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Abstract

Bubbles in submarine cold-seep plumes cause strong scattering, attenuation, and poor
continuity in water-column seismic responses, hindering continuous two-dimensional
characterization of acoustic properties. Using multichannel seismic data from the Shenhu
area, northern South China Sea, this study proposes a conductivity–temperature–depth
(CTD)-constrained, layer-wise two-angle allied elastic impedance (AEI) inversion method
to reconstruct water-column velocity. Based on the scattering-equivalent AEI theory, a
two-angle equation is derived for layer-wise estimation of water-column velocity, thereby
providing a theoretical basis for the subsequent inversion. A relative-amplitude-preserving
workflow mitigates bubble-induced attenuation and random scattering, while pre-stack
time migration produces common reflection point (CRP) angle gathers. Coherent scattered
energy after imaging is parameterized by the local scattering half-angle. Small-angle and
large-angle gathers are selected according to effective angular coverage for AEI inversion.
CTD-derived seawater velocity and density provide AEI constraints, and the normalized
two-angle AEI equation yields a continuous velocity section. Results show velocities of 1460–
1560 m/s, with pronounced vertical stratification, relatively weak lateral variation, and
agreement between inverted and CTD-derived velocity trends. Within the 0–1800 ms water-
column time window, the root-mean-square difference between the inverted and CTD-
derived velocities is 18.19 m/s. Combining the lateral continuity of multichannel seismic
data with high-accuracy CTD-derived physical-property constraints enables continuous
two-dimensional velocity reconstruction in bubble-scattering water columns and offers a
new approach for observing cold-seep velocity structure and geophysically characterizing
bubble-plume activity.

Keywords: cold seep plume; water-column velocity; allied elastic impedance (AEI); pre-
stack inversion; bubble scattering

1. Introduction
Gas hydrates are regarded as low-carbon, clean energy resources with substantial

development potential [1–4], and their occurrence is commonly associated with cold seep
activity [5,6]. Submarine cold seep systems are major pathways for the release of deep
hydrocarbon fluids, primarily methane. When high-pressure methane escapes from the
seafloor into the water column, it forms an ascending structure composed of numerous
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bubbles, referred to here as a cold seep plume [7–9]. Previous studies have shown that
this gas-release process is closely related to hydrate dissociation, deep-fluid migration,
and shallow seepage [5,7,10–12]. Plumes therefore provide direct evidence of seabed gas
seepage and also serve as indirect indicators for gas hydrate exploration and identifica-
tion [8,9,13,14]. Plume bubbles are strongly heterogeneous in space; their presence alters
water-column velocity and density and causes complex responses, including acoustic
scattering, resonance, and propagation attenuation [15–18]. Compared with identifying
only the external geometry of a plume, continuously estimating the acoustic properties
within the plume is more useful for analyzing the spatial coupling between bubble pertur-
bations and the background temperature–salinity structure. Water-column velocity is an
important physical parameter reflecting the combined effects of the temperature–salinity
background and bubble perturbations and is also a key parameter linking multichannel
reflection seismic observations to quantitative characterization of cold seep water columns.
Stable extraction of a continuous velocity field from complex scattering seismic responses
is therefore an important problem in studies of cold seep water-column acoustic structure
and seabed fluid activity and provides fundamental physical properties for subsequent
gas-content estimation [13,19].

Obtaining a continuous, high-resolution velocity field in a plume-bearing water col-
umn has long been challenging. Conventional physical oceanography and underwater
acoustics rely mainly on conductivity–temperature–depth (CTD) profilers and single-beam
or multibeam sonar. CTD measurements provide seawater temperature, salinity, and
pressure, from which high-accuracy velocity and density profiles can be calculated using
equations of state for seawater [20–22]. However, bubble distributions within cold seep
plumes are strongly heterogeneous and vary dynamically with time. CTD surveys are
essentially spatially discrete, single-station vertical observations and cannot capture the
complete, continuously evolving two-dimensional structure of a plume [23,24]. High-
frequency multibeam and side-scan sonar can delineate the external geometry of a plume at
high resolution, but their images primarily reflect the scattering of high-frequency acoustic
waves by bubbles. Strong attenuation of acoustic waves in bubble-rich media prevents
reconstruction of a macroscale absolute velocity field in the deeper water column along the
survey line [8,16,25–28]. The development of seismic oceanography provides a new per-
spective on this spatial limitation by using high-resolution multichannel seismic (MCS) data
to image water-column structures with dense, laterally continuous sampling [23,24,29–32].
Conventional water-column seismic studies generally use post-stack migrated sections.
Stacking discards dynamic pre-stack amplitude-versus-angle (AVA) information, making it
difficult to establish a stable relationship between seismic amplitude and water-column
physical properties. Consequently, continuous two-dimensional velocity inversion remains
difficult in water columns affected by complex bubble scattering [13,23,33–37].

Pre-stack methods preserve the dynamic variation of seismic amplitude with incidence
angle and offset. Fully exploiting AVA characteristics in MCS gathers therefore provides
an important basis for quantitative inversion of seawater physical properties [33–36]. Al-
though acoustic-impedance contrasts across water-column interfaces are small and the
associated reflections are weak, pre-stack amplitudes retain a clear angular dependence,
making inversion of acoustic properties from multi-angle amplitude responses possi-
ble. To overcome the limited spatial continuity of point measurements, wave theory and
pre-stack inversion have been introduced into water-column physical-property characteri-
zation. Related studies have rederived reflection-coefficient and impedance expressions
for water-column interfaces and proposed allied elastic impedance (AEI) theory for ma-
rine fluid media [33,34,36,38]. AEI uses multi-angle pre-stack amplitude information to
characterize changes in medium properties and quantitatively relates reflection angle
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and angle-dependent impedance to variations in seawater velocity and density. Existing
AEI frameworks, however, are mostly based on the assumption of a layered continuous
medium and are mainly used to characterize temperature–salinity variations and water-
column stratification under normal oceanographic conditions. Water columns in cold
seep areas are more complex: randomly distributed plume bubbles cause strong scatter-
ing, frequency-dependent attenuation, and redistribution of wavefield energy, producing
seismic responses typical of random heterogeneous media, including strong scattering,
poor continuity, and strong attenuation [15–18,26]. It therefore remains uncertain whether
coherent scattered components retained after common reflection point (CRP) imaging can
be parameterized effectively by a local scattering half-angle, whether the assumptions of
weak local perturbation, single scattering, and linearization remain applicable when these
components are incorporated into an AEI framework, and whether the resulting velocity
estimates are sufficiently stable and have clearly defined applicability limits.

To address these issues, this study develops a CTD-constrained, layer-wise two-angle
AEI velocity inversion method for plume-bearing water columns in cold seep areas using
MCS and CTD data from the Shenhu area of the northern South China Sea. The principal
contribution is the extension of pre-stack AEI inversion to heterogeneous water columns
associated with cold seeps and characterized by bubble scattering, amplitude attenuation,
and poor continuity. An integrated workflow combining relative-amplitude-preserving
processing, scattering-angle parameterization, layer-wise two-angle inversion, and CTD-
derived physical-property constraints is established to achieve continuous quantitative
characterization of a two-dimensional velocity field in a complex scattering water column.
First, starting from the applicability conditions of conventional water-column AEI, an
image-domain representation of the scattered wavefield and a CTD-constrained layer-
wise two-angle equation for water-column velocity are developed. Water-column interval
extraction, noise attenuation, deconvolution, amplitude compensation, and offset vector
tile (OVT)-domain pre-stack time migration are then used to obtain CRP angle gathers that
preserve relative amplitudes as closely as possible. Second, the angular response of the
coherent scattered component after imaging is represented by the local scattering half-angle,
and small-angle and large-angle data are selected by layer according to how their effective
coverage varies with two-way time. Third, CTD-derived velocity and density are used to
construct low-frequency AEI constraints, and the normalized two-angle AEI relationship is
used to recover a continuous two-dimensional velocity field. Finally, the inverted velocity
is compared with the CTD-derived velocity, and the effects of bubble scattering and CTD
constraints, together with the applicability and uncertainty of the method, are discussed.
Section 2 presents the theoretical relationship between the scattered wavefield of a plume
and AEI inversion and gives the normalized two-angle AEI equation for velocity recovery;
the complete mathematical derivation is provided in Appendix A. Section 3 introduces the
study area, MCS and CTD data, and the data-processing workflow. Section 4 describes the
scattering-angle-domain transformation and angular-coverage analysis, the construction
of CTD-derived AEI constraints and low-frequency models, the layer-wise two-angle
AEI inversion, the estimation of data-equivalent exponents, and the recovery of the two-
dimensional velocity field in the plume-bearing water column. Section 5 discusses the
comparison between inverted and CTD-derived velocities, the roles of bubble scattering
and the CTD low-frequency constraint, and the applicability conditions and principal
uncertainties. Section 6 summarizes the conclusions and application prospects.

