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Abstract
Accurate velocity models that include long-wavelength components are required 
for precise subsurface structure imaging and estimation of geophysical properties. 
To successfully build the long-wavelength velocity using full waveform inversion 
(FWI), sufficient offset and low-frequency components are necessary. However, due 
to the limited acquisition conditions, it is difficult to operate long offset and low-
frequency sources in coastal shallow marine. Short offset makes the data dominated 
by reflections, and FWI intensively updates the surface boundaries. Although 
reflection full waveform inversion (RFWI) has been proposed to reconstruct long-
wavelength velocity models using reflection data, it suffers from cycle skipping when 
low-frequency component is insufficient. To overcome these limitations, we propose 
a direct envelope-based RFWI (DE-RFWI) that incorporates the direct envelope into 
the RFWI. By employing envelope-based energy information from reflection data, 
DE-RFWI facilitates the reconstruction of long-wavelength velocity. The proposed 
method employs the Hilbert transform-based implicit gradient decomposition 
technique to address additional computational cost. To verify the proposed method, 
DE-RFWI was applied to synthetic test with a shallow marine condition and field 
data acquired in Yeongil Bay, South Korea. The inversion results for field data were 
evaluated by analyzing arrival-time alignment in envelope domain. The results 
demonstrate that DE-RFWI can reliably reconstruct long-wavelength velocity models 
in shallow marine seismic data and improve reflector continuity and resolution in the 
reverse time migration imaging.
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1. Introduction
Recently, increasing interest in coastal regions, such as the offshore wind farms, 
stability assessment of marine structures, submarine geological monitoring, and geo-
hazard detection, has highlighted the growing need for accurate characterization of 

https://doi.org/10.36922/JSE026030005
https://orcid.org/0000-0002-0530-8982
https://orcid.org/0000-0002-9101-3864
https://orcid.org/0000-0003-2162-2733
https://orcid.org/0000-0001-7729-7605
mailto:jihoha@kigam.re.kr
https://doi.org/10.36922/JSE026030005
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Journal of Seismic ExplorationJournal of Seismic Exploration RFWI for shallow marine seismic data

Volume X Issue X (2026)	 2� doi: 10.36922/JSE026030005

subsurface elastic properties and velocity structures. 
Multi-beam echo sounder (MBES) and sub-bottom 
profiler (SBP) are survey systems widely used in coastal 
region. Since MBES and SBP operate at high frequencies, 
these systems provide only information on the seafloor 
and the shallow subsurface.1-3 In contrast, marine seismic 
surveys that use air-gun and sparker cover a frequency 
range within the tens-of-hertz to kilohertz band, providing 
information on deeper subsurface structures. However, 
conventional seismic survey for reservoir exploration 
requires long streamer arrays and large vessels, limiting 
their applicability in coastal areas where the water depth 
is shallow and various fishing activities are conducted. To 
overcome these challenges, ultra-high resolution (UHR) 
seismic survey has been adopted.4,5 UHR surveys can be 
operated from small vessels, reduce the group interval, and 
utilize higher source frequencies, enabling the acquisition 
of high-resolution seismic data.

Seismic signals acquired in coastal shallow marine 
are dominantly recorded as reflections because the short 
source-receiver offset restrict the propagation paths. 
Although this characteristic enhances the resolution of 
seismic sections, it suffers from a lack of wide-aperture. 
Wide-aperture signals are crucial for velocity model 
building and have been utilized to reconstruct long-
wavelength components of the subsurface structure.6-9

Full waveform inversion (FWI) is a technique that 
estimates high-resolution subsurface properties by 
minimizing the misfit between modeled and observed 
waveforms. Under ideal conditions, FWI can update 
both subsurface reflectors and the background velocity, 
which are controlled by the migration and tomography 
components, respectively.10 However, because FWI relies 
on wide-aperture information to build a long-wavelength 
velocity model,11,12 it becomes challenging to obtain a 
reliable long-wavelength model on reflection dominant 
data.

