforts to improve seismic imaging quality and
maximize the exploration potential, scholars have proposed
various source-receiver positioning methods suitable for
near-seabed multichannel seismic exploration systems. For
instance, in the case of DTAGS, configured with four
engineering nodes along the towed line array, Rowe and
Gettrust (1993) utilized linear interpolation based on depth
measurements from the engineering nodes to obtain recei-
ver positions in each shot gather. However, this method
fell short of the accuracy needed for reconstructing the
non-linear array geometry. Walia and Hannay (1999) cal-
culated source and receiver depths based on the propaga-
tion path and travel time of sea-surface reflections, con-
straining the non-linear array geometry. On this basis, He
et al. (2009) performed optimal inversion of engineering
node positions using a genetic algorithm and derived array
geometry through polynomial interpolation. For SYSIF,
equipped with attitude sensors at each receiver point, Mar-
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sset et al. (2014, 2018) reconstructed the array geometry on
the basis of the local pitch angle measurements along the
seismic streamer to obtain the absolute positions of the
source and receiver points. Based on the direct wave and
seafloor reflection travel time, Colin et al. (2020a) used
pitch angle measurements as initial values. They then sol-
ved the inverse problem with a local optimization method,
effectively correcting the pitch angle parameters and miti-
gating the impact of errors in attitude sensor measure-
ments. In summary, most existing techniques rely on atti-
tude or depth sensor measurements of the deep-towed seis-
mic streamer, overlooking the impact of heterogeneous seis-
mic velocities in seawater. This oversight can lead to in-
accurate source-receiver positioning, impacting the signal-
to-noise ratio and resolution of deep-towed seismic im-
aging and potentially causing structural artifacts.

The data processing of a near-seabed multichannel seis-
mic detection system differs from conventional high-reso-
lution seismic data processing. In conventional high-reso-
lution multichannel seismic exploration systems, shot points
and receiver points typically remain on a relatively con-
stant datum. However, in the case of a deep-towed mul-
tichannel seismic exploration system, the relative position
relationship between the source and receivers undergoes
dramatic changes. Accurate positioning information be-
comes paramount for exact corrections of source and re-
ceiver positions in subsequent processing, facilitating the
restoration of hyperbolic characteristics in deep-towed
multichannel seismic data to ensure focused velocity spec-
tra. These steps are necessary to obtain fine and precise ve-
locity structures, leading to the acquisition of high-quality
seismic imaging profiles and information on the physical
parameters of the stratigraphy.

To address these technical problems, we propose a new
array geometry inversion method for deep-towed multi-
channel seismic exploration systems. This method is ground-
ed in the direct wave, sea-surface reflection, and seafloor
reflection travel times. It operates independently of the
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attitude and depth sensors deployed along the deep-towed
seismic streamer. Leveraging the particle swarm optimi-
zation algorithm, the objective function can be solved to si-
multaneously acquire optimized inversion results for ar-
ray geometry and seawater velocity. Through experiments
utilizing theoretical models and practical data, this study
verifies that the proposed method can effectively improve
the inversion accuracy of source and receiver positioning
in deep-towed multichannel seismic exploration systems.
The algorithm demonstrates robust stability and reliability,
effectively addressing uncertainties in seismic travel time
picking and complex seabed topography conditions.

2 Methods

2.1 Conventional Source-Receiver Positioning Method

To reconstruct the geometric shape of the array in a
near-seabed multichannel seismic exploration system, we
establish the relationship between the source and receiver
locations and the travel time of the direct wave and sea-
surface reflection, as shown in Fig.2. Utilizing seismic
ray theory, the conventional source-receiver positioning
method (Wei et al., 2020) is applied to determine the lon-
gitudinal and transverse deviations of each receiver point
relative to the source, expressed by Eq. (1).

