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Introducing this condition info Eq. &V and dropping the suffix A we
et

#(&, )= 36— L {6 exp Gwt)dp 10)

We shall now proceed to investigate the relation between the
spectrum in space and that in time. For this we define

2NV gy
\W quvc.v mmwi,

; ﬁmﬂ respect to
£ and mon a given x, while UJfw,) is the corresponding sine coefficient,
It can readily be seen from Eq. (1) that

?.fv mamHUA.ea v._'bua exp Aisha
(12)
B o B ()

U(w,)= “Zexp{i2
Wy a_

and

2e

Ao, =cdp,= <

Inserting Eg. (12) into Eq. (11), we get

- Fwy)=

_H.m exp m,mm.ma +4., mmwmiﬁ v +_|W exp v 4B 88 AE .mmmevu_w .

4dew, {2
By the use of Eq. (5) this may be written as

24,4 1 2B B_Ja} : P
44w, |2

%Aeaw =

Finally, inserting Eq. (9) into this, we obtain the following equation,

=+ N
7o mwmﬂww.
i TR M £ =
R L35
o
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Qaevl_mamwumwwaﬁ _mﬁw_&w dpey NOT Q.&
owﬁm“mﬁ% oW .m

where the suffix n is dropped. This is the relation which connects the
spectrum density in space and that in {ime in the case of one dimen-
sional waves, . . .

As will be shown later, as compared with Eq. (14), the following
equation which relates the spatial autocorrelation funection ¢(£) with the
spectrum density @{w) in time is more convenient for the purpose of
the present study,

#O==[" o(o) exp(i2¢)dw &5 wmding

2n

N»MM wiee S ﬁii%&ﬁnw;ﬁ#ﬁg\ziw . | (15) w,
{2 ﬁwnu ?(w) cos Almv%u _ A L s (zs6) J%
p———— A

which can readily be obtained by Egs. (10) and (14), |

2. Dispetsive waves

We shall now proceed to the case of dispersive waves, and show
that Eg. (15) obtained ahove holds also in this ease without any modifi-
cation except the substitution of the function c{w) of frequency o for =
the constant velocity e. For this, we notice that if we take Jdp, as
constant. for all n, the interval 4u, between consecutive w, is no longer |
constant in the dispersive case and varies with n. Then we may
write
duw
don=(2) 401 | (16)

The equation corresponding to Eq. (14) is now written as

_IG(wlo)? . ;
Sﬁeulg “ ﬁ.wu

-

Introducing of this into Eq. (10) yields the final formula,

,mo« .wmwmﬁw.,,/% weyea” mm,,.ow = &Er < %‘w mw;
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Therefore, if we find the values of p{¢, @) for £=0~ =, we can cal-
culate the percentage of power of component wave having the assigned
velocity and frequeney contained in the wave in question.

4, Two dimensional waves of a single velocity

Now let us investigate the case of {wo dimensional waves, in
which the reasonning is quite analogous to that given above for the
case of one dimensi waves, though there appear additional terms
such as ¢
first we sha mmmm ﬂ&u those waves which are bm#ﬁow dispersive nor
polarized.

Asgsuming that our waves travel with a mmmmwm velocity e, we write’

them in the form

W, Y, £)= 3.3 Ann €Xp (ipa2 €08 0, +ip.y sin 0,) eos {cp,t)
+ MM By mev (3P COS O, +1p,y 5in 0,,) sin {coat) o (25)

This is the solution of a two dimensional wave mnggoﬁ under the initial
conditions that

u(z, ¥, =33 4, exp (ip,x cos 0, +ip,y sin 4,)
Wz, ¥, 0)=3 3, B, exp (ip,& cos 4,,+ipy sin §,,)

. (26)

Since u{z, ¥, 0) and Wz, ¥, 0) are both real, 4,., 2nd B, . are the con-
Jugate complex number of A, ..o and B, .o nmmumnsqmg in which
{z) is a suflix defined by the relation, f¢y=m,

Analogous to Eg. (5), the mean value of the absolute square of
A, . and that of B, are written as

.Quhm gy

kﬁaﬁwlmﬂ uny Vim *
e R

. @n

e s Pndly, dp,,
Bual" =1 G™pa O.)F @)

The spectrum density |Glp, ) in the above equation represenis the
amount of power carried in the waves at the initial state per unit area
of the phase space which is formed by two dimensional wave numbers
A=pecog # and p==psin d.
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Again corresponding to Eq, (5), we have

