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 Engineering seismology now requires a convenient and easy survey method 
for S-wave-velocity structures which enables exploration down to the basement 
even in urbanized areas. We have attempted an application of long-period 

(0.5Hz to 3.0Hz) microtremors to answer this demand. The method consists 
of three steps: (1) microtremors are observed using an array of seismometers; 

(2) their phase velocities are determined by the frequency-wavenumber-spectral 
analysis of array data; and (3) the S-wave-velocity structure is determined from 
the obtained phase velocities by the generalized inversion method. As an 
exploration method, this procedure has several advantages: (1) microtremors 
can be observed at any time and location; (2) observation is much easier than 
with other exploration methods; (3) it causes no environmental problems; and 

(4) geological conditions down to a depth of more than 100m can be inverted, 
as far as microtremors of required frequency range are observed. The method 
was applied at two sites located in and near urban areas, and the whole S-
velocity structure above the basement was determined. This method proves 
to be a useful and practical tool for determining S-wave-velocity structures 
especially in urbanized areas.

1

. Introduction 

 Seismic motions generated by an earthquake are modified by a transmission 

path and local geological conditions such as P-wave and S-wave velocities of 
sediments, their thicknesses, and the shapes of their boundaries. Therefore, it 

is indispensable to assess the effect of local geological conditions on seismic mo-

tions for predicting earthquake damage as well as for studying the seismic source 

processes. The S-wave-velocity structure is one of the most important parameters 
among such local geological conditions. On the other hand, along with the recent 

development of large structures such as buildings, various reservoir tanks, etc., 

a need has developed for prediction of longer-period ground motions. For 

this purpose, it is necessary to explore a deeper S-wave-velocity structure than has 

heretofore been done. Its depth in most cases ranges more than several hundred 

meters.
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 However, the insufficient power of existing S-wave generations makes it 
difficult to explore down to such depths using an ordinary S-wave-exploration 
method made on the ground surface. The well-logging method, on the other 
hand, enables measurement as deep as the well itself, but is time-consuming, elab-
orate, and expensive (e.g., OHTA et al., 1980; KITSUNEZAKI, 1980). In urbanized 
areas, where mitigation of earthquake hazards is particularly urgent, the ground-
noise (i.e., microtremors) level is so high and there are so many artificial structures 
that ordinary geophysical surveys are impractical. For environmental reasons, 
there are also some places where it is virtually impossible to make a survey using 
explosive sources. The circumstances described above demand an easy and 
convenient survey method for the S-wave-velocity structure which is applicable 
down to the basement of interested areas. 

 An application of long-period microtremors to S-wave-velocity exploration 
is one possible way to overcome these difficulties. This method offers some ad-
vantages over traditional geophysical surveys. First, it causes no environmental 

problems, since there is no need for wave generators. Second, microtremors can 
be observed at any time and place because of their universal existence. Third, 
their observation is much easier than that in other exploration methods such as 
well-logging, reflection, and refraction. Finally, since the frequency range of 
microtremors is so wide, roughly speaking 0.02Hz to 50Hz, it is possible to 
explore geological conditions down to depths of more than 100m. 

 Many attempts have already been made to infer local geological conditions 
from microtremors. Their procedures are classified into two groups. One of 
these uses the power spectra of microtremores. KANAI and TANAKA (1961) related 
the frequencies of predominant peaks in a `period-distribution curve' obtained by 
the zero-crossing method with shallow local geological conditions. Since then, 
many analogous papers (e.g., KATZ, 1976; NOGOSHI, 1979) have been presented in 
which the power spectra instead of the period-distribution curve were used. On 
the other hand, UDWADIA and TRIFUNAC (1973) concluded that the power spectra 
of microtremors gave details of the excitation function and their transmission path 
rather than the transfer function of the ground based on analyses of microtremors 
in E1 Centro. The above disagreement suggests that it is difficult to discriminate 
between the effect of the source spectra of microtremors and that of local geological 
conditions on the power spectra. OHTA et al. (1978) examined the applicability 
of long-period (0.2Hz to 1Hz) microtremors for estimating deep local geological 
conditions by modifying Kanai's method. In order to overcome the above defect, 
they recommended observation using a long array covering from an outcrop of the 
basement to sites of a deep deposit to select predominant-peak frequencies caused 
only by geological conditions. However, two problems remain with using the 

power spectra. The first is the difficulty of determining whether predominant. 
peaks are caused by surface waves or by body waves. The identification of wave 
type is an important problem because predominant-peak frequencies of body waves 
caused by local conditions do not always agree with those of surface waves (ASTEN,
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 1978). The second is that the obtained parameters of local geological conditions 
 are very rough approximations to them, since only predominant-peak frequencies 

 are used to extract the parameters. 
 On the other hand, another is a procedure using the phase velocities of micro-

tremors. The use of the phase velocity (i.e., apparent horizontal velocity) for 
exploration is superior to that of the power spectra for two reasons. First, the 
wave type can be identified from the wave velocities and the dispersion trend. 
Namely, if the measured phase velocities are less than the S-wave velocity of the 
basement, which is considered to be higher than 2km/s in most cases, and are nor-
mally dispersive, they may be identified as those of surface waves. If not, they 
will be those of body wave. Second, if they are the phase velocities of surface 
waves, they are not influenced by the source spectra of microtremors and are con-
trolled only by the underground structure. This nature is the most important 
from the viewpoint of exploration. AKI (1957) obtained the phase velocities of 
vertical and horizontal components of microtremors in the frequency range 5Hz 
to 12Hz based on the time and spatial correlation coefficients, and identified them 
as Rayleigh and Love waves, respectively. He determined the S-wave-velocity 
structure down to a depth of 3m using the inversion method devised by 
TAKAHASHI (1955), which is based on the inverse of Abel's integral equation ob-
tained by WKBJ approximations. TOKSOZ (1964) also obtained the phase ve-
locities of microtremors in the frequency range 0.2Hz to 0.5Hz, showing that 
microtremors at these frequencies were composed of Rayleigh waves, and concluded 
the feasibility of an application of microtremors to a geophysical exploration. 
However, the methods of estimating the phase velocities of microtremors used in 
the above two studies cannot always be applied to any case, since microtremors, 
in general, propagate from multiple directions and/or surface and body waves are 
involved together in them, especially in and near urban areas. Aki's method 
can be applied only when microtremors propagate either unidirectionally or iso-
tropically, and Toksoz's method only with unidirectional propagation. In con-
trast to the above two methods, an analysis of the frequency-wavenumber (F-K) 
spectra is capable of estimating the phase velocities in such complex cases. Fur-
thermore, the phase velocities obtained by this analysis are more stable than those 
by the above two methods. LIAW and McEVILLY (1979) practically applied the 
analysis of the F-K spectra to microtremors in geothermal areas in the frequency 
range 2Hz to 10Hz, and showed that they were mainly composed of Rayleigh 
waves and controlled by the underground structure below the site. 

