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Chapter 2. Apparatus

Theoretical considerations in Chapter 1 have shown that the spatial
autocorrelation coefficientof thc filtered waves plays an important role
in the spectral study of stationary slochastic waves. In order to obtain
the value of the coefficientswilh respect to .a..given wave, it is neces-
sary first to filter the vibration of every seismometer by a resonator

having a certain assigned fre-
queney, and secondly to compute
the correlation eocfficient for

Fig. 1. Bluck.diagr.1111of a\)paratU:i. every pair of the filtered vibra-
s; seismometer tions. Fig. 1 is the block dia-
,-I; amplifier . gram, of an assembly of apparatus
U; resonator corresponding to one pair of
c; correlationcomputer seismometers.
1; indicator In the study of waves from

the viewpoint of .. phases .., the recording of vibration is essential for
identifying the phases and for r~ading travel times. In our'method, on
the other hand, what \Ve need is not the original record, bu~ the result
of the above described operations applied to them. Those operations
may be carried out manually, but it should be emphasized that. the
troublesome labours involved in thc manual'operations make the appli-
cation of our metbod practically impossible. The present study has
been made possible by the automation of the operations. In fact, the
theoretical studies given in Chapter 1 were initiated after the comple-
tion' of a correlation computer in our laboratory, though the use of
filters in our method was based on the Uieoretical results.

. Of tbe elements constituting our apparatus shown in Fig. 1, seismo-
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I1It.'ll'rsulIIl amplificrs are the ordinary ones, and we need not give any
dt'\ailctl \!xplanatiun about them. We shaIl describe in ihis chapter the
tldails uf our filter and correlation computer.

I. Filter oE ('hase shift type

Thi:-:type of resonator is rather weIl known in Electronics. The
flllltlulIIl'ntal )lart of this circuit is shown in Fig. 2. If the resistance
" i:-;l'l\mll tu I':. the ratio of the amplitude of output voltage to that
of input \'uhug-e becomes 1,2 independent
of thc fre'luency of the input, while the
}lha~e uII)!le shifted by the circuit depends
oll the frcl\u(:nc~'. This dependenee is as
fllllo\\'~; the phase angle shifted for thc
ll"'O fn~lIuenc~' is ~, that for the infinit.e
fl'l'IIUl'nl'~' is 0, \\"hile that for the frcquency ..

.( 1 '2dU' is ~.2. Th~~~f<?re-,if two such
l'il"l'uits are connected in series, the result-
:\IIt "ha:-:\!an~le s1),ift will be nearb' zero Co
1'''1"tl\\! \\'hole range of frequency exccpt
fOl"tl1l' n\!iJ!"hhourhood of .fu=I,2::RC, \\"h\!re

tl,,' l'oJ"n,':-:ponlling-allJ(lc is nearl:r equal to
. .. l-'I~.~. (.'in:uit {ur phase :;hih,

.7, 1'1Itllll)! the resultant output 1Oto a
Jllm:-:t'il\\'crter and JlUtling thc output of the inverter to the control
!!ricl uf thc first valve of the phase shift circuit result in a JJositi"c
fCl"lhul'k for the neighbourhood of the frequency lu and a negative one
fo\' the else. Thus the circuit as a ",hole works as a resonator of
fI"t'l\lIl'nl'Y /:,.

Fu\' the Jlurpose of the present study we need at least t\\"o resona-
ton.. h.l\'inJ! thc same characteristics, und moreover their resonancc
frclllIl'nC)' I'houlll cover a considerable range whieh depends on the nature
(Jf wu\'cs to be studied. Since microtremors due to traffic will be the

. fif~t ohjcct of our study, the resonators were designed to have a fre-
quent')' runJ!<:'co\'ering continuously from 5 c.'s to 30 C,S. The variation
uf rcsunance frequency in the resonator was made by the use of vari-
al.l\! re:-:i:-;tancesin the phase shift circuit.

A filter of this ,type is much easier to construct than a filter ha\'-
in!! itHluctances, but the Q value attainable is rat her low. In our ca~e.
~ta"l\! operation for a long time was not possible at a value of Q higher
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'. than 30.

.~.,i\t ,the time of observation, \Ve must adjust the characteristics of
the two filters in order that the resonance frequencies and Q values of
both will be equ~. For this purpose we are using a standard oscillator
and an oscilloscope as shown in Fig. 3. At first the frequency of one
of the filters is adjusted to be equal to an assigned frequency of the
standard oscillator by the aid of the Lissajous' figUre on the oscilloscope,
and .then the frequency of the .other filter is adjusted to be equal to

the assigned frequency in the same \\',ay, The Q value of our filter
depends on the feedback constant which is controled by a variable re-
sistance. In order to equalize the Q values of the two filters, we con-
nect the output of one of the filters to the horizontal input of the osciI-
loscope and that of the other to the verLical one, and observe, the
response figure caused by thc simultaneous application uf an impulse to
both filters. If the response figure on the osciUuscope diminishes in

size keeping a similar shape, we regard that the adjust~l:mt is
finished.