Ay B =0, n2w!, m2cm +(r)
. w (28)
.Waa«. o= ) ’ nﬂ.vv,ﬂ.ws_.s R&uyﬂﬁq@\&nmﬂﬂu
‘ and corresponding t6 Eq. (6),
AnmBarmr=0 : (29)

for all =, m, #' and m'.
Using the above formulas we can write the spatial autocorrelation

funetion (8, 9, £) -for the two dimensional waves in dmaam of their
spectrum density in space as

$(&, 7, £) =Tlz, 7, DAFTE, 57, D

—Exteella{iG4p,, 0,)F cos (ert)

_mm?a Ol

sin’ A%&w exp @?m cos &, +§a sin msv

From the above equation, & follows that the 8&&505 for g mﬁmﬂo:mﬁ
stochastic wave of two dimensions iz ﬂzﬂnms ag

1G(p, = _Qw@. 31
. éob . .
or ' . (30)

Ol | B

Introducing this into ¢(g, 7, £), we obtain

#e, 7, 1) =906, 1= L2 L0iGH(0,, 0,01 exp Ginat cos Optipy sind)

‘Replacing the summation by ma integration and drepiping ﬁwm suffix 4

we have
BE, )= @%ma@. o X (ipé cos 0-+dppsin @%% n...c
and accordingly we also have 5 the Fourier Qmwmmowamgon o

IGte, s_»naﬁm 7) €Xp (—4pE cos §—ipy sin Bdedy m _ﬁ__m&._
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o[ () e e

%& lw) do
(40

6. Spatial wﬁuonou.n&wﬂoﬂ of mmnnuﬂm ﬁqum ANv

As has been Bmﬂﬂonmm in mma&om w the Bmmmﬁmﬁmuwm in our
method. are carried out in ﬁﬁo mwmﬁm. first, the mmHmEom.nmg vibrations
are filtered, and secondly, * ‘among filtered wibrations, the spatial auto-

correlation coefficient is computed. So far as we are coneerned with

waves having a single velocity: corresponding to a frequency w, the
azimuthally averaged autocorrelation function ¢{r) of the wave filtered
by a resonator of wnmasmao%. w, is ﬂ&w@mz.mnog Eq. (40) as

(41

T =0, w)=Plai =2

a?:ev

where Pw,) is the same ag defined by Bg. {(19). In consequence, de-
noting the oouwmmvozmﬁm autocorrelation nommmemﬁ _.Aﬁ @), we have

38

This formula clearly indicates that if one measures B(r, w,} for a certain
r .and for various a,’s, he can obtain the fanction o{w,), i.e. the dis-
persion curve of the wave for the corresponding range of frequency
ay.

Now let us proceed o the cases in which waves are polarized, and
later refer to the cases in which they are composed of partial waves
having different velocities and the above proecedure cannot be applied.

7. Polarization

As far as two dimensional waves propagating over a horizontsl
plane are conecerned, it is evident that there is no polarization with
respeet to the vertical component of vibrations. On the other hand,
the horizontal component has two typical modes of polarization; namely
the vibratioh is confined either ms the &.Haﬂou parallel to that of pro-

wm« We) = E (ovemee 14 02wyt
F

" ﬂmﬂ@wﬁ_‘w
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pagation, or in the direction .perpendicular to that. For instance, in
the case of seismic waves, P waves, SV .waves, and Rayleigh waves
belong to the former, while SH wayes m.u& ﬁoqm waves belong to the
latter.

In order to deal with those w&munmm ﬁmamm. we observe the com-
ponent vibration u, parallel to and the other component wu, perpendicn-
lar to the direction connecting _ﬁpm “fwo seismometers placed, between
the vibrations of which the correlation is fo be investigated. Denotfing
spatial autocorrelation funetions for these twe components as

¢ Ar, ¢) == ulz, yYule+rcosd, y+rsing)