 Besides the application studies of microtremors cited above, their origin and 
wave type have also been studied by, for example, DOUZE (1964, 1967), LACOSS 
et al. (1969), and CAPON (1969). ASTEN (1978) reviewed this literature and 
summarized that four types of origin (cultural sources, coastal effects, ocean 
cyclones, and atmospheric loadings and wind actions) could be identified in the 
frequency range 0.5Hz to 3.0Hz and that the first two generated mainly Rayleigh 
waves, the third P waves, and the fourth undefined modes. This review suggests
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that microtremors are mainly composed of Rayleigh waves, if they are observed 
during the time with no special weather conditions such as low pressures and 
strong winds. In other words, there is a high feasibility of surface-wave inversion 
using phase velocities estimated from long-period microtremors observed under 
favorable conditions. 

 The generalized inversion method for the phase velocities of surface waves 
is often used in seismology to give a detailed S-wave-velocity structure of the 
Earth (e.g., Yu and MITCHELL, 1979; CARA, 1979). This inversion method is 
employed in the present research, since it can be applied to observed data which 
are disturbed by random noises and the number of data is not equal to the num-
ber of parameters to be inverted. Further, the validity of the inverted parameters 
can be evaluated quantitatively. From the above consideration, an exploration 
method using microtremors will be composed of three steps as follows. First, 
an array observation is made; second, the phase velocities are measured from data 
of an array by the F-K spectral analysis; and third, the S-wave-velocity structure is 
determined by the generalized inversion method. 

 No researcher except AKI (1957) has practically applied the phase velocities of 
microtremors to estimate the S-wave-velocity structure. TOKSOZ (1964) and LIAW 
and McEVILLY (1979) demonstrated an applicability of the phase velocities of micro-
tremors, since their explorations were conducted at the sites where the underground 
structure had already been known. Hence, the primary aim of this study is to 

practically apply the procedure proposed above to urbanized areas where the S-
wave-velocity structure has not been known and to show the effectiveness of this 

procedure as an exploration method for deep S-wave-velocity structures. The 
secondary aim is to examine the origin and the wave type of microtremors by F-K 
spectral analysis. For these aims, two sites located in and near urban areas were 
selected. In sections 2 and 3, the methods of F-K spectral analysis and the gen-
eralized inversion method will be briefly reviewed and associated problems 
(aliasing and resolving power of the F-K analysis and non-uniqueness of the in-
version) will be discussed. In section 4, observation sites and measurements 
methods will be described. In sections 5 and 6, the results of the F-K analyses and 
the inversions at the two sites will be reported. In section 7, two problems of 
this exploration procedure will be discussed on the basis of application to the two 
sites. In section 8, some conclusions will be drawn. 

2. Analysis Method 

 2.1 Method of F-K spectral analysis 
 Two estimation methods have been devised for data from the array with non-

uniform distances between neighboring sensors. One is the frequency domain 
beam-forming method (BFM) by LACOSS et al. (1969), and the other is the maximum 
likelihood method (MLM) by CAPON (1969). It should be pointed out that the 
non-uniformly spaced array has practical importance, because the array cannot
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always be deployed in such a manner that every distance between two adjacent 
sensors is equal, especially in urbanized areas where there are many artificial struc-
tures on the ground surface. 

 The estimate of the F-K spectra Pb(f,k) by the BFM is given by

(1)

where f is the frequency, k the two-dimensional horizontal-wavenumber vector
, 

n the number of sensors, and i=•ã-1 . The symbol ƒÓim is the estimate of the 

cross-power spectra between the l-th and the m-th data
, and Xl. and Xm are the 

coordinates of the l-th and the m-th sensors, respectively. On the other hand
, 

the MLM gives the estimate of the F-K spectra Pm(f,k) as

(2)

where ƒÓlm-1 is the element of the corresponding inverse of the matrix ƒÓlm. The 

main difference between the two estimation methods is the window function. 

The window function of the BFM is represented for the wavenumber k0 by

(3`

As can be seen from the above equation, the window function is determined only 

by sensor locations. In the MLM, it is represented as

(4)

where

Ai(f,k0)=ƒ°nl=1(ƒÓjlexp{ik0(Xj-Xl)})-1/ƒ°nj,l=1(ƒÓjlexp{ik0(Xj-Xl)})-1. 

It can be understood from the above two equations that the window function of 

the MLM depends not only on sensor locations but also on the quality of the 

data (signal to noise ratio). CAPON (1969) showed that the resolving power of 

the MLM is higher than the BFM and they coincide in the case of perfectly un-

correlated array data. The MLM is, however, more sensitive to measurement 

errors such as distance and digitization and also to wave-form distortion (COX, 

1973; LIAW and McEVILLY, 1979). 

 The above two methods were applied to small-array data at the observation 

site S2 (see Fig. 1) for comparison, and the results are shown in Fig. 2. Positive 

directions of two axes kx and ky correspond to the direction N24•‹W and S66•‹W, 

respectively. The results of the F-K spectral analysis are displayed here as con-

tours of (10+10log(P/Pmax)) in the wavenumber domain -10km-1<kx, ky,<10 

km-1 at frequencies 1.96Hz, 2.12Hz, and 2.28Hz, where P/Pma. is the ratio of the 

F-K spectra at each (kx,ky) coordinate to the maximum F-K spectra. The wave-
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Fig. 1. Map of observation sites. Solid circles denote the observation sites. Shaded 

 parts are densely populated areas. Parallel lines show roads where traffic is rather 
 heavy even late at night.

number grids on which the F-K spectra were computed consist of 99•~99. In the 

diagrams, asterisks indicate the positions of the highest peaks, and crosses those 

of lower peaks. Supposing that microtremors are composed of waves travelling 

to the direction, N24•‹W, the corresponding peak should be located at a certain 

point on the positive kx axis. The phase velocity c is given by

c=2ƒÎf/(kx02+ky02)1/2 , (5 )

where (kx0, ky0) represents a peak location in the wavenumber space. Figure 
2(a) shows the F-K spectra obtained by the MLM and Fig. 2(b) those by the BFM. 
Comparing the F-K spectra by the two different methods produces evidence which 
demonstrate that the MLM is higher in the resolving power than the BFM. First, 
BFM reveals many spurious peaks (Fig. 2(b)) which are obviously caused by pro-
minent side lobes of the BFM window function. Second, the maximum peak at 
each frequency by the BFM (Fig. 2(b)) is located at the average position of several 

peaks in the second quadrant by the MLM (Fig. 2(a)), which also suggests that 
any serious spectral distortion due to measurement errors and wave distortion does 
not appear in the F-K spectra obtained by the MLM. Furthermore, as a result 
of high MLM resolving power, the phase velocities obtained by the MLM change
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Fig. 2. F-K power spectra for comparison of the two estimation methods. They are 
 applied to the data of the small array at the site S2. (a) F-K spectra by the maximum 

 likelihood method (MLM). (b) F-K spectra by the beam forming method (BFM). 
 Asterisks denote locations of the highest peaks and crosses denote those of lower 

 peaks. It is evident that the resolving power of the MLM is higher than that of 
 the BFM.
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more smoothly with the frequency than those by the BFM. Considering the 

results of the above comparison, we will employ the MLM as an analysis method of 

the F-K spectra in this study. 

 2.2 Aliasing and resolving power 

 Although the MLM has been adopted to estimate the F-K spectra, rather 

serious problems still remain in practically applying the F-K analysis : aliasing in 

the wavenumber domain and the insufficient resolving power for high-velocity com-

ponents. The former problem causes low-velocity components to be misidentified 

as high velocity ones, and the latter causes the loss of precision for high-velocity 

components. 

