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Abstract: Linear noise, a significant type of interference in exploration seismic data, ad-
versely affects the signal-to-noise ratio (SNR) and imaging resolution. As seismic explo-
ration advances, the constraints of the acquisition environment hinder the ability to acquire
seismic data in a regular and dense manner, complicating the suppression of linear noise.
To address this challenge, we have developed an anti-aliasing and anti-leakage frequency–
wavenumber (f-k) filtering method. This approach effectively mitigates issues of spatial
aliasing and spectral leakage caused by irregular coarse data acquisition by integrating
linear moveout correction and anti-leakage Fourier transform into traditional f-k filtering.
The efficacy of our method was demonstrated through examples of linear noise suppression
on both irregular coarse synthetic data and field seismic data.

Keywords: linear moveout correction; anti-leakage Fourier transform; f-k filtering; linear
noise; irregular coarse acquisition

1. Introduction
Seismic exploration is one of the most effective geophysical methods for revealing the

structure of the earth’s crust and detecting oil and minerals [1–4]. However, during the
acquisition of seismic data, environmental complexities often lead to significant noise con-
tamination. Noise suppression processing is a crucial aspect of seismic data processing [5].
Among various types of noise, linear noise is a primary interference wave encountered
during seismic data acquisition. Linear noise is a type of coherent noise characterized by
distinct kinematic properties and frequencies similar to those of valid reflection waves. It
propagates along the spatial or temporal axis in a linear pattern within seismic records, with
its apparent velocity remaining constant or exhibiting linear variation. In the frequency–
wavenumber (f-k) domain, it typically appears as an energy band with a specific slope [6–8].
This category includes guided waves, body waves, surface waves, and strong sound waves,
all of which manifest as linear events in the data. Seismic-guided waves are generated by
subsurface layer interfaces or heterogeneous media, typically propagating along specific
paths through reflection, refraction, or mode conversion. Body waves, during propagation,
can be mixed with other noise sources (such as equipment interference or traffic), resulting
in body wave noise with linear characteristics. Seismic waves traveling along the surface
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generate surface waves with a fixed apparent velocity, induced by the surface medium (such
as loose soil layers or rock layers). Strong sound waves are primarily caused by mechanical
vibrations from seismic instruments, ground vibrations, or external disturbances (such as
construction noise or traffic). Linear noise can severely degrade effective reflection signals,
significantly lowering the signal-to-noise ratio (SNR) of seismic data [9]. Additionally,
high-angle linear noise can appear on stacking profiles, obscuring the true orientation of
geological strata and complicating the identification of fault systems, ultimately impacting
the quality of final imaging [10].

Various techniques have been developed to attenuate linear noise in seismic explo-
ration, including frequency–wavenumber (f-k) filtering, f-x filtering, radial trace (RT)
filtering, and τ-p transform filtering. Embree et al. verified that f-k filtering can effectively
remove regular, un-aliased linear noise [11]. Guo et al. introduced an f-x domain operator
extrapolation technique, leveraging the relationship between frequency and trace moveout
to suppress both random and linear noise [12]. Liu proposed Karhunen–Loève (KL) trans-
form to model and subtract ground roll from original data [13]. Henly utilized RT transform
to suppress linear feature signals [14]. Zhu et al. combined local RT transform with a step-
varying median filter to effectively eliminate coherent linear noise in prestack seismic data,
which is called local radial trace median filter (LRMF) [15]. Lu et al. proposed polynomial
approximation for suppressing local linear coherent noise [16]. Hong et al. advanced the
beamforming filtering method, yielding improved denoising performance over traditional
techniques [17]. Neelamani et al. and Tong et al. employed Curvelet transform for coherent
linear noise attenuation [18,19]. Qin and Teng et al. demonstrated significant results using
wavelet frequency division characteristics for linear noise suppression in actual seismic
data processing [20,21]. Additionally, multiple radon transformations have been used to
exploit the distinguishability of effective and unwanted signals in the τ-p domain [22,23].
Mathematical morphological filtering (MMF) has shown success in suppressing linear
noise in both synthetic and field seismic data [7]. In recent years, artificial intelligence has
developed rapidly and has gained widespread attention and application in seismic data
denoising, with significant potential for further development [24–26].

