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Abstract: Small- and medium-scale scattering can be extremely damaging for acoustic
imaging. The mechanism for distortions is related to severe frequency-dependent phase
perturbations making signals obscure on multi-channel records. Methods are proposed to
compensate for such effects in seismic reflection imaging in two steps. First, the rough signal
guide is constructed using massive beamforming. Second, trace-by-trace specialized time-
frequency masking is employed to reconstruct the corrupted phase and amplitude spectra.
Phase masks are of paramount importance to make target events coherent and visible.
Amplitude masks remove scattered background noise from the amplitude spectra. Unlike
beamforming itself, these methods avoid smearing of signals across channels and preserve
full frequency bandwidth. VC 2020 Acoustical Society of America
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1. Introduction

Reflection seismology experiment utilizes sources and receivers on the surface of the Earth. Since
subsurface velocity is unknown, multiple receivers at different ranges record at each source [Fig.
1(a)] to invert for velocity as well as to perform imaging of subsurface layers. In the case of hori-
zontally layered earth, delay times as a function of range are described by a hyperbola with
parameters directly related to subsurface velocity. An example of such a hyperbola is seen in Fig.
1(b), which shows multi-channel gather (a seismogram with fixed source and receivers at various
ranges) for a synthetic layered model. Seismic processing requires extensive manipulations of the
recorded gathers to extract subsurface velocities and prepare them for final imaging. Usually,
deviations from hyperbolic assumption caused by heterogeneity or noise can be compensated in
terms of travel time as well as waveform variations.1 However, conventional seismic processing
approaches often fail when shallow near-surface layers become complex with heterogeneities
comparable to or smaller than the dominant wavelength of the signals. For example, desert areas
often possess near surfaces peppered with karsts. Multiple scattering distorts all coherent arrivals,
making them hard to distinguish. The goal of this Letter is to present a new alternative to beam-
forming that removes damaging effects of near-surface scattering on multi-channel gathers but
preserves original amplitudes and full frequency bandwidth for target reflection signals. This
approach does not require any knowledge of a subsurface velocity and can be applied in a
variety of other applications using acoustic and seismic waves.

2. Statement of the problem

Let us illustrate the problem using a simple five-layer model, where the top layer is represented
by a random distribution of heterogeneities referred to as clutter2 [Fig. 1(a)]. If a homogeneous
layer replaces the clutter—we should observe a simple wavefield with four hyperbolic reflection
arrivals and associated multiple bouncing events [Fig. 1(b)]. In the presence of the clutter, the
wavefield becomes extremely complex [Fig. 1(c)]. While perhaps hyperbola associated with the
reflector 3 can be recognized, the presence of other hyperbolae is not apparent. Knowledge of
exact velocity structure in the top layer may enable finding and imaging reflectors; however, its
estimation is too challenging in the presence of small- and medium-scale heterogeneity. There is
one family of data-driven approaches that could offer a rough solution to find hidden reflectors.
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In geophysics, they are referred to as multi-dimensional local stacking.3–5 They are closely related
to well-known time-delay-and-sum beamforming with local delay times estimated directly from
the data assuming locally hyperbolic behavior. In this study, we use so-called nonlinear beam-
forming5 that evaluates the coherence of the data along locally hyperbolic surfaces on 3D subvo-
lumes of the data with two spatial and one temporal coordinate. When surface with the largest
coherence is found, then the algorithm performs local stacking along these surfaces and assigns
the resulting beamformed output into a reference trace in the middle of the ensemble. Then the
process is repeated for every single time and a spatial sample of the multi-channel data. As a
result, we obtain beamformed or enhanced gather [Fig. 1(d)] with reliable detection of all four
reflectors. While such massive multi-dimensional stacking methods are efficient at finding events
in the jumble of original data, they are rarely used in actual seismic processing because of highly
undesirable side effects: (1) original amplitudes at each receiver point might be heavily averaged,
(2) data are overly smoothed whereas local travel times and amplitudes characterizing near sur-
face or subsurface are distorted, and (3) higher frequencies are lost during beamforming. While
beamforming preconditions the data for conventional seismic processing methods, distortions
introduced by local stacking are often considered as too severe for reliable quantitative analysis.