2. Automatie computer of the eorrelation eoefficient

A computer for calculating the correlation cocfficient according to
the ordinary way needs the following parts; an input device such as
tape or card system, arithmetic elements to make additions and mul-
tiplications, and an output device such as a printing machine or some
other indicators. So far .as we stick to this customary method of com-
putation, thecomputing machine will become a large one, which cannot
be very inexpensive. But if we use the simplified method proposed by
Tomoda3) (1956), the computer will become a very simple one,

In the method due to Tomoda, the original stochastic variable is
replaced by + 1 when it is above thc mean value, and by -1 when it
is below the mean value. . Then thc computation of the correlation
coefficient in the ordinary way is applied to thc rcsultant series of + 1
and -1. If this value obtaincd is 1', thc true correlation coefficient p
is deduced by the foUowing formula,

p=sin ~.l' .2

Since the mean value of the detlection of a seimometer pendulum caq
" .. ..-..

- 3) Y. TOMODA,Jou.r. Phys. Eart". 4 IYJj{jI, 6i.
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lic U~~UIIIL'llag zero,.wc can wriie the abovc )' in the form,

1"=n.. -11--
11-..+'11-

-/:.;v

wh, , /I. is the numher uf saml/le pair~ for which- the deticction of one
.,f t11\' scismomcters has the same sign as that uf thc other, while 11-

is tlw number ur sampie pairs for which their signs are o})posite.
This !-\imJlJificdmethod was applied to seismograms in a correlog-ram

anuly~is by Aki" (1956) which proved its effectivcness. Akamaiu.' (1956)
cult1pared the correlogram of a given time series obtaincd b)' this
IIll'thud wilh that obtained by the customar~" mcthod,- and showed that
tlw uJ,rrcl'ment between them is satisfactory, as the waye form of the
g-in'lI time series is not very complicated. Thc aplllication of this
~il1lplifiL'dmethod in the present case ia justified becau~e the eomputa-
t iun is a<.'tuall~'made with regard to the filtered vibration having an
almo~t sinusoidal wave form.

The parts of our computer are as folIows; a generator of pulses,
cilcuits to compare the sign.of .the signal coming from one of the seis-
mometers with that from the other, and decatron whieh works as a
counting tube as weIl as an indicator.

At first we shall describe' how to count thc numl)t!r of ~am1>le11airs
for which the signal from the seismometer S, and that from S, both
ha\'c thc positive sign. Pulses from a g-enerator, whieh is a one shot
multivibrator triggered by a thyratron oscillator, play the part of sam-
pJingoin the following way. lf we use a frequeney con\'ertingo \'alve, e.go.
HSA7, having two control grids, of whieh one is fed by the series of
}lUlses coming from the generator and the other by the signal cominp:
from the seismometer S, as shown in Fig. 5, the output is aseries of
pulses as shown in Fig. 4-r. The height of each pulse is now pro-
portional to the height of the signal from S" when the latter has
lhe positive sign. When it is negative, no output pulses will appear.
Thcrefore putting this series of output pulses into another one shot multi-
vibrator, we obtain the series of pulses which appear only when the
signal from S. has the positive sign. These pulses are now of the,
same heigbt as shown in Fig. 4-d. Finally, if the same operation is
a}lplied to the above pulses and the signal S: as is done to the pulses

from the generator and tbe signal from S" we have the series of p~lses

4, K. AKI, Jour. l>f,Y8.Ea.rfh, 4 (1956), 71.
5' K. AKAMATU,il.id., 81.

.'



,~ ,.,:",. .:_~-.,._-,_. t~ ,-,-,. ,'.,., .., '. - ..."- ,. - .,-."',-

.
.- ~ .' . ,
IA~:', ..', .:, ',. ...:: , -. - ," "~,- ,: i~:. ':_': ~:l.:',.;(.::::;.;~~:;;;,>o:.'~':".~~~"~

-t-to K. AKt. [Vol. XXXV, Part 3.)

which appear only when both the signals from SI and from S: have the
positive sign as shown in Figs. 4-e, 4- f and 4-g.
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l)ear when both of them have the ~.. . .
11 be d