2. Theoretical Background
Conventional reflection-based allied elastic impedance (AEI) and the scattering-

equivalent AEI used in this study both exploit the different angular weighting of velocity
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and density terms, but they differ in their underlying wavefields and observation rela-
tionships. Conventional AEI is defined directly from the specular reflection coefficient of
a continuous interface. The measured response of a cold seep plume is instead a super-
position of waves scattered within a perturbed region; only the coherent component that
retains angular continuity after relative-amplitude-preserving processing and common
reflection point (CRP) imaging can be parameterized as an equivalent AEI at the imaging
scale. Starting from the applicability conditions of conventional water-column AEI, this
section establishes an image-domain representation of the scattered wavefield and presents
a CTD-constrained layer-wise two-angle equation for water-column velocity. The complete
mathematical derivation is provided in Appendix A.

The seismic response of seawater is governed primarily by variations in P-wave ve-
locity and density. When property contrasts across an interface are small, the acoustic
Zoeppritz equation can be linearized [33,38]. The linearized relationship shows that the
density-term weight is independent of angle, whereas the velocity-term weight increases
with incidence angle. According to the definition of elastic impedance [33,34], the con-
ventional reflection-AEI relationship can be applied directly to reflection data because the
effective amplitude is controlled by the interface reflection coefficient, while the incidence
angle can be determined from a stable interface normal and the reflected raypath. In a cold
seep plume, however, the original amplitude is jointly controlled by volume scattering,
propagation attenuation, and illumination; it neither corresponds to a single interface
reflection coefficient nor has a stable interface normal. The conventional reflection-AEI
relationship therefore cannot be applied directly.

Individual bubbles cannot be resolved by seismic data. The weak perturbation con-
sidered here therefore refers to an effective perturbation at the seismic-wavelength and
CRP-grid scales. Under conditions of weak perturbations at the imaging scale and when
single scattering constitutes the dominant usable energy, the frequency-domain scattered
wavefield can be described within a linearized scattering framework [39–42]. OVT-domain
pre-stack time migration focuses coherent energy satisfying the propagation-traveltime
condition at the CRP location and forms an image-domain scattering response with trace-
able angular continuity [37,43,44]. Let γ denote the opening angle between the incident
and outgoing rays at an image point, and let the local scattering half-angle be θs:

θs =
γ

2
(1)

The opening angle γ is determined by the acquisition geometry, the background
migration velocity, and the imaging raypaths. For specular reflection, θs is identical to the
conventional incidence angle; for plume scattering, θs represents the local half-opening
angle and does not depend on a stable interface normal. Equation (1) corresponds to the
angle transformation and partial-angle stacking of the CRP angle gathers [37,43,44].

Under conditions of weak local effective perturbations and single coherent scattering,
and within the high-frequency local plane-wave approximation, the coherent scattering-
angle response and the effective property perturbations have an angular-weighting struc-
ture analogous to that of fluid reflection, but the two wavefield mechanisms are not identical.
Reflection AEI describes velocity and density changes across an interface and uses the
interface incidence angle, whereas scattering-equivalent AEI describes velocity and density
perturbations relative to the background model and uses the local scattering half-angle in
the CRP gather. The normalized scattering-equivalent AEI is

AEIeq
s (θs) = vrρe

(
ve

vr

)ms(θs)

(2)
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where ve and ρe are the effective velocity and density, respectively, of the plume-bearing
region at the imaging scale, vr is the reference velocity, and ms(θs) is the angular-weighting
term corresponding to the local scattering half-angle.

Equation (2) remains a physical-property parameterization. For the kth interval and
the jth scattering half-angle range, the three inputs to model-based inversion correspond
to the equation variables as follows: the angle-stacked data constrain the finite-band
variations in AEI; the angle-dependent wavelet represents the principal bandwidth and
phase effects; and the low-frequency model is constructed from the CTD-derived velocity
and density. The inversion unknown is the full-band AEI, rather than velocity and density
being estimated separately and directly from the seismic data. After obtaining the inverted
AEI trace, the data-equivalent exponent is estimated from the trace and CTD-derived
physical properties:

meq
j,k(t) =

ln AEIinv
s,j,k(t)− ln[vrρCTD(t)]

ln[vCTD(t)/vr]
(3)

The inputs to Equation (3) are, in sequence, the inverted AEI trace AEIinv
s,j,k(t) for the

selected angle range, the CTD-derived velocity vCTD(t), the CTD-derived density ρCTD(t),
and the reference velocity vr. Samples for which the denominator approaches zero are
excluded, and the robust mean of the valid samples within each interval is adopted as the
final meq

j,k.
In this study, CTD data are used to construct the low-frequency model, determine vr,

and estimate the data-equivalent exponent meq
j,k in Equation (3). The comparison between

the inverted velocity and the CTD-derived velocity is therefore an assessment of consistency
rather than a fully independent validation. For the kth interval, small-angle and large-angle
AEI values are obtained at the same image location. The two AEI datasets must correspond
to the same image location and use consistent relative-amplitude scaling, normalization,
and low-frequency background scales. Taking logarithms of the two AEI relationships and
subtracting them eliminates the common density term, which yields

ve = vr exp

[
ln AEIinv

s,2,k − ln AEIinv
s,1,k

meq
2,k − meq

1,k

]
(4)

All numerical inputs to Equation (4) are the small-angle and large-angle AEI inversion
results AEIinv

s,1,k and AEIinv
s,2,k, the corresponding data-equivalent exponents meq

1,k and meq
2,k,

and the reference velocity vr. Density ρe is no longer an explicit input; however, angle-
dependent amplitude-scaling errors are not eliminated together with the density term.
The two angle ranges selected for each interval must both have effective coverage and
traceable angular continuity and must retain a sufficiently large exponent difference. Layer-
wise angle selection therefore balances common coverage against velocity sensitivity. The
specific time intervals and angle ranges are determined from the CRP angle-gather coverage
statistics in Section 4.1.

3. Study Area and Data
This section introduces the study area, the original datasets, and the seismic-processing

workflow. Marine streamer MCS data are used, with processing designed to preserve weak
reflections, weak scattering, and local amplitude variations within the water column above
the seafloor, thereby providing a basis for CRP-gather generation, angle-gather extraction,
and AEI inversion.

3.1. Study Area and Original Data

The study area is located in the Shenhu area on the northern continental slope of
the South China Sea, between the Xisha Trough and the Dongsha Islands, and is an
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important region for gas hydrate exploration and cold seep research [45]. Tectonic evolution
of the northern South China Sea margin and deep-water sedimentation have produced
thick marine sedimentary successions, abundant faults and folds, shallow gas, and fluid-
migration-related anomalies, providing favorable conditions for gas hydrate accumulation
and the upward migration of deep hydrocarbon-bearing fluids [12,46]. Methane entering
the water column through faults, gas chimneys, or highly permeable pathways can form
bubble plumes. Previous acoustic studies have identified bubble-plume anomalies on the
northern continental slope of the South China Sea [8,47,48], indicating that the region is
suitable for water-column velocity inversion using MCS data.

