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ABSTRACT

To investigate the seismic velocity structure of the shallow
sediments in the Bohai Sea of China, we conducted an shear-
wave velocity inversion of the surface-wave dispersion data
from a survey of 12 ocean-bottom seismometers (OBSs)
and 377 shots of a 9000 in3 air gun. With OBS station spacing
of approximately 5 km and air-gun shot spacing of approxi-
mately 190 m, high-quality Scholte-wave data were recorded
by the OBSs within 0.4–5 km offset. We retrieved the Scholte-
wave phase-velocity dispersion for the fundamental mode and
first overtone in the frequency band of 0.9–3.0 Hz with the
phase-shift method and inverted for the shear-wave velocity
structure of the shallow sediments with a damped iterative
least-squares algorithm. Pseudo-2D shear-wave velocity pro-
files with a depth of approximately 400 m revealed coherent

features of relatively weak lateral velocity variation. We also
estimated the uncertainty in shear-wave velocity structure
based on the pseudo-2D profiles from six trial inversions with
different initial models, which suggested a velocity uncertainty
less than 30 m∕s for most parts of the 2D profiles. The layered
structure with little lateral variation may be attributable to the
continuous sedimentary environment in the Cenozoic sedi-
mentary basin of the Bohai Bay basin. The shear-wave velocity
of 200 − 300 m∕s in the top 100 m of the Bohai seafloor may
provide important information for offshore site response stud-
ies in earthquake engineering. Furthermore, the very low
shear-wave velocity structure (150 − 600 m∕s) down to
400 m depth could produce a significant traveltime delay of
approximately 1 s in the shear-wave arrivals, which needs
to be considered to avoid serious bias in shear-wave traveltime
tomographic models.

INTRODUCTION

Marine engineering construction activities such as offshore oil-
field and offshore wind power facilities require quantitative infor-
mation of the site response at the ocean bottom, which is essential
for reliable earthquake engineering design to mitigate hazards due
to the strong ground motions from earthquakes in marginal seas
such as the Bohai Sea of China (Figure 1a). The shear-wave velocity
structures of sediments down to tens to hundreds of meters are im-
portant parameters for studies of site response (Wald and Mori,

2000; Boore, 2004; Boore et al., 2006) and have been investigated
with various geotechnical and/or geophysical methods. The sub-
oceanic shear-wave velocity structure of the shallow sediments also
provides an effective proxy for evaluating the degree of consolida-
tion for geotechnical applications, which can be used to predict the
stability of foundations for marine engineering construction (Ayres
and Theilen, 1999; Bohlen et al., 2004; Klein et al., 2005; Kugler
et al., 2007). Moreover, reliable shear-wave velocity structure can
also improve the tomography or imaging in offshore multi-
component seismic exploration (Bohlen et al., 2004; Kugler et al.,
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2007). Due to the extremely low shear-wave velocity (200−
300 m∕s) compared with that in a normal crust model (approxi-
mately 3500 m∕s), shallow suboceanic sediments may strongly bias
shear-wave tomography of the deep crust and the upper mantle
structure (Xu et al., 2007; Zhao et al., 2008, 2010; Xu et al.,
2011; Li et al., 2012; Hao et al., 2013). For example, for sediments
with shear-wave velocity of 300 m∕s and thickness of 300 m, the
traveltime delay for the shear-wave can be approximately 1 s. Al-
together, the shear-wave velocity structure of suboceanic shallow
sediments needs to be investigated for earthquake hazard mitigation
and tomography studies.
Many studies involving invasive methods (e.g., borehole logging)

and noninvasive geophysical methods (e.g., spectral analysis of
surface-waves [SASW], multichannel analysis of surface waves
[MASW], and refraction microtremor) have been used to investigate
shallow onshore shear-wave velocity structures (Miller et al., 1999;
Park et al., 1999; Louie, 2001; Murillo et al., 2009; Fernández et al.,
2011; Goh et al., 2011; Nazarian, 2012; Parker and Hawman, 2012;
Odum et al., 2013). With dense seismic receivers and array-based
geophysical methods, high-resolution shear-wave velocity struc-
tures are obtained, which provide a basis for estimating the site re-
sponse of the shallow sediments. Li et al. (2014) and Ni et al. (2014)
obtain shear-wave velocity structure of shallow sediments beneath
seismic stations with local earthquake waveforms. However, it is
usually difficult to directly apply conventional onshore geophysical
methods in the offshore environment, and so it is usually challeng-
ing to investigate the shallow shear-wave velocity structure of
marine sediments. However, the development of ocean-bottom seis-
mometers (OBSs) has led to their increasing use to study crust and
upper mantle structure (Nakamura et al., 1987; Digranes et al.,
1996; Flueh et al., 1998; Chian et al., 1999; Okaya et al., 2002;

