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Rayleigh waves, which are formed due to interference of P- and Sv-waves near the free surface, propagate along
the free surface and vanish exponentially in the vertical direction. Their propagation is strongly influenced by
surface topography. Due to the high resolution and precision requirements of near-surface investigations, the
high-frequency Rayleigh waves are usually used for near-surface structural detecting. Although there are some
numerical studies on high-frequency Rayleigh-wave propagation on topographic free surface, detailed analysis
of characters of high-frequency Rayleigh-wave propagation on topographic free surface remains untouched.
Hence, research of propagation of Rayleigh waves on complex topographic surface becomes critical for
Rayleigh-wave methods in near-surface applications. To study the propagation of high-frequency Rayleigh
waves on topographic free surface, two main topographic models are designed in this study. One of the models
contains a depressed topographic surface, and another contains an uplifted topographic surface.We numerically
simulate the propagation of high-frequency Rayleigh waves on these two topographic surfaces by finite-
difference method. Soon afterwards, we analyze the propagation character of high-frequency Rayleigh waves
on such topographic models, and compare the variations on its energy and frequency before and after passing
the topographic region. At last, we discuss the relationship between the variations and topographical steepness
of each model. Our numerical results indicate that influence of depressed topography for high-frequency
Rayleigh waves is more distinct than influence of uplifted topography. Rayleigh waves produce new scattering
body waves during passing the depressed topography with reduction of amplitude and loss of high-frequency
components. Moreover, the steeper the depressed topography is, the more energy of Rayleigh waves is lost.
The uplifted topography with gentle slope produces similar influence as the depressed topography on propaga-
tion of high-frequency Rayleigh waves. When slopes are getting steep, however, the obstacle influence of the
uplifted topography becomes weak. In addition, in the uplifted-topography case, part of Rayleigh-wave energy
is absorbed by the uplifted terrain, which includes the trapped energy between the uplifted boundaries and
the generation of scattering waves. Meanwhile, local topography strongly affects the character of Rayleigh-
wave dispersion. Egregious errormay be introduced,whenpick Rayleigh-wavephase velocities on dispersion en-
ergy images for an MASW survey, if the local free-surface topography is ignored.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Underneath shear (S)-wave velocity has gained popularity in engi-
neering and environmental studies. Since it is directly proportional to
shearmodulus of underneathmaterials, it becomes a fundamental indi-
cator of stiffness of earthmaterial (Imai and Tonouchi, 1982). Evaluation
of S-wave velocity profile has been one of the critical tasks in geotechni-
cal engineering (e.g., Craig, 1992; Xia et al., 1999, 2002). At present, an
S-wave velocity profile is often obtained by surface-wave method. For
example, the Multichannel Analysis of Surface Wave (MASW) method
(e.g., Xia et al., 1999, 2002) is one of the successful surface-wave
.

methods. It is based on the dispersive nature of Rayleighwaves in verti-
cally heterogeneousmedia and the horizontal layer assumption of earth
model. The earth, however, is not composed of perfectly flat-layered
medium. Clarifying propagation properties of Rayleighwave in complex
structure plays a critical role in understanding Earth structures
(e.g., Zhao, 1991).

To our knowledge, surface-wave transmission is substantially affected
by the irregular surface. The earliest reports of surface-wave propagation
on topographic surface began in 1958. The studies include the transmis-
sion and reflection of Rayleigh waves at corners (deBremaecker, 1958),
characters of reflection and transmission coefficient of angle topogra-
phy by experiment studies (Knopoff and Gangi, 1960), and the theoret-
ical formula of reflection and transmission at a corner (e.g., Hudson and
Knopoff, 1964; Mal and Knopoff, 1965, 1966; Fujii et al., 1984). Snieder
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Fig. 1. Half-space earth model whose free surface contains (a) an uplifted topography, and (b) a depressed topography.
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(1986) studied the effects of topography on three dimensional surface-
wave scattering and conversions by the Born approximationmethod. In
his study, the scattering of surface wave by topography was compared
with the scattering of surface wave by a mountain root model. He also
analyzed the interference effects between surface waves scattered by
different parts of heterogeneity.

These previous theoretical results lead us to a considerable improve-
ment in the explanation of real-world data and experiments. Analyzing
the dispersion characters of Rayleigh waves on topographical surface,
however, is too complicated. These studies are less general in either
analytical method or numerical simulation. With the development of
propagation theory of seismic waves and the progress of numerical
simulation techniques, further studies of topographic influence on
Rayleigh-wave propagation have been done. Numerical simulation
techniques are important tools to remedy the weakness of analytical
methods. They have been widely used in studying the problem of
surface-wave propagation on complex geological structures. Fuyuki
and Matsumoto (1980) simulated the scattering of Rayleigh waves on
topographic free surface by the finite-difference method. Wong
(1982) studied the frequency response of a canyon to Rayleigh waves.
Kawase (1988) studied the time domain response of Rayleigh waves
by the boundary element method. Afterwards, Sánchez-Sesma and
Campillo (1991) discussed such response of more general topography.

