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Abstract Array methods like spatial auto-correlation
(SPAC) method and the centerless circular array
(CCA) method have provided a convenient means of
inferring the phase velocity of surface waves. How-
ever, these methods are under the assumption of hori-
zontally layered medium (lateral homogeneity) while
the ground structure is actually likely to be inclined.
Hence, it is expected to obtain more detailed informa-
tion of ground structure such as inclination by making
better use of the records. In recent years, the seis-
mic interferometry theory has also been widely used
to estimate ground structure. According to seismic
interferometry theory, the cross correlation of motion
between two sites is proportional to the imaginary part
of the Green’s function (IOG) between the two sites
in diffuse wavefield. In this study, we can obtain the
ratio of IOG between two sites by taking the ratio of
power spectra between the same two sites. We propose
this ratio as an indicator of the lateral heterogeneity
between two sites. Through numerical simulation and
a field test, we demonstrate that the significance of
ratio of power spectra can be interpreted from the sight
of ratio of IOG successfully.
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1 Introduction

Since Aki (1957) proposed a new approach to esti-
mate phase velocities of surface waves, spatial auto-
correlation (SPAC) method has been a very useful
tool to estimate ground structure because of its simple
post-process (Aki 1957). After that, many researchers
both in and out of Japan continued to publish papers
to extend Aki’s theory and developed a variety of
array methods (Okada 2003; Morikawa et al. 2004;
Cho et al. 2006; Chávez-Garcı́a et al. 2005, 2007;
Shiraishi et al. 2006; Tada et al. 2009). However, all
those improved methods are based on the assump-
tion that the layers under surface are horizontal. In
other words, the lateral heterogeneity have not been
taken into consideration by the array methods above.
However, the layers are likely to be inclined in real
cases and it is expected to obtain more detailed infor-
mation of ground structure such as inclination by
making more use of the records from multiple sites in
an array.

In this article, we use “horizontally layered struc-
ture,” which actually means homogeneous struc-
ture, to distinguish from “layered medium with lat-
eral heterogeneity,” which means the inhomogeneous
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structure. Each layer of medium has the same prop-
erty including density, S-wave velocity, and P-wave
velocity.

In recent years, the seismic interferometry the-
ory has also been popular in estimating ground
structure. The Green’s function between two points
A and B means the response at A when a unit
impulse force is exerted at B in an actual medium.
Claerbout (1968) showed that the autocorrelation
of the transmission response of an arbitrary hori-
zontally layered lossless earth yields its reflection
response in 1D model. This conclusion was gen-
eralized to three-dimensional inhomogeneous media
(Wapenaar et al. 2002, 2004). Similar conclusions
have been reached from much research in recent years
(Weaver and Lobkis 2001; Campillo and Paul 2003;
Wapenaar 2004; Wapenaar et al. 2006; Wapenaar and
Fokkema 2006; Sánchez-Sesma et al. 2006; Sánchez-
Sesma et al. 2008; Snieder 2004; Perton et al. 2009).
These theories are simply summarized as seismic
interferometry (SI) theory.

It is demonstrated that in an elastic medium, the
Fourier transform of azimuthal average of the cross
correlation of motion between two sites is propor-
tional to the imaginary part of the Green’s function
(IOG) between the two sites in frequency domain
(Sánchez-Sesma and Campillo 2006; Sánchez-Sesma
et al. 2008; Campillo and Paul 2003). Accordingly,
it becomes possible to calculate the ratio of imag-
inary part of different Green’s function by tak-
ing the ratio of corresponding cross correlation to
analyze ground structure more particularly because
Green’s function indicates intrinsic property of the
medium.

The horizontal-to-vertical spectral ratio (H/V)
method has been shown to have strong relationship
with the ratio of IOG in the horizontal and vertical
direction in diffuse wavefield (Sánchez-Sesma 2011;
Kawase et al. 2011). The peak frequency has been
confirmed to match with each other in their articles.
We can say that the H/V spectral ratio is successfully
reinterpreted and becomes more revealing using seis-
mic interferometry theory. Moreover, seismic interfer-
ometry is consistent with the SPAC method (Yokoi
and Margaryan 2008; Tsai and Moschetti 2010; Paul
et al. 2005) in diffuse wavefield, which forms the base
of using seismic interferometry theory to array meth-
ods based on the SPAC method. Then, it is available
to just apply H/V spectral ratio method to each site in

array methods to distinguish the difference of ground
structure among all observation sites.