Parkin and White, 2008; Zhao et al., 2008; Zhao et al., 2010;
Hao and You, 2011; Lü et al., 2011; Qiu et al., 2011; Clark et al.,
2013; Klingelhoefer et al., 2014; Liu et al., 2015). The OBS inves-
tigations with dense active sources (e.g., air gun, electric spark)
have also been conducted to invert for offshore shallow shear-wave
velocity structure using high-quality surface-wave data (Shtivel-
man, 2003; Bohlen et al., 2004; Shtivelman, 2004; Klein et al.,
2005; Kugler et al., 2006; Kugler et al., 2007; Nguyen et al.,
2009; Socco et al., 2011; Vanneste et al., 2011; Dong et al., 2012).
Surface-wave dispersion has proved to be an effective tool for

obtaining high-resolution shear-wave velocity structure of shallow
sediments. An active air-gun source can excite strong surface waves
recorded by seismometers even in marine environments. Another
onshore and offshore active source for shallow shear-wave velocity
study is the shear-wave vibrator, which can produce shear-waves in
a fixed frequency range and obtain the higher modes of dispersion
(Socco et al., 2011). The shot spacing can be conveniently adjusted
when conducting the seismic data acquisition, which can greatly
improve the lateral resolution of the shallow shear-wave structure
(Bohlen et al., 2004; Klein et al., 2005; Kugler et al., 2007).
Common receiver gathers (CRGs) are usually used to process
the seismic waveform data along the shot line because the shot spac-
ing can be changed more easily than the receiver interval (Bohlen
et al., 2004). Seismic data acquisition systems such as OBS, ocean-
bottom hydrophones, buried geophones, and towed streamer arrays
are widely used to collect seismic signals from active sources (Ew-
ing et al., 1992; Klein et al., 2005; Kugler et al., 2007; Hao and
You, 2011).
In this study, seismic data from a 7C broadband OBS array and a

large-volume air gun were used to investigate suboceanic shear-
wave velocity in the Bohai Sea. Benefiting from the relative lower

a) b)

Figure 1. (a) Topography of the study area and the location of the survey line. The shot positions are denoted by black dots and the white dots
indicate the OBS station positions. The gray and white circles are the earthquake epicenters. (b) The distribution of OBS stations and air-gun
sources.
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frequency band of the OBS and large-volume air gun, high signal-
to-noise-ratio (S/N) surface waves within the offset 0.4–5 km were
clearly recorded, enabling the development of a high-resolution
shear-wave velocity structure beneath the survey line. The funda-
mental and first overtone dispersion curves of surface waves in
the frequency band of 0.9–3.0 Hz were extracted by the phase-shift
method and were used to invert for shear-wave velocity structure of
the shallow sediments. Pseudo-2D shear-wave velocity profiles to
approximately 400 m depth were constructed, which provide impor-
tant information for offshore site response analysis and engineering
in the Bohai Sea.

METHOD

The Scholte wave is generated as an interface wave that propa-
gates along the liquid-solid interface (Rayleigh, 1885; Stoneley,
1924; Scholte, 1947; Flores-Mendez et al., 2012). When the water
depth is much less than the wavelength, the Scholte wave can be
approximated as a Rayleigh wave (Bohlen et al., 2004). In this
study, the water depth is shallower than 20 m for all areas beneath
the OBS survey line. The frequency band of the surface wave in this
study is 0.9–3 Hz, which corresponds to wavelengths of 110–390 m
for the typical ocean-bottom sediment shear velocity of 350 m∕s.
Therefore, the wavelength is 5–20 times the average water depth
(i.e., 20 m), which suggests that the “Rayleigh-wave” approxima-
tion is valid (Park et al., 2005). Although the Scholte-wave data here
could be processed as Rayleigh waves due to the shallow water and
relatively long wavelength, we still included the 20 m thick water
layer in the starting model for velocity inversion to minimize dis-
persion errors from the water layer.
Two methods are usually used to extract surface-wave dispersion