Figure 1 shows a representative raw shot gather from the study area. The seafloor
reflection is distinct, and subseafloor reflections are continuous and energetic. In contrast,
responses in the water column above the seafloor are weak and mainly appear as local
weak events and discontinuous scattering disturbances. The shot gather also contains
typical acquisition interference, including ringing, spikes, swell noise, and bird noise. The
ringing, spikes, bird noise, and swell noise marked in the figure identify the specific types
of interference targeted in the subsequent suppression. Accordingly, a relative-amplitude-
preserving workflow is applied to attenuate strong acquisition-related interference while
preserving, as much as possible, weak water-column reflections, local scattering, and the
relative-amplitude relationships among different offsets.

Figure 1. Representative raw shot gather and acquisition-related interference.

In addition to the MCS data, CTD data from the study area are used. The dataset
contains water-column temperature, salinity, and depth, and the corresponding temper-
ature and salinity profiles are shown in Figure 2. Temperature generally decreases with
depth, changes rapidly in the upper water column, and varies more gradually below
approximately 400 m. Salinity fluctuates markedly in the shallow water column, with
relatively large variations between approximately 200 and 400 m, and then increases slowly
with depth below 400 m. Both temperature and salinity exhibit pronounced vertical varia-
tions at depths of approximately 200–400 m, indicating a distinct thermohaline transition
within this water layer. Velocity and density profiles calculated from temperature, salinity,
and depth are subsequently used to construct AEI constraints and recover water-column
velocity in the plume-bearing water column.
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(a) (b)

Figure 2. Variations in CTD temperature and salinity with depth: (a) temperature; (b) salinity.

3.2. Seismic Data Processing for the Water Column

Cold seep plumes occur primarily in the water column above the seafloor, and their
seismic responses are generally characterized by low amplitudes, poor continuity, and local
scattering disturbances [13,49]. Because subsequent AEI inversion relies on pre-stack angle-
domain amplitudes, processing must suppress acquisition interference while preserving
weak water-column responses and relative amplitudes among offsets. The water-column
interval is first extracted using the seafloor reflection to reduce interference from reflec-
tions of the underlying strata. Subsequently, swell noise, spikes, ringing, bird noise, and
horizontal coherent interference are attenuated according to their differences in frequency,
amplitude, and coherence characteristics. In the specific processing procedure, spectral
analysis is first used to determine the frequency range of low-frequency interference, and
a high-pass filter is applied to suppress swell noise. Horizontal coherent interference
is then removed in the shot domain, while low-frequency interference such as ringing
and bird noise is attenuated. Finally, Yu’s wavelet deconvolution is applied to improve
resolution [50]. After processing, strong low-frequency interference, local anomalous am-
plitudes, and acquisition-related noise are substantially reduced, whereas weak events and
discontinuous scattering disturbances within the water column are retained.

Following noise attenuation, spherical divergence compensation and surface-consistent
amplitude compensation are applied to compensate for energy variations caused by propa-
gation attenuation and differences in acquisition conditions and to improve the amplitude
stability of weak water-column responses among offsets. Velocity analysis is then per-
formed using velocity-spectrum picking and multiple iterations. The velocity-picking
range in the water column is constrained to 1450–1570 m/s, and far-offset stretch distortion
and anomalous traces are muted. After these processing steps, pre-stack time migration is
performed in the OVT domain to generate water-column common reflection point (CRP)
gathers for subsequent extraction of angle gathers. The processed CRP gather is shown in
Figure 3.

As shown in Figure 3, weak events and local scattering disturbances remain identifiable
after migration, indicating that plume-related scattering responses are well preserved. The
effects of far-offset stretch and anomalous traces are reduced. The processed CRP gathers
exhibit improved signal-to-noise ratio and preserve relative amplitudes among different
source–receiver combinations, allowing transformation to the local scattering half-angle
domain and extraction of angular responses for subsequent AEI inversion.
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Figure 3. Migrated water-column CRP gather.

To better present the imaging characteristics of the water-column scattering responses,
FK-domain filtering was applied before stacking to suppress residual noise, yielding the
stacked water-column seismic section shown in Figure 4. As can be seen in the figure,
the water-column scattering responses are well imaged, and several localized scattering
anomalies exhibit plume-like morphologies, characterized by relatively strong energy in
the lower part and progressively weaker energy upward, indicating the presence of plume
anomalies in the study area.

Figure 4. Final stacked seismic section of the cold seep plume. The green dashed curves indicate the
interpreted locations of plume anomalies, while the blue dashed line marks the seafloor.

4. Inversion Method and Results
The water-column CRP gathers obtained in Section 3 preserve relative amplitudes

for different source–receiver combinations, but the effective coverage of different angles is
inconsistent within the water-column time window. Large-angle data progressively disap-
pear with increasing two-way time, and a fixed pair of angle ranges cannot simultaneously
ensure effective coverage and adequate angular separation for all water-column intervals.
To address this issue, the processed CRP gathers are first transformed into the local scat-
tering half-angle domain. The water column is then divided into intervals according to
the effective angular coverage, and small-angle and large-angle stacked data are selected
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separately for each interval. Subsequently, CTD-derived velocity and density are used
to construct the corresponding angle-specific AEI constraint curves and low-frequency
models, and small-angle and large-angle AEI inversions are performed using the corre-
sponding angle-dependent wavelets. On this basis, the data-equivalent exponent for each
angle range is estimated from the AEI inversion results and the CTD-derived physical
properties. Finally, the two-angle AEI results, the corresponding data-equivalent exponents,
and the reference velocity are substituted into Equation (4) to obtain the two-dimensional
water-column velocity section.

4.1. Angular-Coverage Analysis and Layer-Wise Inversion Method

AEI inversion requires seismic inputs from two different angle ranges in the water-
column CRP gathers. Following Equation (1), for each migrated CRP image point, the local
opening angle γ is determined by the source-side and receiver-side imaging raypaths, and
half of this opening angle is taken as the local scattering half-angle θs. The processed water-
column CRP gathers are then transformed into the scattering-angle domain according to θs

and stacked in 10◦ intervals to compare the effective angular coverage within the 0–1800 ms
water-column time window. The results are listed in Table 1.

Table 1. Effective time coverage corresponding to different angle stacks.

Stack Angle Range (◦) Effective Time Coverage (ms)

5–15 300–1800
15–25 200–1800
25–35 150–1800
35–45 150–1800
45–55 100–1600
55–65 100–1100
65–75 50–700

Table 1 shows substantial differences in effective coverage among angle ranges. Data
between 5◦ and 45◦ retain usable information in the deeper water column, whereas coverage
above 45◦ decreases progressively with angle. Usable information in the 65–75◦ range is
concentrated mainly in the shallow water column at two-way times of less than 700 ms.
Small-angle data therefore provide better deep coverage, whereas large-angle data are
concentrated in the shallow and intermediate parts of the water column. A fixed two-angle
combination cannot simultaneously provide complete coverage and sufficient angular
separation throughout the full water-column window.

Based on these coverage characteristics, a layer-wise inversion strategy is adopted. The
0–1800 ms water-column window is divided into three intervals: 0–599 ms, 600–1199 ms,
and 1200–1800 ms. A small-angle and a large-angle range are selected for each interval so
that both ranges cover the target interval while maintaining adequate angular separation.
The final angle ranges are listed in Table 2.

Table 2. Angle ranges adopted for different water-column intervals.

Two-Way Time (ms) Small Angle (◦) Large Angle (◦)

0–599 50–60 60–70
600–1199 30–40 40–50

1200–1800 10–20 20–30

https://doi.org/10.3390/jmse14181699

https://doi.org/10.3390/jmse14181699


J. Mar. Sci. Eng. 2026, 14, 1699 10 of 27

The selection and processing of angle gathers are illustrated using the large-angle data
for the 0–599 ms interval. The large-angle range is 60–70◦. Because full-fold coverage is
not achieved over the common depth point (CDP) range 4094–4299, the inversion range is
restricted to CDP 4300–7000. The angle gather at CDP 4336 is shown in Figure 5.

