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Dipping-interface Mapping Using Mode-separated Rayleigh Waves
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Abstract—Multichannel analysis of surface waves (MASW) method is a non-invasive geophysical
technique that uses the dispersive characteristic of Rayleigh waves to estimate a vertical shear (S)-wave velocity
profile. A pseudo-2D S-wave velocity section is constructed by aligning 1D S-wave velocity profiles at the
midpoint of each receiver spread that are contoured using a spatial interpolation scheme. The horizontal
resolution of the section is therefore most influenced by the receiver spread length and the source interval. Based
on the assumption that a dipping-layer model can be regarded as stepped flat layers, high-resolution linear Radon
transform (LRT) has been proposed to image Rayleigh-wave dispersive energy and separate modes of Rayleigh
waves from a multichannel record. With the mode-separation technique, therefore, a dispersion curve that
possesses satisfactory accuracy can be calculated using a pair of consecutive traces within a mode-separated shot
gather. In this study, using synthetic models containing a dipping layer with a slope of 5, 10, 15, 20, or 30
degrees and a real-world example, we assess the ability of using high-resolution LRT to image and separate
fundamental-mode Rayleigh waves from raw surface-wave data and accuracy of dispersion curves generated by
a pair of consecutive traces within a mode-separated shot gather. Results of synthetic and real-world examples
demonstrate that a dipping interface with a slope smaller than 15 degrees can be successfully mapped by
separated fundamental waves using high-resolution LRT.

Key words: Rayleigh waves, pseudo-2D S-wave velocity section, high-resolution linear Radon transform,
mode separation, dipping layer.

1. Introduction

Multichannel analysis of surface waves (MASW) method is a non-invasive geophysical
technique that uses the dispersive characteristic of Rayleigh waves to estimate the vertical
shear (S)-wave velocity (SoNG et al., 1989; Xia et al., 1999, 2002a, b, 2006; PARK et al.,
1999; CALDERON-MaAcias and LUKE, 2007; Luo et al., 2007). A pseudo-2D S-wave velocity
section is constructed by aligning 1D models at the midpoint of each receiver spread and
using a spatial interpolation scheme (MILLER et al., 1999; Xia et al., 2005; Luo et al.,

! Institute of Geophysics and Geomatics, China University of Geosciences, Wuhan, Hubei 430074, China.
E-mail: yluo@kgs.ku.edu; luoyinhe @cug.edu.cn

2 Kansas Geological Survey, The University of Kansas, 1930 Constant Avenue, Lawrence,
Kansas 66047-3724, USA.

3 State Key Laboratory of Geological Processes and Mineral Resources, Institute of Geophysics and
Geomatics, China University of Geosciences, Wuhan, Hubei 430074, China.



354 Y. Luo et al. Pure appl. geophys.,

2008a). The horizontal resolution of the inverted S-wave velocity section with the MASW
technique is most influenced by receiver-spread length (the distance between the first and
last receivers) and acquisition interval (the distance covered by the same source-receiver
configuration) (X1A et al., 2005; Luo et al., 2008a, b). The receiver-spread length sets the
theoretical lower limit. Any Vs structure whose lateral dimension is shorter than the
receiver-spread length will not be properly resolved in the final Vs section. An acquisition
interval shorter than the spread length will not improve this limitation because spatial
smearing has already been introduced by the receiver spread (Park, 2005). Xia et al. (2005)
discussed the resolving power of the MASW technique and resolution of S-wave velocity
and presented a lateral unblurring processing by generalized inversion to increase
horizontal resolution of a pseudo-2D S-wave velocity section.

The most direct and effective way to improve the horizontal resolution of inverted S-
wave velocity is to extract accurate dispersion curves from a record with a short
geophone spread (Xia et al., 2005). Based on the (stepped-flat-layer) assumption that a
dipping-layer model can be regarded as stepped flat layers (Kuo and THompsoN, 1963),
Guo and L (1999), L et al. (2003), and Havasar and Suzukr (2004) used a cross-
correlation method to calculate dispersion curves, choosing a pair of consecutive
receivers in the multichannel record. This method possesses high potential to improve the
horizontal resolution of pseudo-2D sections without acquiring redundant data. Similar to
SASW, this method is sensitive to noise in data and unrealistic results will be generated if
the data have a low signal-to-noise (S/N) ratio. Luo et al. (2008a) used a combined
method of cross-correlation and phase-shift scanning to calculate the dispersion curve,
which also uses a pair of consecutive traces in a multichannel record. The combined
method can effectively enhance the ability of random-noise immunity but fails to cope
with interferences of body waves and high-mode Rayleigh waves.