curves from seismic recordings of active sources. The SASW ap-
proach uses two receivers at various distances to extract individual
dispersion curves, and then it combines them to construct the final
dispersion curve. It can retrieve the fundamental mode of the dis-
persion curve rapidly but underestimates the overtones. The quality
control and phase unwrapping uncertainty problems that exist in the
SASW method have been studied by many researchers (Nazarian,
2012). The MASW method uses many channels of surface-wave
data to construct the fundamental and overtone dispersion curves.
The raw surface-wave seismic data in the x-t (distance-time)
domain is transformed into the frequency-velocity (f-v) or slow-
ness-frequency (p-f) domain, and then the phase travel information
is used to construct the dispersion energy image. Forbriger (2003)
introduces the Fourier-Bessel transform to the full signal content.
Xia et al. (2007) transform the x-t domain shot gathers into
pseudovibroseis data or frequency-swept data by a frequency
decomposition calculation, and they perform slant stacking to gen-
erate an f-v domain energy image. A high-resolution linear slant-
stacking method is also used to improve the dispersion energy peak
resolution and to separate different modes of the dispersion curve
(Luo et al., 2008, 2009). Park et al. (1998) apply the Fourier trans-
form to shot gathers followed by normalization, and then they per-
form the phase shift to generate a dispersion energy image in the f-v
domain. Bohlen et al. (2004) also perform a Fourier transform to
construct the dispersion energy in the f-p domain and apply the
offset-dependent phase shift, with a Gaussian offset window applied
to the original wavefield data before conducting the transform.
In this study, the phase-shift method is applied to the Fourier

transform of the shot gathers after normalization, and it is used

to obtain the dispersion energy image (Park et al., 1998, 2005).
For N trace of seismic data ri (i ¼ 1;2; : : : ; N) in the x‐t domain,
the Fourier transform for each trace is given as:

RiðωÞ ¼ FFT½ri� ¼ AiðωÞ · PiðωÞ; (1)

where AiðωÞ denotes the amplitude at offset (xi), which takes into
account the effects of distance-dependent phase shifts due to attenu-
ation and other frequency-dependent effects due to scattering in
a heterogeneous structure. Moreover, it also contains the effect
of phase shifts due to the source functions of the air-gun sources,
which are manifested as constants in the amplitude normalization
procedure; PiðωÞ is the phase term, which is determined by the
phase velocity ðVph½ω�Þ,

PiðωÞ ¼ e−jðωxi∕VphðωÞÞ (2)

AiðωÞ is removed by normalization:

Ri;normðωÞ ¼
RiðωÞ
AiðωÞ

¼ RiðωÞ
jRiðωÞj

¼ PiðωÞ: (3)

The phase shift defines a trial phase-velocity range with small
increments. The final dispersion energy spectrum in the f-v domain
can be obtained by a summation operation as shown below:

PðVph;range;ωÞ

¼ 1

N

XN
1

e
j

�
ωxi

Vph;testðωÞ

�
Ri;normðωÞ; ði ¼ 1;2; : : : ; NÞ: (4)

Because the phase velocity corresponds to the peak energy value
for each frequency slice, the final dispersion curve can be obtained
by picking all peak values within the defined frequency range from
the dispersion energy image.
The shear-wave velocity structure inversion is conducted with

multiple initial models with various numbers of layers and different
thickness. The partial derivatives of the Scholte-wave phase-veloc-
ity dispersion with respect to the shear-wave velocities for each
layer were calculated based on the initial 1D model. A damped iter-
ative least-squares algorithm was used to solve the nonlinear inver-
sion problem. The inversion was implemented using computer
programs in seismology (CPS) (Herrmann, 2013). CPS has been
widely used in surface-wave processes and shear-wave velocity in-
version for shallow sediments, deep crust, and upper mantle struc-
tures, and it has proved to be an effective tool for velocity structure
inversion.