As seismic exploration research progresses, the exploration environment has grown in-
creasingly complex. Obstacles such as villages, ponds, and roads hinder seismic data acqui-
sition according to the regular seismic geometry system for shot and receiver points [27,28].
Irregular sampling can adversely affect the Fourier spectrum of seismic data, leading to a
phenomenon known as spectrum leakage, where energy from one Fourier coefficient leaks
onto others [29–32]. Spectral leakage poses significant challenges to various seismic data
processing methods, including noise suppression and data reconstruction [33]. Further-
more, during seismic data acquisition, the spatial sampling density should comply with
the requirements of Kotelnikov’s theorem, meaning that the spatial sampling rate must
be at least twice the maximum wavenumber. However, constraints from surface obstacles
or economic considerations may result in seismic data that do not meet this criterion,
leading to varying degrees of spatial aliasing in the wavenumber domain [6]. The com-
bined effects of spatial aliasing and spectral leakage complicate the suppression of linear
noise, rendering many of the previously mentioned techniques less effective in achieving
satisfactory processing results. For the linear noise suppression of irregular coarse seismic
data acquired in complex survey areas, traditional linear noise suppression methods, due
to the limitations of their underlying principles, are unable to address spectral leakage and
spatial aliasing issues, resulting in unsatisfactory linear noise suppression performance. In
this context, we have innovatively proposed, for the first time, a method for linear noise
suppression in irregular coarse seismic data. In this work, we integrate linear moveout
correction and anti-leakage Fourier transform into the traditional f-k filtering approach.
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The linear moveout correction addresses spatial aliasing caused by undersampling, while
the anti-leakage Fourier transform reduces the spectral leakage effects associated with
irregular acquisition. As a result, we have developed a linear noise suppression technique
specifically designed to tackle the spatial aliasing and spectral leakage issues inherent in
irregular and coarse acquisition. The remainder of the paper is organized as follows. In the
section titled “Theory and methods”, we detail the linear moveout correction, anti-leakage
Fourier transform, and anti-aliasing and anti-leakage f-k filtering method. In the subse-
quent “Application” section, we validate the effectiveness of our linear noise suppression
technique using synthetic seismic data as well as field seismic data.

2. Theory and Methods
2.1. Linear Moveout Correction

During the acquisition of field seismic data, budget constraints and environmental fac-
tors often prevent the spatial sampling rate from meeting the requirements of the sampling
theorem, leading to spatial aliasing in the f-k domain. In traditional f-k filtering, linear
noise associated with the aliased spectral components cannot be effectively suppressed,
significantly diminishing the overall noise suppression performance. A practical solution to
this issue is to apply linear moveout correction to the data prior to noise suppression, which
shifts unwanted signals to lower dips and effectively mitigates the effects of spatial aliasing.
The process of applying linear moveout correction based on the following formula:

T = X/V, (1)

where T is the static time shifts, X is the offset, and V is the linear moveout correction
velocity.

To demonstrate the effectiveness of linear moveout correction in eliminating spatial
aliasing, we simulated three linear noises with apparent velocities of 100 m/s, 150 m/s, and
200 m/s along the survey line, using spatial sampling intervals of 5 m. The synthesized
linear noise and its spectrum are shown in Figure 1. The linear noise corresponding
to 100 m/s exhibits severe spectrum aliasing, while the linear noise corresponding to
150 m/s exhibits slight spectrum aliasing. In contrast, the linear noise corresponding to
200 m/s does not exhibit spectrum aliasing and can be easily removed using f-k filtering
method. Consequently, for low-apparent-velocity noise, directly removing it from the
f-k spectrum proves challenging due to insufficient spatial sampling. We applied linear
moveout correction on the data at a velocity of 270 m/s, with results presented in Figure 2.
We observe that the linear moveout correction reduces the inclination angle of the linear
noise and eliminates spectral aliasing, allowing for effective suppression in the f-k spectrum.
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2.2. Anti-Leakage Fourier Transform

As seismic exploration continues to advance, the field acquisition environment has
become increasingly complex, such as mountains, lakes, rivers, etc. This complexity makes
it difficult to arrange shot and receiver points in a regular manner, resulting in irregular
seismic data that pose additional challenges for data processing.