Figure 5. Large-angle gather section (time-axis unit: ms).

As shown in Figure 5, weak scattering events in the upper water column are relatively
clear in the migrated CRP gather, and the principal responses show good continuity in
the angular direction, indicating that this angle range contains effective information for
subsequent AEI inversion. Considering that the effective information in the 65–75◦ range
in Table 1 is concentrated mainly within approximately 50–700 ms, the use of the 60–70◦

large-angle data for the shallow interval is supported by the actual angular-coverage
characteristics of the data. However, because the pseudo-well tie correlation coefficient for
this interval is relatively low, the absolute velocity values and local small-scale variations
in the shallow water column should be interpreted with greater caution.

The traces within 60–70◦ are then stacked and the 0–599 ms target window is extracted
to obtain the large-angle stacked section for this interval (Figure 6). Angle data for the other
intervals are processed in the same manner.

Figure 6. Large-angle stacked section (time-axis unit: ms).
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Figure 6 shows that the principal events within the target interval are relatively clear;
the stacked data can therefore be used as the seismic input for large-angle AEI inversion in
this interval.

4.2. CTD-Derived Physical-Property Profiles and AEI Constraint Construction

Section 4.1 defines the small-angle and large-angle seismic datasets for the different
water-column intervals. To establish AEI property constraints at the corresponding angles,
water-column velocity and density are calculated from the CTD data. Velocity is computed
from temperature, salinity, and depth using the empirical Leroy equation [51], and density
is calculated from temperature, salinity, and pressure [22]. The calculated velocity is used
to establish a relationship between depth and two-way time, and the velocity and density
profiles are transformed into the seismic time domain, as shown in Figure 7.

(a) (b)

Figure 7. Water-column physical-property profiles calculated from CTD data: (a) density; (b) velocity.

Figure 7 shows that water density generally increases slowly with two-way time and
exhibits a relatively small range of variation. Water-column velocity changes only slightly
from 0 to 200 ms, decreases markedly between 200 and 500 ms, and then decreases more
gradually after 500 ms, broadly corresponding to the vertical temperature and salinity
patterns in Figure 2.

Because different angle ranges are selected for the three intervals, the center of each
range in Table 2 is used as its representative angle. The small-angle and large-angle
representative values are 55◦ and 65◦, 35◦ and 45◦, and 15◦ and 25◦ for the three inter-
vals, respectively. The time-domain velocity and density profiles are substituted into
Equation (2), and the mean CTD-derived velocity within the 0–1800 ms water-column time
window, 1496.04 m/s, is adopted as the reference velocity vr to construct the AEI constraint
curves for each representative angle, as shown in Figure 8. The same reference velocity is
subsequently used in Equations (2)–(4), as well as in Equation (A5) in Appendix A.

The AEI curves at different angles show broadly consistent trends with two-way
time, but their numerical differences vary by water-column interval. Angular differences
are stronger in the shallow water column and gradually decrease with two-way time.
According to the angle combinations in Table 2, the corresponding AEI curves are selected
for time calibration and construction of low-frequency models in each interval.

https://doi.org/10.3390/jmse14181699
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Figure 8. AEI constraint curves at different angles.

4.3. Extraction of Angle-Dependent Wavelets and Construction of Low-Frequency Models

After the AEI constraint curves are obtained, post-stack wavelets are extracted from
the angle stacks, followed by a pseudo-well tie. For the 60–70◦ large-angle data in the
0–599 ms interval, a 150 ms zero-phase post-stack wavelet is estimated statistically. Its
time-domain waveform and amplitude spectrum are shown in Figure 9, with most of the
spectral energy concentrated between approximately 25 and 65 Hz.

(a) (b)

Figure 9. Statistically estimated zero-phase post-stack wavelet and its spectrum for the 60–70◦ large-
angle data in the 0–599 ms interval: (a) time-domain waveform, with positive-amplitude lobes filled
in black; (b) amplitude spectrum and phase, with the black fill representing the amplitude spectrum
and the red horizontal line indicating a phase of 0◦.

The AEI constraint curve at 65◦ is then treated as a pseudo-well log and convolved
with the extracted post-stack wavelet to generate a synthetic seismogram. A pseudo-
well tie is performed against the large-angle stacked trace near the CTD location. Spline
interpolation is used; the maximum correlation coefficient is first obtained at the default
time shift and then optimized by manual fine adjustment. The small-angle data are tied
using the corresponding post-stack wavelet and the 55◦ AEI constraint curve. Maximum
cross-correlation coefficients of 0.34 and 0.32 are obtained for the large-angle and small-
angle data, respectively. The other intervals are processed in the same manner.

Following the pseudo-well tie, the pre-stack angle-dependent wavelets required for
AEI inversion are extracted from the pre-stack data in each angle range. For the large-angle
data in the 0–599 ms interval, the 60–70◦ range is divided into three overlapping sub-angle
ranges—60–64◦, 63–67◦, and 66–70◦—and a corresponding pre-stack angle-dependent
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wavelet is extracted for each. All extracted wavelets are 150 ms long, have a prominent
main lobe, and contain most of their energy between approximately 25 and 80 Hz. The
small-angle and large-angle data for the other intervals are processed in the same manner.

Finally, the AEI constraint curves for the representative angles are low-pass filtered
according to Equation (A15), retaining frequencies below 10 Hz to construct the correspond-
ing low-frequency AEI models. Seismic data from each sub-angle range, the pre-stack
angle-dependent wavelets, and the low-frequency models are used as inputs to model-
based inversion. Starting from the low-frequency model, the AEI model is iteratively
adjusted until the synthetic records progressively match the observed angle data, yielding
small-angle and large-angle AEI inversion results for each water-column interval.

4.4. Allied Elastic Impedance Inversion Constrained by Low-Frequency Models

Following the inversion workflow established in Section 4.3, two-angle AEI inversion
is first performed for the 0–599 ms interval. The small-angle and large-angle ranges are
50–60◦ and 60–70◦, respectively, and the inversion extends from CDP 4300 to CDP 7000.
The resulting large-angle and small-angle AEI sections are shown in Figure 10.

(a) (b)

Figure 10. Two-angle AEI inversion results for the 0–599 ms interval: (a) large angle; (b) small angle.

Figure 10 shows that the principal variation intervals differ between the two AEI
sections. Large-angle AEI changes most clearly between 260 and 350 ms and then becomes
progressively smoother, whereas small-angle AEI varies mainly between 160 and 250 ms
and remains relatively stable thereafter.

Using the same workflow, small-angle and large-angle AEI inversions are completed
for the 600–1199 ms and 1200–1800 ms intervals. According to the angle combinations
in Table 2, the inversion results for the three intervals are merged sequentially over their
corresponding two-way time ranges to obtain full-window two-angle AEI sections from 0
to 1800 ms, as shown in Figure 11.

Both the large-angle and small-angle AEI sections in Figure 11 exhibit pronounced
vertical stratification and only minor lateral variations within each interval, indicating
that water-column properties vary only slightly along the survey line. As two-way time
increases, AEI at both angles generally decreases. Values are relatively high in the shallow
0–220 ms interval, corresponding to the marked temperature and salinity variations in that
interval. In the middle and deeper parts of the water column, AEI variations gradually
diminish; large-angle AEI changes little after 800 ms, whereas small-angle AEI becomes
relatively stable after 600 ms.

4.5. Water-Column Velocity Inversion Results for the Plume-Bearing Water Column

Complete small-angle and large-angle AEI sections for the 0–1800 ms water-column
window are obtained in Section 4.4. Following the inversion principle in Section 2, small-
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(a) (b)

Figure 11. Full-window two-angle AEI inversion results: (a) large angle; (b) small angle.

angle and large-angle AEI traces are extracted near the CTD location for each water-column
interval. These traces, together with the CTD-derived velocity, density, and reference
velocity described in Section 4.2, are substituted into Equation (3). Samples with near-zero
denominators are removed, and robust means of valid samples within each interval are used
as the data-equivalent exponents for the corresponding angle ranges. The data-equivalent
exponents for each interval and their corresponding differences are listed in Appendix
Table A1. The two-angle AEI results and corresponding exponents are then substituted
into Equation (4), yielding the water-column velocity section of the plume-bearing water
column shown in Figure 12.