In reflection dominant data, the migration component 
is much stronger than the tomography component, 
resulting in boundary-limited updates. Reflection full 
waveform inversion (RFWI) was proposed13 to recover 
long-wavelength velocity model with reflection data. 
Table 1 summarizes representative prior studies on RFWI, 
classified according to their primary research focus. 
The Freq. and Max. offset columns describe the data 
specifications used in the numerical tests. The frequency 
not given as a range denotes the dominant frequency. Early 
studies recognized that gradient derived from reflection 
data is migration dominant, and gradient decomposition 
strategies were introduced to enhance the tomographic 
component.13-17 More recently, RFWI has been extended 

to elastic and anisotropic media,18-20 and efforts have been 
made to improve its computational efficiency.21-23

To enhance the tomographic component in reflection 
data, Xu et al.13 decomposed the gradient into migration 
and tomography component by separating the incident 
and scattered wavefields using a Born modeling. Born 
modeling-based approaches have been widely used 
because the first-order scattered wavefield can be explicitly 
isolated.24-26 However, such approaches are based on the 
Born approximation to simulate the first order scattering, 
and it is difficult to account for higher-order scattering 
effects.27 Wavefield decomposition methods separate 
the source and receiver wavefields into up/down-going 
according to their propagation directions, from which 
the migration and tomography components can be 
constructed. This strategy can effectively separate each 
component in shallow seismic conditions where wave 
propagation is relatively simple and clear.  Therefore, in 
this study, we adopted a wavefield decomposition method 
to separate the migration and tomography components.

RFWI can reconstruct long-wavelength velocity models 
using reflection data. However, because conventional 
RFWI employs the waveform matching–based objective 
function, it becomes vulnerable to cycle skipping and 
local minima.25 To mitigate this issue, the correlation-
based objective function that emphasizes kinematic 
similarity28 and envelope-based objective function that 
suppresses phase dependence29,30 were proposed. However, 
conventional envelope inversion calculates the waveform-
based Fréchet derivative through the chain rule, and 
the gradient can be distorted in the reflection data. To 
overcome these issues, Wu and Chen31 proposed direct 
envelope inversion (DEI), which can stably estimate long-
wavelength velocity under strong scattering conditions 
by directly deriving the envelope Fréchet derivative. DEI 
has been successfully applied to reconstruct large-scale 
velocity anomalies with strong velocity contrasts.32-34 

Chen et al.29 demonstrated that multi-scale DEI prior 
to multi-scale RFWI leads to reliable long-wavelength 
velocity model and improves subsalt imaging. They applied 
wavefield decomposition to DEI, in which the migration 
and tomography components were alternately utilized 
to update the short- and long-wavelength components, 
respectively. Although their approach achieved successful 
results in synthetic experiments, the decomposition method 
in f - k  domain requires storing both source and receiver 
wavefields at every time steps, resulting in large memory 
consumption. This limitation becomes more critical in 
shallow marine seismic data, where high-frequency data 
and dense temporal samples are required. Therefore, in 
this study, we adopt an efficient wavefield decomposition 
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technique based on the Hilbert transform proposed by 
Lian et al.35 This method can implicitly decompose the 
wavefields in time-space domain by constructing analytic 
signals using the Hilbert transform to separate up/down-
going components. Since each component can be implicitly 
extracted in time-space domain, 2D FFT is unnecessary to 
transform f - k  domain and storing the full wavefields can 
be avoided.

Previous RFWI studies have generally been conducted 
using datasets with offsets of several kilometers and 

frequency bands below several tens of hertz. Although 
short-offset targeted study has been reported,36 it still 
relied on offset ranges exceeding 1 km. In this study, we 
aim to reconstruct a long-wavelength velocity model from 
shallow marine seismic data. Accordingly, the RFWI is 
proposed to recover long-wavelength velocity information 
from reflection dominant data. Shallow seismic data 
are characterized by severely limited offsets and the 
difficulty of utilizing low-frequency sources, resulting in 
wavefields dominated by strong boundary reflections. 
These characteristics are similar to the strong-scattering 

Table 1. Representative prior studies on RFWI

Category Year Authors Remarks Freq. Max.  
offset

Gradient 
decomposition

2012 Xu et al.13 Proposed the RFWI to recover the long-wavelength velocity model from 
reflected waves ~8 Hz 8 km

2013 Tang et al.14 Decomposed the gradient into tomography and migration components 
and emphasized the tomography component using weight factor 25 Hz -