3? 5 ;zaq.me Yhefx -+ cos ﬁ. Y+ sin ¢}

we have from Eq. Awd for waves of the ﬁmﬂmzmm boumﬁmmﬁou

Polr, )=

@%: cos* (6 —¢)G(p, O)" exp {ipr cos (0 —¢)} pdpdd
5 | “s)

pulr, )= m i (=G, OF exp fiprcos (0—)odpdt

{2z}’

and in the same way we have for waves of wrm Hum%mzmmoamw
polarization

e, =1 ([ sin @~ )1Gto, O3 exp fipr cos (9—9)}pipdt

AMN% e

P, P)= z cos® (0 )G(p, ON exp lipr cos (6 —¢)} pdpdd

2=y
The above equations show wwmn in both cases the mnﬂ of two com-

ponent autocorrelation- functions

ﬁwﬁw.. %v&n&w@?:. www

is written in the same form as ¥q. (31) for non-polarized waves

b, $)+dlr, )= a%:_%.__s.m exp {ipr @m.a_...,.si}%nae __
Thus if we Imow the left hand side of the above mnmmﬁow» we ams.
obtain, by the use of the Fourier }transformation, |G(p, #)* which in-

dieates the distribution of direction of wave propagation,
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#(r, &ﬁwﬁ aﬁmsm?s%;sf%. a.a
e

If we Odmomqo the wave filtered by a resonator of fregueney w,, it fol-
lows from Eqs. (48) and (58) that

1 pdf = |G (O)fp=Plod(p—-22) . (55)
L {16, OPpas =16 @)p =Plaifp~ =)
H_rm,m the corresponding autocorrelation function ¢{r, ¢, wy) is written as
#lr, 9, )= Bl eos | cos (9 09 (56)
8.

‘wEw also the corresponding autocorrelation coefficient as

e 9 0) =Lt o [ res g} (6T

or’

8 @0)_ 1 ((_1yGostplr, ¢, o)t nn).  (59)
c(wy) Taky

This last formula (58) shows that we ean determine the velocity cofew,)
and the angle #, of the direction of propagation by measuring p(r, ¢, wy)
at two different ¢'s, provided the value of n is known beforehand.

Likewise, in the case of polarized plane wave, we have, for instance, .

for the parallel polarization

$r, ¢, @)= cos’ (f;— ¢)Plw;)} cos A_amw& cos (¢~ va

4, 9, 0= s ()Pl cos { 2 cos (4 — 0}

In this case, u.#mosw.w the velocity and the direction of wnowmmmﬁwu can
still be known after the normalization which is needed wo o.w&mﬁ the
corresponding autocorrelation coefficient, the mode of ﬁ&mﬂsmﬂow cannot
he. Therefore, the polarization for an ideal plane wave is wm.znom deter-
mined by the ordinary method by investigating the amplitudes for
various azimuthal angles.

Our method will, however, be effectively applied to a 3»4% eom-
posed of two independent waves, which differ from each other in the

. (59)

Part 3.) Space and Time Spectru of Stationary Stochastic Waves. 433

mode of polarization and in the velocity of propagation. :The  géneral
nature of the plane stochastic waves will be given elsewhere in the
futyre in connection with seismie waves.

9. Velocity distribution

In this section we shall deal with two dimensions] waves of multi-
ple velocities. Supposing that cur waves are not polarized, and denot-
ing a quantity related to the »’th component wave by attaching the
suffix n, we write our wave in the form,

W D U, ¥, £) .

Assuming the statistical independence among the component waves
as in the case of one dimensional waves we get the following relations, .

ﬁ.@..u m\\v"M ﬁa?ﬁ ﬁu
)= Mau. $alr) .
9, =3 3u(r, an)= 3. w@?nlimw ) ) _.

,sﬁé.e@ . __
Xﬁe& M Plan) .w_u o Ae&q. . o (60}
This last equation (60) indicates that if the number N of component
waves is finite, we can obtain the veloeity and the percentage of power

for each component by measuring #lr, @) for a given w, and for @N—1)

different r's. . P

1t may happen, as in the case of one dimensional waves, “that the

velecity of component waves is distributed continnously, ‘- For such a-
wave group, we define the velocity distribution function by the relation,

mv?qm. Qav&ﬂag.mv a?ccv .

and then we can write

%ﬁ_e&ﬂ Tﬁee &&A amwv &% . _ aa

From this it follows by the use of the Hankel ﬂmummmgmaom that
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P, Tep) = Huﬁeev.mhgﬁ (o) v+e~nA o(wy) vw. ,p

Fulr, e = Plog{ S or . —hp)—, o5 )}

{6) The velocity distribution function for a two dimensional wave
is written in the form,