Based on the boundary elementmethod, Hévin et al. (1998) numer-
ically simulated the propagation of Rayleigh waves across various sur-
face cracks. From the simulation signals, the variations of spectral
ratios between the transmitted and incident waves are studied as a
function of the crack depth. Their study can be used to design an effi-
cient procedure for the determination of crack depths. Zhang and Liu
(2000) studied the problem of elastic wave diffraction on a semi-
cylindrical pit-case topographical surface. They proved that Rayleigh-
wave diffraction was stronger than P waves, when the wavelength of
Rayleigh waves was shorter than the P waves. Cao et al. (2007) numer-
ically simulated the propagation of Rayleigh waves across surface crack
Fig. 2.Wave field snapshots of the vertical particle velocity for uplifted topographic model at t
represent the location of the source.
by the finite element method. At the same year, Nasseri-Moghaddam
et al. (2007) numerically investigated the propagation of Rayleigh
waves on solid space with cavity. Their numerical tests showed that
the buried depth and the size of the cavity detected by the surface
wave method were a function of Rayleigh-wave frequency spectrum.
Zhou and Chen (2007) studied the effect of depressed topography on
low-frequency (b2Hz) Rayleighwaves stimulated by a near-surface ex-
plosive source. They pointed out that Rayleigh-wave energy and fre-
quency response were changed when Rayleigh waves passed through
the depressed topography.

In numerical modeling of high-frequency Rayleigh-wave propaga-
tion on topographic free surface, Zeng et al. (2012a) proposed an im-
proved vacuum formulation to incorporate surface topography and
internal discontinuity for finite-difference (FD) modeling of Rayleigh
waves in the near surface. By their scheme, they numerically investigat-
ed the propagation of Rayleighwaves on topographic free surface (Zeng
et al., 2012a), and the application of theMASWmethod in the presence
of free-surface topography (Zeng et al., 2012b). Wang et al. (2012) de-
veloped an effective FD scheme to simulate Rayleigh-wave propagation
in the topographical model, which incorporated Robertsson's ‘stair-
case’ method (Robertsson, 1996) and the acoustic/elastic interface ap-
proach (AEA approach) (Xu et al., 2007). Strong influence of topograph-
ic free surface on Rayleigh-wave propagation was demonstrated by
numerical examples of three simple topographic models.

The previous numerical studies are all done either under the
assumption of independent Rayleigh-wave source (Fuyuki and
Matsumoto, 1980; Wong, 1982; Kawase, 1988; Sánchez-Sesma and
Campillo, 1991), or under the assumption of low-frequency Rayleigh
waves stimulated by explosive source (Zhou and Chen, 2007). However,
due to the high resolution and precision requirements of near-surface
investigations, the high-frequency Rayleigh waves are usually chosen
for near-surface structural detecting. They are typically generated by a
surface impact source, such as a sledgehammer hitting a steel plate. Re-
search of propagation of high-frequency Rayleighwaves on topographic
ime slice of (a) 0.1 s, (b) 0.2 s, (c) 0.3 s, (d) 0.4 s, (e) 0.5 s, and (f) 0.6 s. The solid triangles



Fig. 3.Wave field snapshots of the vertical particle velocity for depressed topographic model at time slice of (a) 0.1 s, (b) 0.2 s, (c) 0.3 s, (d) 0.4 s, (e) 0.5 s, and (f) 0.6 s. The solid triangles
represent the location of the source.
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surface plays a critical role for surface-wave methods in near-surface
applications. Though there are some numerical studies on high-
frequency Rayleigh-wave propagation on topographic free surface
(e.g., Nasseri-Moghaddam et al., 2007; Zeng et al., 2012a,b; Wang
et al., 2012), detailed analysis of characters of high-frequency
Rayleigh-wave propagation on topographic free surface remains
untouched.

We configure a depressed and an uplifted topographic model to fur-
ther study the propagation of high-frequency Rayleigh waves on topo-
graphic free surface. Propagation of high-frequency Rayleigh waves on
these two topographic surfaces is numerically simulated by Wang's FD
scheme (Wang et al, 2012). Based on the numerical simulations, we an-
alyze the propagation character of high-frequency Rayleigh waves in
such two typical topographic free surfaces, and discuss the variations
of high-frequency Rayleigh waves in energy, frequency spectrum and
amplitude response. Afterwards, we discuss the relationships between
Fig. 4. The synthetic shot gather of vertical particle velocity generated for uplifted topographicm
the free surface across the topography, at the right side of the source. The nearest offset is 5.0 m
tervals measured along the free surface are different depending on the topography of its locatio
reflected and the converted events because the amplitudes of the diffractions, the reflections an
of the incoming Rayleigh waves.
the variations and the topographical steepness of each model. Lastly,
we analyze the influence of local topography on Rayleigh-wave disper-
sion characters.