2014 Alkhalifah15 Proposed the scattering-angle-guided filter for gradient decomposition - -

2016 Wang et al.16 Proposed the alternating inversion of long- and short-wavelength 
components using wavefield decomposition 5–40 Hz 1.2 km

2018 Yao et al.17 Proposed the plane-wave angle filter to separate migration and 
tomography components ~24 Hz 10 km

Objective 
function

2015 Chi et al.28 Introduced the correlation-based objective function for RFWI - 3.875 km

2015 Wu & 
Alkhalifah37

Proposed simultaneous inversion of background and perturbation using 
modified objective function - -

2018 Chen et al.29 Proposed the multi-scale envelope inversion using WAE to construct start 
model of multi-scale RFWI 4–40 Hz 7 km

2024 Wang et al.30 Proposed the envelope-normalized objective function for RFWI - 4 km

2026 Lim et al. 
(this paper)

Proposed the direct envelope-based RFWI to reconstruct long-
wavelength velocity model on shallow marine seismic data ~200 Hz 90 m

Elastic media 2017 Guo & 
Alkhalifah18

Introduced the elastic RFWI to update P and S long-wavelength velocity 
using equivalent stress source 2–8 Hz 6 km

Anisotropy
2020 Li & 

Alkhalifah19 Proposed the multi-parameter RFWI for acoustic VTI media 2–8 Hz 3 km

2023 Wu et al.20 Introduced the Gauss–Newton multi-parameter RFWI for VTI media. 5–25 Hz 4 km

Computational 
efficiency

2021 Song & 
Alkhalifah21

Introduced EWI using subsurface secondary source into RFWI to improve 
computational efficiency 3–10 Hz 3 km

2021 Wang et al.22 Proposed the matrix-free Gauss–Newton RFWI to improve convergence 
speed 6–25 Hz 8 km

2022 Xu et al.23 Proposed the second-order Gauss–Newton optimization to RFWI to 
improve convergence speed and resolution - 4 km

Abbreviations: EWI: Efficient wavefield inversion; RFWI: Reflection full waveform inversion; VTI: Vertical transversely isotropic; WAE: Window-
averaged envelope. 
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conditions assumed in DEI.

Based on these similarities, we propose a direct 
envelope–based RFWI (DE-RFWI) strategy that 
incorporates DEI into the RFWI to reconstruct long-
wavelength velocity models from shallow marine seismic 
data. RFWI is adopted to overcome the insufficient wide-
aperture information due to limited offset, and DEI is 
employed to mitigate low-frequency component deficiency 
and phase sensitivity. The effectiveness of the DE-RFWI 
approach is demonstrated through numerical examples, 
and its applicability is further validated using field data.

2. Methodology
2.1 Full waveform inversion (FWI)

Full waveform inversion (FWI) reconstructs high-
resolution subsurface properties by minimizing the misfit 
between modeled and observed data. Because FWI exploits 
both the amplitude and phase of the entire waveform, it is 
capable of estimating velocity models. FWI is formulated 
as an optimization problem that minimizes the following 
misfit function:38

( ) ( ) ( ) 21 , , ; , ;  ,
2 s r

J u t m r s dd t r s tm  = ∫ − ∑∑ 	 (1)

where u  is modeled data and d  is observed data with s  
and r  indicating the locations of source and receiver. The 
gradient can be calculated by taking a partial derivative 
with respect to the model parameters m :

( ) ( ) ( ), ;
g , ; ,

s r

J u t r s
R t r s dt

m
m m

∂ ∂
= = ∫ ⋅

∂ ∂∑∑ 	 (2)

where g  is gradient, ( )/u m∂ ∂  is the partial derivative 
wavefield, and  R u d= −  is residual between modeled 
data and observed data, and ⋅  indicates the dot product 
operator. The partial derivative wavefield can be expressed 
by using the Green’s function G  and virtual source 
wavefield v :39

( ) ( ) ( ) ( )* *u t t t tG v v G
m
∂

= =
∂

	 (3)

where * is a convolution operator in time. By substituting 
Equation 3 into Equation 2, the gradient can be written as:

( ) ( )( ) ( ), ;
s r

g t t R t r sv G= ⋅∑∑ *

( ) ( ) ( )( )* * , ;max
s r

t t R T t r sv G= −∑∑ 	 (4)

( ) ( )* ,
s r

t tv B=∑∑

where B  is the back-propagated wavefield calculated by 
propagating the time-reverse residual wavefield.