. . ; seIsmometer
negative slgn Wl generate In ..I; amplifier
the same way as above except for 1; phase inverler
the use of phase inverters applied ,'1,(;multiplier
beforehand to the signals from botb J'(;; pulsegenerator. . f); one-shot multi-vibrator
seismometers. The two ~erIes of n; decatrons
pulses thus obtained are counled in ,

a decatron circuit, and the numher 11~ of lbe sampIe pairs for which the
signs of the signals from holh geismometers are the same is obtained.
Since we are using three tlec<ltrons in seriest we can count up to one
thousand. The processes aho\"e clescribed may be understood by the

, block diagram in Fig. 6.
The counting of 11- is carried out in t~e same way as that of "+

but with the reverse conneclion of the outputs of one of the inverters.
The result of counting is indicated on the decatrons. Photographs

Fig. 6. Block diagntnt of computer.
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ur uur computer and the decatron indieator are shown in Fig. 7 and
Fi~, ~.

1. Rcmarks

The choice of thc time interval of sueeessive pulses froin thc
~t'lIeratol' dC}lends on the nature of waves to bc studied. Since our
"rilllary object was mierotremors of traffie origin, the time interval \\'as
taken as 1:50 second considering that tbe predominant period of thc
tremors is 1,110second. Of course, not only the pulse interval but also
thc frcl)uene}' range of the resonator and the characteristics of thc
seismomcters should be appropriate to the spectral nature of the wa\"t~s
l'onccrned, The whole apparatus designed for microtremors will be 3))-
"HCI] ,,:ithout modifica~ions to volcanic tremors or to ground motion!>
hm'in)! rather high frequencies eaused by some meteorological di:-,tur-
IlCmcl's. On the other hand, in order 10 investigate waves havin~ )owcr

fl'CI\uencies, we need some modifications of the apparatus. ,
As far as we are concerned with almost perfeclly stationary waw:"

timt is waves having .s~ft.icie,nth' long durations that we can, not only
Clht~linth~ correlation coefficients from large sam pIes, but also rel'~iH
IIIl' IIINlsurement several times under the same circumstanees, we nt'l't!
UII)Yune set oi apparatus, Le. a pair of seismpmeters, a pair uf tilter:-.
anel /lnli cÖrrelation computer. There is, however, another iml'..r~a!1:
das:' of waycs haying intermediate durations, which are lonJ! l'n..~:~h
ful' 111l'cumputation of correlation coefficient, but nevertheless are t.",
slllll'l ful' repeated measurements. To this dass of waves helon)! :"..~1t'
parts M the seismic waves of earthquake origin. The measurem~n: ..f
this laUer kind of \\'aves will be very difficult without the use of :-:.,r-
:l).!l' units such as magnetic tapes or magnetic dises.

\\'C shall note some features of tbe apparatus which seem I''''l'ti::.lr
1u 11w Jll'csent method. Since a very sharp filtration is applied t.. : !:.,
vit.ratiun, troubles with the noises in the amplifier such as cau:'t'cl !.y
the hum in the power source are considerably diminished. In a(I,Ii:.,,'~.
sinl'l' thl.' correlation between the simultaneous. vibrations at two I"':~,'-
is Ulu)cr (Iuestion, the uneven phase lag and amplification a:-, tll :h".
frcqucncy on the part of the seismometer and the amplifier cann..: ;...
'~riuus malters, for the pair of seismometers and also of amplifit>f:- art'
macle tu have identical characteristics.

.'
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Chapter 3. Microtremors Ishimot
layer, and
authors. In
suming the

In ~his chapter, our method described in thc preceding chapters
will be applied to microtremor analyses. The microtremor studied for
this purpose is believed to be caused b~' traffic and appears as an un-
.desirable background noise in many precise geophysical measurements.
The choice of this as our object is partly due to lhe handiness of itsr

measurement as a trial application of our melhod but also duc to the
fact that the microtremor itself has formed one of the importunt
problems in Seismology, cspecially in Ja})8n.

It is. weIl known that the characteri::;ticsoI the ground are rent:cted
more or less in its vibration whatever the origin of the vibration may
be. This fact was noticed early in the bcginning of this century by
K. Sekiya and F. Omori who made a comparative study oI seismograms
recordedat Hongo and Hitotsubashi. hoth in Tokro. LaltH', I1Ulny
Japanese seismologists studied ground vibratio.ll!:t.fro~n the vic\\"110intof
Irequency spcctrum. Among them, :\1.bhimolou, (l!):jj) made a :-;y~tcnUl-
tic study both of vibrations duc to cal'lhllUakesamI uf thc backgTuund
tremors, and proposed a hypothcsis that the l)rcduminant Jlcriod of
vibration due to earthlluakes coincides with lhat of thc background
tremors.