2. Variation of propagation character of high-frequency Rayleigh
waves on topography

Here,we design twohomogeneousmodelswith a canyon-case and a
horst-case topographic free surface, respectively (Fig. 1). The width of
the canyon and the horst is both 80 m. The maximum depth of the
canyon and the maximum height of the horst are both 40 m. We
numerically simulate the propagation of high-frequency Rayleigh
waves by Wang's FD scheme (Wang et al., 2012). The models are
400 m × 200 m in size, and are discretized as 2000 × 1000 grid points.
P- and S-wave velocities of each model are 1000 m/s and 400 m/s, re-
spectively, and density is 2000 kg/m3. No attenuation is considered in
odel byWang's FD code (Wang et al., 2012). The 230-channel receiver spread is located on
, and the trace interval in the horizontal direction is a constant of 1.0 m. But the trace in-

n. A large gain factor is applied to the display to enhance the visibility of the diffracted, the
d the conversions from the uplifted topography corners are usually much lower than those



Fig. 5. The synthetic shot gather of vertical particle velocity generated for depressed topographic model byWang's FD code (Wang et al., 2012). The 230-channel receiver spread is located
on the free surface across the topography, at the right side of the source. The nearest offset is 5.0 m, and the trace interval in the horizontal direction is a constant of 1.0 m. But the trace
intervalsmeasured along the free surface are different depending on the topography of its location. A large gain factor is applied to the display to enhance the visibility of the diffracted, the
reflected and the converted events because the amplitudes of the diffractions, the reflections and the conversions from the uplifted topography corners are usually much lower than those
of the incoming Rayleigh waves.
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the medium. The time marching step is 0.1 ms. The first derivative of
Gaussian with 20 Hz peak frequency and 50 ms delay time is used as
the source function of vertical point source (e.g., Mittet and Arntsen,
2000; Xu et al., 2007). The source is located at the horizontal free sur-
face, 120 m away from the center of the topography.

Fig. 2 shows the snapshots of elastic-wavefields of the uplifted topo-
graphic model (Fig. 1a) at 0.1 s, 0.2 s, 0.3 s, 0.4 s, 0.5 s, and 0.6 s, respec-
tively. These snapshots display the generation and transmission of body
waves and high-frequency Rayleigh waves on the uplifted topographi-
cal free surface. Since the vertical point source is located on the flat
free surface, both a P and an S wave are excited. Near the free surface,
Rayleigh waves are generated from the constructive interference of P
and S waves (Fig. 2a). P wave firstly passes the horst. When it arrives
at the left, the top and the right corner of the horst, weak wave
Fig. 6. The uplifted topographicmodels with different steepness. The horsts are of width 80m a
show the topographic models with steepness of (a) d/w = 0.125, (b) d/w = 0.5, (c) d/w = 1.
conversion and scattering occur. Then S wave and Rayleigh wave
tread on the heels of P wave and pass through the horst. It shows that
on the source-side corner (the left side of the horst), weak Rayleigh-
wave reflection exist and propagate in opposite directions of the incom-
ing Rayleigh waves (Fig. 2f). When S wave and Rayleigh waves reach to
the top of the horst, abundant forward and backward scattered waves
are generated (Fig. 2c and d). Meanwhile, new conversion P wave and
new reflection or conversion Rayleigh waves generates (Fig. 2e). In ad-
dition, part of Rayleigh-wave energy is absorbed by the uplifted terrain
(Fig. 2d and e), which includes the trapped energy between the uplifted
boundaries and the generation of scattering waves (Fig. 2f).

For Rayleigh-wave propagation on the depressed topographic free
surface, more complex features are shown on the snapshots (Fig. 3).
Both a P, an S and a Rayleigh wave are generated (Fig. 3a). Throughout
nd of maximumheight changing from 10m to 120mwith 10m increment. Here, we only
0 and (d) d/w = 1.5, for example.



Fig. 7.The depressed topographicmodelswith different steepness. The valleys are ofwidth 80mand ofmaximumdepth changing from10m to 120mwith 10m increment. Here,we only
show the topographic models with steepness of (a) d/w = 0.125, (b) d/w = 0.5, (c) d/w = 1.0 and (d) d/w = 1.5, for example.
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the whole process of seismic-wave propagation, P wave still firstly
passes the valley. In the left corner (the near source-side corner) of
the valley, P wave is reflected and converted to S wave and Rayleigh
wave. Although the energy of the conversion Rayleighwave is relatively
weak, it still appears in snapshot (Fig. 3c). These reflections and conver-
sions also appear in the right corner (the far source-side corner) of the
valley (Fig. 3e and f). S wave and Rayleigh wave tread on the heels of
P wave and pass through the valley. Strong reflection occurs in the left
corner and propagates in opposite direction of the incoming Rayleigh
waves. Meanwhile, S to P wave conversion occurs in the left corner
(the near source-side corner) (Fig. 3c and d). Relatively weaker conver-
sions appear in the right corner of the valley (the far source-side corner)
(Fig. 3f). After passing the valley, abundant forward and backward
scattered body waves and scattered Rayleigh waves are generated by
the valley. Since their wave fronts are intercrossed, the whole wave
field near the valley becomes very complex.