3. Methods

Here, we propose an alternative approach that uses massively beamformed data as a signal guide
and heals original data corrupted by scattering but only to the extent required for conventional
methods to work. We further aim to preserve original amplitude information as well as full fre-
quency bandwidth so that subsurface targets can be characterized at full vertical resolution and
with minimum distortions. Consider two multi-channel seismic datasets: (1)“noisy” data x(t) and
(2) “enhanced” data s(t) obtained from the noisy data by local stacking or massive beamforming.
The enhanced dataset represents our best available estimate of the signal suffering from the limi-
tations above. Our goal is to extract an improved estimate of the signal contained in trace x(t)
using corresponding enhanced trace s(t) as a guide. The propagation of seismic signals is a non-
stationary process, so our procedure is designed in the time-frequency (TF) domain. Applying
the short-time Fourier transform (STFT) to x(t) and s(t), we obtain complex-valued TF spectra
of the traces X(k, l), S(k, l) with k, l representing the discrete frequency bin and time frame
indexes, respectively. TF spectrum of the input signal, X(k, l), is represented as a superposition
of desired signal and noise: Xðk; lÞ ¼ ~Sðk; lÞ þ ~N ðk; lÞ. It is useful to formulate the healing

Fig. 1. (a) A fragment of the five-layer synthetic acoustic model. The near-surface layer is modeled as a random, cluttered
media using a homogeneous Gaussian isotropic random distribution with mean value 1700 m/s, standard deviation 200 m/s,
and correlation length 30 m. (b) Seismogram with fixed source and line of receivers when homogeneous layer replaces the
clutter. The red line shows a typical hyperbolic relationship between delay time and range. Yellow lines denote the time gate
used for quantitative metrics in Table 1. (c) Seismogram in the model (a) with the clutter layer present. Seismogram from (c)
after applying various methods: (d) massive nonlinear beamforming, (e) phase substitution, (f) phase substitutionþ IRM
mask, (g) phase sign-correction method, (h) phase sign-correction methodþ IRM mask. Time frames of 160 ms with Hann
window tapering and overlap of 144 ms were used in STFT.
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procedure using the concept of time-frequency masking (TFM) widely used in speech processing
for extracting clean speech from noisy data. TFM provides an estimate of signal TF spectrum
Ŝðk; lÞ as a multiplication,

Ŝðk; lÞ ¼Mðk; lÞXðk; lÞ; (1)

where a time-frequency mask M(k, l) is typically a real-valued function, 0 �Mðk; lÞ � 1. In
essence, amplitude TFM attempts to preserve signal while suppressing noise by applying a filter
close to unity in a “signal dominance” region and close to zero in a “noise dominance” area.6,7

Estimates of signal and noise power spectra are required for TFM design. In speech
processing, a number of approaches have been developed to estimate the noise power spectrum
directly from noisy data using some unique features of human speech. When the noise power
spectrum is found, the power spectrum of clean speech (signal) may be estimated from a noisy
speech by spectral subtraction. Such an approach is not easily transferable to seismic applica-
tions. Instead, we propose to utilize an enhanced or massively beamformed dataset as a crude
analog of clean speech. Having an ancillary dataset from beamforming identical in the number
of channels, we can perform single-channel filtering where each noisy trace is subject to special-
ized TFM derived solely based on corresponding enhanced trace from beamforming, thus simpli-
fying the processing sequence to trace-by-trace transformations.

3.1 Phase substitution method

Accurate phase information has been vividly demonstrated to have an outsized role for multi-
channel images.8 In the presence of accurate phase information, 2D photo images preserve full
visual content even with nearly arbitrary amplitude spectrum. In the absence of phase informa-
tion, images become completely uninterpretable even when the exact amplitude spectrum is pre-
served. This clue leads us to our first method of “phase substitution,” where we take phase of the
beamformed trace as our best estimate of the signal phase, whereas the amplitude spectrum of
the original noisy data remains untouched. TF spectrum of the desired signal trace is given as

Ŝðk; lÞ ¼ jXðk; lÞj exp i/Sðk; lÞ½ �; (2)

where jXðk; lÞj is the amplitude TF spectrum of original trace and /S is the phase spectrum of
the enhanced trace after beamforming. Corrected time-domain signal estimation ŝðtÞ is obtained
by inverse STFT of Ŝðk; lÞ. Phase substitution method can be considered as a special case of
complex-valued phase-only TFM with

Mðk; lÞ ¼ exp i /Sðk; lÞ � /X ðk; lÞð Þ½ �; (3)

as can be easily observed by substituting Eq. (3) into Eq. (1). Here, /X and /S are phase spectra
of noisy and enhanced traces, respectively. Complex-valued TFMs that modify both phase and
amplitude recently appear in speech processing.9

Figure 1(e) shows the resulting seismogram after applying phase substitution. Reflectors
become visible and trackable. In contrast to beamforming, there is no oversmoothing and no loss
of higher frequencies since the amplitude spectrum of the original data is fully preserved.