On the other hand, we consider using spectral ratio
of only vertical component between two sites to detect
the lateral heterogeneity. There are two advantages
compared with H/V spectral ratio method: first, only
vertical component is used in both array method and
the calculation of spectral ratio, which is more conve-
nient for observation and data analysis; secondary, the
vertical spectral ratio taken between two sites has the
potential to demonstrate the lateral heterogeneity more
clearly and directly than taking H/V spectral ratio site
to site and doing comparison. According to seismic
interferometry theory, the spectral ratio taken between
two sites is equivalent to the corresponding ratio of
IOG. IOG is independent of the wavefield and can be
calculated out as long as the ground structure between
two sites are known (Hisada 1994, 1995). Thus,
inversely, by knowing the vertical component spectral
ratio, the difference of ground structure between two
sites, namely the lateral heterogeneity, is likely to be
detected.

It must be claimed that the application of spectral
ratio between two sites is not a new idea. At first, the
Fourier amplitude spectra of horizontal components at
a site has been used to identify the resonance peak of
the soil layer (Kanai and Tanaka 1954). Afterwards,
the method to apply spectral ratio between two sites
has also been developed decades ago (Kagami et al.
1986). If one site is on the rock (reference site) and
one is on soil, by taking the spectral ratio between
them, the resonance of the soil layer can be detected.
However, there are three disadvantages of this theory:
first, this method is based on the assumption that the
motion at the reference site should be representative of
the excitation arriving at the interface of soil layer and
base (Lermo et al. 1994); second, this method confines
the two sites to be on the soil and on the rock, which
lacks the generality to detect the lateral heterogene-
ity; third, this theory is based on the assumption of 1D
ground structure. Moreover, horizontal components
are usually used in this method. In this study, instead,
we regard vertical component spectral ratio between
two sites as the ratio of imaginary part of Green’s
function. The wavefield just needs to be diffuse and
the two sites have no limitations. It not only gives
a new perspective of the spectral ratio between two
sites but also becomes a general indicator of lateral
heterogeneity.
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In this article, first we will introduce the theoret-
ical background and propose the new perspective of
vertical component spectral ratio between two sites.
For convenience, we use the ratio of power spectra to
replace spectral ratio (ratio of Fourier spectra). Sec-
ondary, we will use a simple inclined two-layered
model based on finite difference method (FDM)
(Pitarka 1999) to discuss how the vertical component
ratio of IOG between two sites will behave under
simple lateral heterogeneity. Next, we use FDM to
create a diffuse wavefield in the same model. In this
wavefield, we calculate the vertical component spec-
tral ratio among sites in a linear array and examine
whether they coincide with the theoretical ratio of
IOG, respectively. Finally, a field test, in which the
information of ground structure is given, is used to
confirm the availability of the theory.

2 Theoretical background

In this chapter, the basic knowledge of array methods
and seismic interferometry will be introduced and our
new concept of combining them two will be proposed.

2.1 A simple introduction of array methods

For simplicity, we introduced the typical array
method, SPAC method here. Given an equilateral-
triangle array and vertical time series records of
microtremors at four sites under the assumption of
temporally and spatially stationary wavefield, the
azimuthal-average of spatial auto-correlation coeffi-
cients ρ( rω

c(ω)
) can be calculated as:

ρ(
rω

c(ω)
) = 1

3

3∑

j=1

S0j (ω)
√

S00(ω)Sjj (ω)
, (1)

where ω, r , and c(ω) are the angular frequency, radius
of the circular array, and phase velocity, respectively.
Sjj (ω) and S0j (ω) are the power spectra of vertical
component of microtremors at site j (j = 0, 1, 2, 3)
and the cross spectra of the vertical records between
site j and 0. The site 0 is center of the array and sites
1, 2, and 3 are located on the circle as shown in Fig. 1.