Meanwhile, complex reflections and conversions of seismic waves
on topographic surface are shown on the corresponding synthetic
seismograms (Figs. 4 and 5). Since the energy of Rayleigh waves domi-
nate the whole wave fields, body waves are too weak to display clearly
in the seismograms. Hence, to display the complicated reflection and
conversion clearly, we perform trace equalization procedure and in-
crease the data display gain in plotting the synthetic seismograms.

Clear P to S conversion occurs in the top of the horst (P–S in Fig. 4). In
the right corner (far source side), however, this converted Swave (P–S) is
converted back to Pwave (P–S–P in Fig. 4).Weak S to P wave conversion
occurs in the left corner of the horst (the near source-side corner). Then,
part of S wave and Rayleigh wave directly penetrates through the horst
and reaches to another side of the horst. Parts of S wave and Rayleigh
waves, however, creep through the horst from the topographical free
Fig. 8. Energy ratio of Rayleigh waves at point A and point B for (a) the uplifted topographic mo
ratio curve for components of vertical particle velocity (Vz), and the dashed red line represent
surface (creeping waves in Fig. 4). Strong reflection Rayleigh waves
generate in the top of the horst. Hence, we can notice that the incoming
Rayleigh wave and its reflection coexist and propagate in opposite di-
rections on the source side (the left side of the peak of the horst).
When S wave gets to the right corner of the horst, conversion appears
again. New S to P conversion wave is generated. As previously de-
scribed, parts of Rayleigh-wave energy is trapped between the bound-
aries of the horst and is multi-reflected by the boundaries. Hence, in
the uplifted terrain, abundant of scattering waves is generated in the
uplifted terrain. These scattering (or diffraction)wave components con-
sist mostly of Rayleigh waves, at some distance away from the horst
(Bouchon et al., 1996).

Synthetic seismogram of the depressed topographical model
(Fig. 1b) is shown in Fig. 5. Different to seismogramof the uplifted topo-
graphical model, the strong conversion of P wave to S wave appears in
the left corner of the valley (the near source-side corner). This convert-
ed S wave (P–S wave in Fig. 5) connects with the incoming S wave on
the bottom of the valley. On the right corner (the far source side) of
the valley, clear conversion of S wave to P wave (S–P wave in Fig. 5) ap-
pears in.Meanwhile, weak conversion of Pwave to Swave occurs in this
corner. S wave and Rayleigh wave are strongly reflected on the left cor-
ner of the valley. This strong reflection leads to a shadow zone in the
right side (far source side) of the valley. Only a few parts of body-
waves and Rayleigh-waves energy can creep through the valley. More-
over, the wave scattering appears in the left, right and bottom corner of
the valley. Among these scattering waves, the strongest scattering
waves are generated on the left corner.

In summary, the incoming seismic waves are interacted with the ir-
regular topography and produce new scattering and conversion waves.
Numerical comparison results indicate that the influence of the
dels, and (b) the depressed topographic models. The solid black line represents the energy
s the energy ration curve for components of horizontal particle velocity (Vx).



Fig. 9. The comparisons of Rayleigh-wave frequency spectrum between seismograms of horizontal particle velocity at points A and B of uplifted topographic models with steepness of
(a) d/w = 0.5, and (c) d/w = 1.0, and seismograms of vertical particle velocity at points A and B of uplifted topographic models with steepness of (b) d/w = 0.5, and (d) d/w = 1.0.
The solid black line denotes frequency spectra of seismogramat point A. The solid red line denotes frequency spectra of seismogramat point B. Vx andVzdenote horizontal particle velocity
and vertical particle velocity, respectively.
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depressed topography for high-frequency Rayleigh waves is more dis-
tinct than the influence of the uplifted topography. For an uplifted topo-
graphic model, part of Rayleigh wave energy is trapped between the
boundaries of the horst. Meanwhile, the trapped Rayleigh waves will
be multi-reflected by the boundaries. This phenomenon reveals a fact
from a certain extent. On earthquake, the buildings on the top of a
mountain are often damaged worse than the buildings on plain areas.
It is valuable for earthquake engineering, although it is out of scope of
our research.