2.2. Reflection full waveform inversion (RFWI)

When sufficient offset and broad frequency bandwidth are 
available, FWI can effectively recover not only reflector 
boundaries through the migration component but 
also the background velocity through the tomography 
component.10 However, in limited offset conditions, FWI 
performs updates primarily along boundaries. In the 
absence of wide-aperture energy, most of the recorded 
signals consist of reflections. The reflection kernel in FWI 
appears as a mixture of the oval-shaped migration and the 
rabbit-ear-shaped tomography component (Figure 1A). 
Because the migration component is much stronger than 
tomography component, FWI applied to reflection data 
fails to reconstruct the background velocity.

To overcome this limitation, Xu et al.13 proposed RFWI, 
which can stably update the long-wavelength velocity 
model by selectively utilizing tomography components. 
By separating migration and tomography components 
from the full reflection kernel, each component can be 
independently emphasized. Figure 1B shows the highlights 
of the oval-shaped migration component, whereas Figure 
1C presents the rabbit-ear-shaped tomography component 
with weakened migration component. The essential concept 
of RFWI is to decompose the tomography component, 
which contains long-wavelength information.27 

A wavefield can be separated into up/down-going 
according to the propagation direction, which can be 
explicitly decomposed in the frequency-wavenumber 
domain by performing a two-dimensional fast Fourier 
transform (2D FFT) as follows:40

( ) ( )
( )

, , 0
,

, , 0
u z z

z
d z z

u k if k
u k

u k if k
ω ω

ω
ω ω

 <=  ≥
	 (5)

where uu  is the up-going wavefield and du  is the down-
going wavefield. From Equation 4, the migration and 
tomography components can be expressed by combining 
the decomposed wavefields:

( ) ( ) ( ) ( )g * * ,mig u d d u
s r

t t t tv B v B= +∑∑ 	 (6)

( ) ( ) ( ) ( )g * * .tomo u u d d
s r

t t t tv B v B= +∑∑ 	 (7)

However, the explicit decomposition method in the 
f - k  domain requires storing the wavefield at every time 

step, which leads to high memory cost. Figure 2 depicts 
the wavefield decomposition performed in f - k  domain, 
where repetitive 2D FFT and IFFT computations on 
every z - t  wavefield slice are required. In particular, this 
limitation becomes critical in shallow seismic applications, 
where high-frequency content requires dense temporal 
samples. To overcome this, we adopted an implicit 
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wavefield decomposition method proposed by Lian et 
al.,35 which can be implemented in the time-space domain. 
Implicit decomposition method constructs a complex 
wavefield by applying Hilbert transforms in both the time 
and depth directions. For a wavefield ( ),u z t , the complex 
wavefield ( ),u z t  calculated by applying the temporal 
Hilbert transform t  is defined as follows:41

( ) ( ) ( ), , , .tu z t u z t i u z t = +    	 (8)

By applying an additional Hilbert transform z  in the 
depth direction, the wavefield can be separated by:35

( ) ( ) ( )1, , , , 
2u zu z t u z t i u z t  = +     	

( ) ( ) ( )1, , , .
2d zu z t u z t i u z t  = −    

	 (9)

Therefore, based on Equation 9, Equations 6 and 7 can 
be rewritten as follows:

( ) ( ) ( ) ( )g 2 * * ,mig z z
s r

t t t tv B v B    = +     ∑∑  
	

(10)

( ) ( ) ( ) ( )g 2 * * .tomo z z
s r

t t t tv B v B    = −     ∑∑   	 (11)

Based on Equations 10 and 11, the process of combining 
the up/down going wavefields (Equations 6 and 7) can be 
omitted. The migration and tomography components can 
be directly computed within the adjoint modeling.

2.3. Direct envelope inversion (DEI)

Wu and Chen31 proposed a direct envelope inversion (DEI) 
based on the energy scattering theory42 to mitigate cycle 
skipping caused by lack of low-frequency components. 