Practically, Sjk(ω) is obtained by the product of
Fourier transformation F(ω,Xj ) of records at two
sites as

Sjk(ω) = F(ω,Xj )F
∗(ω, Xk), (2)

Fig. 1 Geometry used in
conventional SPAC method
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3

0

where Xj is a location of site j and ∗ stands for the
complex conjugate.

Afterwards, a dispersion curve can be obtained
and the property of under-surface layers are estimated
using certain inversion technique.

2.2 Seismic interferometry

It has been demonstrated (Sánchez-Sesma and
Campillo 2006) that in an elastic medium in the dif-
fuse wavefield satisfying the energy equipartition, the
averaged cross spectra of motions at sites 1 and 2,
whose locations are X1 and X2, can be written as:

< F�(ω, X1)F
∗
m(ω, X2) >

= −2πEsk
−3�[G�m(X1, X2, ω)], (3)

where � and m indicate one of three directions, (x,y,z).
k and Es are wave number of shear wave and the
averaged energy density of shear wave, respectively.
< · > stands for an expectation and �[ · ] for the
imaginary part.

2.3 A new perspective of ratio of power spectra
between two sites

Now, we constitute a vertical component ratio of
power spectra through Green’s function. Both of � and
m are set as vertical direction, which is z, and sites 1
and 2 as the same sites. Hence, it becomes

< Fz(ω, X1)F
∗
z (ω, X1) >= −2πEsk

−3�
[Gzz(X1, X1, ω)] (4)

The left-hand side becomes the power spectra at
one site and according to the right-hand side, the
power spectra contains information about both the
strength of the wavefield (Es) and intrinsic property
of ground structure (�[Gzz(X1, X1, ω)]). Now, it is
required to extract out only the required part which is
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Fig. 2 The profile of the
simple horizontally
two-layered medium for
testing the validity of the
code based on FDM
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the Green’s function and remove unknown values of
parameters such as Esk

−3. Hence, we take the ratio of
the power spectra at center of the array and a site on
the circle. As a result, the corresponding ratio of IOG
can be obtained as

Sjj (ω)

S00(ω)
= �[Gzz(Xj , Xj , ω)]

�[Gzz(X0, X0, ω)] (5)

and it is expected to analyze the lateral heterogeneity
between two sites.

If we apply Eq. (5) to SPAC method in the simplest
equilateral-triangle case, for example, three ratios
S11(ω)
S00(ω)

, S22(ω)
S00(ω)

, S33(ω)
S00(ω)

can be obtained to analyze the
lateral heterogeneity. Moreover, it is convenient and
efficient to calculate this ratio because the power spec-
tra is just the intermediate result in the process of
SPAC method. Of course, this concept is not limited to
SPAC method but available to any pair of sites in the
diffuse wavefield.

3 The influence of lateral heterogeneity on the
ratio of IOG

It has been mentioned before that IOG indicates intrin-
sic property of ground structure. It is also the reason

Table 1 The parameters of the two-layered medium

Layer P-wave velocity S-wave velocity Density Thickness

(m/s) (m/s) (t/m3) (m)

1 800 400 1.5 720 to 1280

2 1800 1200 2.0 ∞

why we want to use the ratio of them to detect the
lateral heterogeneity. Hence, it is indispensable to con-
sider the influence of lateral heterogeneity on the ratio
of IOG in the first place. In this article, we consider
the simplest case of lateral heterogeneity: unidirec-
tional inclined two-layered medium (2D base model).
We use FDM to simulate this model (Pitarka 1999).