3. The influence of topographical steepness on propagation of
high-frequency Rayleigh waves

Usually, a surface impact source is chosen to generate the high-
frequency Rayleigh waves in applications of Rayleigh-wave methods
in near surface, for example the MASW method (e.g., Xia et al., 2002).
Since the Rayleigh-wave energy dominates the whole wave field, it is
unnecessary to mute the body waves before generating the dispersion
curve. Moreover, Rayleigh waves are dominant in our simulating wave
field. Hence, we can analyze the changes of whole wave filed to study
the influence of surface topography on propagation of high-frequency
Rayleigh waves. Due to the topography of the earth surface formed by
weathering, deformation, etc., receivers are usually not located in the
Fig. 10. The comparisons of Rayleigh-wave frequency spectrum between seismograms of horizo
(a) d/w=0.5, and (c) d/w=1.0, and seismograms of vertical particle velocity at points A and B
solid black line denotes frequency spectra of seismogramat point A. The solid red linedenotes fre
vertical particle velocity, respectively.
same elevation inMASW tests. As a consequence, the energy concentra-
tion on the dispersion energy images is usually distorted. In this case, it
is difficult to pick an accurate dispersion curve by the conventional en-
ergy tracing method. Huge errors can be introduced to the subsequent
inversion procedures of MASW test. Hence, the analyzing results will
be very helpful in guiding the applications of the MASW method in
near surface.

To discuss the influence of topographical steepness on propagation
of Rayleigh waves, we study the uplifted and the depressed models
with fixed width of w = 80 m. Their maximum heights (or depths)
(d) are increase from 10 m to 120 m with increments of 10 m. Then,
the topographical steepness is described by the ratio of d/w. The elastic
parameters are the same as the previous models. The shape of the
uplifted (or depressed) topography is controlled by a sine function (or
cosine function). Here we only choose the topographic models with
steepness of d/w=0.125, d/w=0.5, d/w=1.0, and d/w=1.5, respec-
tively, for example (Figs. 6 and 7).

3.1. The changes of energy

In discussing the influence of topographical steepness on propaga-
tion of Rayleigh waves, the energy variation of Rayleigh waves is firstly
considered. Seismograms of two points (the inverted triangle marked
ntal particle velocity at points A and B of depressed topographic models with steepness of
of depressed topographic models with steepness of (b) d/w=0.5, and (d) d/w=1.0. The
quency spectra of seismogramatpoint B. VxandVzdenote horizontal particle velocity and



Fig. 11. The amplitude versus offset response of different frequency components for the uplifted topographic models with steepness of d/w= 0.125 ((a) 15Hz, (b) 25 Hz), and d/w=0.5
((c) 15Hz, (d) 25Hz). The solid black lines denote the amplitude response of vertical particle velocity. The solid red lines denote the amplitude spectrumof horizontal particle velocity. The
horizontal axis shows the distance between the positions of seismograms used in calculation and the central of the horst. The negative distances denote that the seismograms used in
calculation are received at the source side. The positive distances denote that the seismograms used in calculation are received at the far source side.
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with A and B in Figs. 6 and 7) of the topographic models are chosen.
Point A is located at the left side (the near source side) of the horst (or
canyon), 80 m away from the center of the horst (or canyon). Point B
is located at the right side (the far source side) of the horst (or canyon),
also 80 m away from the center of the horst (or canyon). In these two
places, Rayleighwaves and the scatteringwaves are stable. No new con-
version and scattering waves are generated. Theoretically, we can use
the amplitude ratio of seismograms at points A and B as the energy
ratio of points A and B (Fig. 8). In the images, the horizontal axis is the
steepness of the topography (d/w), which ranges from 0 to 1.5. The ver-
tical axis is the energy ratio. The solid black lines denote the energy ratio
of seismogram of vertical particle velocity, and the dashed red lines de-
note the energy ratio of seismogram of horizontal particle velocity.

With the steepness of d/w increasing, less and less of Rayleigh-wave
energy is left in the far source side of the uplifted topography (Fig. 8a).
This phenomenon reveals the obstacle influence of horst-case topogra-
phy on propagation of high-frequency Rayleigh waves. When topo-
graphic slopes are getting steep (e.g., d/w N 0.5), however, there is less
variation in the energy ratio of seismograms at points A and B. This in-
dicates that when the steepness of the horst increases to a certain
value, part of Rayleigh wave energy directly penetrates from one side
to another. Then, the energy ratio of points A and B keeps to a value of
approximate 40% for vertical particle velocity and 50% for horizontal
particle velocity. These ratios depend on the fixed width of topography,
Fig. 12. The amplitude versus offset response of different frequency components for uplifted to
(d) 25Hz). The solid black lines denote the amplitude response of vertical particle velocity. The s
axis shows the distance between the positions of seismograms used in calculation and the centr
received at the source side. The positive distances denote that the seismograms used in calcula
the source parameters and the elastic parameterswhichwe configure in
the numerical simulation. This study also indicates that the topography
impacts propagation of seismic waves when the seismic wavelength is
comparable to the horizontal size of topographic features.