SEISMIC DATA

A north-northeast–south-southwest-oriented OBS survey profile
with a total length of approximately 70 km was conducted in the
Bohai Sea, North China, in 2011 (Figure 1b). The average OBS
receiver spacing was approximately 5 km. The average water depth
along the survey profile was approximately 20 m. Twelve broad-
band (0.016–100 Hz) I-7C OBSs designed by the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences, were deployed
in the Bohai Sea (Figure 2) (Hao and You, 2011). The OBS has been
successfully used in many crustal structure studies in the South
China Sea, Western Pacific, Indian Ocean, Bohai Sea, etc. (Hao
and You, 2011; Lü et al., 2011; Qiu et al., 2011; Liu et al.,
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2012, 2015; Qiu et al., 2012; Ruan et al., 2012; Zhang et al., 2013).
These surveys show that the OBS has good performance in data
recording quality and instrument recovery (>98%) (Hao and
You, 2011). An active-source 9000 in3 air gun was shot at a depth
of 5 m below sea level with an average interval distance of 190 m to
each shot. The differential GPS technique was used for positioning
and timing between the OBS and air gun.
For the clock drift correction, the timing calibrations are con-

ducted twice by GPS when deploying and recovering the OBS
assuming linear clock shift, which should be valid for a short experi-
ment of two-week deployment. More advanced techniques for clock
drift correction have been applied for long deployments (Sens-
Schönfelder, 2008; Xia et al., 2015). Finally, 12 CRGs data groups
were obtained from the raw vertical component data. The traces
with offsets of less than approximately 400 m were cut for each
CRG because the waveforms were clipped due to the strong energy
near the source. To guarantee the high S/N of the surface-wave
data, the maximum source-receiver offset was set to approximately
5000 m. Altogether, 24 traces were used to extract the Scholte-wave
phase-velocity dispersion curves by the phase-shift method. We
also tested different offsets (400–2200 m for the nearest offset
and 4300–6000 m for the farthest offset) to construct dispersion
images. We found that the dispersion images remained almost

Figure 2. The I-7C type OBS deployed in the survey in 2011. The
instrument has seven components (including one hydrophone, one
3C broadband seismometer [0.016–100 Hz], and one 3C high-fre-
quency seismometer [4.5–200 Hz], respectively). The maximum
working water depth is 6000 m.
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Figure 3. The CRG recorded by four OBS stations of (a) C30, (b) C32, (c) C38, and (d) C40. The mean value gain, 0.6–3 Hz band-pass
filter, and rms gain were applied to each trace. The processed CRG seismogram shows a strong dispersive fundamental mode Scholte
wave.
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the same, although there was a slight difference at the low-fre-
quency end, which could be due to the near-field surface effect.
However, we retained 400 m for the nearest offset because wave-
forms at this distance still meet far-field requirements at the high-
frequency end. A band-pass filter of 0.6–4 Hz and amplitude nor-
malization were implemented for each trace to improve the S/N of
the Scholte wave. After the data preprocessing, all of the CRGs
showed high S/N Scholte waves (Figure 3). Due to the large-volume
air gun, the seismograms showed strong Scholte wave at offsets up
to approximately 5 km.

RESULTS

Twenty-four Scholte-wave dispersion curves were extracted from
the left and right sides of the 12 CRGs by the phase-shift method,
which actually samples the averaged velocity structure beneath each
segment. The energy images for extracting the phase-velocity dis-
persions are shown in the frequency-velocity domain (Figure 4). As
shown in Figure 4, the fundamental and first overtone can clearly be

identified. High-resolution fundamental mode Scholte-wave dis-
persion curves are clearly shown between 0.9 and 2.9 Hz with
strong amplitudes, sharp peaks, and good continuity. The first over-
tone dispersion curves can also be identified between 1.2 and
2.2 Hz. However, the energy amplitude and resolution is somewhat
lower than for the fundamental mode. All dispersion curves for all
data sets are characterized by similar trends with a maximum differ-
ence of approximately 50 m∕s. The fundamental mode Scholte-
wave phase velocity varies from 200 to 450 m∕s, and the first
overtone Scholte-wave phase velocity varies from 350 to 550 m∕s.
Twenty-four Scholte-wave phase-velocity dispersion curves and