For acquired irregular seismic data, the associated Fourier coefficients in the f-k domain
can be computed via nonuniform discrete Fourier transform (NDFT) [34]

D(m∆k, w) = ∑N−1
n=0 d(xn, w)eim∆kxn ∆xn, (2)

where ∆k = 2π/(xN−1 − x0), m is the wavenumber index, and ∆xn indicates the spacing
between consecutive traces. Compared to regular sampling, irregularly sampled data
produce a noticeable effect in the f-k spectrum, which is known as spectral leakage, where
energy from one Fourier coefficient leaks into others. To further illustrate the spectral
leakage effect, we performed irregular sampling on the linear signals simulated in the
previous section, using an average interval of 5 m between sampling points. Figures 3 and 4
display the irregular linear signals and their spectra before and after linear moveout
correction. It is evident that, compared to regular sampling, irregular sampling causes the
energy of Fourier coefficients to leak across the entire f-k spectrum, creating additional
challenges for f-k filtering.

To obtain the true spectrum of irregular seismic data without spectral leakage, Xu
et al. proposed the anti-leakage Fourier transform algorithm [30]. This method iteratively
constructs the Fourier coefficients by searching for the element with maximum amplitude
and subtracting the associated component from the original seismic data until all the
significant Fourier coefficients are estimated. The process includes the following steps:

(1) Compute the f-k spectrum of the irregular data;
(2) Select the strongest Fourier component and add this value to the estimated spectrum;
(3) Subtract the contribution of this Fourier component from the input data;
(4) Input the updated Fourier component into step (2) until the desired number of Fourier

components is reached or the data residual is small enough.

For the irregular linear signal corrected by linear moveout correction, we applied the
anti-leakage Fourier transform algorithm to obtain its true spectrum. Figure 5 displays
the reconstructed regular linear signal along with its spectrum. It is evident that the
spectral leakage caused by irregular acquisition has been effectively addressed. Therefore,
the combination of linear moveout correction and anti-leakage Fourier transform can
effectively solve the issues of spatial aliasing and spectral leakage resulting from irregular
coarse acquisition.
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 Figure 3. Synthetic irregular linear noise (a) and its f-k spectrum (b).
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2.3. Anti-Leakage and Anti-Aliasing f-k Filtering

The f-k filtering method, based on two-dimensional Fourier transform, is also known
as apparent velocity filtering. This technique leverages the differences in apparent velocity
between unwanted noise and the signal to distinguish them in the f-k domain, enabling the
removal of undesired energy from the original data. The f-k filtering equation in the f-k
domain can be expressed as follows:

D̃(k, w) = D(k, w)·H(k, w), (3)

where H(k,w) is the designed filter and satisfies the following conditions:
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H(k, w) =

{
0, ( f , k) ∈ suppression regin
1, ( f , k) ∈ e f f ective regin

, (4)

The traditional f-k filtering method effectively suppresses linear noise in regular
high-density seismic data. However, it struggles to achieve optimal noise suppression in
irregular coarse acquisition data due to its theoretical limitations.

As mentioned earlier, linear moveout correction can mitigate the effects of spatial
aliasing, while anti-leakage Fourier transform addresses spectral leakage caused by ir-
regularities and provides the true f-k spectrum. Therefore, we combine linear moveout
correction, anti-leakage Fourier transform, and the traditional f-k filtering method to de-
velop an anti-aliasing and anti-leakage f-k filtering method. The steps of the anti-aliasing
and anti-leakage f-k filtering method can be summarized as follows:

1. Obtain the irregular coarse seismic data and the apparent velocity of unwanted
linear noise;

2. Select the appropriate velocity and apply linear moveout correction;
3. Use the anti-leakage Fourier transform algorithm to obtain the true f-k spectrum;
4. Identify the suppression region of the f-k spectrum based on the apparent velocity of

unwanted linear noise;
5. Retrieve the denoised seismic data using inversion FFT;
6. Output the final denoised seismic data by applying reverse linear moveout correction.