 First, we will discuss the aliasing. Since |ƒ°nj=1j|, the first part of the window 

function of the MLM in Eq. (4), depends on the quality of array data, the discus-
sion is restricted to Wb, the second part, which depends on the array configuration. 
The coordinate of the i-th sensor is represented as

Xi=ƒ¢X•El+dXi , (6 ) 

Yi=ƒ¢Y•Em+dYi , (7 )

where ƒ¢X and ƒ¢Y are respectively average distances in the X and Y directions 

between two neighboring sensors, and dXX and dY1 are corrections to Xi, and Yi, 

respectively. Letters 1 andm are integers. Putting Eqs. (6) and (7) into Eq. (3), 

the window Wb is expressed as a multiplication with F1(kx, ky, ƒ¢X, ƒ¢Y) and 

F1(kx, ky, dXi, dYi).

Wb(kx, ky)=F1•EF2 . (8 )

It is clear that F1 is a periodic function with intervals 1/ƒ¢X for kx and 1/ƒ¢Y for 

ky. On the other hand, F2 is written as

(9)

If dXi•áƒ¢X and dYi•áƒ¢Y, then F2 approaches unity and Wb is only approximated 

by F1. Thus, under the above condition, Eq. (8) means that the spatial aliasing 

effectively arises even in a nonuniformly-spaced array and the effective Nyquist 

wavenumbers kxn and kyn are 1/(2ƒ¢X) and l/(2ƒ¢Y), respectively. The effect can 

be examined in the following manner. If a peak of the F-K spectra obtained from 

data of a large array is caused by the aliasing, then its position in the (kx, ky) plane 

should be closer to the origin than the position of the corresponding peak obtained 

from data of a small array. If not, the corresponding two peaks should be located 

at the same position. This criterion will be used to check the aliasing later in sec-

tions 5 and 6. From the above description, it follows that at least two different-

sized arrays should be used to check the aliasing. 

 Next, we will discuss the resolving power for high-velocity components. Since 

it depends not only on the array configuration and the F-K spectral analysis method
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but also on stability of the observation system (especially of sensors), it is difficult 
to assess it quantitatively. Thus, a practical method is used to determine the 
maximum wavelength to be measured reliably. First, comparing the phase ve-
locities measured from data of a small array with those from data of a large array, 
we can find the lowest frequency, where they are in good agreement with each other. 
Then, the ratio of the wavelength at this frequency to a side-length of the small 
array is calculated. This ratio is considered to be a practical index of the total 
wavelength resolving-power including the array configuration, the observation 
system, and the analysis method, and makes it possible to obtain a higher limit 
of the phase velocity measured reliably from data of the large array. For the 
above two reasons, two different-sized arrays were deployed at both sites. 

3. Inversion 

 3.1 Method of inversion 
 The discrete generalized inversion method, which was devised by WIGGINS 

(1972) and JACKSON (1972) has been applied to determine the S-wave-velocity 
structure. The problem is written as

Y=AX . (10)

The vector Y of length n corresponds to the difference between the measured phase 

velocities and the calculated ones for the initial model. The vector X of length 

m, which is the solution to be sought, corresponds to the first order correction to 

an initial model. Therefore, an inverted model is the sum of the initial model 

and the solution vector X. The generalized inversion method makes it possible 

to obtain the unique solution X, even if the data Y is disturbed by random errors 

and n is not equal to m. 

 Partial derivatives of the phase velocity with respect to independent variables 

such as the density ƒÏ, the P-wave velocity VP, and the S-wave velocity VS con-

stitute the coefficient matrix A with n rows and m columns. A calculation method 

of these partial derivatives was proposed by TAKEUCHI et al. (1964). AKI and 

RICHARDS (1980) also described the method based on the variational principle. 

Their method is adopted in the present study, because their expressions are exact 

and efficient for computations. However, their coefficients given in terms of 

Lame's elastic moduli ƒÉ and ,ƒÊ and density ƒÏ are somewhat inconvenient, since the 

elastic moduli VP, VS, and ƒÏ are more often used in seismology. Therefore, we 

derived the partial derivatives represented in terms of VP, VS, and ƒÏ. Perturbations 

ƒÂVP, ƒÂVS, and ƒÂƒÏ are related with ƒÂƒÉ, ƒÂƒÊ, and ƒÂƒÏ by

ƒÂƒÉ =2ƒÏ(VPƒÂVP-2VSƒÂVS)+(VP2-2VS2)ƒÂƒÏ , (11) 

ƒÂƒÊ=2ƒÏVSƒÂVS+Vs2ƒÂƒÏ , (12) 

ƒÂƒÏ=ƒÂƒÏ . (13)



68 M. HORIKE

Putting Eqs. (11), (12), and (13) into equation (7.78) on p. 291 in AKI and 
RICHARDS (1980), we have

(14) 

(15) 

(16)

where D=4k2UI and I=(1/2)•ç•‡0(r12+r22)dz .

Here, U, c, and k are the group velocity, the phase velocity, and the wavenumber, 

respectively. The symbol r1 is the radial displacement component of Rayleigh 

waves and the symbol r2 the vertical one. The depths zm-1 and zm(Zm<zm-1) are 

interfaces of the m-th layer. VPm, VSm and ƒÏm represent the P-wave velocity, the 

S-wave velocity, and the density in the nz-th layer, respectively. Figure 3 shows 

examples of non-dimensional derivatives at frequencies 0.88Hz, 1.22Hz, and 2.28 

Hz for the structure inverted preliminarily with a total sedimentary thickness 0.73 

km as shown in Fig. 18(a). The results indicate that the S-wave velocity is the 

most effective parameter on the dispersion of Rayleigh waves. In practice, the 

generalized inversion to the three parameters (ƒÏ, VP, and VS) showed that the first 

two parameters were not resolved well. Therefore, the inversion parameter in 

this research is restricted to the S-wave velocity. Furthermore, Fig. 3 suggests 

that the measured phase velocities at frequencies 0.64Hz to 3.0Hz have sufficient 

information for inverting the S-wave velocity above the basement. 

 The generalized inversion method used in this study is outlined below. The 

matrix A in Eq. (10) is decomposed into

A=U•ÈV , (17)

where the matrices U and V are composed of the eigenvector u of length n and the 

eigenvector v of length m, respectively. V is the transpose of V. The matrix 

•È is the diagonal one whose elements are eigenvalues ƒÉis. The eigenvectors v, u 

and the eigenvalues ƒÉis satisfy equations

AA=ƒÉi2ui , (i=1, 2, •c, p) (18) 

AA=ƒÉi2vi , (i=1, 2, •c, p) (19)

where p is the number of non-zero eigenvalues, or the number of degrees of 
freedom which is equal to the number of parameters estimated independently. 
The matrix H was introduced as a natural inverse matrix of A by LANCZOS (1961) 
as
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Fig. 3. Non-dimensional partial derivatives of the phase velocity of Rayleigh waves 

 for the preliminarily inverted model (TH=0.73km) in Fig. 18(a). (a) At fre-

 quency 0.88Hz. (b) At frequency 1.22Hz. (c) At frequency 2.28Hz. Open 

 circles denote (VS/c)•E(•Ýc/•ÝVS), crosses (VP/c)•E(•Ýc/•ÝVP), and solid circles (ƒÏ/c) 

(•Ýc/•ÝƒÏ). Horizontal bars attached to the coordinate axis are layer interfaces. 

