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ABSTRACT
Three-dimensional seismic survey design should provide an acquisition geometry that
enables imaging and amplitude-versus-offset applications of target reflectors with suf-
ficient data quality under given economical and operational constraints. However, in
land or shallow-water environments, surface waves are often dominant in the seismic
data. The effectiveness of surface-wave separation or attenuation significantly affects
the quality of the final result. Therefore, the need for surface-wave attenuation im-
poses additional constraints on the acquisition geometry. Recently, we have proposed
a method for surface-wave attenuation that can better deal with aliased seismic data
than classic methods such as slowness/velocity-based filtering. Here, we investigate
how surface-wave attenuation affects the selection of survey parameters and the re-
sulting data quality. To quantify the latter, we introduce a measure that represents the
estimated signal-to-noise ratio between the desired subsurface signal and the surface
waves that are deemed to be noise. In a case study, we applied surface-wave atten-
uation and signal-to-noise ratio estimation to several data sets with different survey
parameters. The spatial sampling intervals of the basic subset are the survey parame-
ters that affect the performance of surface-wave attenuation methods the most. Finer
spatial sampling will reduce aliasing and make surface-wave attenuation easier, re-
sulting in better data quality until no further improvement is obtained. We observed
this behaviour as a main trend that levels off at increasingly denser sampling. With
our method, this trend curve lies at a considerably higher signal-to-noise ratio than
with a classic filtering method. This means that we can obtain a much better data
quality for given survey effort or the same data quality as with a conventional method
at a lower cost.

Key words: Survey design, Parameter estimation, Surface wave, Noise attenuation,
Signal-to-noise ratio.

INTRODUCTIO N

For 3-D seismic surveys, one should choose the survey pa-
rameters such that the acquired data have the quality required
to achieve the desired objectives. To obtain high data quality
while reducing survey effort, several authors presented so-
phisticated approaches to survey design and evaluation. Tra-
ditionally, survey design is based on attributes such as fold,

∗E-mail: tomohide.ishiyama@inpex.co.jp

offset, azimuth sampling in each bin, as well as their distribu-
tion across bins (e.g., Cordsen, Galbraith, and Peirce (2000);
Galbraith (2004); and Vermeer (2012)). This approach pro-
vides the information from a given acquisition geometry at the
surface but does not take into account subsurface structures
and properties. More recent survey design methods involve
the reconstruction of the angle-dependent reflectivity in one
or more subsurface points in the target area (e.g., Berkhout
et al. (2001); Volker et al. (2001); van Veldhuizen, Blacquière,
and Berkhout (2008); and Ishiyama and Blacquière (2015)). In
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Attenuation’s impact on seismic survey design 87

this way, survey design examines the capability of an acquisi-
tion geometry to properly image target reflectors and to allow
for amplitude-versus-offset (AVO) analysis of the reflections.

Surface waves in land or shallow-water environments
often mask the primary reflections. Therefore, they impose
additional requirements on the acquisition geometry since it
should allow for effective surface-wave separation or atten-
uation (Berteussen, Zhang, and Sun 2011). Many methods
for surface-wave attenuation have been developed. Examples
are conventional filtering methods (e.g., Yilmaz (2001)) and
a data-driven, data-adaptive, and model-based method using
a closed-loop approach (Ishiyama et al. (2015)). These ap-
proaches remove the estimated surface waves from the seis-
mic data, although some residual may still be present in the
result. To quantitatively analyse the data quality of the re-
sult, signal-to-noise ratio (SNR) can be used as a proper at-
tribute or measure representing the data quality in terms of
surface-wave attenuation. The residual affects the effective-
ness of subsequent stages of data processing, imaging, and,
ultimately, reservoir characterization and may consequently
adversely influence the final product. Therefore, the effec-
tiveness of surface-wave attenuation for a given acquisition
geometry will have an impact on survey design.

For 3-D seismic surveys, the basic survey parameters are
the four spatial sampling intervals and apertures of the tem-
plate geometry (Vermeer, 2012). The four spatial sampling
intervals are defined by the receiver and source intervals, each
in two sampling directions that are usually orthogonal. The
four spatial sampling apertures consist in the receiver and
source apertures, oriented in the same way as the above four
spatial coordinates. Given these survey parameters, we will
address the following questions.
(i) What is the relationship between the survey parameters
and the resulting data quality?
(ii) Which types of survey parameters are essential?
(iii) What are the optimal values of the key types of survey
parameters for the required data quality?
(iv) How does the method of surface-wave attenuation affect
these values?
To answer these questions, we applied surface-wave attenu-
ation and SNR estimation to several data sets with different
survey parameters and analysed the relationship between the
survey parameters and the resulting data quality. We consid-
ered two methods for surface-wave attenuation, i.e., a conven-
tional filtering method in the wavenumber–frequency (kxky-f)
domain and our new method using a closed-loop approach.