Similar to the uplifted topography, with d/w increasing, Rayleigh
waves have less energy left after passing through the canyons
(Fig. 8b). Model with steepness of d/w= 1.5 which is the steepest can-
yon, shows that less than 10% energy is left after passing such depressed
topography for both the horizontal and the vertical components. It
means that the steeper the depressed topography the more energy of
Rayleigh waves is lost. By comparison, more Rayleigh-wave energy is
lost, in the depressed topographic case. In the far source side of the can-
yon, a shadow zone exists. Meanwhile, the more steeper the canyon
gives rise to a wider range of the shadow zone.

3.2. The changes of frequency spectrum

In order to analyze the variation of Rayleigh-wave frequency spec-
trum in the process of wave transmission on the topographical free-
surface, we calculate the frequency spectrum of seismograms at points
A and B. Here, we choose the spectrums of seismograms of the models
with topographical steepness of d/w= 0.5 and d/w= 1.0 for example.

When the free surface of the half-space model is horizontal, the
shapes of the frequency spectrums of seismograms in different receivers
pography with steepness of d/w = 1.0 ((a) 15 Hz, (b) 25 Hz), and d/w = 1.5 ((c) 15 Hz,
olid red lines denote the amplitude spectrumof horizontal particle velocity. The horizontal
al of the horst. The negative distances denote that the seismograms used in calculation are
tion are received at the far source side.



Fig. 13. The amplitude versus offset response of different frequency components for depressed topographywith steepness of d/w=0.125 ((a) 15 Hz, (b) 25Hz), andd/w=0.5 ((c) 15Hz,
(d) 25Hz). The solid black lines denote the amplitude response of vertical particle velocity. The solid red lines denote the amplitude spectrumof horizontal particle velocity. The horizontal
axis shows the distance between the positions of seismograms used in calculation and the central of the horst. The negative distances denote that the seismograms used in calculation are
received at the source side. The positive distances denote that the seismograms used in calculation are received at the far source side.
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are similar. They are controlled by the source function type. However,
since the uplifted topographic free surface is introduced to the models,
the shape of the corresponding frequency spectrum is changed
(Fig. 9). The first change is the descending of the spectrum amplitude
at the far source side (at point B). Since no attenuation is considered
in the medium, the normal descending of the amplitude of the seismo-
gram is only connected with the normal spherical diffusion. However,
the descending of the amplitude of frequency spectrum at the far source
side is far beyond the descending range of the normal spherical diffu-
sion. The second change is that more peaks appear in the frequency
spectrum. When wave propagate through the uplifted topography,
wave reflection and conversion occur. The interference between the re-
flection/conversion waves and the incoming waves results in complex
of thewholewave fields. Some frequency contents are decayed because
of antiphase superposition. On the contrary, some frequency contents
are amplified because of in-phase superposition. These may be the rea-
son ofmore peaks appearing in the frequency spectrum.Moreover, with
increasing horst steepness, the peaks move more obviously to low fre-
quency band. This reveals that the high frequency contents are more
easily reduced, when Rayleigh waves pass through the topographic
surface.

Similar variation characters appear in the frequency spectrums of
seismograms of the depressed topographical models (Fig. 10). Compare
Fig. 14. The amplitude versus offset response of different frequency components for depressed
(d) 25Hz). The solid black lines denote the amplitude response of vertical particle velocity. The s
axis shows the distance between the positions of seismograms used in calculation and the centr
received at the source side. The positive distances denote that the seismograms used in calcula
with the uplifted case, the peaksmovemore obviously to low frequency
band with the increasing of valley steepness. More energy is lost with
the increasing of valley steepness. This indicates that the depressed to-
pography blocksmore Rayleigh-wave energy than the uplifted topogra-
phy, when Rayleigh waves propagate on the topographic free surface.
More high-frequency contents are reduced on the depressed topogra-
phy than on the uplifted topography. Meanwhile, for the depressed
case, there are more wave reflection and wave conversion.

In conclusions, two reasons may give rise to the changes of the fre-
quency spectrum. First, high-frequency contents decay more easily in
propagation, especially in the topographical model. This leads the
peak amplitude of the frequency spectrum tomove fromhigh frequency
band to low frequency band. Second, wave conversion and scattering
occur in the topographical model. The conversion, scattering and in-
coming wave interfere with each other. These interferences result in
the complication of the wave fields. Meanwhile, parts of wave contents
decay, and parts ofwave contents are strengthened. These leads tomore
peaks that appear in the frequency spectrum. This phenomenon is
more obvious for the depressed topography than for the uplifted to-
pography. The comparisons further reveal the fact that the influence
of the depressed topography is more distinct than the influence of
the uplifted topography on propagation of high-frequency Rayleigh
waves.
topography with steepness of d/w= 1.0 ((a) 15 Hz, (b) 25 Hz), and d/w= 1.5 ((c) 15 Hz,
olid red lines denote the amplitude spectrumof horizontal particle velocity. The horizontal
al of the horst. The negative distances denote that the seismograms used in calculation are
tion are received at the far source side.