Before doing that, we examine the availability
of the code base on FDM by carrying out a small
test as shown in Fig. 2. The simplest two-layered
medium with no lateral heterogeneity is simulated
using 200 × 200 × 50 meshes with mesh size of
320 m × 320 m × 320 m in the first layer and
320 m × 320 m × 640 m in the second layer. In
order to demonstrate the layered velocity structure,
nonuniform grids are used as shown in Fig. 2. Besides,
nonreflecting boundary condition is used to avoid
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Fig. 3 Imaginary part of Green’s function from numerical sim-
ulation and theoretical calculation. The x axis (frequency) is in
logarithmic scale
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the reflecting wave (20 meshes wide at boundary)
(Charles et al. 1985). Quite large size of mesh size is
used here in order to simulate as large area as possible
to mitigate the effect of reflecting of long-wavelength
wave. The time interval is set to be 0.008 s and the
cutoff frequency is 0.25 Hz (The higher frequency
part is cutted off) (Levander 1988). The duration for
simulation is 130 s. The parameters of medium are
shown in Table 1. Site A is located at the center of
surface as the test site. A vertical unit force is exerted
on A so the response at A should be equivalent to
Gzz(XA, XA) according to the definition of Green’s
function. Then, the theoretical Green’s function is cal-
culated using technique from (Hisada 1994; 1995).
Their imaginary parts match well with each other
when f >0.09 Hz (Fig. 3). It is believed that by tak-
ing ratios, the discrepancy can be neglected. Hence,
we can say this indicates the availability of this code
based on FDM.

Then, we will use this code to simulate the unidi-
rectionally inclined two-layered medium. The profile
is shown in Fig. 4. The related parameters are the same
as shown in Table 1. As Fig. 4a shows, eight sites, A
to H, are located on the surface with even intervals
in the direction of inclination. One site by one site,
a vertical unit force is exerted and the Gzz(Xχ, Xχ)

(χ = A to H) is obtained. The first layer’s thickness of
each site is shown in Table 2. As described before, the
mesh size is set to be quite large so that the inclina-
tion can only be simulated roughly. For example, the

Table 2 The first layer’s thickness at each site

Site name A B C D E F G H

Equivalent thickness (m) 720 800 880 960 1040 1120 1200 1280

first layer’s thickness under site H and G is actually
the same (Fig. 4b). For convenience, we calculated
the equivalent thickness of each site using the linear
interpolation as shown in Fig. 4b.

If it is horizontally layered medium, of course the
ratios of IOG between any pair of sites are to be 1.
In a complicated 3D medium, this ratio is expected
to depend on the particular condition of lateral het-
erogeneity between two sites. In this simple case of
unidirectionally inclined layered medium, the ratio
should depend on the difference of first layer’s thick-
ness if one of the sites is fixed. In order to observe
this, we take ratio of IOG between χ and A which is
�[Gzz(Xχ ,Xχ ,ω)]
�[Gzz(XA,XA,ω)] (χ= B to H). The ratios are plotted in
Fig. 5 (the solid line). Due to the resolution limit of
the numerical simulation, there are some ratios with
the same value (for example, IOG(H)

IOG(A)
and IOG(G)

IOG(A)
).

Despite this minor defect, it is observed that as the dif-
ference of first layer’s thickness becomes larger, the
peak frequency (the frequency where the ratio reaches
maximum) shifts to smaller value and the amplitude
shifts to larger value.

In a word, in a unidirectionally inclined two-
layered medium, there is a peak frequency in the

Fig. 4 The profile of the
unidirectionally inclined
two-layered medium for
calculating Green’s
function: a eight sites of A
to H in a line with different
first layer’s thickness. b The
cross section of the first
layer: the stair shape of the
mesh arrangement to
roughly simulate the
inclination; the mesh
number and height at each
stair
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Fig. 5 Ratios of IOG between site χ and A (χ indicates B
to H): the peak frequency shifts to smaller value as χ moves
from B to H; some ratios overlap due to the limited resolution
of numerical simulation (relatively large mesh size). The x axis
(frequency) is in logarithmic scale

ratio of IOG, which depends on the difference of
first layer’s thickness between two sites if one of
the sites is fixed. This forms the theoretical base
of making use of ratio of IOG to detect the lateral
heterogeneity.

4 A numerical simulation

In this chapter, the same FDM code is used to create a
diffuse wavefield in the same model as above (Fig. 6).

In this wavefield, the validity of Eq. 5 will be exam-
ined among the observation sites.

4.1 Observation sites

The observation sites are set in a line (A to H), which
is the same as the previous section. The concept of
vertical component spectral ratio is not limited to any
array shape but available at any any pair of sites. Even
though the sites are arranged in a line just for sim-
plicity, the simulation does not lose generality for any
array methods.