9 Sea surface

Sea-surface reflection

@ Deep-towed seismic source

"=, Deep-towed seismic streamer

z

Fig.2 Schematic of the propagation path of the sea-surface
reflection of the deep-towed multichannel seismic explora-
tion system.
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where S, is the depth of the deep-towed seismic source at
the current shot point, £,°-° and #,%°™ are the observed
values of the travel time of the direct wave and sea-sur-
face reflection recorded at each receiver point, respec-
tively, v,, is the seawater velocity, X, and Z, are the hori-
zontal and vertical offsets of receiver point r relative to
the shot point, respectively, and N is the total number of
receiver points of the deep-towed seismic streamer. In pre-
vious studies, the measured value of an expandable con-

ductivity-temperature-depth probe was commonly adopted

N, (D

as the reference value for seawater velocity. However, ow-
ing to the seawater heterogeneity, obtaining an appropriate
seawater velocity for the entire deep-towed multichannel
seismic survey line is often challenging.

2.2 Proposed Source-Receiver Positioning Method

The conventional method overlooks the constraints im-
posed by fixed channel spacing and the smooth curvature
of the deep-towed seismic streamer. To address these limi-
tations, in the two-dimensional case, a towed line array
consisting of a deep-towed seismic source and streamer
can be divided into multiple line segments using the posi-
tions of each receiver point as nodes. Based on the length
and pitch angle of each line segment, the horizontal and
vertical offsets of each receiver point to the shot point can
be expressed as

X, =16‘+l1 cos 6,
Z :lg +1, sin 6,

, L r=23,
Xr =X1 +Zi=21cos¢9i

N, Q)

Z =7+, Isin6,

where /" and /,° are the horizontal and vertical offsets of
the deep-towed seismic source from the towing point of
the deep-towed streamer, respectively. /; is the distance
between the towing point and the first receiver point; / is
the group interval; and &, and 6, are the pitch angles of the
ith and the first line segment, respectively. X, and X; are
the horizontal offsets of the rth and the first receiver points
from the shot point, respectively, and Z, and Z; are the
vertical offsets of the 7th and the first receiver points from
the shot point, respectively. N is the total number of re-
ceiver points of the deep-towed seismic streamer.

In addition to the direct wave and sea-surface reflection,
this study introduces the traveltime of the seafloor reflec-
tion to jointly constrain the array geometry inversion of a
deep-towed multichannel seismic exploration system, con-
sidering the influence of relatively complex submarine to-
pography. Based on the schematic diagram of the propaga-
tion path of the seafloor reflection under the condition of
a sloped seabed (Fig.3), the expression of the travel time
of the direct wave, sea-surface reflection, and seafloor re-
flection acquired by each receiver point within a shot ga-
ther is:
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where S, and H; are the depth and altitude of the deep-
towed seismic source at the current shot point, respectively;
o and v, are the seabed slope angle and seawater velocity
at the current shot point, respectively; X, and Z, are the ho-
rizontal and vertical offsets of the rth receiver point from
the shot point, respectively. £, £, and #,”* are the
theoretical traveltimes of the direct wave, sea-surface re-
flection, and seafloor reflection recorded at the rth receiver
point, respectively; N is the total number of receiver points
of the deep-towed seismic streamer; and Xr*, Z,*, and H_Y,*
are intermediate quantities in the calculation.

For the slope angle a of the actual seabed topography,
we first calculate the submarine depth at each shot point

using depth and altitude measurements of the deep-towed
seismic source. Subsequently, the submarine depth varia-
tion curve is fitted to a straight line within a specified cal-
culation window. Typically, this window is set to a specific
length, such as half the length of the deep-towed seismic
streamer, along the horizontal survey line. The acquired
straight line facilitates the calculation of the seabed slope
angle related to each shot point through a sliding calcula-
tion window.

On the basis of Egs. (2) and (3), the objective function
for array geometry inversion in a deep-towed multichannel
seismic exploration system under complex seabed topo-
graphy conditions can be expressed as

é — arg moinziil{(trD_Ca] (0) _trD_ObS )2 + (t;S'_cal (0) _tf_ObS)Z + (t:?_Ca] (0) _ZrF_ObS )2} , (4)

where 0 = [6), 65, 65, ", Oy]" is the pitch angle of each line
segment of the deep-towed seismic streamer; 7 is the re-
ceiver point number, and N is the total number of receiver
points. £°-(6) and £,°-°* are the theoretical and ob-
served values of the direct wave traveltime recorded by
the rth receiver point, respectively; £,°-°"(6) and #,5°" are
the theoretical and observed values of the sea-surface
reflection traveltime recorded by the rth receiver point,
respectively; and 1" <al@) and " are the theoretical
and observed values of the seafloor reflection travel time
recorded by the rth receiver point.

v . @ Deep-towed seismic source

"=+ Deep-towed seismic streamer

Fig.3 Schematic of the propagation path of the seafloor
reflection of the deep-towed multichannel seismic explo-
ration system.