(50

Ee__,&neo e . .
Plan) QL o %A&aa i : ©

Chapter 2. Apparatus

Theoretical considerations in Chapter 1 have shown that the spatial
autocorrelation coefficient of the filtered waves plays an important role
in the spectral study of stationary stochastic waves, In order to obtain
the value of the coefficients with respect to a given wave, it is neces-
sary first to filter the vibration of every seismometer by a2 resonator
having 2 certain assigned fre-
quency, and secondly to compute
the correlation coefficient for
every pair of the filtered vibra-
tions, - Fig. 1 is the block dia-

Fig. 1. Bleck diagram of apparatus,

5; seismometer

A; amptifier gram of an agsembly of apparatus
E; resonator . corresponding to one pair of
C; correlation computer seismometers,

7; indicator In the study of waves from

the viewpoint of ‘‘ phases’’, the recording of vibration is essential for
identifying the phases and for reading travel times., In our method, on
the other hand, what we need is not the original reeord, but the result

of the above deseribed operations applied to them. Those operations

may be carried out manually, but it should be emphasized that the
troublesome labours involved in the manual operations make the appli-
cation of our method practically impossible. The present study has
been made possible by the automation of the operations. In faet, the
theoretical studies given in Chapter 1 were initiated after the comple-
tion of a correlation compuier in our laboratory, though the use of
filters in our method was based on the theoretical resulfs.

Of the elements constituting our apparatus shown in Fig. 1, Seistmo-

 the corresponding angle is nearly equal to
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meters and amplifiers are the ordinary ones, and we need not give any
detailed explanation about them. We shall describe in this chapfer the
details of our filler and correlation computer.

1. Filter of phase shift type

This type of resonator is rather ‘well known in Electronics. The
fundamental part of this circuit is shown in Fig. 2,. If the .resisiance
1y is eqgual to 7, the ratio of the amplitude of output voltage to that
of input voliage becomes 1/2 independent
of the frequeney of the input, while the : *8
phase angle shifted by the circuit depends
on the frequency, This dependence is as:
follows; the phase angle shifted for the
zero frequency is x, that for the infinite
frequency is 0, while that for the frequency
Jo=1/2=RC is /2, Therefore, if two such
circuits are connected in series, the result- y
ant phase angle shift will be nearly zero &o .5 R
for the whole range of frequency except . g
for the neighbourhood of f;,=1/2:RC, where .

x. Putting the resultant output into a 7. 2. Circuit for phase shift.

phase inverter and putting the output of the imverter to the conirol
grid of the first valve of the phase shift ecireuit result in a positive
feedback for the neighbourhood of the frequency f, and a negative one
for the else. Thus the circuit as a whole works 2s a resonator of
frequency f,.

For the purpose of the present study we need at least two resona-
tors having the same characteristics, and moreover their resonance
frequency should cover a considerable range which depends on the nature
of waves to be studied. Since mierotremors due to traffic will be the
first object of our study, the resenators were designed o have a fre-
quency range covering continuously from 5¢fs to 80e¢/s. The variation
of resonance frequency in the regonator was made by the use of vari-
able resistances in the phase shift circuit.

A filter of this type is much easier to construet than a filter hav-
ing inductances, but the @ value attainable is rather low. In our case,
stable operation for a long time was not possible at a value of @ higher
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which appear only when both the signals from S, and from S, have the
positive sign as shown in Figs. 4-¢, 4—f and 4-g.

LTI SRT SRR SRR RRNARRUAAE: ”
v.

J N, \//\.\.]\//\\//\\,\ N -
ﬂM _“_ 1 _ .m 11 i *

LTI T R T I | O I

e} A Fig. 5, 6SA7 as 3 multiplier.

£

g}

Fig. 4. Process of computation shown
schematically,

a) pulses from 3 pulse generator,

§) signal from the seismometer 1,

¢) and d) pulses which exist when the
signal from S1 is positive,

¢) signat from the seismometer 2,

F) and ¢} pulses which exist when the
signals from both seismometers are
both positive.

The series of pulses which ap-
pear when both of them have the
negative sign will be generated in 4
the same way as =zbove exeept for I; phase inverter
the use of phase inverters applied M; multiphier
beforehand to the signals from both mwm pulse generator

D

Fig. 6. Block diagram of computer,

8; seismometer
: amplifier

seismometers. The two series of MMMmewwaﬁa.ﬁwaﬁ
pulses thus obtained are counted in
a decatron circuit, and the number n. of the sample pairs for which the
signs of the signals from both seismometers are the same is obiained.
Since we are using three decatrons in geries, we can count up to one
thousand. The processes above described may be understood by the
block diagranm in Fig. 6.