Figure 12. Water-column velocity section of the plume-bearing water column.

As shown in Figure 12, the inverted velocity ranges mainly from 1460 to 1560 m/s.
The section exhibits pronounced vertical stratification and only minor lateral variations
within each interval, indicating that vertical variations are more pronounced than lateral
variations. Velocity is generally higher in the shallow water column and decreases markedly
between 200 and 350 ms, broadly corresponding to the thermohaline transition layer. At
intermediate and greater depths, velocity variations become progressively more gradual. In
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conjunction with the multiple plume anomalies identified in Figure 4, these results indicate
that the survey line crosses plume-bearing water columns. The velocity field shown in
Figure 12 is dominated by vertical stratification controlled by the thermohaline background,
while also containing local velocity perturbations associated with plume bubbles.

5. Discussion
5.1. Comparison Between Inverted Velocities and CTD-Derived Velocities

Section 4.5 presents the water-column velocity section of the plume-bearing water
column over the 0–1800 ms time window. Because the inverted velocity varies mainly in
the vertical direction and shows relatively minor lateral variations within each interval,
the inverted velocity trace at CDP 4399 in Figure 12 is selected for comparison with
the CTD-derived velocity profile in Figure 7. The comparison is shown in Figure 13.
CDP 4399 is located near the CTD observation station and is therefore used primarily to
compare the vertical variation characteristics of the inverted velocity with those of the
CTD-derived velocity.

Within 0–150 ms, both curves lie in a relatively high-velocity range and vary only
slightly. Between 150 and 400 ms, the inverted velocity decreases rapidly and then re-
bounds markedly, whereas the CTD-derived velocity generally decreases; their changes are
therefore not synchronous. Beyond 400 ms, both curves become progressively smoother,
although the inverted velocity is generally higher than the CTD-derived velocity.

Figure 13. Comparison of the inverted water-column velocity at CDP 4399 with the CTD-derived
velocity.

The rapid decrease and subsequent recovery of the inverted velocity between 150
and 400 ms correspond to the thermohaline transition shown in Figure 2 and the main
interval of CTD-derived velocity variation in Figure 7. Rapid temperature and salinity
changes in this interval may complicate the picking of corresponding energy clusters in the
velocity spectrum, and the resulting imaging-velocity uncertainty may indirectly contribute
to local fluctuations in the inverted velocity. In addition, the seismic and CTD datasets were
acquired at different times, and the water-column temperature–salinity structure may have
differed between the two surveys, preventing exact agreement in this interval. Apart from
these local discrepancies, the overall trends of the inverted and CTD-derived velocities are
similar throughout the 0–1800 ms water-column window.
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To further evaluate the consistency between the two velocity estimates, a quantitative
comparison was performed within the 0–1800 ms water-column time window. The root-
mean-square (RMS) difference is 18.19 m/s, and the Pearson correlation coefficient is 0.489.
After excluding the 150–400 ms interval, where relatively large discrepancies occur, the
RMS difference decreases to 14.20 m/s and the Pearson correlation coefficient increases
to 0.925. These results indicate that the most pronounced discrepancies between the two
velocity estimates are concentrated mainly within the 150–400 ms interval, whereas good
consistency is observed over the remaining water-column intervals.

In addition, to further assess whether the regional water-column velocity background
represented by the CTD-derived velocity in this study is reasonable, publicly available in
situ sound-speed profiles from the Shenhu area reported by Wang et al. [52] are introduced
for comparison. Over their common depth range of approximately 11–1300 m, the two
sound-speed profiles (SVPs) acquired on 4 April and 6 April 2021 yield RMSE values of
5.07 m/s and 3.03 m/s, respectively, relative to the CTD-derived velocity used in this
study, with corresponding Pearson correlation coefficients of 0.968 and 0.987. These results
indicate that the CTD-derived background velocity adopted in this study is generally
consistent with the observed sound-speed structure in the Shenhu area.

It should be noted that the inverted velocity ranges approximately from 1460 to
1560 m/s, whereas the CTD-derived velocity is mainly distributed between approximately
1480 and 1535 m/s. In the inversion, the CTD data primarily provide the low-frequency
background and absolute velocity scale, whereas the seismic angle-domain data also con-
tain local water-column variations within the effective seismic bandwidth. Therefore, the
velocity ranges obtained from the two datasets are not expected to be completely identical.
Local physical-property variations associated with cold seep bubbles may contribute to
these differences, while residual noise and processing errors related to amplitude compen-
sation, velocity analysis, migration imaging, angle transformation, and the pseudo-well tie
may also produce local velocity fluctuations. Consequently, local variations in the inverted
velocity that fall outside the CTD-derived velocity range cannot be attributed solely to
bubble effects.

5.2. Influence of Bubble Scattering on AEI Inversion

The plume responses in Figures 3 and 4 mainly appear as short and thin or locally
broader scattering disturbances and differ clearly from the long, continuous events associ-
ated with water-column interfaces. Previous studies have shown that plume bubbles mod-
ify the effective acoustic velocity and density of gas-bearing water and cause scattering, res-
onance, and propagation attenuation [15–18,26]. Equation (A7) describes bubble-induced
local velocity and density perturbations at the imaging scale, and Equations (A11)–(A14)
relate these perturbations to the local scattering half-angle and scattering-equivalent AEI.
After relative-amplitude-preserving processing and pre-stack time migration, coherent
scattered energy is organized by local scattering half-angle, and the influence of plume
bubbles is expressed as differences in amplitude and AEI response among angles.

The angular-response relationships in Equations (A11) and (A12) are based on weak
local effective perturbations, single coherent scattering, and the high-frequency local plane-
wave approximation. The AEI and velocity sections in Figures 11 and 12 exhibit pronounced
vertical stratification and only minor lateral variations, indicating that the inversion primar-
ily reflects vertical changes in the temperature–salinity background while also containing
local bubble-induced responses. When bubble resonance, multiple scattering, or strong
propagation attenuation dominates, the relationship between amplitude variations in CRP
angle gathers and first-order velocity and density perturbations weakens, limiting the
applicability of scattering-equivalent AEI parameterization. The velocity obtained here

https://doi.org/10.3390/jmse14181699

https://doi.org/10.3390/jmse14181699


J. Mar. Sci. Eng. 2026, 14, 1699 17 of 27

therefore represents the combined effects of the temperature–salinity background and bub-
ble perturbations at the resolution scale of the seismic data and should not be interpreted
as the true local acoustic velocity at the scale of individual bubbles or within a localized
gas-bearing medium.

5.3. Role of the CTD Low-Frequency Trend Constraint

Figure 7 presents velocity and density profiles calculated from CTD temperature,
salinity, and depth, and Figure 8 transforms them into AEI constraint curves at represen-
tative angles. Because angle-domain seismic data lack stable low-frequency information,
Section 4.3 applies low-pass filtering to the AEI constraint curves to retain components
below 10 Hz, thereby constructing small-angle and large-angle low-frequency AEI models
for each water-column interval. In contrast to seismic-oceanography studies that primarily
use water-column reflections to describe fine thermohaline structure [23,24,29–32], the
velocity solution in this study jointly uses a CTD low-frequency background and pre-stack
angle-dependent amplitudes. The former supplies the vertical background and absolute
scale for AEI inversion, whereas the latter supplies local variations within the effective
seismic bandwidth and laterally continuous information along the survey line.