Fig. 15. The dispersion energy images of Rayleighwaves in the elastic homogeneous half-
space model. The energy image is generated by the HRLRT method (Luo et al., 2008). The
black dots denote the analytical dispersion curves of Rayleigh waves in elastic homoge-
neous half-space model, which are calculated by Knopoff method (Schwab and Knopoff,
1972).
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3.3. Amplitude response versus offset

Images of amplitude response versus offset of Rayleigh waves in the
topographic models are shown in Figs. 11–14. Here we only choose the
results of topographic models with steepness of d/w= 0.125, d/w=0.5,
d/w = 1.0, and d/w = 1.5, for example. Frequency components of
particle velocitywith frequency of 15Hz and 25Hz are shown in the im-
ages,which represent the low-frequency components and the relatively
high-frequency components, respectively. Both the response of the hor-
izontal particle velocity (Vx, the red lines) and the vertical particle ve-
locity (Vz, the black lines) are calculated. In the images, the horizontal
axes represent the relative distances between the receivers and the cen-
ter of the topographic area. The negative distances represent that the re-
ceivers are located on the near source side of the topographic area. The
correspondent positive distances represent that the receivers are locat-
ed on the far source side of the topographic area. The vertical axes rep-
resent the normalized amplitude of the frequency components of
particle velocity.

For the uplifted topography (Figs. 11 and 12), Rayleigh-wave ampli-
tude is perceptibly reduced after passing the horst, especially for the
high-frequency component (Figs. 11b, d, 12b and d). When d/w is
0.125, the variation in amplitude response of the low-frequency compo-
nent is smooth. However, for their corresponding high-frequency com-
ponents, the amplitude variations are distinguishable in the amplitude-
response images (Fig. 11b). When the slopes of the horst are getting
Fig. 16. The dispersion energy images of Rayleigh waves in elastic half-spacemodel with uplifte
2008). The black dots denote the analytical dispersion curves of Rayleigh waves in elastic hom
Knopoff, 1972). Figures (a) to (d) are the dispersion energy images of Rayleigh waves in
1.0, and d/w = 1.5, respectively.
steep (e.g., d/w N 0.5), there are less and less variation in amplitude re-
sponse of each frequency components after passing through the horsts.
Both the amplitude of the low-frequency components and the high-
frequency components are distinguishably reduced after Rayleigh
waves passing through theuplifted terrain. However, there is still nearly
40–50% Rayleigh-wave energy left in the far source side of the uplifted
terrain.

Since the depressed topography leads to huge physical differences in
horizontal direction of the Rayleigh-wave propagation path, strong re-
flections, conversions and refractions of Rayleigh waves occur in the
near-source-side corner of the depressed topography. These produce
distinguishable variations in the amplitude response versus offset of
Rayleigh waves of the depressed topographic models (Figs. 13 and
14). Rayleigh-wave amplitude is dramatically reduced after they pass
through the depressed topographic terrain. There are three similar var-
iation characters for the amplitude response of Rayleigh waves in the
depressed topography, although the slopes of the canyon are different.
First, Rayleigh-wave amplitude reduces obviously in the process of
wave propagation on the depressed topographical free surface. Second,
the amplitude of Rayleigh waves received on the near source side is
much larger than that on the far source side. Third, there is more energy
left for low frequency components on the far source side of the canyon,
while less for high frequency components.

3.4. The changes of Rayleigh-wave dispersion

Traditionally, Rayleigh waves are not dispersive in homogeneous
half space. However, when the free surface of the half-space model is
aligned with topography, are the Rayleigh waves still not dispersive?
To study the effect of topographic surface on Rayleigh-wave dispersion,
we numerically simulate the propagation of Rayleigh waves on elastic
homogeneous half space and the previously described elastic half-
space models with topographical free surface. The elastic parameters
of the homogeneous half-spacemodel are samewith the previously de-
scribed topographical models. The corresponding dispersion energy im-
ages (Fig. 15) are generated by the high-resolution linear Radon
transform (HRLRT) method (Luo et al., 2008). The HRLRT method is an
effective method to generate high-quality dispersion energy curve of
surface wave in MASW technique. In the energy image, the peak ampli-
tude trends of the dispersion energy matchwell with the analytical dis-
persion curve of Rayleighwaves in elastic homogenous half space (black
d topographic free surface. The energy images are generated by HRLRTmethod (Luo et al.,
ogeneous half-space model, which are calculated by the Knopoff method (Schwab and
uplifted topographic model with the steepness of d/w = 0.125, d/w = 0.5, d/w =
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dots in Fig. 15). The analytical solutions are calculated by the Knopoff
method (Schwab and Knopoff, 1972). This result demonstrates that
Rayleigh waves are not dispersive in elastic homogeneous half-space
model.