With the strong scattering condition, the objective 
function for DEI focuses on the mismatch between the 
envelope transformed modeled data ( [ ]uEnv ) and observed 
data ( [ ]dEnv ):

( ) ( ) ( )
21 , , ; , ; ,

2DEI
s r

J u t m r s d t r tdsm Env Env    = ∫ −    ∑∑  (12)

where envelope transformed modeled data and observed 
data can be expressed as follows:

( ) ( ) ( )( 22 [Env u t u t u t  = +  

(13)
( ) ( ) ( )( 22 [ .Env d t d t d t  = +   	

The gradient for DEI can be derived from Equation 12 
with respect to model parameter m :

( ) ( )
( )

, ;
R , ; ,DEI

DEI
s r

u t r sJ
t r s

Envm
m m

 ∂∂  = ∫ ⋅
∂ ∂∑∑ 	 (14)

where ( ( ) / mu tEnv  ∂ ∂  ) is defined as the partial derivative 
envelope wavefield, and ( ) ( )R DEI u t d tEnv   = −   Env  denotes 
the direct envelope residual. In the strong scattering 
approximation, the direct envelope virtual source can be 
written as follow:31

( ) ( ) ( )1, G , ; ,DEI E sv x t x t x
c x

= 	 (15)

where GE  denotes the envelope transformed Green’s 
operator. Therefore, the reformulated DEI gradient is given 
by:

( ) ( )g * ,DEI DEI DEI
s r

t tv B=∑∑ 	 (16)

Figure 1. Comparison of the reflection kernels: (A) full reflection kernel, (B) migration, and (C) tomography component. The reflector, sources, and 
receivers are indicated by the dashed lines, cyan circles, and green triangles, respectively.
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where ( )DEI tv  is the virtual source wavefield for DEI 
and ( )DEI tB  is the adjoint source wavefield computed by 
propagating the time-reversed direct envelope residual.

2.4. Direct envelope–based RFWI (DE-RFWI)

Reflection full waveform inversion (RFWI) can 
reconstruct long-wavelength velocity models from 
reflection data by selectively utilizing tomography 
components. However, conventional RFWI suffers from 
cycle skipping when the data have insufficient low-
frequency content.25,28 To overcome this limitation, we 
propose the direct envelope-based RFWI (DE-RFWI) 
that incorporates the direct envelope into the RFWI. In 
coastal seismic surveys, operating sources that generate 
low-frequency energy is technically challenging. Under 
such shallow marine conditions, incorporating the direct 
envelope, which emphasizes energy distribution rather 
than waveform phase, allows long-wavelength information 
to be stably estimated from reflection data lacking low-
frequency components.

Figure 3 shows the two-stage workflow of DE-RFWI 
process. The workflow consists of the first stage that creates 
reflectors and the second stage that updates the long-
wavelength velocity models. By using the Hilbert transform 
based decomposition method, the desired component 
at each stage can be directly obtained during the adjoint 
modeling without additional 2D FFT operations. Since 
subsurface information is usually limited, the initial 
velocity model does not contain reflectors, which hinders 
the formation of the rabbit-ear-shaped tomography kernel. 
Therefore, in the first stage, the migration component 
in Equation 10 is used to update a temporary short-
wavelength model. The short-wavelength model is used as 

the initial model for the second stage.

In the second stage, an envelope-based objective 
function is employed to recover the long-wavelength 
velocity models, and the tomography components are 
extracted accordingly. According to the Equations 11 
and 16, the tomography component of DE-RFWI can be 
expressed as follows:

( ) ( ) ( ) ( )g 2 * * .tomo DEI DEI z DEI z DEI
s r

t t t tv B v B    = −     ∑∑  
	
(17)

The tomography component is accumulated into 
the initial model at each iteration, whereas the short-
wavelength temporary model is discarded. The updated 
long-wavelength model is used as the initial model for the 
first stage of the next iteration.