METHOD

Survey parameters and survey effort

As mentioned before, for 3-D seismic surveys, the relevant
survey parameters are the spatial sampling intervals for re-
ceivers, �xd and �yd, and for sources, �xs and �ys , as well
as their respective apertures, i.e., Xd and Yd for the receivers
and Xs and Ys for the sources in the template geometry. For
an orthogonal geometry, the basic subset is a cross-spread
gather, where receiver–point and source–point intervals are
quite fine (for example, �xd and �ys), whereas receiver–line
and source–line intervals are often coarse (�yd and �xs in this
example). Receiver–line and source–line lengths specify the
maximum apertures (Xd and Ys for this basic subset). For an
areal geometry, the basic subset is a common-source gather
or a common-receiver gather, where receivers are arranged
on a densely spaced grid (�xd and �yd fine) and sources
are arranged on a sparsely spaced grid (�xs and �ys coarse)
or the other way around. Receiver-spread widths (Xd and
Yd) and source-spread widths (Xs and Ys) specify the max-
imum apertures in the former and the latter cases, respec-
tively. Two of the four spatial coordinates, represented by the
set {�xb,�yb, Xb, Yb}, specify the spatial sampling of the ba-
sic subset, where subscript b can be d or s, independently
for each choice of survey parameters but not in arbitrary
combinations. Two other coordinates, described by the set
{�xB, �yB}, specify the spatial redundancy of the basic sub-
sets, i.e., the fold, where again subscript B can be d or s.
Their maximum apertures, XB and YB, are usually the same
as Xb and Yb and define the template. For instance, the set
{�xd,�ys, Xd, Ys} specifies the spatial sampling of a cross-
spread gather, i.e., {�xb, �yb, Xb, Yb} = {�xd, �ys, Xd, Ys},
whereas the set {�xs, �yd} specifies the spatial redundancy of
the cross-spread gather, i.e., {�xB, �yB} = {�xs,�yd}. Here,
the x-direction is considered as the in-line direction.

Surface-wave attenuation is often applied to basic sub-
sets such as 3-D common-shot, 3-D common-receiver, and
3-D cross-spread gathers. Therefore, the key set of sur-
vey parameters in terms of the surface-wave attenuation is
{�xb, �yb, Xb, Yb}, specifying the spatial sampling of the basic
subset. Consequently, we can define the survey effort, SE, as
a combined attribute of these survey parameters relative to a
reference basic subset as

SE = �xbref

�xb

�ybref

�yb

Xb

Xbref

Yb

Ybref
, (1)
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where subscript “ref” denotes “reference”. We also define two
attributes that measure symmetry

A�xb
= �xb

�yb
, (2)

AXb
= Yb

Xb
, (3)

where A�xb
is the aspect ratio of the spatial sampling intervals,

and AXb
is the aspect ratio of the spatial sampling apertures.

Surface-wave attenuation

We considered two methods for surface-wave attenuation. For
the description of these methods, we adopt the representation
of a 3-D seismic data set as a matrix for each monochro-
matic component (Berkhout, 1982). In this matrix, column
vectors correspond to common-source gathers and row vec-
tors constitute common-receiver gathers. Using reciprocity,
a common-receiver gather can be thought of as a common-
source gather. Cross-spread gathers can be rearranged into
common-source gathers by sorting the cross-spread gathers
into the corresponding vectors by lexicographical ordering.
Since the discrete Fourier transform is invertible, either of
the space–frequency (xy-f) or the space–time (xy-t) domain
can be used, depending on what is most convenient or effi-
cient. In the matrix representation, a common-source gather
containing both subsurface signals and surface waves can be
written as ( �P + �N), where �P represents the subsurface sig-
nals and �N represents the surface waves. Note that, in this
paper, the term “subsurface signals” refers to all events ex-
cept the surface waves, i.e., �P includes refractions, reflections,
surface-related and internal multiples, etc. In fact, �P contains
not only the desired signal but also non-source-related noise
such as ambient noise. If the surface waves �̂N are estimated
and subtracted from the seismic data ( �P + �N), we obtain the
estimated subsurface signals �̂P. Here, the hat symbol .̂ denotes
“estimated”. If �̂N is not perfectly estimated, a non-zero resid-
ual, � �N = �N − �̂N, remains. In that case, �̂P includes the term
� �N, i.e., �̂P = ( �P + �N) − �̂N = �P + � �N.