The main challenge of using a pair of consecutive traces to calculate the dispersion
curve is to recognize the fundamental-mode Rayleigh waves from raw surface-wave data
because the fundamental mode is easily contaminated by high modes or body waves.
BoDET et al. (2005) carried out laser-doppler physical modeling to determine limitations
of multichannel analysis of surface waves and presented that a layer dip of only a few
degrees can significantly bias the surface-wave inversion. However, a dispersive image in
the frequency-phase velocity (f-v) domain that is generated from multichannel surface-
wave data makes it much easier to recognize the fundamental-mode Rayleigh waves,
high-mode Rayleigh waves, and body waves, which provides a foundation to separate
fundamental-mode Rayleigh waves by a proper dispersive-imaging algorithm. Four
algorithms for dispersive-imaging computation, based on F-K spectrum (e.g., YiLMAZ,
1987), tau-p transform (McMEcHAN and YEDLIN, 1981), phase shift (Park et al., 1998),
and slant stacking (X1a et al., 2007a), are kinds of standard discretized linear Radon
transform (LRT). Because standard LRT suffers from typical problems of loss of
resolution and aliasing that arise as a consequence of incomplete information, such as
limited aperture and discretization (TrRAD et al., 2002, 2003), it is difficult to separate
fundamental-mode Rayleigh waves from raw surface-wave data with a standard LRT.
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An appealing solution to efficiently image dispersive energy and separate multimode
Rayleigh waves can be obtained by high-resolution LRT (SaccHr and ULrycH, 1995;
ScHoNEWILLE and DunnbaM, 2001; TraD et al., 2002, 2003; ETHAN and MaTTHIAS, 2006).
Because high-resolution LRT attenuates aliasing and improves resolution to some degree
by use of a sparseness inversion technique, it can effectively preserve amplitude and
angle information and image dispersion energy with high resolution. Based on the
stepped-flat-layer assumption, Luo et al. (2008c, in review) proposed to image Rayleigh-
wave dispersive energy and separate multimode Rayleigh waves from a multichannel
record by high-resolution LRT. They used a pair of consecutive traces within the mode-
separated shot gather to calculate a dispersion curve and achieved satisfactory results
with synthetic and real-world data.

In many real-world applications, S-wave velocities vary violently. Great effort should
be made to evaluate the validity of the stepped-flat-layer assumption. In this study, we use
synthetic models containing a dipping layer with a slope of 5, 10, 15, 20, or 30 degrees
and a real-world example to assess the ability of using high-resolution LRT to image and
separate fundamental-mode Rayleigh waves from raw surface-wave data and accuracy of
dispersion curves generated by a pair of consecutive traces within a mode-separated shot
gather.

2. High-resolution Linear Radon Transform

The linear Radon transform (LRT) is a plane-wave decomposition accomplished by
summing over amplitudes after applying a linear moveout to data (Yi.maz, 1987). The
forward LRT can be written in matrix form as

d=Lm (1)
and the adjoint transformation,
m,; = L'd, (2)

where L = ¢ is the forward LRT operator, d and m represent the shot gather and
Radon panel (the estimated data in frequency-slowness domain), m,;; denotes a low-
resolution Radon panel using the transpose or adjoint operator L”. It is clear that
because L is not a unitary operator, L” does not define the inverse operator. It is hard
to achieve high-resolution images of dispersion energy from standard LRT because
they suffer from the loss of resolution and aliasing arising as a consequence of
incomplete information, including limited aperture and discretization (TRAD et al.,
2003).

Sparsity constraint should be considered when finding the model m that best fits the
data while minimizing the number of model-space parameters that are necessary to
represent the data in the Radon domain. The model m can be defined by solving the
following equation (TrAD et al., 2002, 2003):
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(W, 'L"W!W, LW, ! + JI)W,m = W, "L"W/W,d, (3)

where I denotes the identity matrix; W, is a matrix of data weights; W, is a matrix of model
weights that plays an extremely important role in the design of high-resolution Radon
operators, for example, resolution and smoothness; W;,T is the transpose matrix of W;ll;
and A maintains balance between data misfit and model constraints. Formula (3) can be
solved very efficiently by CG algorithm, and details of the strategy can be found in many
sources (Saccar and Porsani, 1999; TraDp et al., 2002; 2003).