In addition to constructing low-frequency models, CTD data are used to determine
the normalized reference velocity and, in Section 4.5, to estimate the data-equivalent ex-
ponents for each interval through Equation (3). The comparison in Figure 13 therefore
evaluates consistency between the inverted and CTD-derived velocities rather than pro-
viding fully independent external validation. Their similar overall trends indicate that the
CTD low-frequency constraint effectively constrains the vertical background trend of the
velocity field. Local mismatches show that the inversion remains influenced by pre-stack
angle-dependent amplitudes and the information contained within the effective seismic
bandwidth. Because the current low-frequency model is based on a single CTD profile, its
representativeness for the full survey line also affects the results when the thermohaline
background varies laterally.

5.4. Applicability Conditions and Uncertainties

Stable application of the method first requires effective two-angle coverage and conti-
nuity of angular responses. Because large-angle data occur mainly in the shallow water
column, smaller angle combinations must be used at greater depths. The water column
should therefore be divided according to actual angular coverage, and both small-angle
and large-angle datasets must contain usable information in each interval. Equation (4)
indicates that local AEI inversion errors can be amplified during velocity recovery when the
difference between the corresponding data-equivalent exponents is small. Each two-angle
pair must therefore provide both effective coverage and a sufficiently large exponent differ-
ence. The interval division and angle combinations adopted here depend on the acquisition
geometry and coverage of the present survey and must be redetermined for other areas.
Applicability is reduced when strong attenuation removes effective angular information
or multiple scattering destroys angular continuity. The data-equivalent exponents and
their differences for the three water-column intervals are listed in Appendix Table A1. The
exponent differences for the 0–599 ms, 600–1199 ms, and 1200–1800 ms intervals are 0.03041,
0.15300, and −0.17435, respectively. Among them, the shallow 0–599 ms interval has the
smallest absolute exponent difference, indicating that velocity recovery in this interval is
relatively more sensitive to local errors in the two-angle AEI inversion.

Although the processing in Section 3 attenuates the principal acquisition interference,
residual noise and errors associated with amplitude compensation, velocity analysis, pre-
stack time migration, and angle transformation can still affect amplitude relationships
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among angle ranges. Angle-dependent wavelet extraction and the pseudo-well tie in-
troduce further uncertainty. Maximum cross-correlation coefficients of 0.34 and 0.32 are
obtained for the large-angle and small-angle data in the 0–599 ms interval, respectively,
indicating remaining waveform and phase differences between the synthetic and observed
data. Because water-column velocity is derived from differences between two-angle AEI
values, these errors may affect the corresponding AEI inversion results and subsequently
appear as local fluctuations in the recovered velocity.

To further quantify this effect, an amplitude-perturbation test was performed using
the retained two-angle AEI data, with detailed results provided in Appendix Table A2. The
logarithmic amplitude residuals between the actual AEI values at the calibration location
and the CTD-constrained fitted results were used as the perturbation magnitudes. For the
small-angle/large-angle data in the three intervals, the RMS relative-amplitude residu-
als are approximately 0.496%/0.126%, 0.071%/0.087%, and 0.033%/0.064%, respectively.
With the CTD background constraint and all other seismic-processing settings held fixed,
positive and negative residual perturbations were applied separately to the small-angle
and large-angle AEI data. After each perturbation, the calibration procedure was repeated
using the same method as in the original inversion, and the velocity solution was recalcu-
lated. The four possible positive/negative combinations of the small-angle and large-angle
perturbations were tested, and the largest RMS velocity change among them was taken as
the sensitivity measure. For the 0–599 ms, 600–1199 ms, and 1200–1800 ms intervals, the
maximum RMS velocity changes are 2.06 m/s, 0.92 m/s, and 0.11 m/s, respectively, while
the 95th percentiles of the absolute velocity changes are 4.89 m/s, 1.79 m/s, and 0.20 m/s,
respectively. Because the data-equivalent exponents were re-estimated using Equation (3)
after each perturbation, the reported velocity changes represent the sensitivity of the recal-
ibrated two-angle velocity solution to angle-dependent amplitude perturbations, rather
than the results of direct error propagation through Equation (4) with a fixed difference
between the data-equivalent exponents.

The results indicate that the shallow-water velocity estimates are relatively more
sensitive to angle-dependent amplitude errors, whereas the intermediate-water and deep-
water results exhibit better numerical stability. Therefore, the absolute velocity values and
local small-scale variations within the 0–599 ms shallow interval should be interpreted
more cautiously than those in the intermediate and deeper intervals. The velocity changes
described above reflect only the contribution of angle-dependent amplitude perturbations
to the uncertainty of the velocity solution under repeated coefficient fitting after each
perturbation and should not be regarded as the total uncertainty, which may also include
contributions from non-simultaneous observations, residual noise, imaging errors, and
other factors.

The velocity-picking range of 1450–1570 m/s used during velocity analysis is em-
ployed only to determine an appropriate water-column imaging velocity and to perform
pre-stack time migration. It does not define the allowable range of the final velocity solution
in Equation (4), and no clipping or restriction of the recovered velocity to 1450–1570 m/s
is imposed. The final inverted velocity range of approximately 1460–1560 m/s is deter-
mined jointly by the two-angle AEI inversion results, the corresponding data-equivalent
exponents, and the reference velocity. Nevertheless, errors in the imaging velocity may
affect migration focusing, CRP angle mapping, and relative-amplitude relationships among
different angle ranges, and may therefore propagate indirectly into the subsequent AEI
inversion and velocity recovery.

During estimation of the data-equivalent exponents, unstable samples for which the
denominator in Equation (3) approaches zero are excluded, and robust means of the remain-
ing valid samples within each interval are used to determine the corresponding exponents.
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This procedure reduces the influence of locally anomalous samples on exponent estimation.
However, the number and proportion of retained or rejected samples may still affect the rep-
resentativeness of the resulting exponents and should therefore be regarded as an additional
source of uncertainty in evaluating the stability of the data-equivalent exponents.

Furthermore, the seismic and CTD datasets were not acquired simultaneously, and the
thermohaline structure and plume state may have changed between the two observation
periods. The present low-frequency model is constructed from only one CTD profile, and
its representativeness along the entire survey line may also affect the inversion results.
Between the two observation periods, the positions and magnitudes of the thermocline
and halocline may have changed, while the plume and bubble distributions may also have
varied with time. These variations may lead to changes in the position of the velocity-
transition layer and the magnitude of velocity variations, as well as local differences
between the inverted and CTD-derived velocities. Because these water-column variations
exhibit pronounced spatial and temporal variability, their effects are unlikely to produce a
velocity bias in a fixed direction. Therefore, the discrepancies between the inverted and
CTD-derived velocities within the 150–400 ms interval may reflect both real water-column
variability and errors associated with data processing and inversion, which cannot be fully
separated using the available data.

Future studies could further constrain the lateral variations in the thermohaline back-
ground and the spatial distribution of cold seep plumes through simultaneous or near-
simultaneous acquisition of MCS, CTD/SVP, and water-column acoustic data, together
with increased CTD/SVP sampling along the seismic survey line. Multi-frequency water-
column acoustic observations could also provide additional constraints on bubble-scattering
responses. On this basis, if parameters such as bubble-size distribution, resonance charac-
teristics, and acoustic attenuation are further obtained, quantitative estimation of bubble
volume fraction may become feasible. Estimation of methane flux would additionally
require information on gas content, bubble rise velocity, and transport processes.

6. Conclusions
Cold seep plumes provide indirect indicators for gas hydrate exploration and identifi-

cation. Using MCS and CTD data from the Shenhu area of the northern South China Sea,
this study develops a CTD-constrained layer-wise two-angle AEI inversion method and
obtains a continuous two-dimensional velocity section of a plume-bearing water column in
the cold seep area. The principal findings are as follows:

(1) Scattering-equivalent AEI and the water-column velocity solution. To address the
scattering, attenuation, and poor continuity of seismic responses caused by plume
bubbles, this study distinguishes the wavefield characteristics of continuous-interface
reflection from those of bubble-induced volume scattering within the framework of
conventional water-column AEI. Coherent scattered components that retain angular
continuity after migration of CRP gathers are parameterized using the local scattering
half-angle. Under conditions of weak local effective perturbations and single coher-
ent scattering, and within the high-frequency local plane-wave approximation, a
relationship is established between velocity and density perturbations and scattering-
equivalent AEI. CTD low-frequency models, a reference velocity, and data-equivalent
exponents are then introduced, and the common density term is eliminated using the
small-angle and large-angle AEI equations, yielding a layer-wise two-angle solution
for water-column velocity. This provides the theoretical basis for AEI inversion and
continuous velocity characterization in bubble-scattering water columns.