4.2 To create a diffuse wavefield

In order to create a diffuse wavefield, we refer to
the noise synthetics generation measure in the article
by Cornou et al. (2013). Point sources of shear dis-
location type with random strike, dip, rake angles,
and seismic moment are exerted on mesh at random
position of (x, y, z) (x, y, and z are mesh number
in three directions) using stress approach (Coutant
et al. 1995). The position coordinate (x, y, z), angles
and the magnitude is randomly produced from a uni-
form distribution of U(0,b), in which b is the certain
value for different parameters. For example, for x, b

is 200 because x varies from 0 to 200. For dip angles,
b is 90◦. The number of sources is about 1250 per
10 s. Different source number and ways of setting the
sources may have different effect on the simulation

Fig. 6 The profile of the
unidirectionally inclined
two-layered medium for
simulating a diffuse
wavefield: the eight sites in
a line is the same as in the
last simulation; point
sources of shear dislocation
type are produced at random
time and with random
direction and magnitude to
create a diffuse wavefield
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results. We choose this way because it randomize all
the parameters of the sources to fit for the actual
microtremor wavefield and realize the diffusiveness.
The deeper research about the effect on simulation by
source settings remains a future topic and let us focus
on the result from this simulation.

4.3 Examination on the new perspective of vertical
component ratio of power spectra

Then, we observe the behavior of the vertical compo-
nent ratio of power spectra to see whether it coincides
with that of ratio of imaginary part of Green’s func-
tion. For simplicity, we take ratios between χ and A

(χ = B to H) in which A works as a reference site (sim-
ilar with the previous section) and the other seven sites
are with different first layer’s thickness. Power spec-
tra for each site is calculated (Fig. 7) and the ratios
are obtained quickly. The theoretical ratios of IOG,
respectively, are calculated, using the same technique
as in the previous section, from synthetic waveforms
obtained by a 3D numerical simulation with a same
observation direction as a dip direction. The result is
shown in Fig. 8. The solid lines indicate the ratios of
power spectra while different colors indicate different
pairs of sites. Compared with the ratios in Fig. 5, it
is observed that the amplitude do not match. More-
over, there is the large fluctuation of the amplitude in
Fig. 8 among ratios. This comes from the fluctuation
of power spectra at each site (Fig 7). Firstly, The dif-
ferent amplification factor at different site (they have
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Fig. 7 Power spectra of vertical component at site A to H. The
x axis (frequency) is in logarithmic scale
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different first layer’s thickness) is considered to be
partly the cause. The limited accuracy of numerical
simulation is the second cause. Then, we analyze the
consistency of the peak frequency from two kinds of
ratios between each pari of sites (Fig. 9). The fp(IOG)

indicates the peak frequency in the ratio of IOG and
the fp(pw) indicates the peak frequency in the ratio
of power spectra. It is observed that they match quite
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Fig. 9 The consistency check of the peak frequency from two
kinds of ratios: the fp(IOG) indicates the peak frequency in the
ratio of IOG and the fp(pw) indicates the peak frequency in the
ratio of power spectra; different symbol indicates this compari-
son between different pair of sites; the f (x) = x line helps to
see the status of consistency clearly
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well. There exist some discrepancy between the peak
frequency from two kind of ratios. Firstly, this may be
caused by the resolution limit of the numerical simu-
lation (too big mesh size relative to the site intervals).
Secondly, the wavefield is of course not perfectly a
diffuse wavefield, which would have bad influence on
the result. The setting of source type and source num-
ber remain a future work. Neglecting this, it is more
meaningful to observe that the peak frequency of ratio
decreases as the χ becomes farther from A (Fig. 8).
This tendency coincides with that in Fig. 5. In a word,
this result confirms the availability of Eq. (5) in this
simulated wavefield.

Combining Figs. 7, 8, and 9, it is observed that
by taking vertical component ratio of power spectra
between two sites, a peak frequency can be obtained
which actually comes from the ratio of IOG between
two sites. As for this unidirectionally inclined two-
layered medium, the peak frequency changes as the
difference of first layer’s thickness changes if one of
the sites is fixed. These suggest that by applying the
vertical component ratio of power spectra between
two sites, it is possible to detect and even estimate the
lateral heterogeneity (in this case, the inclinaton) in
the arrays’ area using certain inversion techniques of
theoretical Green’s function.