For the previously described elastic half-space model with uplifted
topography, however, the energy concentration is distorted on the cal-
culated dispersion images. Fig. 16a–d illustrates the corresponding dis-
persion images when steepness (d/w) of the horst is 0.125, 0.5, 1.0, and
1.5, respectively. When the slope is gentle (e.g., d/w = 0.125), the
amplitude trends of dispersion energy image match with theoretical
dispersion curves (indicated by the dots) with minor difference
(Fig. 16a).With the increasing of steepness of the horst, the energy con-
centration is distorted and poses a few false “dispersion” (Fig. 16b–d).
More than two energy concentration treads appear in the dispersion en-
ergy images. This may lead to an interpretation that Rayleigh-wave
phase velocity changes with frequency in these models. Meanwhile, it
is too hard to pick a right Rayleigh-wave phase velocity curve in these
dispersion energy images. As discussed in previous parts, when steep-
ness of the horst increases to a certain value (d/w = 0.5), parts of
Rayleigh-wave energy penetrate directly from the near-source side to
the far-source side. Hence, when steepness of the horst increases to a
certain value (d/w=0.5), there are less and less variations in dispersion
energy images with increasing of the topography steepness.

Similar to the dispersion images of the uplifted models, the energy
concentration of the dispersion energy images of the depressed models
match with the theoretical dispersion curves with minor difference,
when the slope is gentle (Fig. 17a). With the increasing of steepness,
however, the energy concentration of dispersion energy images is
distorted, especially in low frequency band. Compare to the dispersion
energy images of the uplifted topography models, distinguishable dis-
tortions of energy concentration of dispersion energy images appear
in the low frequency band (Fig. 17c–d). This may lead to a trouble in
picking the right phase velocity of Rayleighwaves, and an interpretation
that Rayleigh-wave phase velocity varies with the frequency. As a con-
sequence, in this case, the earth model may not be correctly inverted
from the picked dispersion curves due to the errors associated with
the dispersion energy images.

In summary, free-surface topography strongly affects the Rayleigh-
wave dispersion characters. Egregious error may be introduced in pick-
ing the dispersion curve by the conventional energy tracing method,
when the receivers are not located in a same elevation and no static
Fig. 17. The dispersion energy images of Rayleighwaves in elastic half-spacemodel with depres
et al., 2008). The black dots denote the analytical dispersion curves of Rayleighwaves in elastic h
Knopoff, 1972). Figures (a) to (d) are the dispersion energy images of Rayleigh waves in de
and d/w = 1.5, respectively.
correction is applied for anMASW survey. The reason for surface topog-
raphy distorting the dispersion energy of Rayleigh waves may be the
strong reflection, conversion and scattering of Rayleigh waves on topo-
graphical surface. This energy distortion leads to an explanation that
Rayleigh wave phase velocity is changed by surface topography. This
has been firstly pointed out by Snieder (1986). Now, our numerical ex-
amples further prove this statement.

4. Conclusions

We configure two typical kinds of topographical half-space models
to study the influence of local topography on propagation of high-
frequency Rayleigh waves. Numerical simulations demonstrate that
the steeper the depressed topography, the more Rayleigh waves are
lost. Furthermore, the steeper the depressed topography, the wider
the shadow zones in the far source side of the depressed topography.
Not only Rayleigh-wave energy is changed, but also wave conversions
occur and the frequency responses are changed, in the process of
Rayleigh waves propagating on the topographical free surface. With
the increasing of steepness of topography, the amplitude peak moves
to low frequency band obviously in the frequency spectrum. Similar de-
pressed topography takes similar influence on Rayleigh waves. Results
of the uplifted topography with gentle slopes (e.g., d/w b 0.5) display
that it produces the similar influence as the depressed topography on
propagation of high-frequency Rayleighwaves.When slopes are getting
steep (e.g., d/w N 0.5), however, the obstacle influence of theuplifted to-
pography becomes weak. Because part of Rayleigh wave energy pene-
trates from one side to another of the horst directly. Moreover, there
are less and less variations in frequency spectrum and finally reach a
stabilization. In addition, the numerical results also display that the
local depressed topography affects the propagation of high-frequency
Rayleigh-waves more obviously than the local uplifted topography
does.

Furthermore, local topography strongly influences the character of
Rayleigh-wave dispersion. The energy concentration on the dispersion
energy images may be distorted, due to the effect of the local topogra-
phy. Egregious error may be introduced in picking the dispersion
curve by the conventional energy tracing method, when the receivers
are not located in a same elevation and no static correction is applied
for an MASW survey. Finally, it leads to an incorrect explanation of
earth model by inverting such dispersion curves.
sed topographic free surface. The energy images are generated by the HRLRTmethod (Luo
omogeneous half-spacemodel, which are calculated by the Knopoff method (Schwab and
pressed topographic model with the steepness of d/w= 0.125, d/w= 0.5, d/w = 1.0,
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