Thoughsome negative rcsults against the abovc hrpothc::iis havc
been obtained b:r P. Bycrly~' (19-li) and by K, Aki" (1955). the Sl'cct-
ral study of the background tremors was succeedcd in ur various
authors.

. Y. Tomodaand K. Aki" (1952)madea frequency analysis uy the
use of a spectromeler, and confirmed the fact that vihrations having
frequencies higher than 1 c:s are duc to traffic. K. Kanai,' T. 'fanaka
and K. Osada"') (1954) made an extensive sfudy and ~howed that thc
form of the spectral distribution of microtremors coinciues wilh that of
earthquake molions, and that it depends on the geology of thc l'lace.
K. AkamatullJ (1956) investigated the' tremors observed at Hongo in
more detail.from the view l>oint of con'elograms in space and time.

1. Prelimin:
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I~himoto'!, hYJlothesis implies a resonance phenomenon in the surface
laYPI'. mltl this Jlrohlem has been attacked theoretically by yarious
:lIIlhOl':', In the following section, we shaIl refer to some of them as-
:,lIl1Iing thl' hypothctical ",ave type of the rnicrotrenwrs,

I. Prdiminary di!\cussions

',q. ReB, 1718/..,3Z (1954), 199.

II will hc useful to niake a preliminary con~idcralion about the wa\"e
IYJlI'uf I}Wmicrotremors, It ma~' hc af;sumed that. the type is one of
t IIt' fllllowing four.

A, A i'urface wave ina narro'W sense; tbis terminolofty is due to
Y. Rato';' (1954), and rel)resents the wave having an apparent velocity
alonp: the horizontal surface which is dctermined if the frequenc;r is
gi\'l'n, Ir we a))l)ly our method 10 the wa\'e of this type, we can obtain
ClIh.finill.' \"('locity corresponding to a given frequency of the resonator
h~' whid\ thc vibrations are filtered, And the au1ocorrelation function
will takl> the form of Eq, (41), Eq. (49), or Eq. (50).

H. The vibration of a soft surface layer duc to a verlically inci(lent
11I1I1il\'wa\'e such as that dealt witb hy R. Takahasi and K, Hiranof'), , ...' ,

11!1.111:it "'as shown in their paper that the vihration of this type
:,hll\\'~ J1l'l'dominant amplitudes at the frequencies, l = V.411, 3V ,HI,
Z"d'.1/1, elC.. where V is the velocity of bodily wave in the layer anel
11 i~ IIH' thickness of the layer. It will be expected in this cage that
t111'~/,alia1 at1tocorr~lation coefficient wilh l'espect to the vibration fi1ter-
,..1 hy a 1'~~()natorha'\-ing the predominant frequency, becomes inde),en-
clt'nl uf thc distance l' anel is equal to unity.

('. The vibration of a surface layer due to an obliquely incident
hlllli1y \\':\\"(>which was studied for instance by G. Nishimura anel T.
Takayama~" (1939); a kind of resonance phenomena is observed in this
(':t:,l'. \\"(' assurne that thc microtremor belongs to tbis type, and con-
:,i~ts (Ir \"arious vibrations resulting from waves of different incielt?nt
Clng-}l'~.The vibration of this type is evidently not the surface wa\'e in
tht' narrow sense difined by Y. 'Sato, because the apparent ve10city of

, thi~ wave along the surfac~ cannot be definite even if, tbe frequenry is
'g-i\'I!ß. If our method is applied to the wa'\'e of this type, a continuou::;
llistl'ihution of velocity, tbat is described in Seetions 3 and 9 of Chapter

I~, Y. SATO. Ilull. RllrIJ"" I~('tt, butt.. 32 09;>4'" 161.
I:: I~. ".\I\\I1A51 anti K, nIRU:O, Uull, J:"rtJl'I. Hf''', I11sl.. 19.1941\,53-1.
11 t; ~1::;IIIMl;RA:md K. TAI\.-\YAMA, /:1111. ":UI'O",. Nt,tt. Imt/.. 17 (\939" :>,;.; :-:"~,

::t!1 .
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1, will be observed instead of definite velocities.
D. The vibration due to a periodically distribu~ed surface distur-

bance such as that illustrated in the paper of K. Sezawa and K. KanaPS)
(1937); it was shown that a resonanee phenomenon oecurs when the
frequency of vibration is equal. io the solution of the eharacteristie

.equationof 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 autocorrelation coefficientswith respect to the vibrations filtered
by resonators of various frequencies will be independent of the fre-
queney, and will be determined by the spatial pattern of the given dis-
trubanee.