4.4 Discussion

The availability and the potential of the vertical com-
ponent spectral ratio between two sites have been
demonstrated above. However, as mentioned in the
section of introduction, the idea of taking spectral ratio
between two sites is not new. The significance of the
proposed perspective may be underestimated. In this
part, some typical and old concepts about the spec-
tral ratios between two sites would be reviewed. Then,
we examine their availability to detect the lateral het-
erogeneity in the 2D model in the simulated diffuse
wavefield.

By taking the horizontal spectral ratio between one
site and the reference site, the S-wave resonance fre-
quency can be obtained if the motion at the reference
site is representative of the excitation arriving at the
interface of soil layer and base (Kagami et al. 1986). It
is clear that this concept can not be applied to interpret
the ratios between two sites in our numerical simula-
tion, because both sites are on the same surface. On
the other hand, in Kanai’s theory (Kanai and Tanaka

1954), the ideal 1D base model is assumed for each
site (horizontally layered medium) and the horizontal
component Fourier amplitude itself is representative
of the transfer function of SH wave. Even this concept
is based on 1D model and simply vertically S-wave
wavefield, it may be doubted that the spectral ratio
based on Kanai’s theory is enough to detect the lateral
heterogeneity in 2D model and full-wave wavefield.
Therefore, although Kanai did not apply this idea to
the ratio between two sites, we would like to carry this
classic concept out for confirmation. Accordingly, the
peak frequency obtained from horizontal component
ratio of power spectra between two sites is equiva-
lent to the ratio of SH wave transfer function between
two sites. In order to examine whether this concept
works in this numerical simulation, we calculate the
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Fig. 10 Ratio about horizontal component between site χ and
A (χ indicates B to H): a ratio of power spectra of horizon-
tal component: the peak frequency almost does not shift as χ

moves from H to B (b) ratio of transfer function from Haskell
Matrix Method: Cχχ indicates the transfer function at site χ ;
peak frequency shifts quickly as χ moves from H to B. The x
axis (frequency) is in logarithmic scale
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transfer function of SH wave using Haskell Matrix
Method for each site and take the ratios between the
same seven pairs of sites as in previous subsection.
The comparison with the horizontal component ratio
of power spectra is shown in Fig. 10. Figure 10a shows
the ratio of power spectra of horizontal component and
Fig. 10b shows the ratio of transfer function from
Haskell Matrix Method. Cχχ indicates the transfer
function from Haskell Matrix Method at site χ (χ is
A to H). From the comparison between Fig. 10a and
b about the peak frequency of the same color curve, it
is obvious that the peak frequency from two kinds of
ratios are totally different. The peak frequency from
the ratio of power spectra of horizontal component
(Fig. 10a) is obviously larger than the ratio of transfer
function from Haskell Matrix Method (Fig. 10b). For
instance, let us compare the peak frequency of the blue
curve (D/A); the peak frequency in (a) is obviously
larger than 0.1 while it is smaller than 0.1 in (b).

To be more exact, the peak frequency from two
kinds of ratios are compared in Fig. 11. The fp(hv)

indicates the peak frequency in the ratio of trans-
fer function from Haskell Matrix Method and the
fp(pwh) indicates the peak frequency in the horizon-
tal component ratio of power spectra. It is obvious
that the two ratios deviate from each other very
much.

This result suggests that in this numerical simula-
tion, the horizontal component ratio of power spectra
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Fig. 11 The consistency check of the peak frequency from two
kinds of ratios: the fp(hv) indicates the peak frequency in the
ratio of transfer function from Haskell Matrix Method and the
fp(pwh) indicates the peak frequency in the horizontal com-
ponent ratio of power spectra; different symbol indicates this
comparison between different pair of sites; the f (x) = x line
helps to see the status of consistency clearly

between two sites cannot be explained by simply the
ratio of transfer function obtained from 1D base model
well. It is because in Kanai’s theory, the 2D base
model and the condition of full wave are not taken into
consideration. The conventional method is of course
available in a 1D model. However, it is meaningful
to say that in a complicated base model, it is bet-
ter to use the Green’s function theory based on the
assumption of full wave to explain the ratio of power
spectra between two sites. In this article, the verti-
cal component ratio of power spectra between two
sites in a 2D base model is successfully interpreted
using the IOG. In order to avoid misunderstanding,
we here emphasize that we are not saying using hori-
zontal component spectral ratio is inferior than using
vertical component spectral ratio. We are stressing the
unavailability of using the ratios based on 1D model to
explain the ratios from actual records in 3D medium,
no matter it is horizontal component or vertical
component.