The counting of n. is carried out in the same way as that of =,
but with the reverse connection of the outputs of one of the inverters.

The result of eounting is indicated on the decatrons. Photographs
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omomuoomuwﬁnmu msmgmmmﬁﬁg Em”amﬁou mummgﬂwﬁm‘nm.qmwm
Fig. 8. : .

3. Remarks

The cheoice of the time interval of sucecessive pulses from: the
generator depends on the nature of waves to be studied. Since .our
primary object was microtremors of traffic origin, the time interval was
taken as 1/50 second considering that the predominant period of the -
tremors is 1/10 second. Of course, not only the pulse interval but also:
the frequency range of the resonator and the -characteristics .of the
seismometers should be appropriate o the spectral natare of the waves
concerned. The whole apparatus designed for microtremors will be ap-
plied without modifications to veleanic tremors or to ground. motions
having rather high frequencies camsed by some meteorological ~distur-
bances. On the other hand, in order to-investigate waves having lower
frequencies, we need some modifications of the apparatus.

Asg far as we are concerned with almost perfectly stationary waves,
that is waves having sufficiently long durations that we can, not only
obtain the correlation coefficients from large samples, but also repeat
the measurement several times under the same circumstances, we need
only one set of apparatus, i.e. a pair of seismometers, a pair of filters,
and one correlation computer. There is, however, another important
class of waves having intermediate -durations, which are long enough
for the computation of correlation coefficient, but nevertheless are tho
short for repeated measurements. To this class of waves belobg ‘some’
parts of the seismic waves of earthquake origin, The measurement of
this latter kind of waves will be very difficult without the use om stor-
age units such as magnetie tapes or mapgnetic dises.

We shall note some features of the apparatus which seem peculiar
to the present method. Since a very sharp filiration is applied to the
vibration, troubles with the noises in the amplifier such as caused by
the hum in the power source are considerably diminished. In addition,
since the eorrelation between the simulianeous vibrations at two points
is under question, the wuneven phase lag and amplification as o the
frequency on the part of the seismometer and the amplifier cannot be
serious matters, for the pair of seismometers and also of magmmwm mw.m
made to have identical characteristies.
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1, will be observed instead of definite welocities,

D. The vibration due to a periodically distributed surface distur-
bance such as that illustrated in the paper of K. Sezawa and K, Kanai®
(1937); it was shown that a resonance phenomenon occurs when the
frequency of vibration is equal to the solution of the characteristic
equation of a surface wave for the wave length which is equal to that
of the distribution of given disturbance. In this case, the form of
spatial auntoeorrelation coefficients with respect to the vibrations filtered
by resonators of various frequencies will be independent of the fre-
gquency, and will be determined by the spatial pattern of the given dis-
tiubance. .

Bearing the above four types in mind and applying our correlational
analyses to the microtremor at Hongo, in Tokyo, we shall be able to
determine its wave type together with its several important characteristics.

¢

2. Microtremors at Hongo

The measurement was made in the yard of the Geophysical Institute
of Tokyo University, of which a map is shown in Fig. 9. In this map
are shown the lines along which
the spatial autoeorrelation is obfain- |3
ed, three wooden. buildings by thin
line rectangles and an abandoned
tennis court by a dotted line rec-
tangle. This is the same place
where K. Akamatu (1956) studied
the spectrum of prevailing micro-
tremors. The predominant fre-
quencies of the tremors were found
by her to ie at 8 ~4efs and at
T ~10¢fs. In the present study, Fig. 9. Map showing lines of measurement.
we shall deal with the vibrations .
having frequencies higher than 5¢fs, leaving the vibrations having lower
frequencies including 3 ~4e¢fs to a later study. ’

Seismometers used in the present investigation are all of the mov-
ing coil type; 2 pair of horizontal ones having the free frequency of
10 ¢fs, a pair of horizontal ones of the frequency of 4.5¢fs, and a peir
of vertical ones of the frequency of 4.5¢/fs.

15) K. Sezawa and K. Kawval, Bull, Eorthg, Res. Fnst., 14 (1938), 1.

R ]
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] The obszervation of the tremors was uspally made during the night
time from 18h to 22h, because the daytime observation is disturbed
severely by the noise due to persons walking in and arcund the place.