The first method is a conventional slowness/velocity-
based filtering, in which ( �P + �N) is transformed to a suit-
able domain, e.g., the Radon (px py-f) or the kxky-f domain,

where �̂N and �̂P are separated in terms of their apparent slow-
ness/velocity. The conventional method generally has the lim-
itation that �̂N does not fully contain the aliased energy and
part of the aliased energy leaks into �̂P.

The second method is our recently developed closed-loop
or iterative approach (Ishiyama et al. (2015)). It employs

a relatively simple forward model of surface waves together
with adaptive subtraction of the forward-modelled surface
waves from the observed seismic data. The model is param-
eterized by frequency-dependent slowness and source prop-
erties for each surface-wave mode. The iterative scheme
minimizes the residual or the difference between the observed
and the modelled surface waves. This approach solves the in-
verse problem and, consequently, produces optimal �̂N and �̂P,
although � �N that cannot be explained by the model may still
remain.

An attractive property of our method is that it can be
applied to undersampled, irregularly sampled, and blended
seismic data. This offers the possibility of relaxing the re-
quirements on the spatial sampling intervals and therefore
offers flexibility with respect to the acquisition geometry.
Figure 1 shows an example of our method using 3-D ocean-
bottom-cable (OBC) hydrophone data acquired offshore Abu
Dhabi in a shallow-water environment. We consider a cross-
spread gather, consisting of a receiver line in the x-direction
and a source line in the y-direction, each with a spatial
sampling interval of 50 m and a length of 3200 m, i.e.,
{�xb, �yb, Xb, Yb} = {50 m, 50 m, 3200 m, 3200 m}, A�xb

=
1, and AXb

= 1. This fills a 3-D cube in the xy-t domain. Bad
traces were removed. Figures 1(a) and 1(d) exhibit ( �P + �N)
in the xy-t and the kxky-f domains, respectively. The sur-
face waves distinguish themselves from the subsurface sig-
nals by larger amplitudes and lower frequencies. We can
identify the fundamental mode and one higher mode. Each
is shaped as a cone in the xy-t and in the kxky-f domains,
their slowness values being larger than those of the subsur-
face signals. Aliased energy is especially conspicuous in the
kxky-f domain, wrapping around and obliquely intersecting
the true energy. Subsurface signals are also present. Refrac-
tions are contained in a conical shape around a smaller two-
way time range in the xy-t domain and inside a conical shape
in the kxky-f domain, which is wider and narrower than
for the surface waves. Reflections appear as flat events,
i.e., around apices of hyperboloids, with infinitesimally
small slowness over the whole two-way time in the xy-
t domain and around the origin (kx, ky) = (0, 0) over
all the frequencies in the kxky-f domain. Figure 1

also depicts �̂N and �̂P. The results demonstrate that
our method successfully estimates �̂N, even including the
aliased energy, and removes it effectively from ( �P + �N),
providing �̂P.

Since our method better handles aliased events, we ex-
pect a significant effect on the optimal parameters for survey
design.

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Figure 1 The results of the surface-wave attenuation using using our method (after Ishiyama et al. (2015)). (a, d) The seismic data; (b, e)
the estimated surface waves; (c, f) the resulting subsurface signals in the xy-t and the kxky-f domains with a vertical section at the top and a
horizontal time/frequency slice at the bottom. A dotted line in the section indicates the position of the slice, and vice versa. Red, pink, dark
green, and blue arrows indicate the surface-wave fundamental mode, a surface-wave higher mode, refractions, and reflections, respectively. A
filled arrow indicates the true energy, and the whitish versions of the arrows in the kxky-f domain indicate the aliased energy of the various wave
types. Notice that the surface waves are dispersive, multi-modal, and aliased.