3.2 Phase correction method

Full phase substitution is equivalent to propagating a priori phase information from enhanced
data directly to signal estimate. As a more delicate alternative, we can apply phase masks that
correct the phase of noisy traces using a guide but do not force them to be equal to the enhanced
phase. Specifically, we find that near-surface scattering often makes data look incomprehensible
when scattering alters the sign of the phase at specific frequency bins along the multi-channel
gathers. In this case, the promising approach is “phase correction,” which corrects the phase of
original data using a phase sign-correction mask (PSM)

Ŝðk; lÞ ¼ Xðk; lÞPSMðk; lÞ; PSMðk; lÞ ¼ sgn cos /S k; lð Þ � /X k; lð Þ
� �� �

: (4)

Figure 1(g) shows a seismogram after phase corrections. Correcting only signs frequency by fre-
quency and frame by frame using the “phase sign-correction mask” from Eq. (4) can greatly
improve event tracking. If original and enhanced data are in phase (the phase difference is less
than 6p=2) at a specific frequency, then no correction is made (PSM¼ 1). If they are out of
phase (a difference of more than 6p=2), then the phase at this frequency is flipped by 6p
(PSM¼�1). We assume that the phase difference is wrapped within the interval of ½�p; p�.
Unlike the phase-sensitive mask of the form cos ½/S � /X �,10 the proposed phase sign-correction
mask is amplitude-preserving since no values of amplitude spectra are modified. We observe a
big improvement in reflector identification while doing less invasive corrections to the phase

J. Acoust. Soc. Am. 147 (6), June 2020 Bakulin et al. EL449

https://doi.org/10.1121/10.0001330

E
X

P
R

E
S

S
L

E
T

T
E

R
S

https://doi.org/10.1121/10.0001330


compared to the phase substitution method. After reflectors become trackable in Fig. 1(e)–1(g),
data become processable with conventional methods.

3.3 Assessment of phase methods

To demonstrate the benefit of the proposed approaches, we compute three quantitative metrics:

• Coherence computed as

1
M

XN

j¼1

XM
i¼1

uij

 !2

XN

j¼1

XM
i¼1

u2
ij

;

where uij is a jth time sample in ith channel, N is a number of time samples within a window, and
M is a number of channels.

• Normalized difference in amplitudes between processed data uij and original clutter dij computed
as

1
M

XM
i¼1

XN

j¼1

ðuij � dijÞ2

XN

j¼1

d2
ij

:

• Dominant frequency of the spectrum fdom.

Table 1 presents metrics computed for 150 ms window surrounding the third reflector
and shown in Fig. 1(b). Clutter destroys data coherence. While beamforming achieves the highest
coherence, it drops the dominant frequency and does not preserve amplitudes. The new phase
methods maintain the dominant frequency and better preserve original amplitudes, but have
somewhat lower coherence that is still acceptable for successful processing. In other words, the
new methods correct for most corrupting details interpreted as small-to-medium scale near-
surface scattering, but preserve medium-to-large scale details demanded by conventional methods
to characterize near surface as well as deeper subsurface. We further maintained original ampli-
tude information as well as higher frequencies without smearing across multiple channels. Such
improvements are also critical for seismic prospecting that rely on tracking subtle amplitude
anomalies to map properties of subsurface targets. As a result, the proposed methods strike a
balance not achievable with beamforming: obtaining sufficient coherence required for processing
while preserving amplitudes and higher frequencies.

3.4 Amplitude TFM using beamformed data as a guide

Phase masks helped us to make reflections visible and coherent, while thoroughly preserving orig-
inal amplitude spectra containing both target reflections as well as undesired arrivals from near-
surface scattering. If removing scattered noise for further imaging is required, then TFM offers
additional opportunities in terms of conventional amplitude masks.7 Specifically, we can attack
amplitude remnants of small-scale near-surface scattering now on power spectra. One of the pop-
ular amplitude-only TFMs is the ideal rationale mask (IRM),11

IRMðk; lÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j~Sðk; lÞj2

j~Sðk; lÞj2 þ j ~N ðk; lÞj2

s
; (5)

where j~Sðk; lÞj2 and j ~N ðk; lÞj2 are estimates of signal and noise power spectrum. To derive the
noise power spectrum, we apply the minimal statistic (MS) approach12 that is well-known in

Table 1. Quantitative metrics for the performance of the new methods compared with beamforming. For reference, data
without clutter has the coherence of 0.95 and dominant frequency 22 Hz.