Moreover, fp(pwh)(χA) almost does not change
as the site χ moves from H to B. This means
fp(pwh) has no sensitivity to the lateral hetero-
geneity so it is difficult to use it to estimate
ground structure. However, this is not the point of

(a)

(b)

Fig. 12 The soil profile of the area and its simulation: a The
rough profile according to the boring data. There is a steep incli-
nation in the middle part and seven sensors set on the surface,
the S-wave velocity of both layers are shown. b The simula-
tion model of the rough structure in (a) is demonstrated. We use
mesh size of 1 m and simulate the inclination by setting dif-
ferent mesh number in the depth direction at each site. Linear
inclination is used. For the steep inclination in the middle part,
the first layer’s thickness varies about 30 − 6 = 24 m in a hori-
zontal distance of 20 m. For the left and right part, a very mild
inclination is assumed. The first layer’s thickness varies about
1 m in a horizontal distance of 25 m
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this article, which remains to be discussed in the
future.

5 A field test

To confirm more about the relationship of the two
ratios, let us see a field test conducted in Aomori,
Japan, in which we have seven sensors ch1 to ch7
recording the microtremor waves (Sakai et al. 2015).
According to the boring data, the profile of the obser-
vation area is shown as Fig. 12. In Fig. 12a, the
positions of sensors and the soil profile are shown.
It can be seen that there is a very steep inclination
of the first layer, in which the first layer’s thickness
varies about 30 − 6 = 24 m in a horizontal distance of
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Fig. 13 Ratio of IOG and power spectra between site χ and
ch1 (χ indicates ch2 to ch7): a ratio of power spectra recorded
from the field test, and b ratio of IOG obtained from numer-
ical simulation. It can be observed that the peak frequency of
both the ratios shifts to smaller value as the χ site shifts from
ch2 to ch7

20 m. Left to the inclination, it is a shallow n on which
sensors ch1, ch2, ch3, and ch4 are set. There is a rel-
atively large interval between ch1 and ch2. Right to
the inclination, it is a deep structure on which sensors
ch5, ch6, ch7 are set. The structures of both sides may
have very mild inclination.

In order to obtain the theoretical IOG at the position
of each site, a numerical simulation is done. Accord-
ing to the rough structure from boring data, we simu-
late the structure using mesh size of 1 m × 1 m × 1 m
as shown in Fig. 12b. For the simulation of the steep
inclination, we assume a linear inclination, in which
the first layer’s thickness varies about 30 − 6 = 24 m
in a horizontal distance of 20 m. For the simulation
of structure left and right to the steep inclination, we
assume a very mild linear inclination, in which the
first layer’s thickness varies 1 m in a horizontal dis-
tance of 25 m. By exerting a unit vertical force at each
site and recording the response at that site, the IOG at
each site can be obtained.

The ratio of power spectra of vertical component
between χ and ch1, (χ=ch2 to ch7) and the ratio
of the IOGs are shown in Fig. 13. Figure 13a shows
ratio of power spectra recorded from the field test
with different colors. Figure 13b shows the ratio of
IOG obtained from numerical simulation. It can be
observed that the peak frequency of both the ratios
shifts to smaller value as the χ site shifts from ch2 to
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Fig. 14 The consistency check of the peak frequency from two
kinds of ratios: the fp(IOG) indicates the peak frequency in the
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ratio of power spectra; different symbol indicates this compari-
son between different pair of sites; the f (x) = x line helps to
see the status of consistency clearly
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ch7. It is observed that the ratio of IOG for one pair of
sites has a peak frequency which is similar to that from
the ratio of power spectra for the same pair of sites.
For the ch3/ch1 ratio in Fig. 13a, it has spikes above
10 Hz, which cannot be explained by the ratios of IOG
in the simulated model. We consider it is most likely
from the noise in high-frequency range such as the
traffic noise and has no influence on this test. It is also
possibly from the influence of the real ground struc-
ture. It remains to be discussed in the future. However,
this does not affect the fundamental objective of this
field test.