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Data quality

To quantitatively evaluate the data quality resulting from
the surface-wave attenuation, we estimate the SNR of �̂P us-
ing the cross-correlation-based method proposed by Thomas,
White, and Castoro (1998). After applying a normal-move-
out (NMO) correction to �̂P in the xy-t domain, reflections
correlate from trace to trace. They also correlate with their
multiples with a time lag. The surface waves hardly corre-
late, and their influence can be neglected. Therefore, cross-
correlation of traces in a spatial and temporal window that
excludes refractions provides an estimate of the subsurface-
signal energy, EP . Furthermore, if there is a reference data set,
�̂P ref (for example, �P), cross-correlation of each trace in �̂P and
the corresponding traces in the spatial/temporal windows in
�̂P ref improves the estimate, EP . Autocorrelation of each trace
in �̂P provides an estimate of the total energy, E(P+�N). There-
fore, subtracting EP from E(P+�N) provides an estimate of the
remaining surface-wave energy, E�N. Consequently, the SNR
is estimated by dividing a representative value of EP , such
as a spatially summed and averaged value, by that of E�N.
For each monochromatic component, this algorithm can be
expressed as

(E(P+�N))kk = P̂k P̂ H
k , (4)

(EP )kk = 1
nl

nl∑

l=1

P̂k P̂ ref
H
l , (5)

(E�N)kk = (E(P+�N))kk − (EP )kk, (6)

SNR =
1
nd

∑nd
d=1 (EP )dd

1
nd

∑nd
d=1 (E�N)dd

. (7)

E{.} is a diagonal matrix, where both dimensions represent a
receiver location. Subscripts k, l, and d indicate the receiver lo-
cation, where k indicates a location, while l is used for variable
locations in a spatial window centred on the kth receiver loca-
tion, and d is used for variable locations in the seismic data
set. For instance, (E{.})kk is a non-zero diagonal element of E{.}
and P̂ {.}k

is an element of �̂P {.} for the kth receiver location. The
numbers nl and nd are the numbers of receivers in the spatial
window and in the seismic data set, respectively. Superscript
H indicates conjugate transposition. To estimate the SNR of
the raw data set, ( �P + �N) replaces �̂P in equations (4) and (5).
If there is no reference data set, it is possible to use �̂P itself for
�̂P ref in equation (5), although there is no improvement from
using �̂P ref in this case.

Figures 2 and 3 show an example of the SNR estimation.
Figures 2(a)–2(c) exhibit ( �P + �N) and �̂P after the surface-
wave attenuation with our method and with the conventional

one. The latter is a conventional filtering method in the kxky-f

domain. These data sets are the same as used earlier in Fig.
1, followed by NMO correction and trimming to a target
temporal window approximately from 1 s to 2 s in the xy-t
domain. Surface waves still lie in a conical shape, reflections
are flattened, and multiples are under-corrected. Figure 3 de-
picts E(P+�N), E�N, and EP , respectively, for these data sets in
the xy-t domain. For ( �P + �N), surface-wave energy is dom-
inant in a wide range of time lags centred around the zero
time lag in the xy-t domain, with low frequencies around
8 Hz. Energy of reflections is expected to appear at the zero
time lag. This subsurface-signal energy peaks around 32 Hz.
These various types of energy appear together in E(P+�N) and

separately in E�N and EP . For �̂P, the results show that the
surface-wave energy is well suppressed and the subsurface-
signal energy is enhanced after the surface-wave attenuation.
Figure 2(d) displays the energy spectra of these data sets. To
generate these spectra, we averaged E�N and EP over the space
in the xy-f domain. The surface-wave spectrum mainly con-
tains surface-wave energy up to around 30 Hz. Above this fre-
quency, it possibly also contains some unexplained noise. The
results again show that the surface-wave energy is well sup-
pressed in the dominant frequencies. The SNR is consequently
improved, i.e., the residual surface-wave spectrum has less
energy.

If these spectra are averaged over a frequency window
from 2 Hz to 50 Hz, the resulting SNR is 0.02 (−32 dB) for
( �P + �N), 0.77 (−2 dB) for �̂P after the surface-wave attenu-
ation using our method, and 0.32 (−10 dB) using the con-
ventional one. Our method improves a better SNR than the
conventional one, although some residual surface-wave en-
ergy still remains, visible as peaks around 8 Hz and 16 Hz.