At the time of measurement, one of the pairs of seismometers is
set up along the line of measurement, and the signals coming from them
are sent through wires to the amplifiers placed in the Iaboratory to be
analysed by the resonaters and the correlation computer. The correla-
tion coefficient obtained from the sampling during a short period varies
notably with time, for instance, 50 second sampling yields the correlation
coeflicient, for a seismometer pair 20 meters apart from each other,
varying from 0.5 to —0.9. Therefore a sampling time of at least five

or ten minutes is needed, this corresponding to the sample size of more
than five thousands.

3. Direction of propagation

Fig. 10 shows the antocorrelation coefficients measured ‘along the
lines B, C, D, and E in Fig. 9, In this meagurement, horizontal seismo-
meters having the frequency of ;10 ¢/s are. used and fltration is not
.0 : - appled. Since the curves in the
figure differ only slightly from one
another, we may regard the micro-
tremor ag being propagated in every
e direction, each with almost uniform
& 10 m power. Thus it may be allowed to

Fig. 10. Autocorrelation coefficients for  replace the azimuthally averaged

various directions. ‘ autocorrelation function by the

autocorrelation function taken along any line having an arbitrary azimu-
ibal angle. (See Section 8, Chapter 1.)

4. Horizontal heterogeneity

It was found, however, that the autocorrelation coefficient taken:
along a segment of a line sometimes. differs significantly from that iaken
along another segment of the same line. An example is shown in Fig,
11, where the dotied curve represents the autocorrelation coefficient
taken along the line segment PQ, and the other curve shows that taken
along QR. TIn both cases, the horizontal seismometers are set up in
such a direction as fo be sensitive to the vibration which is perpendi-
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and for a fixed distance r, we have the result as shown in Fig. 13,
where the distance is 256 meters, and the direction of vibration is per-
pendienlar to QF.  This measurement was repeated three fimes, each
on different days but at

almost the same hour.

Fig. 13 shows that the
autocorrelation curve is \m /. .n ~
well reproducible. Also e \, o = e s
it can be seen that the °¢ / .Aa(\,\ . /x\

first maximum of the Fig. 13. _u?a. 7), for r=25m, plotted against wy.
curve appears at the

frequency of 6.4e¢/s, and the maximum value amounts to 0.66 which is
almost equal to the corresponding value of Jfz)—J (x).

These facts suggest that we may assume that the predominant wave
in the horizontal motion of microtremor is the one having a single de-
finite velocity and being polarized in the direction perpendicular to that
of propagation. Then we can obtain the velocities for varlous frequen-
cies by identifying the zeros, maxima and minima of the curve in Fig.
13 with those given in Table I. For instance, we have the following
eguation corresponding to the first maximum,

2-6.4(cs)- mwm'@lnm.qm )
6.2

Thus the wave velocity for the frequency 6.4¢/s is obtained as 148 m/s.
The velocities for Amnoﬁm frequencies are plotted in Fig. 17 by the
mark O.

A similar measurement is made for the seismometer pair 15 m apart
from each other. The resultant aufccorrelation coefficient is plotted
against the frequency of resonmators in Fig. 14. The wave velocities are
obtained from this curve
in the same way as

) stated in the preceding
\\//__ o paragraph, and are
O — N s plotted also in Fig. 17

5 — : 15 ¢ers :
by. the mark &, A

good coincidence is ob-

1.0

Fig. 4. ples, 13, for r=15m, plotied against ey.

velocity values obtained from two independent measurements as shown
MHM Hmm. Hmﬂ

served hetween the
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Fig. 15 shows the result of a similar measurement in which. the
distance between the seismometers is 7.5m. 8ince in thiz case the
seismometers are placed too near the temnis court covered by hard
surface soil, the departure of the sufocorrelation curve from the theoreti-
cal one, Jiw)—Jfx), is comsiderable, and the 4&8&% eannot  be
deduced.

A similar measurement is also made about the radial: ooabcamﬂﬂ of -
the autocorrelation coefficient of the horizontal motion, and the resuit
is shown in Fig. 16 by a full line, where the distance between two
seismometers - iz 25 m.
It iz confirmed, by ob-
serving correlations for
a -fixed frequency and
P TP S . various distances, that
5 s P the  masimum which
. Fig. 15, plws, 7), for #=7.5m, plotted against wg. appedrs in Fig. 16 ‘at
the frequency of ahout
T:8¢fs is the first maxi-
mum. - Therefore the
extrapolation of “the
eurve toward lower fre-
quencies as in Fig, 16
is justified at least as a
general trend, It
clear from the -figure
that the value of the first maximum is very small compared with .that
for the azimuthal component which is shown by a dotted line, and
slightly larger than that of Ji(z)+J{z) which is theoretically mwwmaﬁmm
Moreover, the argument giving the first maximum is evidently larger
than that for the azimuthal component, strongly confirming the assump-
tion that the horizontal motion iz polarized perpendicularly. By identify-
ing the zeros, maxima and minima of this curve with those of Jf{x)
+J,{x) given in Table I, we can obiain wave velocities for various fre-
guencies as shown in Fig. 17 by the mark x.