It is straightforward to image dispersive energy by high-resolution LRT (Luo et al.,
2008c). First, the shot gather is transformed along time into the frequency domain.
Then the high-resolution LRT is completed for each frequency slice, and the Radon
panel is transformed from the frequency-slowness domain to the frequency-velocity
domain using a linear-interpolation operation. Rayleigh-wave mode separation by high-
resolution LRT needs three more steps: selecting modes, transforming different modes
back to the t-x domain along the time coordinate, and imaging different-mode
dispersive energy in the velocity-frequency domain (Luo et al., in review). In summary,
the processing flow of generating a 2D S-wave velocity section is as follows:

1. Imaging dispersive energy by high-resolution LRT,

2. Separating fundamental-mode Rayleigh waves manually and muting the rest in the f~v
domain, and performing forward high-resolution LRT to form a record that only
contains the fundamental mode,

3. Calculating dispersion curves by a pair of consecutive traces with the following
formula

Ax
wrlf) = a5

where vg(f) is the phase velocity of a Rayleigh wave at the frequency f, A¢(f) is the
phase difference, and Ax is the distance between a pair of consecutive traces, and

4)

4. Estimating S-wave velocity sections by inverting each dispersion curve (Xia et al.,
1999).

3. Synthetic Examples

In this section, a synthetic shot gather (the vertical component) due to a dipping layer
with a slope of 5, 10, 15, 20, or 30 degrees was computed by a finite-difference method
(Xu et al., 2007). The source is a point source on the surface. We use these data to assess
the ability of using high-resolution LRT to image and separate fundamental-mode
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(a) A 5-degree slope model. (b) 48-channel synthetic vertical-component data computed by finite-difference

method (Xu et al., 2007).

Rayleigh waves from raw surface-wave data and accuracy of dispersion curves generated
by a pair of consecutive traces within a mode-separated shot gather.

3.1. A 5-degree Slope Model

This model consists of a 5-degree slope layer with Vp = 800 m/s, Vs = 200 m/s, and
p = 2000 kg/m3, over the half-space where Vp = 1200 m/s, Vs = 400 m/s, and
p = 2000 kg/m® (Fig. la). In the finite-difference method, the spatial-grid size was
0.2 m with time step of 0.01 ms, source is described by the first-order derivative of
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Gaussian function t-exp(—ar*)with controlling parameter a = 3000, and the minimum
shot-geophone offset was selected as 1 m with a 1 m geophone interval. A 48-channel
record was simulated (Fig. 1b).

Spectrum analysis showed the data (Fig. 1b) possess a dominant frequency for
Rayleigh waves of 20 Hz with a frequency band of 10 Hz to 60 Hz. We obtained the
image in the f-v domain by high-resolution LRT (Fig. 2a). We selected fundamental
mode in the f~v domain (Fig. 2a) and applied the forward Radon transform to generate
data in the #-x domain that contain only fundamental-mode Rayleigh waves (Fig. 2b).
Forty-seven dispersion curves were calculated by a pair of consecutive traces within the
mode-separated shot gather using formula (4). Phase-velocity section is generated by
interpolation of forty-seven dispersion curves (Fig. 3a).

The phase velocity section (Fig. 3a) clearly reveals a slope along the survey direction.
According to one-half-wavelength estimations (SANCHEZ-SALINERO et al., 1987) and
different wavelengths carrying geological information at different depths (BaBusHkA and
Cara, 1991), we can roughly interpret the phase velocity section as a slope variation from
8 m to 4.5 m, deeming 210 m/s phase velocity as a threshold value between the dipping
layer and the half space.

The stepped-flat-layer assumption allows us to generate the phase velocity section by
interpolation of forty-seven dispersion curves calculated by Knopoff method (Scuwas
and Knoporr, 1972). We used the analytical results (Fig. 3b) to assess the accuracy of the
phase velocity section (Fig. 3a). We notice that (1) the overall relative errors are about
3% with the largest relative error being 5.8% (Fig. 3c). As a rule of thumb, therefore,
inverted S-wave velocities will possess over 95% accuracy (Xi1a et al., 1999, 2002a); (2)
The phase-velocity section (Fig. 3a) indicates a relatively higher phase velocity
compared with the analytical results in the near offset range and a relatively lower
phase velocity compared with the analytical results (< 5%) in the far offset range, which
may due to near-field effects (e.g., non-plane wave propagation and body-wave energy)
and artifacts of the finite-difference approximation (Xu et al., 2007; Xia et al., 2007b).