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

. .- ,
2. Microtremors at Hongo

The measurement was made in the yard of the Geoph~rsicalInstitute
of Tokyo University, of which a map is shown in Fig. 9. In this map
are shown the lines aIong which
the spatial autocorrelation is obtain-
ed. three woodenbuildings by thin
line rectangles and an abandoned
tennis court by a dotted line ree-
tangle. This is the same pIace
where K. Akamatu (1956) studied
the spectrum of prevailing miero-
tremors. The predominant fre-
quenciesof the tremors were found
by her to lie at 3 -- 4 eis and at

7- 10cIs. In the present st.udy. Fig.9. Map~ho\\"inglines'nfmeasurement.
we s~all deal with the vibrations
having frequencies higher than 5 c/s, leaving the vibrations having lower
frequencies including 3 -- 4 c.'s to a Iater study.

Seismometers used in the present investigation are all of the mov-
ing .coil type; a.pair of horizontal ones having the free frequency of
10e!s,. a pair of horizontal onesof the frequency of 4.5e.'s. and a pair
of vertical ones of the frequeney of 4.5else

Dl~p@Of
,

u I:

'c

D

15) K. SF3.AWA:md K. KANAl.Rull. KflrlJI'/' Res. Ir/at.. 14 (1938). 1.
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Th(' oh~erYation of the tremors was usually made during the night
timc from 18h to 22h, because the daytime observation is disturbed
~('Ycn'ly hy the noise due to persons walking in and around the place.

At the time of measurement, one of the pairs of seismometers is
":e'\ 111'along the line of measurement, and the signals coming from them
an' ~'nl lhrnugh wires to the amplifiers placed in the laboratory to be
:lnah':'l.t! h~' the resonators and the correlation computer. The correla-
\ iun ('cl(..fficicntohtained from the sampling during a short period varies

. nCltaltl~'wilh time, for instance, 50 second sampling yields the correlation
C'ttt.m('ic'nl.for a seismometer pair 20 meters apart from each other,
ml'ying rrom 0.5 to -0.9. Thereföre a sampling. time of at least five
111'IC'lIminutes is needed, this corresponding to the sampIe size of more
llmn fi\'l' lhoug.'\nds.

\. Direction oE propagation

c

Fig. 10 ~hows the autocorrelation coefficients measured along the
Iilw:-:/l. ('. H. and E in Fig. 9. In this measurement, horizontal seismo-
nlC'lc'r:-:hadng thc frequency. of 10 cIs are used and filtration is not

f.O~.. applied.. Since the .curves in the..". ". figure dlffer only shghtly from one......

.:~. another, we may regard the micro-
"~:,--~,.::.><'-::""",- tremor as being propagated in every~- -'. -- direction, each with almost uniform

oS "0"", power. Thusit maybeallowedto
Fie:, 111, ,\:.t,,,,,'J'I"C'Jatillnc-c.effic-icntsfor replace the azimuthally averaged

\'a",,"- din'l"tions, autocorrelation function by the

:UlIII('oITI.lation function taken along any line having an arbitrary azimu-

thai ang1c'. (Sce ~ction 8, Chapter 1.)

0

f the GeophysicalInstitute
!1in Fig. 9. In this map

t
D

'showing lines of mcasurement.

at., 14 (193S). 1.

4. Ilnri:l;ntal heterogeneity

1t wa~ founc1, however, that the autocorrelation coefficient taken
alnn~ a ~l'~nwnt of a line sometimes differs significantly from that taken
nllln~ :lnlllhcr segment of the same line. An example is shown in Fig.
11~ wl1l'l'c the.' rlotted curve represents the autocorrelation coefficient
tnk(.n :lIon!! the line segment PQ, and the other curve shows that taken
nlong ()N. In hoth c~ses, the horizontal seismometers are set up in
:,u('h a clin.ction as to be sensitive to the vibration which 1S perpendi-

le vibrations having lower
.
ltion are an of the.mov-
. the free frequency of
tCy of 4.5 cIs, and a pair

.'

-- ... lTr '17 ...... -
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cular to the line. and the signals from them are filtered by resonators
of frequency 9.0 c,s. This fact evidently shows that the wave in ques-
tion is not stationar~' in space and can not be adequately dealt with by

, the present method. We ean, however, partly get rid of this difficulty
by deaUng with the wave within
smaller confined areas individually. "D

[S:

"',

This may be justified by the fact "',

that the above heterogeneity is due

I

"""

to the existence of the abandoned ",
tennis court convered by a hard 0 "0- -';I:~~--:.,.

surface soH. The fatal difficulty
was caused by this heterogeneity in
the reduction of the velocity dis-
tribution function whieh was in-

troduced in Sections 3 and 9, Cha!lter 1. becauge 'for its reduction the
values of correlation coefficient het ween t\\'o seismometers reasonably
apart from each orher is needed.