Fig. 17 clearly indicates that all the points obiained from three in-
dependent measurements are concentrated fairly well to form a single
smooth curve. This fact shows the validity of our assumption that the
predominant wave in the horizontal motion of the microtremors is the
one having a single definite velocity for a given frequency and being

1.0

Fig. 16, Comparison of correlation curves for azimmut
hatl and radial components,
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where T is the period of wave, V{T'} is the phase velocity of wave
corresponding to a period 7, and T, is the period for which V({T) is
equal to V5.

Introducing the phase velocity of the horizontal motion given in

PFig, 17 into the above formula, we get the variation of S wave veloci-
ty with depth as shown in Fig. 20.
In this caleulation, the surface =7
values of the velocity and its deri-
vative are assumed as Tom/s and
zero respectively. From Fig. 20 it
can be seen that there is a rapid
increase in velocity at depths from
2m to 8.5m, and above and below
these depths the wvelocities are
nearly constant respectively, This
fact sugpesis a2 discontinuity of
substance at the depth of about
2.4 m, ‘

The dispersion curve of Rayleigh waves propagating over a layered
surface was discussed by K. Sezawa'™ (1927), and was shown graphieal-
ly in the case of i=pg, V=g, and p=p’. If we assume a layer having
thickness of 2.7m with the velocity of S wave of T5m/s, and a sub-
stratum with 160 mfs as suggested from the cwrve in Fig. 20, an ap-
plication of Sezawa’s result to such a structure yields a dispersion curve
for Rayleigh wave as shown by a dotted line in Fig. 19, The figure
shows a considerable discrepancy between the curve obilained by the
measurement and that expected theoretically from the strueture which
is determined by the use of the dispersion curve of the Love wave.

This discrepancy may be attributed either to the difference between
the wveloeity of the SV wave and that om the SH wave, or to .a mis-
identification of the type of wave.

A similar phenomenon is reported in a paper by J. E. White, S. N,
Heaps, and P. L. Lawrence™ {1956) in which a surface wave identified
as Rayleigh wave is shown fo have group and. phase velocities about
twice as large as those for Love wave.

100

¥ 7 ] 4 Er
Fig, 20. Velocity of S wave at depths.

17y K. SEZAWA, Bull, Earthg., Res. tnst., 3 (1927), 1~18.
18 J. E. WHITE, S. N. HEAPS, and P, L, LAWRENCE, Geophysics, 21 (1956), 715.
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8. An example of anomalous dispersion -

In this section will be given the result of measurement along the
line segment PQ in the tennis court as shown in Fig. 9. As has offen
been mentioned previously, this place is covered by hard surface soil.
Fig. 21 indicates the autocorre-
Iation ecoefficients with respect o
waves filtered by resonators hav-
ing frequencies 7.5, 13.6, 14.6
and 21.2¢fs. In this ‘case ‘the -
coefficients are’ plotted against the

Fig. 2L ..wmnononnﬁwzou coefficients of hori-

zontal motion along the line PQ for distance between the seismometers.
: wp=T.5 The seismometers wused are of

H”MM”M [ horizontal type and are placed so
and  wp=21.2 —— as to be sensitive in the direction

perpendicular fo the line PQ. Accordingly the aufocorrelation - eurves
shown in Fig. 21 correspond to the azimuthal component. If such a
polarized wave as found in the ‘horizontal ‘motion ‘along the line seg-
ment QR is also predominant in this case, the form of the curves in
Fig. 21 must coincides with that of Jiz)—Jywz). This coincidence,
however, is not well established, perhaps due to the horizonial hetero-
geneity of the surface soil.

The most striking fact revealed by this measurement is that - the
general trend of the curves or the distance giving their first zero is
almost independent of the frequency. This fact reminds us the type D
llustrated in the preliminary  discussions. But to be consistent with
the existence of wave of type A at a near place, it may be more na-
tural to attribute this fact to the effect of hard surface soil and to
assume an anomalous dispersion in which the wave velocity increases
almost proportionally to the frequency of vibration.