Given the significant influence of seawater velocity on
the accuracy of geometry inversion in a towed line array,
particularly due to its lateral variation, we optimize v,, be-
tween 1480ms ' and 1500ms ', as expressed in Eq. (5).

v, =1490+10sin 6, , . 5)
On the basis of Egs. (2)—(5), the particle swarm optimi-
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zation algorithm is used to solve the objective function. The
simultaneous inversion of the array geometry characteri-
zation parameters and the seawater velocity correction pa-
rameter can then be implemented to obtain accurate source-
receiver positioning results for the deep-towed high-reso-
lution multichannel seismic exploration system.

3 Numerical Experiments

To verify the effectiveness of the proposed method, we
conduct numerical experiments by simulating the geome-
tric shape of a towed line array during the operation of a
deep-towed multichannel seismic exploration system. We
generate 200 different array geometry models, each with
randomly assigned model parameters, including seawater
velocity, depth and altitude of the deep-towed source, and
seabed slope angle.

Adhering to the engineering design parameters of the
Kuiyang ST2000, the total number of receivers on the
deep-towed seismic streamer is set to 48. The horizontal
offset between the deep-towed source and the towing point
of the seismic streamer is 2.0m, with a vertical offset of
0.6 m. The interval distance between adjacent receivers
along the cable is 3.125m. To effectively characterize the
geometric shape of the seismic streamer, the segment be-
tween the towing point and the first receiver point, span-
ning 12.5m, is divided into four segments of 3.125m each.
Consequently, three pitch angles are added to the pa-
rameters for optimization (8=[6,, 6,, 65, ", 0s,]"), where
01, 0,, 65, """, Bs; are the pitch angles of the 51 segments of
the deep-towed seismic streamer, and s, is the optimiza-
tion parameter of the seawater velocity at the current shot
point. The random geometry models of the towed line array
(Fig.4) are generated by assigning pitch angles and intro-
ducing a random variable to the previous pitch angle. The
range of this random variable is from —5° to 5°. Fig.5 dis-
plays the random values of the relevant working condition
parameters for the 200 simulation models. Among these,
the seawater velocity ranges from 1485ms ' to 1495ms ',
and the depth and altitude of the deep-towed seismic source
range from 1000m to 2000m and from 100m to 200 m,
respectively. Considering the safety of the deep-towed mul-
tichannel seismic exploration system, the slope of the sea-
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floor typically exhibits a gentle slope along the survey line,
with the range of the submarine slope angle parameter span-
ning from —3° to 3°.

According to the parameters of the simulated geometry
models of the towed line array, we calculate the travel
times of direct waves, sea-surface reflections, and sea-
floor reflections. In practical scenarios, seismic travel time
picking is susceptible to errors owing to the influence of
the signal-to-noise ratio and source wavelet characteristics.
To simulate this, picking uncertainties of 0.25, 0.50, 0.75,
and 1.00ms are intentionally introduced to the calculated
seismic traveltimes in the experiment, with the travel time
errors following a normal distribution. Fig.6 is the sketch
map of the source and receiver positions for the No. 105
simulation model. The corresponding seabed slope angle
is 2.31°, the source altitude is 137.09m, and the seismic
velocity of the seawater is 1488.54ms . Fig.7 shows the
theoretical travel times and simulated travel time picking
values under different picking uncertainties for the direct
wave, seafloor reflection, and sea-surface reflection related
to the No. 105 simulation model. Figs.7a—7d present the
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Fig.4 Schematic of the 200 randomly generated geometry
simulation models of a towed line array. Different simula-
tion models are color-coded.
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Fig.5 Random values for the relevant working condition parameters of the 200 simulation models. The blue, green, yellow,
and red lines correspond to the seawater velocity, source depth, source altitude, and slope angle, respectively.