A C A S E S T U D Y

We applied the surface-wave attenuation and the SNR esti-
mation to several data sets obtained by decimating 3-D OBC
hydrophone data, originally acquired in a shallow-water en-
vironment offshore Abu Dhabi. Table 1 lists the basic sub-
sets. The abbreviation “BS” means “basic subset”. This is
followed by a number, related to the survey effort in as-
cending order, and by a single character, where “a” de-
notes “symmetric”, i.e., A�xb

= 1 and AXb
= 1; “b” marks

“asymmetric” in terms of the spatial sampling intervals,
i.e., A�xb

�= 1; and “c” indicates that the spatial sampling
apertures are larger than those of the reference basic sub-
set, i.e., Xb > Xbref and/or Yb > Ybref. The x-direction corre-
sponds to the in-line direction. For the survey effort, we chose

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Figure 2 The energy spectra for a basic subset (BS2a). (a) The raw data set; (b, c) the subsurface-signal data sets after the surface-wave
attenuation using our method, and the conventional one, with a vertical section at the top and a horizontal time slice at the bottom. A dotted
line in the section indicates the position of the slice, and vice versa. (d) The energy spectra. The magenta, cyan, and green lines indicate the
surface-wave energy of the data sets (a), (b), and (c), respectively. The blue line marks the subsurface-signal energy of the data set (b). If the

spectra are averaged over a frequency window between 2 Hz and 50 Hz, the resulting SNR is 0.02 (−32 dB) for ( �P + �N), 0.77 (−2 dB) for �̂P
after the surface-wave attenuation using our method, and 0.32 (−10 dB) using the conventional one.

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Figure 3 The energy estimates for a basic subset (BS2a).
Those of the raw data set (a1–c1), the subsurface-signal data
sets after the surface-wave attenuation using our method
(a2–c2), and the conventional one (a3–c3). (a) The total en-
ergy; (b) the surface-wave energy; (c) the subsurface-signal
energy, with a vertical section at the top and a temporary-
summed and averaged slice at the bottom. A dotted line in
the slice indicates the position of the section.

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Table 1 List of the basic subsets

�xb �yb Xb Yb

Geometry (m) (m) (m) (m) A�xb
AXb

SE

BS1a 100 100 3200 3200 1.00 1.00 0.0625
BS2a 50 50 3200 3200 1.00 1.00 0.25
BS2b 25 100 3200 3200 0.25 1.00 0.25
BS3b 25 50 3200 3200 0.50 1.00 0.50
BS3c 50 50 6400 3200 1.00 0.50 0.50
BS4a 25 25 3200 3200 1.00 1.00 1.00
BS4c 50 50 6400 6400 1.00 1.00 1.00

Figure 4 SNR as a function of SE for the data sets in Table 1. Ma-
genta symbols correspond to the raw data sets, cyan symbols corre-
spond to the subsurface-signal data sets after the surface-wave atten-
uation using our method, and green symbols using the conventional
one.

a reference basic subset with {�xbref,�ybref, Xbref, Ybref} =
{25 m, 25 m, 3200 m, 3200 m} denoted by BS4a. We took the
result after surface-wave attenuation with our method as a
reference data set for the SNR estimation. To allow for a fair
comparison of the results, the same processing parameters of
the surface-wave attenuation and the same velocity for NMO
correction were applied to all data sets whenever possible. The
SNR was estimated in the same area of interest, with the same
spatial, temporal, and frequency windows as used earlier in
Figs. 2 and 3, for all data sets.

Figure 4 shows the SNR as a function of the survey ef-
fort, SE. The horizontal axis is for SE, and the vertical axis is
for SNR. The magenta samples mark the values for the raw
data set, ( �P + �N). The subsurface-signal data set, �̂P, after the
surface-wave attenuation using our method is coloured cyan,
whereas the results after the conventional one are coloured

Figure 5 As Fig. 4, but now the outer circles highlight samples with
finer spatial sampling intervals. The cyan line represents a curve ob-
tained by fitting these cyan samples to the equation SNR(SE, β) =
α[1 − e

−β(A�xb
)SE

], where α is a constant and β generally depends on
A�xb

. In this example, α = 1.14 and β = 4.52, assuming that β is a
constant.

green. For the magenta samples, the SNR is consistently very
low due to the dominance of the surface-wave energy. In gen-
eral, the cyan samples fall in the upper left, and the green
samples fall in the lower right, showing that our method pro-
vides a better SNR than the conventional one.