Under this eireumgtance the distinction between the type A and C
mentioned in Seetion 1 ma)" fail to 00 drawn c1early. We may. however,
identify the t}'pe of our wave as A, if a wave having a single and
definite velocity is ]1l"cdominant in the wave amI the obtained correlo-
gram has a simple form.

Fi$l. 11. Comparison o( :1utOC'orrelatio
l"Clcffici('ntsmea"ured alnn~ the !ines J'Q
and (11:.

5. Hori:ontal motions

Before prc~cnting. the regult of measurements. \Ve shaIf look back
at the theoretical considerations lI:iven in Chapter 1. If a certain type
of polarized wave is predominant in microtremors. the autocorrelation
function with re~pect Lo the wave filtered hy a resonator of frequency
lIIu will 00. given either in the form (49) or in the form (50), depending
on the mode of polarization. Since \Ve can assume that both .pr(O,\0")
and cf'.;,(O.f') are imlependent uf thc azimuthaI angle f' in this ease. \Ve
ha\'e the followinll: autocnrrclation coefficients for thc paraBel polarization.

1',.(/', wJ = .Ju( "'. 1')- J={ "'u /.)
1ti "'~) ci (lIu)

I'.;,(/'. IIIU)=.J.( !/Ja 1')+J=( "'u '1') , f('(",,,) t'(wu)

~
(63)

,,"hile for the perpendicular polarization,

Part 3.)

wbere Pr(r, W,.
azimuthai and
tbe curves Ju(,

'0

Fig. 12. Curves
-Jz{ZI.

Table I.
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:!nd zt'rlJ

I~I m~lIl.
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.!nd mln.
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motion ot frequel
full line curve in
as a whole JJ,z)-",
and minima (or f
ence in the 1st.
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the point Q.while
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Ir We measure
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J 11,(r, wu)= Ju( -_Il!~- r )+J:(_uJ~r)

}

('(wo) c(wu)

I'~'('"wu)=J,( ('(~~~)1-)-J:( ~::j ") ,

(64)

'wl1l'n' 1',(/'.(I,,) :md I'~'('"cu.)are the autocorrelation coefficients for tbe
azillluthal und fUllial components of vibrations respectiveh'. In Fig. 12
t IU' c.'lIr\"t'~,1..(.1.)-J:(z) and .lu(z)+ J:(z) are plotted. With the aid of a

table of Bessel functions, the argu-
ments giving the zero, maximum
and minimum values of the above'
curves together with the values

j1). of the maxima and minima can be
obtained as given in Table 1.

First will be given tbe result
Fil!. I:!. CUI'\'l'S ur Ju..t":1J.(r) and Ju(z) of measurements along tbe Une

--J,I,T. segment QR in the map in Fig. 9.

Tuhle 1. Ar~uments.giving the zeros, maxima and minima.

1.0

00

The mdmuthal component of autocorrelation coefficient of tbe horizontal
l1!utinn uf frequenc~' 9 c;'s along tbis line segment is already given by a
fuH linc.' l'ur\'c in Fig. 11 in the preceding section. This curve resembles
a...;a whuJc .IJx)-J:(x) in Fig. 12 in form, and tbe values of tbe maxima
and minima for these two are almost equal except for a notable differ-
enee in the 1st minimum value. Since the correlation coefficient is
ohlained in such a way that one of tbe pair of seismometers is fixed at
thc Jloint Q, while the other is moved along QR, tbis difference may be
atlrihuled to tM effect of the hard surface soH of the tennis court

!>huwn in Fi~. 9. .
I f we measure the correlation coefficient for various frequencies Wo

.tU' .JJ JIO--rA i

- uu- nn - -- - _nu __n -- n-- _n ---

:r J.lr) -J.(z) z i Ju(r:dJlrl
_.. .-.----

)"1 zl'ru 1. 0 3.9 ()

\'.1 111111. :u;u -O.fG !j ,I -(1.1-1

:'1111I.,'r.. :',3:; 0 , 7.11 11

1,..\ 111:1'. li.,:; 11.62 8.5 U.07

:11,1z""., R.:.:i 0 10,0 0

;'1111lIIin. )(1.1 -0.5

.11h Zl'rll 11.7 0
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and for a fixed distanee )', we have the result as shown in Fig. 13,
where the distanee is 25 meters, and the direction of vibration is per-
peridicular to QR. This measurement was repeated three times, each
on different days but at . !J,.
almost the same hour. .