3. Numerical examples
3.1. Synthetic test

In this part of numerical example, we conducted a 
synthetic test on the survey conditions of a short-offset 
marine acquisition. This test was carried out to verify the 
performance of the proposed DE-RFWI and to compare 
the results with obtained from conventional FWI and 
RFWI. The velocity model used in this test has a 30 m water 
depth and includes an ellipse-shaped anomaly (Figure 4A). 
The receiver offset range is 18–87 m, with a group interval 
of 3 m. Assuming a vessel speed of 4 knots and a shooting 
interval of 2 s, the shot interval is 4 m, and the recording 
time is 0.3 s. These survey parameters were considered to 
simulate the shallow marine survey conditions. The initial 
velocity model is shown in Figure 4B, and a Ricker wavelet 
with a cutoff frequency of 100 Hz was used as the source 

Figure 2. Schematic diagram of wavefield decomposition in f - k  domain. 
Abbreviations: 2D FFT: Two-dimensional fast Fourier transform; 2D IFFT: Two-dimensional inversefast Fourier transform.
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wavelet (Figure 5). The bandwidth and recording time in 
this test are consistent with typical shallow high-resolution 
survey parameters and the geometry of the field data. 
Forward modeling was carried out using the 2D acoustic 
wave equation under the assumption of constant density. 

Since the maximum offset range is insufficient to record 
wide-aperture signals, most of the recorded energy consists 
of reflections. To verify the DE-RFWI, we compared the 
performance with that of conventional FWI and RFWI. 
Figure 6 depicts the comparison of the inversion results. 
For FWI, the lack of wide-aperture information leads to 
updates that are primarily confined to reflector boundaries, 
and the reflector velocities are not completely recovered 

(Figure 6A). RFWI also fails to reconstruct the long-
wavelength velocity (Figure 6B), because the limited offset 
causes the migration component to dominate, leaving the 
separated tomography component would be still dominant 
by migration energy. However, the DE-RFWI yields a 
stable long-wavelength velocity (Figure 6C). Especially, 
whereas RFWI produces localized updates near the upper 
and lower edges of the anomaly, DE-RFWI achieves a more 
spatially distributed and consistent update throughout the 
model.

These results are also demonstrated on the velocity 
profiles (Figure 7). DE-RFWI provides a more stable 
estimation of the long-wavelength velocity compared with 

Figure 3. Two-stage workflow of the DE-RFWI process
Abbreviation: DE-RFWI: Direct envelope–based reflection full waveform inversion.
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Figure 4. (A) True velocity model and (B) initial velocity model for synthetic test

Figure 5. Ricker wavelet with a cutoff frequency of 100 Hz used in (A) synthetic test, and (B) its frequency spectrum 
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the FWI and RFWI results. Because FWI and RFWI fail 
to recover the background velocity, the updates occur at 
position shallower than the actual lower reflector, which 
is a consequence of the waveform-matching objective 
functions. However, DE-RFWI was able to reconstruct 
the long-wavelength velocity. Therefore, the synthetic 
example on the shallow marine survey demonstrates that 
the proposed DE-RFWI method can yield a more reliable 
long-wavelength velocity model with limited offsets.

3.2. Field data application

To verify the field applicability, we conducted DE-RFWI 
to seismic data acquired in Yeongil Bay, South Korea. 

Figure 8 shows the survey area, where water depth is less 
than 30 m. In the coastal region, the shallow towing depth 
of the source and receivers makes the direct signal highly 
susceptible to contamination by irregular sea-surface 
reflections. Thus, source estimation based on direct signals 
becomes unstable. In this study, we estimated the source 
signature using seafloor reflections, which can be recorded 
more reliably at short offsets. However, the use of seafloor 
reflections requires a reliable near-seafloor velocity model. 
Accordingly, we adopted the velocity model obtained from 
refraction tomography conducted in the same survey area.

The source equipment was an air-gun manufactured by 
Bolt with a chamber volume of 10 in3. It was fired in a time-

Figure 6. Comparison of results on (A) FWI, (B) RFWI, and (C) DE-RFWI 
Abbreviations: DE-RFWI: Direct envelope–based reflection full waveform inversion; FWI: Full waveform inversion; RFWI: Reflection full waveform 
inversion.
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shooting method at 2 s intervals, corresponding to a shot 
spacing of approximately 4 m at an average vessel speed of 
about 4 knots. Totally, 2335 shots were recorded, of which 
1000 shots were used for inversion. The receiver was a 
24-channel streamer manufactured by SIG, with a group 
interval of 3.125 m. The offset range was about 18–90 m. 
The recording length was 0.2 s, and the sampling interval 
was 100 μs.