Effects of spatial sampling intervals

If we decrease the spatial sampling intervals or increase the
spatial sampling apertures, the SNR should generally improve,
but the price paid is a larger survey effort. Samples highlighted
by an outer circle in Fig. 5 correspond to cases with finer spa-
tial sampling intervals. For these samples, the SNR increases
with SE. Figures 2(d), 6(a), and 6(b) show the energy spectra
for some of these cases, namely, BS2a, BS2b, and BS4a. For
BS2a and BS2b, the surface-wave energy is well suppressed
and the SNR is consequently improved by the surface-wave
attenuation. Our method clearly provides a better SNR than
the conventional one. However, for BS4a, the SNR is im-
proved to the same level for both methods. This is because
BS4a has spatial sampling intervals that are sufficiently fine
to avoid aliased surface-wave energy. This aliased energy is a
main cause of residual surface-wave energy after the surface-
wave attenuation. Therefore, for data sets that do not contain
aliased energy, the resulting SNR does not depend so much
on the choice of method. In this case, a further decrease in the
spatial sampling intervals will generally not help to further

C© 2016 European Association of Geoscientists & Engineers, Geophysical Prospecting, 65, 86–96
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Figure 6 The energy spectra for (a) BS2b and (b) BS4a. The magenta,
cyan, and green lines indicate the surface-wave energy of the raw data
sets, the subsurface-signal data sets after the surface-wave attenuation
using our method, and the conventional one, respectively. The blue
line marks the subsurface-signal energy of the second data set. As
for (a) BS2b, the resulting SNR is 0.02 (−33 dB) for ( �P + �N), 0.81

(−2 dB) for �̂P after the surface-wave attenuation using our method,
and 0.06 (−24 dB) using the conventional one. For (b) BS4a, the

resulting SNR is 0.02 (−32 dB) for ( �P + �N), 1.12 (+1 dB) for �̂P after
the surface-wave attenuation using our method, and 1.12 (+1 dB)
using the conventional one.

improve the SNR. The spatial sampling intervals are the key
types of survey parameters. Decreasing the spatial sampling
intervals improves the resulting data quality until a plateau is
reached where surface-wave energy is no longer aliased and
can be easily removed. To emphasize this, in Fig. 5, we fit-
ted an ad hoc curve to the cyan samples obtained with our
method. It illustrates the main trend of the relationship be-
tween the spatial sampling intervals and the the resulting data

quality. Obviously, the method of surface-wave attenuation
determines its shape.

Effects of the symmetry

As far as symmetry of the spatial sampling intervals is con-
cerned, BS2a and BS4a are symmetric with A�xb

= 1, whereas
BS2b with A�xb

= 0.25 is not. For the cyan samples with our
method in Fig. 5, the SNR of BS2b is slightly better than
that of BS2a at the same SE. For BS2b, as compared with
BS2a, the remaining surface-wave energy E�N is suppressed
better in the x-direction and fairly well in the y-direction.
This is because BS2b has a finer spatial sampling interval in
the x-direction. However, in terms of the spatial distribution,
E�N is still present in the y-direction, particularly around the
near x-offsets, whereas in the symmetric case of BS2a, it is
shared equally between both horizontal directions. The de-
gree of asymmetry in the spatial sampling intervals affects
the spatial distribution of the pre-stack SNR. This is not
the case, however, for the green samples, obtained with the
conventional method, that correspond to BS2a and BS2b in
Fig. 5. The SNR of BS2a is better than that of BS2b at the
same SE. This is because, for BS2b, the surface-wave energy is
suppressed very poorly in the y-direction, though well enough
in the x-direction. In summary, we see that the degree of asym-
metry may provide a better or a worse SNR and we cannot
draw a general conclusion.

Effects of spatial sampling apertures and the symmetry

Samples highlighted by an outer circle in Fig. 7 correspond
to cases where the larger spatial sampling apertures increase
the survey effort. For these samples, the SNR hardly changes
with SE. Figures 2(d), 8(a), and 8(b) show the energy spectra
for these samples, BS2a, BS3c, and BS4c. In all cases, the at-
tenuation of the surface-wave energy is similar and the SNR
is improved to the same level by the surface-wave attenua-
tion. This tendency is observed both for our method and the
conventional one. In summary, extending the spatial sampling
apertures does not contribute to increasing the resulting data
quality in terms of the surface-wave attenuation. Therefore,
the symmetry of the spatial sampling apertures does not mat-
ter either.