It is important to note that the linear noise suppression method for irregular coarse
seismic data proposed in this paper can only partially address spatial aliasing. It cannot
completely resolve severe cases of spatial aliasing. Moreover, for seismic events without
spatial aliasing, spatial aliasing may occur after linear moveout correction, which could
affect the subsequent true f-k spectrum calculation based on anti-leakage Fourier trans-
form and the effective signal reconstruction. Therefore, comprehensive data analysis and
parameter design should be conducted before noise suppression.

To help the readers better understand how anti-aliasing and anti-leakage f-k filtering
works, we give a demonstration in Figure 6 that corresponds to the aforementioned.
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3. Applications
3.1. Simple Synthetic Data

We first tested the proposed anti-aliasing and anti-leakage f-k filtering method on
a synthetic example. The data consist of three primaries and three linear noises with
apparent velocities of 100 m/s, 150 m/s and 200 m/s, respectively. The sampling points
are irregularly distributed, with an average sampling interval of 5 m. The test data and
their f-k spectrum are shown in Figure 7.
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As observed, the irregular distribution of sampling points leads to spectral leakage in
the spectrum, with leaked energy spread throughout the entire f-k domain. Additionally,
due to the sampling interval not adhering to the sampling theorem, severe spatial aliasing
occurred in linear noise with an apparent velocity of 100 m/s, slight spatial aliasing
occurred in linear noise with an apparent velocity of 150 m/s, and no spatial aliasing
occurred in linear noise with an apparent velocity of 200 m/s. Due to the sparse and
irregular distribution of sampling points, it is difficult to effectively suppress these irregular
linear noises using traditional f-k filtering.

In order to measure the denoising performance more clearly, the signal-to-noise ratio
(SNR) will be calculated in the following section. The SNR is defined as follows:

SNR(dB) = 20log10
∥ S ∥2

∥ S − Den ∥2
, (5)

where S denotes the noise-free signal data and Den represents the denoised data.
The denoised data and the corresponding removed linear noise are presented in

Figure 8. Figure 8a,d express the denoising performance of the filtering method based
on radon transform; we can see that a large amount of linear noise is left in the denoised
data. The energy of the linear noise is also quite strong in the f-k spectrum, so the method
did not suppress the linear noise effectively. The SNR of the denoised result using radon
filtering is 9.13. The denoising performance of the traditional f-k filtering method, shown
in Figure 8b,e, reveals slight residual linear noise in the denoised data. Additionally, the f-k
spectrum indicates that this remaining noise is primarily composed of spatial aliasing and
spectral leakage. The SNR of the denoised result using traditional f-k filtering is 14.01. In
contrast, Figure 8c,f illustrate the denoising performance of the proposed anti-aliasing and
anti-leakage f-k filtering method, which effectively removes the linear noise, leaving only
the energy of the effective signal in the f-k spectrum. The highest SNR was obtained using
the anti-aliasing and anti-leakage f-k filtering method for denoising, with a result of 21.69.
Therefore, the proposed anti-aliasing and anti-leakage f-k filtering method demonstrates
greater effectiveness in addressing linear noise suppression in irregular coarse data.
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filtering, traditional f-k filtering, and anti-aliasing and anti-leakage f-k filtering, respectively, and
(d–f) anti-leakage Fourier transform spectrum of denoised results using radon filtering, traditional
f-k filtering, and anti-aliasing and anti-leakage f-k filtering, respectively.