The autocorrelation coeflicients 1.0
of wvertical motions having fre-
guencies of 7.0 and 13.6¢fs are
plotted against the distance in
Fig. 22. Although the curve for @
the frequency 13:6¢fs indicates the ntion cocthcidnts of verti
existence of waves having shorfer m,_m»_mmanw“wmﬂm ﬁﬂﬁhomu.wc o %mwn of ver
wave lengths, the general tremd - =186 ¢fs ———
coincides with that for the fre- . @nd wp=7.0cks ——- .
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SHORT NOTE

A NOTE ON THE USE OF MICROSEISMS IN DETER‘MINING
THE SHALLOW STRUCTURES OF THE EARTH'S CRUST{

R R

KEIITI AKI*

In the VELA UNIFORM Special Issue I of
Groprysics, M. N. Toksdz presented the result
of his attempt at determining the shallow strue-
tures of the earth’s crust from the phase velocity
of microseismes. He stated that his attempt re-
sulted only in partial success on account of the
fact that the microselsms arrived from more than
one direction at the same time with comparable
strength. He also concluded that there was no
way of improving the results by the use of special
arrays because, according to him, there were two
unknown parameters, direction and phase veloc-
ity, and without the knowledge of one the other
cannot be found. I thought this problem was al-
ready solved in my paper (Aki, 1957), in which a
statistical theory of determining the phase
velocity of random waves was given with a suc-

cesslul application to microseisms in Tokyo in the

frequency range of 5 to 15 cps, Since Toksdz's
conclusion might have given a pessimistic view
on the use of microseisms, T feel it is necessary to
report a brief summary of my old paper pub-
ished in a Japanese journal which might not be
well circulated in the United States.

My model of random waves is the sum of waves
propagating in a horizontal plane in different
directions with different powers but with the same
phase velocity for a given frequency, It is assumed
that the waves with different propagation direc-
tions and with different frequencies are statis-
tically independent. If we define a space-correla-
tion function as

$(r, M)
= u(x, y, 1) u(x + 7 COS A, ¥ & # Sin A, 1)
T Manuscript received by the Editor November 3, 1964,

and make an azimuthal average of this function as
1 "
60) == [ "8, 00,
7r a

then the power spectrum ®(w) of the waves in
the time domain may be expressed as the Hankel
transform of ¢(r) and vice versa;

where d These
relations show that the phase velocity c{ew) may
be obtained by measuring ¢(r) and $w) without
the knowledge of the directionality of the waves,
A convenient method of determining the value

computing the space-correl
the space-correlation functior
form of

d. By varying w, for a fixed 7, we can
determine the phase velocity as a function of fre-
quency. Thus, this.method requires only a set of
seismographs placed on a semicircle and one at the
center of the circle. It is only necessary to form the
correlation function between the seismogram at
the center and the sum of signals from the seismo-
graphs equally spaced on the semicircle.

* Earthquake Research Institute, University of Tokyo, Tokyo, Japan.
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’I‘Ee above form of

Jo( GL(Z) )

e
In the study of horizontal motion, we may set
the direction of seismograph displacement parallel
to the direction connecting the seismograph pair
or perpendicular to it. In the former case, the
space-correlation function between the pair will
take the form

Jo(cc:a) r) a ]2(6({:) r)

for the waves polarized in the direction of propa-~
gation like Rayleigh waves, and the form

J(TSS) "‘“Jz(c;;} )

for the waves polarized perpendicularly to the di-
rection of propagation like Love waves. In the
latter case, the same functional forms apply if the

Short Note

wave types are interchanged, Thus, we can de-
termine the type of waves by this method.

This method was applied to the microselsms in
Tokyo in the frequency range of 5 to 15 ¢cps. A
specifically designed electronic computer was used
for the computation of correlation function based
on the “plus-minug” method of Y. Fomeda. All
the computations were done automatically and
the results were displayed on the decatron tubes.
It was found that the microseisms in the above
frequency range in the central part of Tokyo are
coming from all directions with nearly uniform
azimuthal distribution, and that the waves pre-
vailing in the horizontal-component records are
Love waves, The phase velocities were deter-
mined with an accuracy better than 5 percent,
and interpreted satisfactorily in terms of the
structure at the site.
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