3.2. A 10-degree Slope Model

This model consists of a 10-degree slope layer (Fig. 4a), and the other parameters are
the same as those for the 5-degree slope model. A 48-channel record (Fig. 4b) was
simulated by a finite-difference method (Xu et al., 2007). The grid size, time step, and
time function were the same as used in the 5-degree slope model. We obtained the image
in the f~v domain by high-resolution LRT (Fig. 5a). We selected fundamental mode in the
f-v domain (Fig. 5a) and applied the forward Radon transform to generate data in the #-x
domain that contains only fundamental-mode Rayleigh waves (Fig. 5b). Forty-seven
dispersion curves were calculated by a pair of consecutive traces within the mode-
separated shot gather using formula (4). Phase-velocity section is generated by
interpolation of 47 dispersion curves (Fig. 6a).
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(a) An image of dispersive energy in the f~v domain generated by high-resolution LRT and the selected
fundamental mode within dash lines. (b) A regenerated fundamental-mode shot gather.

The phase-velocity section (Fig. 6a) reveals a slope along the survey direction.
According to one-half-wavelength estimations (SANCHEz-SALINERO et al., 1987) and
different wavelengths carrying geological information at different depths (BABUsHKA and
Cara, 1991), we can roughly interpret the phase velocity section as a slope variation from
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(a) Phase velocity section generated by interpolation of a series of dispersion curves calculated by a pair of
consecutive traces in the fundamental-mode shot gather. (b) Phase-velocity sections generated by interpolation
of a series of dispersion curves calculated by the Knopoff method (Schwas and Knoporr, 1972). (c) Relative
errors in (a).
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12 m to 4 m, deeming 210 m/s phase velocity as a threshold value between the dipping
layer and half space.

We used the analytical results (Fig. 6b) section by interpolation of 47 dispersion
curves calculated by the Knopoff method (ScHwaB and KNoprorr, 1972) to assess the
accuracy of the phase-velocity section (Fig. 6a). The overall relative errors are about 5%
with the largest relative error being 7.9% (Fig. 6¢). As a rule of thumb, therefore,
inverted S-wave velocities will possess over 90% accuracy (X1A et al., 1999, 2002a).

3.3. A 15-degree Slope Model

This model consists of a 15-degree slope layer (Fig. 7a) and the parameters are the
same as those for the 5-degree slope model. A 48-channel record (Fig. 7b) was simulated
by a finite-difference method (Xu et al., 2007). The grid size, time step, and time function
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(a) A 10-degree slope model. (b) 48-channel synthetic vertical-component data computed by finite difference
method (Xu et al., 2007).

were the same as used in the 5-degree slope model. We obtained the image in the f-v
domain by high-resolution LRT (Fig. 8a). We selected fundamental mode in the f-v
domain (Fig. 8a) and applied the forward Radon transform to generate data in the
t-x domain that contains only fundamental-mode Rayleigh waves (Fig. 8b). Forty-seven
dispersion curves were calculated by a pair of consecutive traces within the mode-
separated shot gather using formula (4). Phase-velocity section is generated by
interpolation of 47 dispersion curves (Fig. 9a).
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(a) An image of dispersive energy in the f~v domain generated by high-resolution LRT and the selected
fundamental mode within dash lines. (b) A regenerated fundamental-mode shot gather.

We use the analytical results (Fig. 9b) section by interpolation of 47 dispersion curves
calculated by Knopoff method (ScuwaB and Knoporr, 1972) to assess the accuracy of
the phase-velocity section (Fig. 9a). The overall relative errors are about 12% with the
largest relative error being 20% (Fig. 9c). It is impossible to correctly select the
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(a) Phase velocity section generated by interpolation of a series of dispersion curves calculated by a pair of
consecutive traces in the fundamental-mode shot gather. (b) Phase-velocity sections generated by interpolation
of a series of dispersion curves calculated by the Knopoff method (Scuwas and Knoprorr, 1972). (c) Relative
errors in (a).

fundamental mode because the fundamental mode and higher modes interfere with each
other. (Fig. 9d). In the selected range, the fundamental, first-, and part of second-mode
Rayleigh waves of a two-layer model with a 17-m-thick top layer are included,
while only part of the fundamental-mode Rayleigh waves of a two-layer model with a
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(a) A 15-degree slope model. (b) 48-channel synthetic vertical-component data computed by finite difference
method (Xu et al., 2007).