The corresponding removed linear noise is shown in Figure 9. Figure 9a shows the
linear noise removed using the radon filtering. As seen, this method is unable to fully
suppress linear noise. This suggests that the radon filtering method can only suppress the
dominant energy of linear noise of irregular seismic data but is ineffective in addressing
the discontinuities caused by irregular acquisition. Figure 9b illustrates the linear noise
removed using the traditional f-k filtering method, since this method does not account for
spectral leakage and aliasing issues in irregular coarse seismic data, it can only suppress
the dominant linear noise energy. Compared to the linear noise in the original data, the
discontinuous characteristics caused by irregularity are also absent in the removed linear
noise, which instead appears as smooth and continuous linear noise. Moreover, since the
traditional f-k method cannot handle aliased frequencies, the frequency of the removed
linear noise is lower compared to that removed by the anti-aliasing and anti-leakage f-
k filtering method. In contrast, the anti-aliasing and anti-leakage f-k filtering method
preserves the discontinuous features caused by irregular acquisition in the removed linear
noise, as shown in Figure 9c. Additionally, the profile of the linear noise removed using
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traditional f-k filtering shows slight remnants of the primary signals, as seen in the 1–1.5 s
range of the first primary in Figure 9b. We believe this is due to the leakage energy of the
Fourier coefficients corresponding to the primaries being removed during spectrum cutting.
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Figure 9. Linear noise removed using (a) radon filtering, (b) traditional f-k filtering, and (c) anti-
aliasing and anti-leakage f-k filtering, respectively.

3.2. Deposit Synthetic Data

The second synthetic data example is generated by simulating the Half Mile Lake
deposit model proposed by Bellefleur et al. [35]. This ore deposit, located in New Brunswick,
Canada, is a volcanic-hosted massive sulfide deposit [36]. To introduce linear noise into the
simulated data, we modified the shallow velocity structure by adding a layered low-velocity
medium to the near-surface layer; the P-wave velocity range of the low-velocity layer is
between 3000 and 5700 m/s, with a thickness of 100 m. Corresponding modifications were
made to the S-wave velocity and density. Although this may seem somewhat unreasonable,
our goal is to simulate strong surface wave energy. As a result, the parameter settings
do not fully align with real-world conditions, making this a somewhat atypical case. To
better highlight the surface structure, the specific structure of the low-velocity layer was
not detailed in the model; the P-wave velocity section is illustrated in Figure 10. To
obtain the irregular seismic data, we designed an irregular geometry with an average
sampling interval of 15 m. The synthetic irregular seismic data for the Half Lake deposit
model, shown in Figure 11, clearly demonstrate strong surface wave energy with distinct
dispersion characteristics.
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Figure 11. Synthetic irregular seismic data of the Half Mile Lake deposit model with surface wave noise.

Figure 12 shows the denoising results obtained from radon filtering, traditional f-k
filtering, and anti-aliasing and anti-leakage f-k filtering, along with the corresponding
linear noise removed by each method. The radon filtering method can suppress most
of the linear noise, but it also removes a certain amount of the effective signal, which is
detrimental to the subsequent seismic data processing results, as shown in Figure 12a,d.
Figure 12b,e illustrate the denoised result and corresponding removed linear noise using
traditional f-k filtering; it is evident that the method has significantly suppressed the linear
noise in the irregular data, but a small amount of high-frequency noise remains unfiltered.
In contrast, the anti-aliasing and anti-leakage f-k filtering method’s performance is even
better, effectively suppressing surface waves with different apparent velocities without
damaging the effective signal, as shown in Figure 12c,f.
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Figure 12. Denoising comparison of the synthetic irregular seismic data of the Half Mile Lake deposit
model: (a–c) denoised results using radon filtering, traditional f-k filtering, and anti-aliasing and
anti-leakage f-k filtering, respectively, and (d–f) removed surface wave noise using radon filtering,
traditional f-k filtering, and anti-aliasing and anti-leakage f-k filtering, respectively.
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3.3. Land Field Data

The first field seismic data example is a shot gather, as shown in Figure 13. To
validate the imaging performance of compressive sensing seismic exploration, seismic data
acquisition was conducted in eastern China. The shot and receiver points were randomly
and sparsely distributed, using an orthogonal geometry system. A total of 2488 shots were
fired, with 18 receiver lines and 6485 geophones arranged for full permutation reception.
The seismic source was vibroseis, and the receivers were nodal geophone. Our objective is
to remove the surface wave, which is a common type of linear noise in land seismic data.
Surface waves are characterized by their linear distribution, high amplitude, low frequency,
and low velocity [37]. These waves can significantly impact the effective reflection in the
middle and deep layers, resulting in a low SNR of seismic data.
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Figure 13. Irregular land field seismic data with surface wave noise.