Fig. 13 sbows tbat the
autocorrelation curve is
weil reproducible. Also
it ean be seen tbat tbe
first maximum of the
curve appears at tbe
frequency of 6.4 cIs, and the maximum value amounts to 0.66 wbich is
almost equal to the eorresponding value of Ju(x)-J:(x).

These facts suggest that we may assurne that the predominant wave
in the horizontal motion of mierotremor is the ~ne having a single de-
finite velocity and being polarized in the dir~tion' perpendieular to that
of propagation. Then we ean obtain the velocities for various frequen-
eies by identifying the zeros, maxima and minima ~f the curve in Fig.
13 with tbose given in Table 1. For instance, we have thc following
equation corresponding to the first maximum,

~

\
~ ~I ~t.:'I ~.--/ '; -tr .,.. . .!.. I; -"'-7 .L":,\'0 /, "--

(.s \...:/ .V
Filt. 13. pf"'d. r), for r=25 m, plotted 3jtainst '010.

2~. 6.4(e/s). 25~m).=6.75 .
CG.I

Thus the wave velocity for the frequency 6.4 cis is obtained as 148m.'s.
The veloeities for various frequeneies are plotted in Fig. 17 by the
mark C.'

A similar measurement is made for the seismometer pair 15m apart
from eaeb other. The resultant autocorrelation coefficient is plotted
against the frequene~' of resonators in Fig. 14. The wave velocities are
. f.O . obtained from this eurve

~ in the same way as
stated in the preeeding

'0 paragraph, and are
05"'-- -:-~. -' '/ '"" '$ v, plotted also in Fig. 17

. "'-/ ~ by the mark.. A
good coincidence is ob.
served between the

velocity values obtained from two independent mea.~urements as shown
in Fig. 17.

Fig. 1.&. p('tIG. r). forr= 15 m, IJlotted aj.,F3in;öt"10.

: .:.;-~~.",,,,...,",,, ~~., : .-:.'
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Fi~. 15 sbows the result of a similar measurement iQ which the
'cli:-;tancc between the seismometers is 7.5 m. Since in this case the
:wb;momcters are' placed too near the tennis court covered by bard
~urra<.'c.'~()i1.the departure of the autocorrelation curve from the theoreti-
c'al 1IIu'. ./,,(J')-JJ-.r). is considerable, and tbe velocities cannot be
tlc'.!lI<'c.'cl.

A ~imi1nrmemmrement is also made about the radial component o(
t111'nutoC'orrc1ntioncoefficientof the horizontal motion, and the result
i:-;~hn\\'n in Fi~. 16 lW a full line, where the distance between two

seismometers is 25 m.
It is confirmed, by ob-
serving correlations for
a fixed frequency and
various distances, that
the maximum which
appears in Fig. 16 at
the frequency of about
7.3 cis is the first maxi-
mum. Therefore tbe
extrapolation of the
curve toward Iower fre-
quencies as in Fig. 16
is justified at least as a
general trend. It is
cIear from the figure

tImt tlw nlluc oi the first maximum is very small compared with that
rur thc mdmuthal component which is shown by a dotted line, and
:-;IhrhtlyItlr~er than that of Ju(x)t-J:(:x:)whieh is theoretieaIIy expected.
Mon'lIver, thc ar~ment giving the first maximum is evidently larger
than that rur the azimuthaI component, strongly confirming the assump-
tj..n that thc horizontal motion is polarized perpendicularly. By identify-
inK thc.'zcro~. maxima and minima of this curve with those of Ju(x)
i .':(.r) ~i\"en in Table I, we can obtain wave velocities for various fre-

ct\wnc.j(.sas shown in Fig. 17 by the mark x. .

Fi~. 1; clearly indicates that aII the points obtained from three in-
dl'lKmclcntmeasurements are concentrated fairly weIl to form a single
~~uH)lhcur\'e. This fact shows the vaIidity of our assumption that the
"rt',\orninant wave in the horizontal motion of the' microtremors is the
IIIU'ha\"in~a single definite velocity for a given frequency and being

1.0-
, .......

'"

'; . ~'- /-: ~-vA--_I "0 .. ~'$ r / ,
Fw. I;'. /'("'11."i. lor r=7.!im. plotted 3$t:\in~t"'0.