Pre-processing is essential to ensure the signal quality 
before applying field data to inversion. The trigger time 
between the source controller and receiver unit directly 
affects the temporal alignment of the recorded waveforms. 
A mismatch of trigger time can cause events to be delayed or 
recorded prematurely, leading to incorrect interpretation. 

In air-gun surveys, a gun-delay exists between the trigger 
signal generated by the air-gun controller and the actual 
firing, and the delay was compensated to synchronize the 
trigger time.

The field data contain various mechanical and electrical 
noises, requiring additional noise suppression procedures. 
In this study, high frequency noise components above 
200 Hz were removed through low-pass filtering. The 
direct signals were muted because direct waves can be 
easily contaminated by irregular sea-surface reflections 
in shallow coastal zones. Figure 9 presents the near-offset 
gather and representative common shot gather after the 
pre-processing, and complex reflection events can be 
clearly observed.

Figure 7. Comparison of velocity profiles extracted at the distance of 0.27 km: the true velocity (black), FWI (blue), RFWI (green), and DE-RFWI (red)
Abbreviations: DE-RFWI: Direct envelope–based reflection full waveform inversion; FWI: Full waveform inversion; RFWI: Reflection full waveform 
inversion.

Figure 8. Survey area in Yeongil Bay, Sourth Korea. The survey line is indicated by a magenta line.
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For field data inversion where subsurface information 
is limited, an initial velocity model that linearly increases 
with depth is widely used. In this study, we modified model 
to enhance the stability of the inversion by incorporating 
the observed characteristics of data into the initial model. 
Owing to the short offset and high frequency bandwidth, 
the data are of high resolution (Figure 9). The near-offset 
gather data reveals a sedimentary structure beneath the 
seafloor after distance of 1.8 km (Figure 9A). The two-
way travel time of the reflection occurring below the 
seafloor reflection is approximately 0.04 s. The shallow 
subsurface in this region is known to consist of marine 
sand deposits.43 Accordingly, instead of a simple linearly 
increasing velocity model, we constructed the initial model 
by incorporating the geomorphological features observed 
in the data (Figure 10A).

We carried out inversion using the modified linearly 
increasing model (Figure 10A) and the tomography model 
(Figure 10B) as initial model. Figure 11 shows the inversion 
results for each initial model. Although the tomography 
model that contains travel-time information is a relatively 
favorable velocity model, both results exhibit similar 
trends. This demonstrates that the proposed DE-RFWI can 
stably reconstruct long-wavelength velocity even under 
poor initial models.

According to the inversion results, the vertical and 
horizontal velocity variations are improved (Figure 11). 
In particular, the complex velocity structure shallower 
than 0.12 km is successfully recovered. Moreover, the 
distribution of low-velocity zones around the distance of 
3.0 km and 3.5 km indicates enhanced structural resolution 
relative to the initial model (Figure 11B). The results of 

inversion demonstrate that the DE-RFWI can effectively 
and stably update long-wavelength velocity models when 
applied to short-offset data acquired in shallow water depth. 
However, the velocity structure below 0.1 km depth may be 
inaccurate. It is because the maximum offset range of the 
field data (0.1 km) is insufficient to adequately constrain 
deeper velocities, and the relatively small chamber size of 
air-gun may have caused signal attenuation.

To validate the result of DE-RFWI, a comparison of 
the observed and modeled data generated from Figure 
11B was conducted using representative traces. In shallow 
marine conditions, the recorded data are dominated by 
strong reflections (Figure 9). However, since the DE-RFWI 
reconstructs the long-wavelength components of the 
velocity model, direct amplitude-based comparison is not 
appropriate. The long-wavelength components mainly 
affect travel time; therefore, we evaluated the inversion 
result by analyzing the arrival-time alignment between the 
observed and modeled data.