(2) Seismic data processing for the water column. To address weak water-column
responses, complex acquisition interference, and the susceptibility of pre-stack rel-
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ative amplitudes to processing effects, the workflow sequentially applies water-
column interval extraction, noise attenuation, deconvolution, amplitude compen-
sation, and velocity analysis, followed by OVT-domain pre-stack time migration
to generate water-column CRP gathers. Strong low-frequency interference, local
anomalous amplitudes, and acquisition-related noise are substantially reduced, while
weak events and local scattering disturbances are retained; far-offset stretch and
anomalous-trace effects are also diminished. The resulting CRP gathers preserve
relative amplitudes among source–receiver combinations and provide reliable input
data for angle-gather extraction and AEI inversion. Multiple water-column scatter-
ing responses with plume-like morphologies can be identified in the final stacked
section, indicating that the processed seismic data effectively preserve plume-related
scattering characteristics.

(3) Water-column velocity inversion for the plume-bearing water column. To address
inconsistent angular coverage within the water-column window, small-angle and
large-angle datasets are selected by layer according to coverage characteristics. CTD-
derived velocity and density are used to construct AEI constraints and low-frequency
models, and layer-wise two-angle AEI inversion and velocity recovery are completed.
Both small-angle and large-angle AEI sections exhibit pronounced vertical stratifica-
tion and only minor lateral variations. AEI generally decreases with two-way time,
with higher values in the shallow water column and progressively smaller variations
at intermediate and greater depths. Using the AEI velocity relationship derived
here, a continuous two-dimensional velocity section is recovered for the 0–1800 ms
water-column window. Inverted velocities range mainly from 1460 to 1560 m/s and
are dominated by vertical stratification with only minor lateral variations. Velocity is
generally higher in the shallow water column and decreases distinctly between 200
and 350 ms, broadly corresponding to the thermohaline transition, before becoming
progressively smoother at greater depths.

(4) Velocity comparison and method applicability. Comparison between the inverted
velocity at CDP 4399 in Figure 13 and the CTD-derived velocity shows that the
two exhibit similar overall trends within the 0–1800 ms water-column time window.
The RMS difference is 18.19 m/s, with a Pearson correlation coefficient of r = 0.489.
After excluding the 150–400 ms interval, the RMS difference decreases to 14.20 m/s
and the correlation coefficient increases to r = 0.925, indicating that the principal
discrepancies between the two velocity estimates are concentrated within this inter-
val, whereas good consistency is observed throughout the remaining water column.
Local discrepancies occur from 150 to 400 ms, showing that the result is controlled
not only by the thermohaline background but also by local water-column variations
represented in the pre-stack angle data. Further analysis indicates that the inverted
velocity reflects the combined effects of the temperature–salinity background and
bubble perturbations. The CTD low-frequency constraint primarily controls the ver-
tical background and absolute scale, whereas the angle data provide local variations
within the effective seismic bandwidth and lateral continuity. Application requires
effective two-angle coverage, continuous angular responses, and a sufficiently large
difference between data-equivalent exponents. The temporal mismatch between
the seismic and CTD surveys, the representativeness of a single CTD station, and
residual amplitude errors still affect local results, and the present velocity estimates
cannot be directly used to calculate bubble volume fraction or methane flux.

In summary, this study explores a CTD-constrained, layer-wise two-angle AEI velocity
inversion method for heterogeneous water columns affected by plume bubbles, providing
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a foundation for subsequent estimation of plume gas content and investigation of its
relationship with gas hydrate occurrence.
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AEI Allied elastic impedance
AVA Amplitude versus angle
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CTD Conductivity–temperature–depth

LF Low frequency
LP Low-pass filtering operator
MCS Multichannel seismic
OVT Offset vector tile

Appendix A. Complete Theoretical Derivation of Scattering-Equivalent
AEI and the Layer-Wise Two-Angle Velocity Solution
Appendix A.1. Conventional Water-Column AEI Theory and Its Applicability

The seismic response of seawater is governed primarily by variations in P-wave velocity
and density. When property contrasts across an interface are small, the acoustic Zoeppritz
equation can be linearized as [33,38]:

Rr(θ) ≈
1
2

(
∆ρ

ρ̄
+

1
cos2 θ

∆v
v̄

)
(A1)
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where Rr is the angle-dependent reflection coefficient at the interface; θ is the incidence angle
measured from the interface normal; v̄ and ρ̄ are the mean velocity and density, respectively,
on the two sides of the interface; and ∆v and ∆ρ are the corresponding parameter contrasts.
Under the weak-contrast approximation,

Rr(θ) ≈
1
2
[∆ ln ρ + mr(θ)∆ ln v] (A2)

mr(θ) = sec2 θ = 1 + tan2 θ (A3)

Equation (A2) shows that the density-term weight is independent of angle, whereas
the velocity-term weight increases with incidence angle. According to the definition of
elastic impedance [33,34],

Rr(θ) ≈
1
2

∆ ln AEIr(θ) (A4)

Combining Equations (A2) and (A4) and introducing normalization by the reference
velocity vr gives

AEIr(θ) = vrρ

(
v
vr

)mr(θ)

(A5)

Equation (A5) describes the physical relationship among velocity, density, incidence
angle, and reflection AEI; AEI is not obtained by directly substituting the three inver-
sion inputs into this equation. For the jth reflection-angle range, the actual observation
equation is

dobs
r,j = wr,j ∗

[
1
2

∆ ln AEIr,j

]
+ nr,j (A6)

where dobs
r,j is the angle-stacked seismic data, wr,j is the corresponding angle-dependent

wavelet, nr,j is noise, and AEIr,j is the model to be inverted. The low-frequency model is con-
structed by substituting the CTD-derived velocity vCTD and density ρCTD into Equation (A5);
vr is taken as a representative CTD-derived velocity, and mr,j is determined by the reflection
incidence angle. Thus, the angle stack constrains variations in AEIr,j within the seismic
frequency band, the wavelet establishes the forward relationship between ∆ ln AEIr,j and
seismic amplitude, and the CTD low-frequency model provides the long-wavelength
background and absolute scale.

Equation (A5) can be applied directly to conventional reflection data because the
effective amplitude in Equation (A6) is controlled by the interface reflection coefficient Rr,
and Equation (A4) establishes a direct relationship between Rr and ∆ ln AEIr. In addition,
the incidence angle can be determined from a stable interface normal and the reflected
raypath. In a cold seep plume, however, the original amplitude is jointly controlled by
volume scattering, propagation attenuation, and illumination; it neither corresponds to
a single interface reflection coefficient nor has a stable interface normal. Equation (A5)
therefore cannot be applied directly.

Appendix A.2. Image-Domain Representation of the Scattered Wavefield of a Cold Seep Plume

Individual bubbles cannot be resolved by seismic data. The weak perturbation con-
sidered here therefore refers to an effective perturbation at the seismic-wavelength and
CRP-grid scales. Let the background water-column properties be vb(x) and ρb(x), and let
the effective properties of the plume-bearing region be ve(x) and ρe(x); then

ve = vb + δve, ρe = ρb + δρe (A7)

Here, δve and δρe denote local effective perturbations relative to the background model;
they differ from the interface contrasts ∆v and ∆ρ in Equations (A1) and (A2). Extraction
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of the water-column interval confines the target region of Equation (A7), whereas noise
attenuation suppresses observed components unrelated to medium perturbations.