 All the symbols are plotted at the center of the each layer.

H=V•È-1U . (20)

The resultant solution vector X is expressed as

X=HY . (21)

Putting Eq. (10) into the above equation, the solution vector X is related with the 
true vector X as

X=RX , (22)

where the matrix R is the resolution matrix and is given by R=HA. The row 
vector of the matrix R forms weighting coefficients with which the solution vector 
X is expressed as a weighted average of the true vector X. Thus, the closer to the 
delta function is the row vector of the resolution matrix (unit diagonal element
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and zero off-diagonal elements), the better resolution exhibits the corresponding 

parameter. Therefore, it should be emphasized that the generalized inversion 

method not only gives the solution but also enables evaluation of the validity of 

the inverted parameters through the resolution matrix. It is pointed out here 

that the sum of diagonal elements is equal to the number of degrees of freedom. 

 A crucial problem in the inversion is the trade-off between the resolution and 

the variance of the solution. WIGGINS (1972) and JACKSON (1972) proposed a 

compromise method in which eigenvectors with small eigenvalues are cut off to 

keep the variance below a certain allowable level in the construction of the inverse 

matrix H. Their technique is also used in this paper. 

 3.2 Determination of optimal inverted model 

 As is well-known, a surface-wave-inversion method does not give a unique 

S-wave-velocity structure (e.g., KNOPOFF, 1961; TATHAM, 1975). This is also the 

case in the present exploration procedure. Therefore, some constraints must be 

imposed to determine the unique structure. For this purpose, the following proce-

dure is employed in this study. First, several initial adequate models are assumed 

on the basis of geological and geophysical information available. Then, the in-

version is performed for each initial model. An optimal structure is selected 

among inverted ones under the two constraints that no extremely-low-velocity layer 

exists in the sediments, which is considered a reasonable assumption in most cases, 

and that the discrepancy between available structural information and the inverted 

model is minimal. 

4. Observation 

 4.1 Observation sites 

 The observations were made at two sites S1 and S2 as shown in Fig. 1. S1 

is located south of Osaka, and S2 is located between two densely populated areas, 

Osaka and Kyoto. Traffic is heavy even during midnight along roads connecting 

Osaka and Kyoto and along the coastline of the Osaka Bay. It is probable that 

microtremors may propagate from multiple directions at both sites. The two 

sites have been selected since a considerable amount of geophysical and geo-

logical information is available and the layering may be assumed to be approxi-

mately flat, which makes the inversion practical. The observations were made on 

favorable days with no special weather conditions such as low pressures or strong 

winds. 

 4.2 Measurements 

 The array was composed of 11 moving-coil-type sensors of the vertical com-

ponent with a natural period of 2s, a 0.64 damping factor, and 1V•Es/cm velocity 

sensitivity. All measurements were made during the early morning (2 a.m. to 4 

a.m.) in order to eliminate the effects of cross-by local disturbances as much as
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Fig. 4. Schematic E-W cross-section of the Osaka and Kawachi basins. This illustra-
 tion is modified from HUJITA (1983). B1 and B2 indicate boring sites and numbers 

 attached at the bottoms are depths of the borings. Observation site S1 is located 
 on the Uemachi Elevation.

possible. Before the observations, all the sensors were set together at the same 
point, and a calibration run was made to check the reliability of the observation 
system and to measure the relative sensitivity of every channel to a reference one, 
which is necessary in data processing in a later stage. 

 The output of a sensor was amplified 5,000 times, low-pass filtered with a 
corner frequency of 30Hz and an attenuation rate of 30dB/oct, sampled at a 
rate of 100Hz, digitized by using 12 bit, and stored on a digital magnetic tape. 

5. Results at Site S1 

 5.1 Geological and geophysical information 
 As stated in 3.2, geological and geophysical information plays an important 

role in setting an initial model and determining an optimal structure. Figure 4 
shows a schematic geological cross-section of the Osaka and Kawachi Basins in-
ferred from deep borings after HUJITA (1983). B1 is the deep-boring site where 
the S-wave velocity was measured down to a depth of 0.7km (EDITORIAL COMMITTEE 
FOR TECHNICAL REPORT ON OSAKA LAND SUBSIDENCE, 1969). Average S-wave 
velocities of the second, third, and fourth layers were found to be 0.4km/s (upper 
subgroup), 0.5km/s (middle subgroup), and 0.6km/s (lower subgroup), respec-
tively. Since the Nijo group is supposed to exist deeper than 0.7km, its S-wave 
velocity still remains unknown. B2 is also the deep boring reaching the basement
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Table 1. P-wave structure estimated by the reflection survey. 

 P-velocity structure

 of granite at a depth of 0.656km. The density was measured in this boring by 
 MIYAZAKI (1966). The observation site S1, which is located about 10km south 

 of B2, is considered to be above the Uemachi Elevation from the gravity data com-
piled by the Editorial Committee. NAKAGAWA et al. (1983) made a reflection 
survey in this area and determined the P-wave structure as shown in Table 1. The 
total thickness 0.574km of the sediments also indicates that the site S1 is above 
the Uemachi Elevation. Comparing this P-wave structure with the geological 
cross-section in Fig. 4, the first and second layers in Table 1 are assumed to cor-
respond to the middle subgroup in Fig. 4, the third the lower subgroup, and the 
fourth the Nijo group. Considering an abundance of geological and geophysical 
information, this site is suitable to examine the effectiveness and limitation of our 
exploration procedure. 

 5.2 F-K analysis 
 5.2.1 Array and data 

 The site is located on the campus of Osaka City University. Two arrays 
whose side lengths are about 300m and about 150m respectively were deployed 
as shown in Fig. 5. These array configurations were made in such a manner that 
sensors were as far away from university buildings as possible to eliminate the 
effects of artificial noises. Figure 6 shows traces obtained from the large array, 
which have been digitally band-pass filtered in the frequency range 0.3Hz to 1.5 
Hz. It can be seen that wave trains at about 3s, 15s, and 33s propagate from 
point 8 to point 11, while they appear to arrive simultaneously over point 1 to 
point 7. Figure 7 also shows traces obtained from the small array, which have 
been band-pass filtered in the frequency range 0.8Hz to 3.0Hz. Wave trains 
at about 3s, 22s, and 38s show the same propagation features as in Fig. 6. This 
means that microtremor sources in the frequency range 0.3Hz to 3.0Hz are 
mainly distributed in the west. These propagation features will be seen in more 
detail by the F-K spectral analysis in the next section. 

 5.2.2 F-K spectral analysis and estimation of phase velocity 
 Figure 8 shows representative examples of the F-K spectra from the data of 

the large array. The directions of the positive kx and ky axes coincide with those
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Fig. 5. Array configurations at the site S1. (a) Large array. (b) Small array. Posi-

 tive X direction corresponds to N81•‹E and positive Y direction to N9•‹W. Dots 

 are sensor positions.