Discussion

The results of this case study show that the spatial sampling
intervals are the essential types of survey parameters in terms
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Figure 7 As Fig. 4, but now the outer circles highlight samples with
larger sampling apertures.

of surface-wave attenuation. Finer spatial sampling intervals
improve the resulting data quality until a plateau is reached.
This is the main trend of the relationship between the spa-
tial sampling intervals and the resulting data quality. Given
a required data quality, optimal values of the spatial sam-
pling intervals can be found on the main trend curve. The
resulting data quality is also related to the method of surface-
wave attenuation. For instance, our method works even for
aliased surface waves, whereas the conventional one does not.
Some other methods may work even better, e.g., by handling
scattered surface waves. Therefore, the shape of the main
trend curve depends on the method of surface-wave atten-
uation. This means that a proper choice of the methods offers
the possibility of relaxing the spatial sampling intervals and,
therefore, should be taken into account in survey design. For
instance, one can see in Fig. 5 at which values of the spatial
sampling intervals the required data quality is achieved or ex-
ceeded. If the required pre-stack SNR is 0.75, the survey effort
in terms of the spatial sampling intervals could be 0.25 when
using our method, whereas the effort should be higher, close
to 1.0, when using the conventional method. This is important
in survey design because we seek survey parameters to achieve
sufficient data quality at the least survey effort.

Seismic data naturally vary field by field due to the differ-
ent subsurface/near-surface structures/properties. Therefore,
the shape of the above main trend curve is not universal.
It may not be practical to acquire a pilot seismic survey in
a field just to obtain the main trend. However, it is possi-
ble to use an existing real data set from a nearby or similar
area that contains typical seismic events for the region. Then,

Figure 8 The energy spectra for (a) BS3c and (b) BS4c. The magenta,
cyan, and green lines indicate the surface-wave energy of the raw data
sets, the subsurface-signal data sets after the surface-wave attenuation
using our method, and the conventional one, respectively. The blue
line marks the subsurface-signal energy of the second data set. As
for (a) BS3c, the resulting SNR is 0.02 (−32 dB) for ( �P + �N), 0.83

(−2 dB) for �̂P after the surface-wave attenuation using our method,
and 0.33 (−10 dB) using the conventional one. For (b) BS4c, the

resulting SNR is 0.02 (−32 dB) for ( �P + �N), 0.84 (−2 dB) for �̂P after
the surface-wave attenuation using our method, and 0.33 (−10 dB)
using the conventional one.

we can obtain several data sets by decimating the original
and carry out the same study to understand the main trend
in data quality as a function of survey effort. Alternatively,
we can generate a synthetic data set, e.g., simulated by a
3-D elastic finite-difference code, particularly if there is no
real data set in which the spatial sampling intervals are not
sufficiently fine to be subsequently decimated. However, this
may introduce more uncertainty in the main trend because
the accuracy of the trend curve depends on the realism of the
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subsurface/near-surface models used in the simulation. Never-
theless, the trend curve can be still used if it is calibrated with
one derived from existing real data at coarse spatial sampling
intervals.

The results of this case study also show that the degree
of asymmetry in the spatial sampling intervals affects the spa-
tial distribution of the pre-stack SNR in the basic subset. The
pre-stack SNR is improved relatively more in the direction of
finer sampling. Given a required data quality, either for post-
stack applications or pre-stack applications such as pre-stack
imaging and amplitude-versus-offset-and-azimuth (AVOAz)
analysis, optimal values of the aspect ratio can be considered.
Therefore, again, survey design should take processing steps
into account, as well as the requirements for reservoir charac-
terization. Feedback from data processors and interpreters to
survey designers is vital in this regard.

CONCLUSIONS

We have analysed the relationship between the survey param-
eters and the resulting data quality in the context of surface-
wave attenuation. The impact of the acquisition geometry on
the effectiveness of surface-wave attenuation can be summa-
rized as follows.
� The spatial sampling intervals of the basic subset are the key

types of survey parameters. Finer spatial sampling intervals
improve the resulting data quality until it levels off when
the surface waves are no longer aliased and can be easily
removed.

� A degree of asymmetry in the spatial sampling intervals
affects the spatial distribution of the pre-stack data quality
in the basic subset. The pre-stack data quality is improved
mainly in the direction of finer sampling.

� Larger spatial sampling apertures do not contribute to a
better data quality. The symmetry of the spatial sampling
apertures does not matter either.

� The method of surface-wave attenuation affects the result-
ing data quality. Our method produces a much better data
quality at a given survey effort than conventional filter-
ing methods. Alternatively, a similar data quality can be
reached at considerably lower cost.
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