Metrics Clutter Beamforming Phase Substitution Phase corrections

Coherence 0.1 0.64 0.51 0.31
Ampl. difference 0 0.8 0.64 0.35
fdom 19 Hz 16 Hz 19 Hz 19 Hz
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speech processing directly to the original noisy traces. In our case, the most straightforward esti-
mate of the signal TF power spectrum can be obtained by taking it from enhanced data after
beamforming, e.g., j~Sðk; lÞj2 ¼ jSðk; lÞj2. Amplitude IRM is additionally applied together with
phase correction masks, Eq. (3) or (4), providing an improved signal estimate

Ŝðk; lÞ ¼ Xðk; lÞPSMðk; lÞIRMðk; lÞ: (6)

Figures 1(f)–1(h) demonstrate IRM capability to suppress further amplitudes associated
with small-scale near-surface scattering. Amplitude noise in between the main reflection events is
significantly reduced after the application of the IRM mask [cf. Figs. 1(e)–1(g) and Figs.
1(f)–1(h)]. As expected, amplitudes and local features of key reflection events remain largely
untouched since IRM is expected to be close to unity.

4. Real data example from land seismic in the desert environment

Recorded land seismic data from the desert environment typically are very challenging due to
strong near-surface scattering and variable source and receiver coupling that create additional
frequency-dependent phase distortions. A seismogram from such a dataset after standard process-
ing shows only clues of a few of the strongest reflection events [Fig. 2(a)]. Massive nonlinear
beamforming5 reveals coherent reflections, but the events appear overly smoothed and loss of
higher frequencies above 40 Hz is observed [Fig. 2(e)]. In contrast, phase substitution and phase
correction approaches also make the reflections coherent and visible [Fig. 2(c)–2(d)] but preserve
higher frequencies, avoid oversmoothing, and keep local details of the reflections. The phase sign
corrections achieved by multiplication of TF spectra by 1 or �1, according to Eq. (4), maintain
the absolute amplitudes of the spectrum. Computed spectra validate that new approaches pre-
serve higher frequencies [Fig. 2(e), green and blue lines]. Application of amplitude IRM mask
from Eq. (6) enables additional cleanup of the reflection amplitudes from scattered noise. For
example, this effect is seen in the amplitude spectrum after IRM [Fig. 2(e), green and black lines]

Fig. 2. Example from real land seismic data: (a) input seismogram after conventional processing, (b) seismogram after mas-
sive beamforming, (c) seismogram after phase substitution method, (d) seismogram after phase sign-correction method, (e)
comparison of amplitude spectra, (f) same as (c) but with IRM added, (g) same as (d) but with added IRM. Massive nonlin-
ear beamforming (b) unveils reflections hidden beneath scattered noise but leads to loss of higher frequencies and over-
smoothed character of the signals. In contrast, phase masking approaches (c) and (d) also uncover coherent reflections
avoiding oversmoothing, preserving higher frequencies, and maintaining the original character of the gathers. Amplitude
spectra (e) shows how higher frequencies are suppressed by massive beamforming and restored by phase masking methods
[curves for (c) and (f) are not shown but close to (d) and (g)].
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indicating suppression of dominant high-frequency environmental noise above 60 Hz typical for
land seismic surveys. While massive beamforming at higher frequencies suppressed both signal
and noise due to mis-stacking, amplitude masks combined with phase corrections were able to
reduce the noise while leaving some expected signal exhibiting more natural roll-off due to intrin-
sic attenuation [Fig. 2(e), black line].

5. Conclusion

We presented a new approach for reconstructing an acoustic or seismic wavefield with scattering
distortions caused by small- and medium-scale heterogeneities. First, we utilized massive beam-
forming with large apertures to roughly unveil hidden events. The beamformed data form an
ancillary multi-channel dataset serving as an approximate signal model to guide the reconstruc-
tion process. We exploited this guide to correct the original distorted data using specially
designed time-frequency masking. We demonstrated that the repair of the phase spectrum is criti-
cal for making signal events coherent and trackable. The phase substitution method uses the
guide phase as a direct estimate of the uncorrupted phase, whereas the phase sign-correction
method only fixes apparent polarity reversals based on this guide. Both methods are formulated
as special cases of phase-only time-frequency masking, augmenting the TFM arsenal already
used in speech processing. The proposed phase masking methods maintain original amplitude
spectra of each channel, thus avoiding smearing of information along traces and preserving the
full frequency bandwidth. Amplitude masks are further designed to tackle the remnants of multi-
ple scattering on amplitude spectra, which could be beneficial for imaging. Likewise, traces from
the beamformed dataset are used as guides to design amplitude masks to additionally correct
noise-dominated areas while preserving the signals. Examples from challenging synthetic and real
seismic data validate the ability of new methods to mitigate the effects of small- and medium-
scale scattering caused by complex near-surface layers. Corrected multi-channel data become
acceptable for conventional seismic processing using existing methods.
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