1120%
e 1100
g
= 1124
=9
i+
Q 1126

1128 F

¥ Source
—— Seismic streamer with receiver

020 40 60 80

00120 140160 180

Horizontal distance (m)

Fig.6 Plot of the source and receiver positions of the No. 105 simulation model. The red line represents the geometry of the
deep-towed multichannel seismic streamer, and the dots are the 48 receivers along the streamer.
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Fig.7 Simulated seismic traveltime picking under different picking uncertainties of (a) 0.25 ms; (b) 0.50ms; (c) 0.75 ms, and
(d) 1.00ms. The red, black, and green lines are the theoretical travel times, travel time picking values, and relevant travel
time picking errors, respectively. The dot, square and triangle represent the direct wave, seafloor reflection and sea-surface

reflection, respectively.

Utilizing the simulated models and relevant traveltime
picking data mentioned earlier, we employ five distinct
inversion strategies to reconstruct the array geometry for
all the simulation models. For ease of comparison in sub-
sequent discussions, we assign names to the test groups cor-
responding to different inversion strategies. Group 1 em-
ploys a conventional method, utilizing accurate seawater
velocity information. Group 2 adopts the same convention-
al method but assumes a fixed and inaccurate seawater
velocity of 1490ms™". In Group 3, the proposed method
is utilized, with the removal of the seafloor reflection
travel time error term from the objective function. The
seawater velocity v, is fixed at 1490ms™', as in Group 2,
mirroring Group 2 and disregarding variations in seawater
velocity. Group 4 tailors the objective function of the pro-
posed method for horizontal seabed conditions by setting
the seabed slope angle o to 0°. Lastly, Group 5 implements
the approach proposed in this study, which considers sea-
water heterogeneity and is suitable for a sloping seabed.

Fig.8 shows the results of geometric shape inversion
for the No. 105 simulation model obtained using the afore-
mentioned five inversion strategies. Figs.8a—8d depict the
positioning outcomes of receivers under varying travel
time picking uncertainties (0.25, 0.50, 0.75, and 1.00 ms).
The corresponding analysis of positioning errors for each
receiver point is presented in Fig.9. As shown in Figs.8
and 9, the seawater velocity of Groups 2 and 3 is 1490m

@ Springer

s ', but the actual velocity of this model is 1485.54ms .
Therefore, inaccurate seawater velocity information leads
to large positioning discrepancies between the calculated
results and actual values. The average positioning error for
receiver points in Groups 2 and 3 ranges from approxi-
mately 2.2 to 2.4m. Conversely, Group 1, utilizing the real
seawater velocity parameter, achieves positions close to
reality. However, owing to the absence of considerations
for fixed channel spacing and curvature smoothing in the
deep-towed seismic streamer, Group 1 is susceptible to
travel time picking errors. As the picking uncertainty in-
creases, the fluctuation in the receiver point positioning
errors becomes larger. Moreover, the conventional method
employed in Group 1 fails to align with the actual scena-
rio in the No. 105 simulation model, given the absence of
accurate seawater velocity and seismic travel time picking
values. The seabed of this model exhibits a known tilt with
a slope angle of 2.31°. The inversion strategy of Group 4,
tailored for horizontal seabed conditions, results in inac-
curate seawater velocity and array geometry inversion out-
comes. As the offset increases, positioning errors for far-
offset receiver points become more pronounced, with an
average positioning error of approximately 3.2m for Group
4. Among the five test groups, the geometric shape inver-
sion of Group 5 for the deep-towed seismic streamer aligns
most closely with reality. The average positioning error
for receivers in Group 5 is merely 0.29m when the pick-
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ing uncertainty is set to 1.00 ms. Consequently, the ap-
proach proposed in this study demonstrates commendable

inversion accuracy, reliability, and an ability to address sub-
stantial travel time picking errors.
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Fig.8 Comparison diagram of the array geometry inversion results of the No. 105 simulation model under different picking
uncertainties of (a), 0.25ms; (b), 0.50ms; (c), 0.75ms; (d), 1.00 ms.
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Fig.9 Comparison diagram of the receiver positioning errors of the No. 105 simulation model under different picking un-
certainties of (a), 0.25ms; (b), 0.50 ms; (c), 0.75 ms; (d), 1.00 ms.