six trial models with 9–25 layers to 500 m were used to conduct the
trial inversions. The 1D P-wave velocity model from fitting the first
P arrivals was used in the inversion (Figure 5). All measured dis-
persion curves could be fitted very well in different trials (Figure 6).
Moreover, all final shear-wave velocity models showed high sim-
ilarity even though the layer numbers and thicknesses are different.
Finally, 24 1D shear-wave velocity models were derived from the
inversion of 24 Scholte-wave phase-velocity dispersion curves. The
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Figure 4. The dispersion energy images in the f-v domain generated by the phase-shift method and the dispersion curves picked from the
energy peak (denotes with the black cross). The dispersion energy was calculated using the right (positive offset value) branches of the CRG
seismograms shown in Figure 3. The dispersion energy images shown in (a-d) correspond to the right branches of the CRGs shown in Fig-
ure 3a–3d, respectively.
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shear-wave sensitivity kernels of the Scholte-wave phase velocity
suggest that the shear-wave velocity structure to a 300 m depth
can be well-constrained by the dispersion curves at 1–3 Hz. For
the deeper depth range of 300–400 m, the fundamental and first
overtone Scholte-wave phase-velocity dispersion curves at 1 Hz still
provide some constraints on the shear-wave velocity structure (Fig-
ure 7). Therefore, the shear-wave velocity structures to 400 m depth
were presented as the final results.
With 24 1D shear-wave velocity models from different initial

models, pseudo-2D shear-wave velocity structure profiles beneath
the OBS survey line were obtained by linear interpolation, in which
each 1D model is set to the middle position of its CRGs (Figure 8).
shear-wave velocities of 150 300 m∕s are shown for depths less
than 100 m. Down to a 200 m depth, the shear-wave velocity in-
creases to 300 500 m∕s. For the depth range of 300–400 m, the
shear-wave velocities are approximately 500 700 m∕s. Although
different initial models with different layers and velocities were
used in the inversions, similar characteristics and weak lateral
velocity contrasts are seen in the 2D velocity profiles.

DISCUSSION

The shear-wave velocity structure can be inverted using the fun-
damental and first overtone dispersion curves of the Scholte wave.
Joint inversion of the fundamental and overtone dispersion can

provide further constraints on the deeper structure and also improve
the resolution of the shallow structure (Xia et al., 2003; Luo et al.,
2007). Scholte-wave dispersion is mostly sensitive to the shear-wave
velocity and is affected weakly by the P-wave velocity and density.
In this study, only the shear-wave velocity was taken as unknown,
with P-wave velocity and density fixed in the inversion. With the
first P-wave arrivals, a two-layer 1D P-wave model was constructed
by fitting the first P-wave arrivals with the grid-search method (Fig-
ure 5). The optimized results suggest that the P-wave velocity varies
between 1750 and 2200 m∕s in the survey area, and a two-layer
model can fit the first P-wave arrivals very well, which has small
residuals (<0.05 s) between the measured and synthetic first P-wave
arrivals. The density structure was then calculated based on the em-
pirical relationships between the P-wave velocity and the density
(Gardner et al., 1974; Christensen and Mooney, 1995).
To minimize the effects of the initial model in the linear inver-

sion, six different starting models with different numbers and thick-
ness of layers were used. Relatively small differences were found
in the inverted results (Figure 8). The uncertainty of the inverted
shear-wave velocity structure was also estimated from the standard
deviation of the six pseudo-2D profiles from six trial inversions
with different initial models (Figure 9). These results suggest that
the shear-wave velocity uncertainty is 5 20 m∕s for most areas of
the 2D profile, which is approximately 2%–6% for an average
shear-wave velocity of 300 m∕s. For some portion of the survey

a) c)

b)

VP

VP

Figure 5. (a) The measured and synthetic first P-wave traveltime. The two dashed lines represent the traveltime with P-wave velocities of 1750
and 2200 m∕s. (b) Residuals between the measured and synthetic results. (c) The final two-layer P-wave velocity model.
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Figure 6. Each panel includes two parts: The left side shows the initial (dashed line) and inverted (solid line) 1D shear-wave velocity model.
The right side shows the measured (black pattern, Figure 4b) and calculated (black solid line) dispersion curves with respect to the final
inverted model. During the inversion, we jointly inverted the fundamental mode and first overtone simultaneously by a linear inversion method
with six initial models. The panels (a-f) show all of the six initial models and their inverted results and indicate that all of the initial models fit
the observed dispersion curves very well.
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Figure 8. The final 2D shear-wave velocity profile
inverted from different initial models (Figure 6a–
6f). The profile is plotted along the shot line,
and the OBSs are denoted by inverted triangles.
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line, the uncertainties in the shear-wave velocity can reach up to
40 m∕s, approximately 13% of the background velocity.
Based on the pseudo-2D shear-wave velocity profiles, weak lat-