When perturbations are weak at the imaging scale and single scattering constitutes
the dominant usable energy, the frequency-domain scattered wavefield can be written
as [39–42]

Us(xs, xr, ω) =
∫

Ω
A(xs, xr, x, ω)Se(x, ω)eiωΦ dx (A8)

Here, xs, xr, and x denote the source, receiver, and scattering-point positions, respec-
tively; Se is the scattering term generated by δve and δρe; A includes the source wavelet,
geometrical spreading, propagation attenuation, and illumination; and Φ is the propagation
traveltime. Equation (A8) explains the generation mechanism of the original scattered
wavefield and is not a direct input to the subsequent AEI inversion. The acquisition ge-
ometry provides xs and xr, whereas the background velocity controls Φ; deconvolution,
spherical divergence compensation, and relative-amplitude compensation primarily reduce
the non-property-related variations contained in A.

OVT-domain pre-stack time migration uses the background velocity to focus coherent
energy satisfying the traveltime condition at the CRP location [37,43,44]. The migrated
angle-domain amplitude can be summarized as

Is(x, θs, ω) ≈ C(x, θs, ω)Qs(x, θs) + Ns (A9)

In Equation (A9), Is is obtained directly from the migrated CRP angle gather; C
represents the residual wavelet, illumination, attenuation, and migration-scaling factors,
with its bandwidth and phase described by the angle-dependent wavelet and its angle-
dependent scaling controlled as far as possible through relative-amplitude-preserving
processing; Qs is the imaging-scale equivalent scattering-angle response to be recovered;
and Ns includes residual noise, multiple scattering, and unmodeled wavefield components.
Energy that does not retain angular continuity after migration is assigned to Ns and is
excluded from AEI parameterization.

Let γ denote the opening angle between the incident and outgoing rays at an image
point, and let the local scattering half-angle be θs:

θs =
γ

2
(A10)

The opening angle γ is determined by the acquisition geometry, the background
migration velocity, and the imaging raypaths. For specular reflection, θs is identical to the
conventional incidence angle; for plume scattering, θs represents the local half-opening
angle and does not depend on a stable interface normal. Equation (A10) corresponds to the
angle transformation and partial-angle stacking of the CRP angle gathers [37,43,44].

Appendix A.3. Scattering-Equivalent AEI and Its Relationship to Reflection AEI

Under conditions of weak local effective perturbations and single coherent scattering,
and within the high-frequency local plane-wave approximation, Qs can be written as
follows, provided that C in Equation (A9) has been controlled or is represented by the
angle-dependent wavelet:

Qs(θs) ≈
1
2
[δ ln ρe + ms(θs)δ ln ve] (A11)

ms(θs) ≈ sec2 θs (A12)
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Equation (A11) indicates only that the coherent scattering-angle response and the effec-
tive property perturbations have an angular-weighting structure analogous to that of fluid
reflection; it does not imply that the two wavefield mechanisms are identical. Reflection
AEI describes ∆ ln v and ∆ ln ρ across an interface and uses the interface incidence angle,
whereas scattering-equivalent AEI describes δ ln ve and δ ln ρe relative to the background
model and uses the local scattering half-angle θs in the CRP gather.

Define
Qs(θs) ≈

1
2

δ ln AEIeq
s (θs) (A13)

The normalized scattering-equivalent AEI is then

AEIeq
s (θs) = vrρe

(
ve

vr

)ms(θs)

(A14)

Equation (A14) remains a physical-property parameterization. For the kth interval
and the jth scattering half-angle range, the three inputs to model-based inversion corre-
spond to the equation variables as follows: the angle-stacked data dobs

s,j,k, derived from Is in

Equation (A9), constrain the finite-band variations in AEIeq
s,j,k; the angle-dependent wavelet

ws,j,k represents the principal bandwidth and phase effects of C in Equation (A9); and the
low-frequency model is constructed from

AEILF
s,j,k = LP

vrρCTD

(
vCTD

vr

)m(0)
j,k

 (A15)

where AEILF
s,j,k denotes the low-frequency (LF) AEI model, LP{·} denotes low-pass filtering,

and m(0)
j,k = sec2 θc,j,k is determined by the central angle θc,j,k of the selected angle range.

The inversion unknown is the full-band AEIs,j,k, rather than ve and ρe being estimated
separately and directly from the seismic data. After obtaining the inverted AEI trace, an
equivalent exponent is estimated from the trace and CTD-derived physical properties (here
termed the data-equivalent exponent):

meq
j,k(t) =

ln AEIinv
s,j,k(t)− ln[vrρCTD(t)]

ln[vCTD(t)/vr]
(A16)

The inputs to Equation (A16) are, in sequence, the inverted AEI trace AEIinv
s,j,k for the

selected angle range, the CTD-derived velocity vCTD, the CTD-derived density ρCTD, and
the reference velocity vr. Samples for which the denominator approaches zero are excluded,
and the robust mean of the valid samples within each interval is adopted as the final meq

j,k.

Appendix A.4. CTD-Constrained Layer-Wise Two-Angle Velocity Solution

In this study, CTD data are used to construct the low-frequency model in Equation (A15),
determine vr, and estimate the data-equivalent exponent meq

j,k in Equation (A16). The compari-
son between the inverted velocity and the CTD-derived velocity is therefore an assessment of
consistency rather than a fully independent validation.

For the kth interval, small-angle and large-angle AEI values are obtained at the same
image location:

AEIinv
s,1,k = vrρe

(
ve

vr

)meq
1,k

(A17)

AEIinv
s,2,k = vrρe

(
ve

vr

)meq
2,k

(A18)
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The direct inputs to Equations (A17) and (A18) are the two model-based inversion
outputs AEIinv

s,1,k and AEIinv
s,2,k, together with the corresponding data-equivalent exponents

meq
1,k and meq

2,k obtained from Equation (A16). The reference velocity vr is determined from
the CTD data, ve is the target quantity, and ρe is the unknown shared by the two equations.
The two AEI datasets must correspond to the same image location and use consistent
relative-amplitude scaling, normalization, and low-frequency background scales.

Taking logarithms of the two equations and subtracting them eliminates the common
density term:

ln AEIinv
s,2,k − ln AEIinv

s,1,k =
(

meq
2,k − meq

1,k

)
ln
(

ve

vr

)
(A19)

which yields

ve = vr exp

[
ln AEIinv

s,2,k − ln AEIinv
s,1,k

meq
2,k − meq

1,k

]
(A20)

All numerical inputs to Equation (A20) are the small-angle and large-angle AEI in-
version results AEIinv

s,1,k and AEIinv
s,2,k, the corresponding data-equivalent exponents meq

1,k and
meq

2,k, and the reference velocity vr. Density ρe is no longer an explicit input; however,
angle-dependent amplitude-scaling errors are not eliminated together with the density
term. The two angle ranges selected for each interval must both have effective coverage
and traceable angular continuity and must retain a sufficiently large exponent difference.
Layer-wise angle selection therefore balances common coverage against velocity sensitivity.
The specific time intervals and angle ranges are determined from the CRP angle-gather
coverage statistics in Section 4.1.

Table A1. Data-equivalent exponents and their differences for the three water-column intervals.

Water-Column Interval Small-Angle Range Large-Angle Range Small-Angle meq Large-Angle meq ∆meq

0–599 ms 50–60◦ 60–70◦ 0.95161 0.98202 0.03041
600–1199 ms 30–40◦ 40–50◦ 1.03434 1.18734 0.15300

1200–1800 ms 10–20◦ 20–30◦ 0.69799 0.52364 −0.17435

Table A2. Results of the amplitude-perturbation test for the three water-column intervals.

Water-Column Interval Small-Angle Residual
RMS (%)

Large-Angle Residual
RMS (%) Maximum RMS ∆v (m/s) P95 of |∆v| (m/s)

0–599 ms 0.496 0.126 2.06 4.89
600–1199 ms 0.071 0.087 0.92 1.79
1200–1800 ms 0.033 0.064 0.11 0.20
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