Fig.10 compares the seawater velocity optimization re-
sults of the 200 simulation models under a picking uncer-
tainty of 1.00ms. When considering the randomly gene-
rated seabed slope angle cases depicted in Fig.5, we can
see that although the seabed slope angle varies only be-
tween —3° and 3°, the objective function applying only to

the horizontal seabed assumption cannot guarantee the pre-
cision of the synchronous inversion of seawater velocity
and source-receiver position.

The experimental results of the 200 simulation models

are statistically analyzed, as shown in Fig.11. Fig.11a shows
the average positioning error of the array geometry inver-
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Fig.10 Seawater velocity optimization results under a picking uncertainty of 1.00 ms.
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Fig.11 Statistical and comparative evaluation of simulation model test results. (a), the average positioning errors of receiver
inversion results of all simulation models under different picking uncertainties; (b), the cumulative distribution function of
positioning errors for different methods under a picking uncertainty of 1.00 ms.

sion results for all simulation models under different pick-
ing uncertainties. As an example, Fig.11b shows the cu-
mulative distribution function of the positioning errors for
receivers under different approaches, focusing on the re-
sults with a picking uncertainty of 1.00ms. These findings
in Fig.11 affirm that the proposed method, characterized by
low dependence on both the initial model and travel time
picking precision, proves applicable to the inversion of the
geometric shape of the deep-towed seismic streamer under
various working conditions. The inversion results exhibit
high accuracy and stability.

4 Application Results

A large number of simulation model tests validate that
the objective function formulated through the suggested
method comprehensively considers the influences of the
engineering design parameters of a deep-towed multichan-
nel seismic exploration system, seawater heterogeneity, and
seafloor topography. Thus, the particle swarm optimization
algorithm is employed to solve the objective function,
achieving source and receiver location information with high
accuracy and reliability. The practical application data for
this study are derived from a sea trial of the Kuiyang ST-
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2000 in the South China Sea. Part of the prestack shot
gathers within the shot number range of 4780—5000 are
utilized, with the relevant acquisition parameters detailed
in Table 1. The deep-towed source energy is 3000J, the shot
interval is 6.25m, the group interval is 3.125m, the mi-
nimum offset is 14.5m, the number of channels is 48, the
record length is 3000 ms, and the sampling rate is 8 kHz.

Table 1 Sea trial acquisition parameters of the

Kuiyang ST2000
Acquisition parameter Value
Energy of source 3000J
Shot interval 6.25m
Group interval 3.125m
Minimum offset 14.5m
Number of channels 48
Record length 3000 ms
Sampling rate 8kHz

Fig.12 shows the variation in depth and altitude of the
deep-towed source corresponding to each shot point posi-
tion. In the subsequent source-receiver positioning pro-
cessing, the smoothed depth and altitude are adopted to
calculate the seafloor depth variation, and the seabed slope
angles corresponding to each shot point position are ac-
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quired, as shown in Fig.13.
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Fig.12 Variation curves of the deep-towed source depth
and altitude.

Fig.14 shows the seismic travel time picking of partial
shot gathers (shot numbers 4785, 4835, 4885, 4935, and
4985) from the experimental data. On the basis of the
seismic travel time information, along with the depth and
altitude of the deep-towed source and the seabed slope
angle obtained from practical data, both conventional and
proposed methods are employed to conduct source-recei-
ver positioning of the deep-towed multichannel seismic
exploration system. Fig.15 shows the final solution results
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of the geometric shape of the towed line array correspond-
ing to the shot gathers in Fig.14, revealing distinctly dif-
ferent positioning results between the two methods. The
geometric shape of the deep-towed seismic streamer, ac-
quired using the proposed approach, exhibits a smoother
curvature, aligning more closely with the actual circum-
stances. Furthermore, the average errors between the theo-
retical travel times calculated using the array geometry
results via inversion of the proposed method and the prac-
tical travel time picking values of the direct wave, seafloor
reflection, and sea-surface reflection are 0.22, 0.19, and
0.17 ms, respectively.

1505F -
1507
g i r"-\'i 11
1 1509F A e
& 15— " 5

' <8 e S

2 153k - 0§
g e &
E 1515¢ 2
Z Ja

517 =+=-===- Submarine depth

1519F -+=-==-Slope angle

4780 4830 4880 4930 4980
Shot number

Fig.13 Variation in the seafloor depth and the estimation
of the seabed slope angle.
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Fig.14 Partial prestack shot gathers of Kuiyang ST2000 and relevant travel time picking of the direct wave, seafloor reflec-
tion, and sea-surface reflection. The red, blue, and green dotted lines represent the travel time picking values of the direct
wave, seafloor reflection, and sea-surface reflection, respectively.