eral heterogeneities were observed for the shear-wave velocity
structure from shallow depths to depths of 400 m. The average
shear-wave velocity along the shot line was calculated from 24
1D inversion results with different initial models (Figure 10).
The average shear-wave velocity along the survey line was also cal-
culated from the six 2D shear-wave velocity profiles (Figure 11).
The average value changed from 150 to 610 m∕s from the seabed
to 400 m depth with a small variation gradient in this area. The stan-
dard deviations vary from approximately 20 to 50 m∕s from shallow
to deeper depths. The weak lateral variation in shear-wave velocity
may be attributable to the continuous and stable sedimentary envi-
ronment and the large sediment thickness in the Cenozoic sedimen-
tary basin of Bohai Bay basin (Hao et al., 2007; Hou and Hari, 2014;
Liu et al., 2015). The maximum Cenozoic sediment thickness is up to
approximately 10 km in the Bohai Sea, and the pre-Cenozoic sedi-
ment thickness is greater than 5 km (Hao et al., 2007; Xu et al., 2007).
It should be noted that the final 2D shear-wave velocity structure is
not a real 2D inversion results. Due to the relatively small lateral
variation in the shallow sediments in the Bohai Sea, the approxima-
tion of constructing the pseudo-2D shear-wave velocity structure
from 1D models was appropriate for depicting the 2D structure.
Full-waveform inversion of surface waves would be a more accurate
way of modeling the 2D shear-wave velocity structure.
In the above analysis, we adopt a simple two-layer P-wave veloc-

ity and constant density model. To explore the effects of different
P-wave velocities and density models on the shear-wave velocity
inversion, we invert dispersion curves assuming a more realistic
model, which involves a linearly increasing P-wave velocity with
depth, as expected from increasing pressure and compaction
(Brocher, 2008). The density was calculated from empirical rela-
tions between the P-wave velocity and the density. The results show

that with different starting P-wave velocity and density models, the
inverted shear-wave velocity models remain very stable (Figure 12),
suggesting that the P-wave velocity and density models do not have
obvious effects on the shear-wave velocity inversion.
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Figure 11. The average shear-wave velocity calculated from six 2D
shear-wave velocity profiles shown in Figure 8. The error bars show
the standard deviations.
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Figure 10. The average value of the shear-wave
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verted shear-wave velocity profiles were developed
with different initial models (Figure 8a–8f). The er-
ror bars represent the standard deviations of the
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CONCLUSION

The shallow shear-wave velocity structure is of interest in studies
of onshore and offshore engineering because it can provide impor-
tant information on site response. Because common onshore subsur-
face shear-wave velocity investigation methods cannot be directly
used in offshore areas, surface-wave data from an OBS survey with
air-gun sources were used to estimate the shallow shear-wave veloc-
ity in the Bohai Sea (Bohai Bay Basin), North China. High-quality
surface-wave dispersion curves were extracted from an approxi-
mately 70 km long seismic survey line including 12 OBSs and
377 shots from a 9000 in3 air gun. The shear-wave velocity structure
of the shallow sediments beneath the seabed was inverted using a
damped iterative least-squares inversion scheme for Scholte-wave
dispersion curves in the 0.9–3.0 Hz frequency range. Pseudo-2D
shear-wave velocity profiles down to an approximately 400 m depth
below the ocean bottom along the OBS survey line suggest similar
characteristics and weak lateral velocity contrasts, which may be
attributable to the continuous sedimentary environment in the Ceno-
zoic sedimentary basin of the Bohai Bay Basin. Shear-wave veloc-
ities of 150 300 m∕s were found for the shallow 100 m depth.
Down to a 200 m depth, the shear-wave velocity increases to
300 500 m∕s. For the depth range of 300–400 m, the shear-wave
velocities are approximately 500 700 m∕s. Low shear-wave veloc-
ities of 200 300 m∕s at the shallow depth of 100 m were found
beneath the survey line, which could provide important information
for offshore site response analysis and engineering.
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