Fig. 6. Examples of traces obtained from 
 the large array at the site S1. They 
 are band-pass filtered in the frequency 

 band 0.3Hz to 1.5Hz. Integers in 
 front of traces denote sensor locations 

 in Fig. 5(a).

Fig. 7. Examples of traces obtained from 

 the small array at the site S1. They 

 are band-pass filtered in the frequency 

 range 0.8Hz to 3.0Hz.

of the positive X and Y axes in Fig. 5, respectively. They are displayed in the 

wavenumber domain -2km-1 <kx, ky<2km-1. At first glance, the maximum
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Fig. 8. Representative examples of the F-K spectra at frequencies 0.6Hz to 0.8Hz 

 produced from the data of the large array. Max at each frequency means the 
 ratio of the maximum F-K spectra at each frequency to that at the lowest frequency 

 (0.6Hz). Symbols denote the same as in Fig. 2.
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Fig. 9. Representative examples of the F-K spectra at frequencies 1.2Hz to 1.7Hz 

 produced from the data of the small array. Symbols denote the same as in. Fig. 2.

peak is found to be located in the vicinity of the positive kx axis at all frequencies. 
However, closer examination shows that contour shapes are rather crescent-like,
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Fig. 10. Phase velocities of microtremors at the site S1. Solid circles and vertical 

 bars denote the means of the phase velocities and their standard deviations, re-

 spectively.

especially at frequencies 0.68Hz to 0.8Hz. It probably suggests that microtremor 
sources are distributed along the coastline of Osaka Bay. As stated above, traffic 
is heavy along the coastline, and it is difficult to identify whether the origins of 
microtremors are traffic or sea-waves. Figure 9 shows the representative F-K 
spectra from the data of the small array, which are displayed in the wavenumber 
domain -5km-1<kx,ky<5km-1. It can be seen that another peak appears 
in the vicinity of the negative ky axis in the fourth quadrant at frequencies 1.4Hz 
to 1.7Hz. This suggests that microtremors at these frequencies are contaminated 
with those from the central area of Osaka. Waves corresponding to the peak in 
the fourth quardrant are considered to be cultural noises generated mainly by 
traffic in Osaka. 

 As a next step, the phase velocities of microtremors were estimated. First, 
the possibility of the aliasing and the resolving power for wavelength were 
examined by comparing the F-K spectra from the data of the two arrays. At fre-
quencies above 0.9Hz the F-K spectral peaks from the two array data are located 
at almost the same position, and at frequencies below 0.9Hz the spectral peak 
for the large array is located farther from the origin than that for the small array. 
Employing the criterion for the aliasing stated in 2.2, we find that it does not occur 
in the whole analyzed frequency range. The discrepancy of the peak locations 
below 0.9Hz is caused by the loss of the resolving power of the small array, in other 
words, only phase velocities above 0.9Hz can be measured reliably from the data 
of the small array. The resolving power for the wavelength is found to be 4 to 5 
times the array dimension. The phase velocity is obtained by putting the coor-
dinate of the peak location in Eq. (5). Average phase velocities together with 
their standard deviations are shown in Fig. 10. The phase velocities measured 
from the data of the large array whose wavelengths are less than 4 to 5 times the 
large array dimension are plotted in Fig. 10. 

 Since the phase velocities in Fig. 10 are normally dispersive and obviously
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Table 2. Initial and inverted S-wave-velocity structures and its resolution matrix for 

 the model A for the site Si.

 The upper-left four columns show the initial model and the rightmost column is the 
 inverted S-wave structure. Dashed line means that S-wave velocity in the first layer 

 was fixed in the inversion. The lower is the resolution matrix of the inverted S-wave 
 model. The row vector of the resolution matrix forms weighting coefficients with which 
 the inverted parameter is expressed as a weighted average of the true one. Therefore, 

 the closer to unity the diagonal element is, the better resolution the corresponding 
 parameter exhibits. The resolution matrix is described in the text related Eq. (22) in 

 more detail. 

less than the S-wave velocity in the basement composed of granite, which is sup-
posed to be higher than 2.0km/s, they are considered to be the phase velocities of 
the fundamental-mode Rayleigh waves. 

 5.2.3 Summary of F-K analyses 
 Summarizing the F-K analyses of microtremors at the site S1, the following 

conclusions can be drawn. 
 1) The wave type of vertical-component microtremors consist of the funda-

mental-mode Rayleigh waves in the frequency range 0.5Hz to 2.2Hz. 
 2) In regard to the origin of microtremors, those from the west in the fre-

quency range 0.5Hz to 2.2Hz are generated by sea waves and/or road traffic 
along the coastline, and those from the central part of Osaka in the frequency 
range 1.4Hz to 2.2Hz are generated mainly by road traffic. 

 5.3 Inversion 
 An initial model is set as shown in the left four columns in Table 2. Individual 

layer thickness and P-wave velocities are adopted from those shown in Table 1. 
The density distribution is determined referring to MIYAZAKI (1966). The thick-
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 Table 3. The same as in Table 2 for model B for site S1.

ness and the S-wave velocity in the first layer are determinated after NAKAGAWA 
et al. (1982), and are fixed in the inversion. Therefore, the problem here is to 
invert the measured phase velocities in the frequency range 0.5Hz to 2.2Hz in Fig. 
10 to the S-wave velocities in the second layer through the basement. The in-
verted S-wave velocity is shown in the rightmost column in Table 2, and the resolu-
tion matrix is given at the bottom. As can be seen from the resolution matrix, the 
sum of the diagonal elements or the number of degrees of freedom is four, and all 
the layers except the first one and the basement are resolved almost perfectly, since 
the diagonal elements except the first and sixth rows are almost equal to unity. 
However, the results show that the low-velocity layer must be inserted in the fifth 
layer just above the basement. In view of the increase of the P-wave velocity with 
depth at this site shown in Table 1, this layer with low S-wave velocity does not 
seem reasonable. It has also been found that any models whose sedimentary 
thickness is less than 0.574km give a low-velocity layer just above the basement 
in order to satisfy the dispersion curve in Fig. 10. So, two modified initial models 
are set as shown in Tables 3 and 4. These parameters are the same as in the initial 
model A except for the thickness of the fifth layer, which is 150m in the initial 
model B and 200m in the initial model C, respectively. In the two new inverted 
results, no low-velocity layer exists and all the layers except the first layer and the 
basement are resolved almost perfectly. These two inverted models are considered 
reasonable. However, S-wave-velocity structures with thicker sediments than the 
inverted model C are also possible, which is suggested by the fact that the S-wave 
velocity in the fifth layer increases along with the increase of its thickness (see Tables 
2, 3, and 4). In other words, the constraint of the non-existence of an extremely-



Inversion by Using Long-Period Microtremors 79

Table 4. The same as in Table 2 for model C for site S1.

low-velocity layer gives the S-wave-velocity structure whose sedimentary thickness 
is minimum. Hence, as stated in 3.2, the optimal inverted model is determined 
under the additional constraint that the discrepancy should be least between exist-
ing geophysical information and the corresponding one in the inverted model. 
Geophysical information at site S1 is the thicknesses of five layers as shown in Table 
1 and the S-wave distribution. Strictly speaking, the S-wave-velocity distribution 
at this site is not known. However, its estimation is possible from the S-wave-
velocity distribution at the boring site B1 mentioned in 5.1. Paying attention 
to the correspondence among the strata shown in Fig. 4, the S-wave velocities in 
the first four layers at this site probably range from about 0.3km/s to 0.6km/s. 
Thus, the comparison is made of the S-wave velocities between site SI and the 
boring site B1 . Since the S-wave velocities of the first four layers of the inverted 
models B and C are similar to each other and are well fitted with those inferred 
from the boring site B1, it is difficult to identify the optimal structure only from 
S-wave velocities. However, comparing the layer thicknesses of the inverted 
models B and C with those shown in Table 1, model B is found to be the optimal 
one in the present stage of the study. 