4-m-thick top layer are excluded (Fig. 9d), which results in higher phase velocities
compared with the analytical results in the near offset range and lower phase velocities
compared with the analytical results in the far offset range.

Results in the previous paragraphs show that properly separating fundamental-mode
Rayleigh waves from multichannel surface-wave data is a key step for pseudo-2D S-wave
velocity mapping with high horizontal resolution. For 5-degree and 10-degree models,
we have successfully separated fundamental-mode Rayleigh waves from raw surface-
wave data using high-resolution LRT and used a pair of consecutive traces within a
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(a) An image of dispersive energy in the f-v domain generated by high-resolution LRT and the selected

fundamental mode within dash lines. (b) A regenerated fundamental-mode shot gather.

mode-separated shot gather to calculate dispersion curves. For the 15-degree model,
however, different modes of Rayleigh waves interfere with each other in the f~v domain
so it is impossible to separate fundamental-mode Rayleigh waves from surface-wave
data. Therefore, we are unable to generate dispersion curves with high horizontal
resolution. Based on results of 20-degree and 30-degree dipping layers (Figs. 10a and
10b), we may conclude that the larger the dip angle of the slope in a model, the more

severe the mode interference.
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< Figure 9

(a) Phase-velocity section generated by interpolation of a series of dispersion curves calculated by a pair of

consecutive traces in the fundamental-mode shot gather. (b) Phase-velocity sections generated by interpolation

of a series of dispersion curves calculated by the Knopoff method (Schwas and Knoporr, 1972). (c) Relative

errors in (a). (d) The fundamental-, first-, and second-mode theoretical dispersion curves and the selected
fundamental-mode range in Figure 8a.

4. A Real-world Example

Real-world data were employed to assess the ability of using high-resolution LRT to
image and separate fundamental-mode Rayleigh waves from raw surface-wave data and
accuracy of dispersion curves generated by a pair of consecutive traces within a mode-
separated shot gather. Thirty-six-channel surface-wave data were acquired at the campus
of the China University of Geosciences, Wuhan, China, during the spring of 2007 using a
Geometrics Strataview Seismograph and 4.5-Hz vertical-component geophones
(Fig. 11a). The geophone interval was 0.5 m with a 6-m minimum source-to-receiver
offset. The record length was 512 ms with a 0.5-ms sample interval. The source was a
5.4-kg hammer vertically impacting a 0.3-m by 0.3-m metal plate. With these geophones
and acquisition geometry, dispersive energy was well developed and dominant in the
recorded data (Fig. 11a). The object of the survey was to use surface-wave techniques to
delineate the subsurface up to 8-m-depth.

Spectral analysis shows Rayleigh waves (Fig. 11a) possessing a dominant
frequency around 50 Hz with a usable bandwidth from 15 Hz to 100 Hz. We
obtained the image in the f-v domain by high-resolution LRT (Fig. 11b). The
fundamental and first higher Rayleigh-wave energy levels are very close in the
recorded data (Fig. 11a), accounting for 42% and 37%, respectively. Higher modes of
surface waves are known to be dominant at sites where large stiffness contrasts and/or
velocity reversals exist (O’NEeL and Tosuirumi, 2005). Clearly, the fundamental-mode
energy dominates the low-frequency range (<28 Hz) while the first-higher mode
energy is dominant in the high-frequency range (> 28 Hz). Therefore, dispersion
curves picked based on surface-wave energy in general are not exclusively the
fundamental mode of surface waves resulting in reduced precision and reliability of
inverted results. In extreme cases completely erroneous inverted results occurred (Xia
et al., 2003; Luo et al., 2007).

We selected fundamental mode in the f-v domain (Fig. 11b) and applied the forward
Radon transform to generate data in the f-x domain that contains only fundamental-mode
Rayleigh waves (Fig. 12a). Thirty-five dispersion curves were calculated by a pair of
consecutive traces within the mode-separated shot gather using formula (4). Phase-
velocity section is generated by interpolation of 35 dispersion curves (Fig. 12b).