The consistency of the peak frequency from two
kinds of ratios between each pari of sites is shown in
Fig. 14. The fp(IOG) indicates the peak frequency in
the ratio of IOG and the fp(pw) indicates the peak fre-
quency in the ratio of power spectra. It is observed
that they match quite well. It is confirmed that, even
in a field test using the actual data, the peak frequency
from the ratio of power spectra between two sites
matches with the ratio of IOG between the same two
sites.

6 Conclusion

Using seismic interferometry theory, we propose a
new perspective of the vertical component ratio of
power spectra between two sites in diffuse wavefield.
Through theoretical analysis, a numerical simulation
and a field test, there are several conclusions to be
drawn.

1. There exists a peak frequency in the vertical com-
ponent ratio of power spectra between two sites.
It depends on the particular condition of lateral
heterogeneity between two sites.

2. In a simple unidirectionally inclined two-layered
medium in diffuse wavefield, the peak frequency
depends simply on the difference of first layer’s
thickness and the average thickness of first layer.
As for a ratio Sxx

Saa
(first thickness of site x bigger

than that of site a) with the site a fixed, the peak
frequency decreases as the site x becomes farther.

3. In an inclined two-layered medium, by taking the
vertical component ratios of power spectra among
sites at arrays, the peak frequency can be a good
indicator of lateral heterogeneity by applying the
equivalence with that from the ratio of IOG.

4. In this numerical simulation, it does not work
well to interpret the horizontal component ratio
of power spectra using the ratio of transfer func-
tion of SH wave based on 1D model. Hence, it
demonstrates that in the condition of full wave
and in complicated base model, it is better to use
Green’s function theory to interpret the spectral
ratio between two sites.

This article demonstrates a new interpretation of
the vertical component ratio of power spectra and
demonstrates its potential of detecting lateral hetero-
geneity in a simple numerical simulation and a field
test using the peak frequency. It remains as a future
work to develop the inversion technique to estimate
the particular condition of lateral heterogeneity from
the peak frequency among sites in a 2D base model or
more complicated model.
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Chávez-Garcı́a FJ, Rodrı́gues M, Stephenson WR (2007) Sub-
soil structure using SPAC measurement along a line. Bull
Seism Soc Am 96:729–736

Cho I, Tada T, Shinozaki Y (2006) A generic formulation
for microtremor exploration method using three-component
records from a circular array. Geophys J Int 165:236–258

Claerbout JF (1968) Synthesis of a layered medium from its
acoustic transmission response. Geophysics 33:264–269

Cornou C, Ohrnberger M, Boore DM, Kudo K, Bard P-Y
(2013) Derivation of structural models from ambient vibra-
tion array recordings: results from an international blind
test. J Softw 8(3):666–672

Coutant O, Virieux J, Zollo A (1995) Numerical source imple-
mentation in a 2D finite difference scheme for propagation.
Bull Seism Soc Am 85:1507–1512

Hisada Y (1994) Efficient method for computing green’s func-
tions for a layered half-space with sources and receivers at
close depths. Bull Seism Soc Am 84(5):1456

Hisada Y (1995) Efficient method for computing green’s func-
tions for a layered half-space with sources and receivers at
close depths (Part 2). Bull Seism Soc Am 85(4):1080



196 J Seismol (2016) 20:185–196

Kagami H, Okada S, Shiono K, Oner M, Dravinski M, Mal
AK (1986) Observation of 1 to 5 second microtremors and
their application to earthquake engineering. Part III. A two-
dimensional study of site effects in S. Femando valley. Bull
Earthquake Res Inst 76:1801–1812

Kanai K, Tanaka T (1954) Measurement of the microtremor.
Bull Earthquake Res Inst 32:199–209

Kawase H, Sánchez-Sesma FJ, Matsushima S (2011) The
optimal use of horizontal-to-vertical ratios of earthquake
motions for velocity inversions based on diffuse field theory
for plane wave. Bull Seism Soc Am 101(5):2001–2014
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