6. Results of Site S2 

 6.1 Geological and geophysical information 
 The basement is believed to consist of sedimentary rocks of the Paleozoic to 

Mesozoic era, and above the basement a layer of thick gravel or soft clay rocks, 
then the Pleistocene called the lower and the upper Osaka groups, which are marine
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Fig. 11. Array configurations at site S2. (a) Large array. (b) Small array. Positive 

 X direction corresponds to N24•‹W and the positive Y direction to S66•‹W.

sediments, and lastly thin diluvial and alluvial sediments (Ishida, personal com-
munication, 1984). According to the large-scale P-wave refraction exploration by 
KITSUNEZAKI et al. (1971), the average P-wave velocity of the deposits with a thick-
ness of about 0.7km above the basement is 2.2km/s, while the P-wave velocity of 
the basement is between 4.4km/s and 5.2km/s. AKAMATSU et al. (1975) also 
obtained the S-wave velocity of the basement 2.58km/s from observations of 
quarry blasts near site S2. According to the small-scale P- and S-wave refraction 
explorations by NISHIU et al. (1977), the P- and S-wave velocities of the first layer 
are 1.5km/s and 0.17km/s, respectively, its thickness is about 0.01km, and the 
S-wave velocity of the second layer is about 0.5km/s. The velocity structure 
between the first layer and the basement, however, remains unknown. Therefore, 
this site is more attractive than site S1 for the application of this exploration 

procedure. 

 6.2 F-K analysis 
 6.2.1 Array and data 

 Two L shaped arrays whose side lengths are about 300 and 500m, respectively, 
were deployed to measure the phase velocity in a wide frequency range. The 
array configurations shown in Fig. 11 were selected under various practical re-
strictions on the observation at this site.
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 Fig. 12. Examples of traces obtained 
 from the large array at site S2. 

 Integers in front of them denote 
 sensor locations shown in Fig. 11(a). 

 All the traces are band-pass filtered 
 in the frequency range 0.3Hz to 1.5 

 Hz.

Fig. 13. Examples of traces obtained 
 from the small array at site S2. 

 Integers denote sensor locations 
 shown in Fig. 11(b). They are band-

 pass filtered in the frequency range 
0.8Hz to 4.0Hz.

 Figure 12 shows traces obtained from the large array which have been band-

pass filtered digitally in the 0.3Hz to 1.5Hz frequency range. It can be seen that 
two wave trains at 3s and 22s propagate from point 7 to point 11 and from point 
6 to point 1. This means that the main source region of microtremors in this 
frequency range is in the south-west. Figure 13 shows traces obtained from the 
small array which have been digitally band-pass filtered in the 0.8Hz to 4.0Hz 
frequency range. It can be seen that several wave trains at 2s, 15s, 20s, and 26s 
obviously propagate from point 11 to point 7. The fact means that the source 
region of microtremors in this frequency range is mainly in the north or in the 
Kyoto area. In the following section, more detailed propagation features can 
be seen by F-K spectral analysis. 

 6.2.2 F-K analysis and estimation of phase velocity 
 Figure 14 shows representative examples of the F-K spectra at frequencies 

0.68Hz to 1.08Hz. The directions of the positive kx and ky axes again coincide 
with those of the positive X and Y axes in Fig. 11. They are displayed in the 
wavenumber domain -2km-1<kx, ky<2km-1. First, it can be seen that the 
maximum peak is located in the fourth quadrant at frequencies 0.68Hz, 0.76Hz, 
and 0.84Hz and then it moves in the third quadrant at frequencies 0.92 Hz, 1.0 
Hz, and 1.08Hz. Referring to the location of observation site S2 shown in Fig. 
1, the above result means that main source region of microtremors is in the south-
west and then shifts to western of Kyoto at the border frequency of about 0.9Hz. 
Thus, microtremors in the 0.64Hz to 0.9Hz frequency range are supposed to be 
generated by road traffic along the Yodo River and in Osaka and/or by sea waves 
in the Osaka Bay, and in the 0.9Hz to 1.1Hz frequency range are supposed to be
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Fig. 14. Representative examples of the F-K spectra at frequencies 0.68Hz to 1.08Hz 

 produced from the data of the large array.

generated by road traffic in western Kyoto, which is the traffic outlet to Osaka. 
 Figure 15 shows typical examples of the F-K spectra from the data of the small



Inversion by Using Long-Period Microtremors 83

Fig. 15. Representative examples of the F-K spectra at frequencies 1.22Hz to 1.62Hz 

 produced from the data of the small array.

array at frequencies between 1.22Hz and 1.62Hz. They are displayed in the 

wavenumber domain -5km-1<kx, ky<5km-1. There is one peak in the
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Fig. 16. Representative examples of the F-K spectra at frequencies 2.48Hz to 2.98Hz 

 produced from the data of the small array.

second quadrant and another in the third quadrant at all frequencies except 1.62 

Hz, and the highest peak gradually shifts from the third quadrant to the second
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Fig. 17. Phase velocities of microtremors at site S2. Solid circles and vertical bars 

 denote the means of the phase velocities and their standard deviations, respectively.

quadrant. The results indicate that the main source region of microtremors 
gradually moves from the western to the central part of Kyoto at these fre-
quencies and the origin of microtremors is also supposed to be road traffic in 
Kyoto. Comparing the phase velocities determined from the two peaks in the 
two different quadrants, we find that there is no consistent discrepancy between 
them. This suggests that subsurface layers, which have the strongest effect on 
surface waves at these frequencies, are approximately flat. 

 Figure 16 also shows other typical examples of the F-K spectra from the data 
of the small array at frequencies between 2.48Hz and 2.98Hz. They are displayed 
in the wavenumber domain -10.0km-1<kx,„ky< 10.0km-1. It can be seen 
that there are two prominent peaks in the second quadrant, which suggests that 
microtremors at these frequencies consist of two different modes of Rayleigh 
waves and that the main source region is in the central part of Kyoto. The peak 
farther to the origin corresponds to the fundamental-mode Rayleigh waves and the 
nearer one to the higher modes. Further, it is found by comparison of the two 

peak locations that at frequencies 2.48Hz and 2.58Hz the highest peak is located 
farther from the origin than the lower peak, and that at frequencies between 
2.68Hz and 2.98Hz the highest peak is located nearer than the lower peak. 
This fact suggests that the higher-mode Rayleigh waves are more effectively 
excited than the fundamental-mode at frequencies above 2.68Hz. 