The phase velocity section (Fig. 12b) reveals a slope change along the survey
direction. According to one-half-wavelength estimations (SANCHEZ-SALINERO et al., 1987)
and different wavelengths carrying geological information at different depths (BABUSHKA
and Cara, 1991), we can roughly interpret the phase-velocity section as a slope variation
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(a) The fundamental-, first-, and second-mode theoretical dispersion curves due to a 20-degree slope model
calculated by the Knopoff method (Schwas and Knoporr, 1972). (b) The fundamental-, first-, and second-mode
theoretical dispersion curves due to a 30-degree slope model calculated by the Knopoff method (Schwas and
K~oporr, 1972).

from about 2.5 m to 5.5 m, deeming 230 m/s phase velocity as the threshold value
between the dipping layer and the half space.

We also used the seismic-refraction method to image the bedrock for comparison
with the results from the surface-wave method (Fig. 12b). Four shot gathers and
corresponding reciprocal traveltime are shown in Figures 13a and 13b. The depth section
(Fig. 13c) was calculated with the reciprocal traveltime curves (PALMER, 1981). We
notice that (1) depth section reveals a slope interface with depth from about 3 m to 6 m;
and (2) the phase velocity section (Fig. 12b) shows a similar result with the depth section
(Fig. 13c) in the horizontal locations of 0-17.5 m with a depth range from 3 m to 5.5 m.
The results of the real-world example further demonstrate that a dipping velocity
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(a) 36-channel surface-wave data acquired at the campus of China University of Geosciences, Wuhan, China,
during the spring of 2007. (b) A dispersive image in the f~v domain calculated by high-resolution LRT and the
selected fundamental mode in dash lines.

interface with a slope smaller than 15 degrees can be successfully mapped by mode-
separated phase velocities by high-resolution LRT.
5. Discussion and Conclusions

The main objective of the present work is to assess limitations of the MASW method.
We used synthetic models containing a dipping layer with a slope of 5, 10, 15, 20, or 30
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Figure 12
(a) The regenerated fundamental-mode shot gather. (b) Phase velocity section generated by interpolation of a
series of dispersion curves calculated by a pair of consecutive traces in the regenerated fundamental-mode shot
gather (a).

degrees and a real-world example to assess the ability of using high-resolution LRT to
image and separate fundamental-mode Rayleigh waves from raw surface-wave data and
accuracy of dispersion curves generated by a pair of consecutive traces within the mode-
separated shot gather.

Results of the slope models demonstrate that (1) if the dip angle is smaller than 15°,
phase-velocity sections generated a pair of consecutive traces after mode separation
possess less than 10% relative errors compared with analytical results. As a rule of
thumb, therefore, inverted S-wave velocities will possess over 90% accuracy (X1a et al.,
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Figure 13
(a) Four seismic-refraction shot gathers. (b) Reciprocal traveltime curves. (c) Depth section calculated by a
refraction method (PALMER, 1981).
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1999, 2002a); and (2) if the dip angle is larger than 15°, Rayleigh-wave modes interfere
with each other in the f~v domain making it impossible to separate fundamental-mode
Rayleigh waves from surface-wave data by high-resolution LRT. Therefore, we are
unable to calculate high-accuracy dispersion curves with a pair of consecutive traces.
Results of a real-world example demonstrate that the phase-velocity section (Fig. 12b)
clearly reveals a slope change along the survey direction. Compared with results
generated by the seismic refraction method, phase velocity section (Fig. 12b) shows a
similar result with the depth section (Fig. 13c) in the horizontal locations of 0—17.5 m
with the depth ranges from 3 m to 5.5 m. The results of the real-world example further
indicate that, if the slope degree is smaller than 15°, we can use high-resolution LRT to
image and separate fundamental mode Rayleigh waves from raw surface-wave data and
calculate dispersion curves using a pair of consecutive traces within a mode-separated
shot gather. One also notices that the signal-to-noise ratio will greatly affect the accuracy
of calculated dispersion curves. Luo et al. (2008a) provided a guideline for defining a
trade-off between a receiver spacing and accuracy of calculated dispersion curves.

Properly separating fundamental-mode Rayleigh waves from raw surface-wave data
is a key step for high horizontal-resolution 2D S-wave velocity mapping by calculating
dispersion curves with a pair of consecutive traces. Luo et al. (in review) presented
several guidelines for fundamental-mode separation from raw surface-wave data.
However, great effort should be spent on integrating all seismic and geological
information, such as subsurface geological structure, drilling data, local-outcrop analysis,
body waves, and so on, to properly carry out mode separation.
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