Figure 12 presents the windowed and their enveloped 
traces to analyze the arrival time alignment. For focus on 
the later signals, a time window after the seafloor primary 
reflection was applied (0.065–0.16 s). Figure 12A shows 
the comparison of observed and modeled traces at a shot 
position of 1.82 km, presented in relative amplitude. This 
location corresponds to the interval where sedimentary 
structures begin to appear from the survey line of 1.9 km 
(Figure 9). The relative amplitude of the signals observed 
at approximately 0.08 s is reasonably reproduced in the 
modeled trace. Figure 12B presents the envelope traces of 
Figure 12A. The blue boxes indicate the envelope peaks of 
the observed data. Comparison with the modeled envelope 

Figure 9. (A) Pre-processed near-offset gather and (B) representative common shot gather of field seismic data 
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Figure 10. Comparison of the initial velocity models: (A) modified linearly increasing model, and (B) tomography model

Figure 11. Comparison of the inverted velocities using initial model as (A) modified linearly increasing model (Figure 9A) and (B) tomography model 
(Figure 9B) 
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peak demonstrates that the arrival time of the main peaks 
is generally aligned. 

Figure 12C displays the trace comparison of a shot 
position of 2.9 km. This location lies in the area influenced 
by the sedimentary structure. Compared with Figure 12A, 
the reference reflection event is observed at delayed time by 
the structural effect shown in inverted result (Figure 11). 
The reproduced relative amplitude trend can be observed 
(Figure 12C). Figure 12D depicts the envelope transformed 
data of Figure 12C. The envelope peaks within the 0.09–
0.12 s are generally aligned. However, discrepancies can be 
detected after 0.12 s.

In this section, the result of DE-RFWI were evaluated 
based on relative amplitudes of windowed traces and 
arrival time alignment in the envelope domain. The relative 
amplitudes and peak-to-peak alignment are generally 
consistent, although additional peaks that are not clearly 
observed in the field data are presented in the modeled 

result.

Since the well-log data is not available for the Yeongil 
Bay field data, the inverted velocity should be verified 
by indirect approach. To verify the inverted velocity, 
a comparison of reverse time migration (RTM) was 
performed. Figure 13A demonstrates the RTM result using 
the initial velocity model in Figure 10B, whereas Figure 
13B presents the RTM result derived from the inverted 
velocity model in Figure 11B. The green arrows indicate 
the improvements in the migration results. The RTM result 
using inverted velocity with DE-RFWI exhibits a markedly 
improved continuity of reflection events. Especially, the 
horizontal reflection around a distance of 2 km is imaged 
in a flattened and coherent event. These enhanced imaging 
results demonstrate that the proposed DE-RFWI approach 
can reliably and accurately reconstruct long-wavelength 
velocity models when applied to field data.

Figure 12. Trace comparison for relative amplitude trend and arrival-time alignment analysis: (A) First channel traces of shot located at 1.82 km, (B) 
envelope traces of (A), (C) first channel traces of shot located at 2.9 km, and (D) envelope traces of (C). Blue vertical bars indicate the envelope peak 
positions of the observed data.

https://doi.org/10.36922/JSE026030005


Journal of Seismic ExplorationJournal of Seismic Exploration RFWI for shallow marine seismic data

Volume X Issue X (2026)	 14� doi: 10.36922/JSE026030005

4. Conclusion
Shallow marine seismic data is characterized by short 
offsets and reflection dominance. Although RFWI has 
been proposed to recover long-wavelength velocity from 
reflection data, it remains susceptible to cycle skipping 
when low-frequency components are insufficient. To 
overcome this, we propose DE-RFWI, which incorporates 
the direct envelope into the RFWI to contribute to the 
reconstruction of long-wavelength velocity. Wavefield 
decomposition method to separate gradient into migration 
and tomography component performed in frequency-
wavenumber domain requires repeated 2D FFT and 
storing of source and receiver wavefield at every time 
step, leading to high computational cost. This limitation 
is particularly critical in shallow marine seismic data. 
Therefore, we employed a Hilbert transform-based implicit 
decomposition method performed in time-space domain. 
The results of numerical examples to both synthetic and 

field data from Yeongil Bay, South Korea demonstrate 
that DE-RFWI successfully reconstructs long-wavelength 
velocity models, even with poor initial models. In the 
field data example, the inversion results show consistent 
arrival-time alignment and related amplitude trends in 
later time. The velocity model obtained from DE-RFWI 
also improves reflector continuity and resolution in RTM 
images. These results indicate that DE-RFWI is an effective 
approach for building reliable long-wavelength velocity 
models in shallow marine seismic data. In addition, 
proposed method is expected to support high-resolution 
velocity model and contribute to geotechnical assessment 
and engineering design in marine environments.
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