 At frequencies below 0.64Hz, the measured phase velocities are so largely 
scattered that their averaging is meaningless. Their spectral peaks are, however, 
located in the fourth quadrant. So, the source regions of microtremors below 0.64 
Hz are again supposed to be distributed along the Yodo River and in Osaka and/or 
in the Osaka Bay.
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 Figure 17 shows the mean phase velocities together with their standard de-
viations. The aliasing and the resolving power were examined by the same method 
as for site S1. It was found that the aliasing did not occur and the resolving power 
was again 4 to 5 times the array dimension. As can be seen from this figure, there 
are two dispersion curves. Since the velocities for the long curve are much 
less than the S-wave velocity of the basement (2.58km/s) and normally dispersive, 
they are considered to be the phase velocities of the fundamental-mode Rayleigh 
waves. For the short curve, the velocities at frequencies below 2.78Hz are 
normally dispersive, and those at frequencies above 2.78Hz are inversely dispersive. 
However, they are obviously less than the S-wave velocity of the basement. There-
fore, they may be either the phase velocities of the first higher-mode Rayleigh waves 
or the weighted averages of the phase velocities of the first two higher-modes. 
The question will be discussed in a later section. 

 6.3 Summary of analyzed results 
 Summarizing the F-K analyses of microtremors at site S2, the following con-

clusions can be drawn. 
 1) In regard to the wave types of vertical component microtremors, they con-

sist primarily of the fundamental-mode Rayleigh waves in the 0.64Hz to 2.48Hz 
frequency range. In the 2.48Hz to 2.98Hz frequency range, the fundamental 
mode and plural higher modes of Rayleigh waves are involved together in micro-
tremors. The wave type in the frequency range below 0.64Hz could not be de-
termined due to the lack of resolving power of the array for such a long-wavelength 
range. 

 2) In regard to the origin of microtremors, those in the 0.5Hz to 0.9Hz 
frequency range are generated by road traffic and/or sea waves, and those in the 
0.9Hz to 2.98Hz frequency range by road traffic. 

 6.4 Inversion 
 6.4.1 Setting of the initial model 

 Since individual layer thicknesses are fixed in the inversion, they must be 
chosen properly in an initial model. Unfortunately, however, layer thicknesses 
at the site S2 have not been known unlike the site S1. For this reason, a pre-
liminary inversion is performed for three initial models with different total thick-
nesses of the sediments being 0.63km, 0.73km, and 0.83km. The individual 
layer thicknesses in the three models are sufficiently thin, as shown in Fig. 18. 
As stated in 6.3, the short curve of the mean velocities in Fig. 17 is interpreted 
either as the dispersion curve for the first higher-mode Rayleigh waves or as the 
curve of weighted averages of the first two higher-modes. Therefore, two data 
sets Y1 and Y2 are assumed. Data set Y1 includes only the phase velocities 
for the long curve as the phase velocities the fundamental-mode Rayleigh waves. 
On the other hand, the data set Y2 includes, in addition to the phase velocities 
for the long curve, the phase velocities for the short curve at frequencies be-
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Fig. 18. Preliminarily inverted S-wave-velocity structures for three different initial 
 models with total sedimentary thicknesses 0.63km (broken line), 0.73km (solid 
 line), and 0.83km (dashed line). (a) Inverted structure for the data set Y1. (b) 

 Inverted structure for the data set Y2. Horizontal bars are layer-interfaces. Shaded 
 parts and numbers at the left are basements and their S-wave velocities, respectively.

tween 2.48Hz and 2.78Hz, which are normally dispersive, as the phase veloci-
ties of the first higher-mode. Figure 18(a) shows S-wave-velocity structures 
obtained for the data set Y1 by the preliminary inversion. In the case of the 
total thickness 0.63km, an unusually-low-velocity layer must be inserted just 
above the basement. In the cases of the total thickness more than 0.73km, 
such a low-velocity layer is not necessary to explain the observed dispersion. 
Taking into account the total thickness obtained by the large scale P-wave refrac-
tion survey (KITSUNEZAKI, 1971), the optimal total thickness of the sediment is 
determined to be 0.73km. The individual layer thicknesses as shown in Table 
5 are determined in such a way that, keeping an eye on preliminarily inverted 
S-wave velocities and their resolution matrix, adjacent layers with almost equal 
S-wave velocities are combined into a single layer as far as each diagonal element 
of the resolution matrix is larger than 0.7. Figure 18(b) also shows structures
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obtained for data set Y2 by the preliminary inversion. They are more complex 
than those in Fig. 18(a). The total thickness 0.73km may again be adopted for the 
same reason, and the individual layer thicknesses are determined as shown in 
Table 6 through the same procedure. 

 6.4.2 Results of the inversion 
 The inverted model A in Table 5 has been obtained for data set Y1. The 

S-wave velocity of the first layer has been fixed in the inversion, and the number 
of degrees of freedom is five. As can be seen from the resolution matrix, all the 
layers except the first one and the basement are resolved almost perfectly. IRI-
KURA (1976) reported that the average S-wave velocity of the sediments near the 
site was 0.8km/s, which was estimated as a best-fitted value for explaining the 
SH-wave response there. This value given by Irikura is in good agreement 
with the average S-wave velocity above the basement in the inverted model A. 
Although the S-wave velocity in the basement has not been well resolved, the in-
verted velocity of 2.53km/s is almost equal to that obtained from observations 
of the quarry blasts by AKAMATSU et al. (1975). Therefore, model A may be 
considered a good approximation of the true S-wave-velocity structure at this site. 
The inverted model B in Table 6 has been obtained for data set Y2. The number 
of degrees of freedom is five. Each layer except the first one and the basement is 
again resolved almost perfectly. Since model B is similar to model A on the whole, 
it can also be a good approximation for this site. The S-wave-velocity structures
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Table 6. The same as in Table 5 for model B for site S2.

Fig. 19. Inverted models of S-wave velocity structures. Model A is obtained for 
 data set Y1 (long dispersion curve in Fig. 17) and model B is obtained for data 

 set Y2 (long curve and short curve at frequencies between 2.48Hz and 2.78Hz). 
 Shaded parts and numbers at the left of them are basements and their S-wave 

 velocities, respectively.
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Fig. 20. (a) Relative excitations of the first three modes for model A. They are nor-
 malized by the amplitude of the fundamental mode at frequency 0.64Hz. (b) 

 Errors between the observed phase velocities and the calculated ones for model A. 
 In the lower diagram, dots denote the errors between the observed phase velocities 

 for the long dispersion curve in Fig. 17 and the calculated ones of the fundamental 
 mode open circles denote errors between the observed phase velocities for the short 

 curve and the calculated ones for the first higher-mode, and crosses denote those 
 between the observed phase velocities for the short curve and the calculated ones 
 of the second higher-mode.

of the two models are shown in Fig. 19. A closen examination reveals, however, 
some differences between them (for instance, the low-velocity layer in model B). 
The comparison of the two models will be discussed in the next section. 