In actual deep-towed seismic data processing, errors in
travel time picking values are inevitable, especially for
sea-surface reflections. As shown in Fig.14, the low sig-
nal-to-noise ratio of the sea-surface reflection poses chal-
lenges for accurate travel time picking. Consequently, the
geometric shapes resulting from inversion using the con-
ventional method exhibit non-smooth and distorted features
(Fig.15). Additionally, owing to the constant seawater ve-
locity assumed by the conventional method, the receiver
positioning results show vertical offsets compared to the
proposed method. The proposed approach, employing a
nonlinear optimization algorithm, effectively addresses pick-
ing uncertainty, yielding a geometric representation of the
deep-towed seismic streamer that aligns with objective rea-
lity. Considering the influence of seawater heterogeneity

on inversion, the seawater velocity relevant to each shot
gather is synchronously inverted, enhancing the precision
of source-receiver positioning.

Utilizing the source-receiver positioning information
obtained from both methods, floating datum correction (He
et al., 2009) is applied to the deep-towed multichannel
seismic prestack shot gathers, followed by velocity analy-
sis. As shown in Fig.16, the velocity spectrum obtained
using the proposed method exhibits superior focusing ef-
fects, contributing to the establishment of a refined velo-
city structure. Following normal moveout correction and
stacking processing with the stacking velocity derived from
the velocity spectrum, deep-towed seismic imaging pro-
files are generated (Fig.17). To facilitate a comparison of
the two methods, no additional trim static correction or
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poststack noise suppression is applied during processing,
except for the time shift to the sea surface. The results
affirm that the deep-towed seismic imaging profile obtain-
ed using the proposed method features clear and coherent
events, evident wave group characteristics, and markedly
improved signal-to-noise ratios and resolutions. However,
acknowledging the residual moveout, attributed to factors
like travel time picking errors, depth, and altitude mea-
surement errors, neglect of receiver offsets from the source
in the y-axis direction in 3D space, and others, these as-

pects must be addressed for further improvement. The
primary contributor to residual moveout appears to be er-
rors resulting from the approximate calculation of the sea-
bed slope angle. Consequently, enhancing the applicability
of the proposed method to significant changes in subma-
rine topography and conducting follow-up research on geo-
metric shape inversion for a deep-towed seismic streamer
applicable to arbitrary seafloor morphology should be pur-
sued in order to further enhance the accuracy and reliability
of source and receiver positioning.
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Fig.15 Geometric shapes of the practical data from inversion using the conventional and proposed methods. (a), shot num-
ber 4785; (b), shot number 4835; (c), shot number 4885; (d), shot number 4935; (e), shot number 4985.
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Fig.17 Deep-towed seismic imaging profiles of the experimental data comparing the quality of (a) the conventional method
and (b) the proposed method. (c) and (d) are partially enlarged sections from (a) and (b), respectively.

5 Conclusions

In addressing the challenge of achieving precise source-
receiver positioning for a deep-towed multichannel seismic
exploration system, the comparative analysis of simula-
tion models and practical data experiments between the
conventional method and the approach proposed in this
study leads to the following conclusions. The proposed
method strategically decomposes the line array, consisting
of a deep-towed seismic source and streamer, into multiple
line segments. It characterizes the geometric shape of the
towed line array based on the distances and pitch angles
of these line segments. Consequently, the objective func-
tion constructed using this model aligns with objective rea-
lity and significantly enhances the accuracy and reliability
of array geometry inversion, even in the presence of sub-
stantial picking uncertainty. Notably, the proposed method,
free from the need for auxiliary information from attitude
sensor measurements to address sensor drift and error ac-
cumulation, exhibits high inversion precision and stability.
The consideration of lateral seawater velocity heterogeneity
further contributes to its robust performance independently
of the initial model. The study findings underscore the
feasibility and applicability of the proposed procedure, par-
ticularly in addressing complex submarine topography con-

ditions through the incorporation of seabed slope angle
parameters.
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