During data acquisition in this work area, the shot and receiver points were irregularly
and sparsely distributed. Consequently, surface waves with lower apparent velocities
exhibit a degree of spatial aliasing and spectral leakage in their f-k domain. We applied
radon filtering, traditional f-k filtering, and the anti-aliasing and anti-leakage f-k filtering
method to suppress the surface waves, with the denoised results and the removed noise
presented in Figure 14. In this example, the radon filtering method removes most of the
surface wave energy, but it is unable to suppress the surface wave energy corresponding
to the spatial aliasing. Traditional f-k filtering also successfully suppresses most surface
wave noise but leaves some residual noise. This part of the noise has an opposite dip to the
removed noise, which is due to coarse spatial sampling resulting in spatial aliasing and
therefore cannot be effectively suppressed by the traditional f-k method. In contrast, anti-
aliasing and anti-leakage f-k filtering effectively suppress surface wave noise, resulting in a
denoised shot gather with almost no surface wave noise. Thus, for seismic data acquired
irregularly and sparsely, anti-aliasing and anti-leakage f-k filtering effectively addresses the
challenges of spatial aliasing and spectral leakage, significantly attenuating linear noise.

3.4. Marine Field Data

The second field data example is marine cable seismic data, as shown in Figure 15.
The data acquisition was conducted offshore in Tanggu, China, using a 3D marine seismic
survey. The survey employed a single-vessel towed cable method with 16 cables, each 6 km
in length. The seismic source was an air gun, and the receivers were marine towed cables.
The raw data contain various external source noises with negative apparent velocities,
which complicate subsequent seismic data processing and interpretation. During this
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acquisition, some geophones were damaged, and the useful data obtained were irregular,
leading to irregular useful data and the loss of certain linear features of these external noise
sources. As with the previous example, radon filtering, traditional f-k filtering, and the
anti-aliasing and anti-leakage f-k filtering method were applied to suppress the linear noise.

Figure 16 displays the denoised results obtained from radon filtering, traditional f-k
filtering, and the anti-aliasing and anti-leakage f-k filtering method along with the corre-
sponding removed linear noise. It is clear that the radon filtering method has suppressed a
large portion of the linear noise, but it has a notable side effect: some of the effective signal
is also removed along with the noise. We can also see that traditional f-k filtering leaves
some linear noise in the raw data, mainly high-frequency aliasing noise. The anti-aliasing
and anti-leakage f-k filtering method achieved the best results in this example. The linear
noise energy suppressed by anti-aliasing and anti-leakage f-k filtering is nearly identical to
that removed by the radon transform. However, it is worth noting that the anti-aliasing
and anti-leakage f-k filtering method has minimal impact on the effective signal, which is
crucial for subsequent seismic data processing.
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4. Conclusions
To address the challenges of linear noise suppression in irregular coarse seismic data

acquisition, we propose the anti-aliasing and anti-leakage f-k filtering method. Existing
linear noise suppression methods, due to their theoretical limitations, are ineffective in
suppressing linear noise in irregular coarse seismic data, which poses challenges for noise
suppression in complex seismic data scenarios. Therefore, we have innovatively proposed,
for the first time, a solution to linear noise suppression in irregular coarse seismic data. This
method holds promise in overcoming the difficulties of linear noise suppression in seismic
data from complex survey areas. This approach integrates linear moveout correction
and anti-leakage Fourier transform with traditional f-k filtering. The linear moveout
correction component effectively mitigates spatial aliasing issues arising from insufficient
sampling, while anti-leakage Fourier transform addresses spectral leakage caused by
irregular acquisition, enabling the retrieval of the true spectrum from the irregular data.
Both synthetic and field seismic data examples demonstrate that the anti-aliasing and anti-
leakage f-k filtering method significantly enhances linear noise suppression in irregular
coarse seismic data.
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