 6.4.3 Comparison of the two models 
 The two inverted models are compared from the viewpoints of phase velocity 

and the excitation of Rayleigh waves. Figure 20 shows the relative excitation am-

plitude of the first three modes of Rayleigh waves which are normalized by that 
of the fundamental mode at frequency 0.64Hz (upper diagram), and also the errors 
between the measured and calculated phase velocities for the inverted model A 

(lower diagram). The velocities for the long curve fit fairly well with those of the 
fundamental mode. However, the velocities for the short curve do not fit with
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Fig. 21. The same as in Fig. 20 for the model B.

either those of the first two higher-modes, and correspond rather to their mean 
velocities. In addition, the excitation of the second higher-mode approaches that 
of the first higher-mode at frequencies above 2.5Hz. The above two results sug-
gest that the velocities for the short curve may be the average ones of the first two 
higher-modes rather than those of the first higher-mode. 

 Figure 21 shows the same results as in Fig. 20 for the inverted model B. The 
velocities for the long curve are again in good agreement with those of the funda-
mental mode. Although the differences between the velocities for the short curve 
and the calculated ones of the first higher-mode are less than those in the former 

 case (for the inverted model A), the agreement is not satisfactory. Further, it is 
noticed from Fig. 21(a) that there is a possibility that the second higher-mode could 
be excited more effectively than the first higher-mode. Since these two facts are 
not consistent with each other, the above results suggest that model B based on 
data set Y2 may not be the proper S-wave velocity structure at the site. In other 
words, the velocities for the short curve should rather be interpreted as the weighted 
average velocities of the first two higher-modes. 

 KAWABE et al. (1984) obtained a seismic cross section near the site by the
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Fig. 22. Seismic cross-section obtained by the common-depth-point (CDP) stacking 
 method (after KAWABE et al., 1984).

common-depth-point (CDP) stacking method independently from this research 
as shown in Fig. 22. It can be seen that there are obviously at least three horizontal 
subsurface interfaces. Since the phase velocities at frequencies below 3.0Hz are 
not informative enough to resolve shallower depths than 50m, the counterpart 
of the first interface at a depth of 35m in the Kawabe model cannot be found in 
the inverted model A. However, the second and third interfaces fairly well 
coincide with those at depths of 110m and 190m in the Kawabe model, respec-
tively. The above result indicates that model A may be a reasonable structure, 
and that this exploration procedure is an effective one.
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7. Discussion 

 In this section, we discuss two problems. One is the relation between the 

array dimension used in observation of microtremors and the depth that could be 

explored. This relation is useful for planning an array configuration. As stated 

in sections 5 and 6, the phase velocities whose wavelengths are less than 4 to 5 

times the array dimension can be measured reliably by using the MLM as a F-K 

spectral-analysis method and an observation system whose stability are the same 

as that employed in this research. This relation may be written as follows.

Cm•ETm=(4•` 5)•EL, (23)

where Cm and Tm are the phase velocity and the period of the maximum wavelength 

which are measurable reliably by an array with a side length L. Using Eq. (23), 

we can derive another relation between the exploration depth and the array 

dimension. OKADA (1965) showed that the frequency for the maximum amplitude 

lies close in the frequency of the minimum group-velocity in the case of a single 

layer overlying a half-space. Further, he obtained the following relations among 

H, the thickness of the layer; VP and VS, the P- and S-wave velocities in the 

layer; and T the period with the maximum amplitude, depending on the Poisson's 

ratio ƒÐ of the layer. 

For ƒÐ<0.3,

T•EVP/H=4 , (24)

and for ƒÐ•¬0.5

T•EVS/H=4 . (25)

The first case corresponds to hard sediments and the second to soft sediments. 
The period T is considered to be the characteristic one influenced most strongly 

by the thickness H. Therefore, structural information down to the depth H is 
considered to be included mostly in the period range shorter than T. Thus, the 

phase velocities for the period less than T are enough to make the inversion down 
to the basement. Namely, the following relation must be satisfied

Tm•¬T . (26)

Putting Tm in Eq. (23) and T in Eqs. (24) and (25) into Eq. (26), respectively, ac-

cording the corresponding cases, two equations are obtained which relate the sedi-

mentary thickness H and the array dimension L. 

For ƒÐ<0.3,

L•¬Cm•EH/VP , (27)

and for ƒÐ•¬0.5

L•¬Cm•EH/VS . (28)

The probable range of the value Cm/VP may be between 1 and 0.5 and that of the



94 M. HORIIKE

value Cm/Vs is between 1 and 2. Although these ranges are somewhat ambiguous, 
they will not give any serious errors in such a rough discussion like this. After 
all, the range of L may be H/2<L<2H. Further, considering that Poisson's 
ratio of the sediments lies between the above two cases in most instances, the range 
of L would be reduced to H/2<L<H. If we explore down to the basement 
composed of rocks, the structure with a single layer overlying a half-space is the 
first order approximation to the real complex structure. In fact, the ratios of the 
array dimension to the thickness of sediments at the two sites are 0.48 and 0.68. 
Therefore, the above result is considered to be reasonable. 

 The second is a much more serious problem. It is the non-uniqueness of the 
S-wave-velocity structure which generally is inevitable in the surface-wave in-

version. Particularly, it is a defect that it cannot resolve thicknesses. However, 
in practice, there are three different types of sites in regard to layer thickness. 
The first is the case where individual layer thicknesses of the sediments is already 
known, as in the case of site S1. In this case, the problem is not serious. The 
second is the case where only a total thickness of the sediments is known, as in the 
case of site S2. In this case, we must, first estimate individual layer thicknesses 
appropriately. This problem may be solved by such a preliminary inversion as 
has been made at site S2. The preliminary inversion is made for a model with a 
stack of sufficiently thin layers, and then appropriate layer thicknesses are deter-
mined with the aid of the inverted structure and its resolution matrix. However, 
in the above two cases, an unusually-low-velocity layer could sometimes come out 
for improper values of layer thicknesses or for the effect of non-horizontal layer-
ing to surface waves. In fact, this occurred in the inversion process for the site 
S I. In the present study, therefore, two constraints have been imposed to ensure 
the uniqueness of the structure . One assumption is the non-existence of an ex-
tremely-low-velocity layer, and the other an agreement between the geophysical 
information obtained previously, especially the total thickness of sedimentary 
layers, and the corresponding in the inverted model. Therefore, the struc-
ture obtained by this procedure is rather optimal than true. The third is the 
case where there is no information about layer thicknesses. In this case, it is im-

possible to determine a unique structure. However, we are able to obtain a lower 
limit of the thickness of the sediments if the S-wave-velocity structure satisfies 
the first constraint described above. This can be practically accomplished by 
making the inversion for several initial models with different thicknesses of the 
sediments, and by eliminating such unreasonable inverted models as those having 
extremely-low-velocity layers. 

8. Conclusion 

 In this research, a new exploration procedure of S-wave velocity structures 
has been presented. It consists of the measurement of the phase velocities of
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long period microtremors by the F-K spectral analysis and of inferences of S-
wave-velocity structures by the generalized inversion method. The features of this 
procedure are (1) the observation is much easier than the other exploration methods 
and can be made anywhere, even in urban areas; (2) deeper S-wave velocity (more 
than 100 m) can be estimated. This procedure has been successfully applied to 
two sites in and near urban areas. As a result, this procedure has been demon-
strated as an effective tool for estimating a deep S-wave-velocity structure, especial-
ly in urban areas where application of other exploration methods is difficult, and 
will be useful in related fields such as geology, seismology, and especially engineer-
ing seismology. 
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