,.o_;,,'

~ /' -\I

", . .- : \ ,"'. fit C,~' ,'

~.. '~-!_'~_r:-

I

' , -'. - -. '.. \ ...-. ... .' \ -~-.., ". ", --' \.,,~; ..
0 .- \:~0 ".. -"
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polarized in the direction perpendi- ./,
cular to that of propagation. In

short, the predominant wave is of IS.
Love type and the curve in Fig. 17
is its dispersion curve.

figure it cal
first minim
assurne that

6. Vertical motions
I

A similar measurement as ap- ~

plied to the horizontal motion is I
made about the vertical motion also loo

ralong the line segment QR. It is 0

evident that there is no polarization L . .. . . '--'--
with respect to the vertical motion i J .J '2 CI"

in the case of two dimensional wa\'es Fig. 17;.Dispersion curve of horizontal
Th f .

f
.

h
.

d .' motion.
ere ore, 1 a wave avmg a e-

finite velocity corresponding- to a given frequenc~' is predominant in the
vertical motion, the autocorrelation coefficient will take the furm,

'~
Ist zero

1st min.
2nd zero
Ist max.
3rd zero

-----
8"'"

]
,..,.

p( l', cu.)= J. ( (~u r) ,
c(wu)

- .'

which was derived in section 6, Chapter 1. The zeros, maxima, and
minima of Ju(:C)are given in Table II.

The result of measurement is shown in Fig.
tion is taken between two verticalseismometers

18, where the correla-
placed along QR and

10

Fig. 19. Comparis(
vertical motion
and theory. (Abs

targe as that fo

indicated in Fig,.O

L A~ . /

~~'--V.
°5 ~

1$ CI..

7.- The velocity

RecentIy T.
waves propagatir
of determining tJ
curve. Accordin~
zero at the Burfa.
equal to a given

Fig. 18. p(,oJo.r') of \'<'ni<':!1 l11otinn, for"r=25m, plotted against ""0.

25 tri apart from each other. It is confirmed, by observing correlations
for a fixed frequency and various distances, t~at the maximum of the
correlation curve of the wave at the frequency 9.5 c,'s is the firstmax-
imum, and the minimum at i.O c.'s is the first minimum. From the

,
i.

16) T. TAKAHASH
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fi)!III"l'it ('an bc seen that the values of the first maximum and the
fir~l lIIinimum are almost equal to those of J,,(.r). Thus we may
a~~lIl)\l' timt a ~urface wave in the narrow sense is predominant in thc

vertical motion as weIl as in the
horizontal motion. By identifying
thc zeros, maxima and minima of
the curve in Fig. 18 with those

'of J,,(.r), we get a dispersion curve
as shown by a fullline in Fig. 19.

lf the vertical motion is a

surface wave in the narrow sen!'e,
it is most natural to re~ard it as

10 10 Sb .0. of Rayleigh type. lt is remark-
1,.- \" ("'"II';li,,,n "r ,Ii,..pcrsion cun'es 01 able that the wave ve)ocily f(lf

\1"1 1 IIIOliUII flhlailll'd from experiment the vertical motion identifit'd Ci:' a

.\110111...",y, ,\h, is~a is W;1\'elength.) Rayleigh \\'a \'e is about t w iCl' a~

I:u")!t,:I:' that for the horizontal motiun identified as a Love wa\'l'.as
indil':lll.d in Fig-s. 1i and 19.
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7. Thc velodty of S .wave at various depths

HI'I'I'1\tl~' T. Takahashp8} (1955) studied the dispersion of Lnn' I~ 1'1'
\\'a \'l'~ l,rop:I)!ating- o\"cr aheterogeneous medium. and g-avc a 1111'1h...1
II( dl.tl'rlllining- thc structure oi the medium from a ~i\"en di:O:'Il.r, n
cur\'\'. A('('ording to hirn, if the derivatives of density and ri~idlly are
i:l'rll at t he surface, the depth z at which the velocity of S wan' IS
('qual 10 a~i\'en rs can be found by the formula

Z(r )=1.11 V rr.~
[{

V. l: -l
J

-1/~dT
s 4::- '~Jo V,,,{T)f

I.. T. TAKAIl,\SItI.Bult. Eflrthq. ReB. 1718t.. 33 :1933.. :!Si.

."

. -- rn lliX. -- ur. UlfiI1'lII rr~'-- I ..'..

Table 11. Ju(:r).

:r .1,;"1" :r .1,,'r.

i ,I :"!I' 2.111 fl 2nd min 10.18 - 0.25(1
"" 111in. 3.:-1.1 - U..103 4th zern 11.;9 0
:'lId 10"" r. -.) n 2nd max, I" .)., -/ (1,21!:!,'.;'- ,)..",
! -I lila x. i.1I1 I (I. :JOn 5th zero 1.1.93 0
-:,,1 7('1" ,'>:i 0



~
<... .
. '. . '.. - . .., .

,I ,'" ,,"',;.~.,~, '"""~~'-~.., ,,;11"""o;:""".~b&',.,"~'".,."-
i '
I
I

where T is the period of wave, VQ(T) is the phase velocity
corresponding to a periodT, and Ts is the period for whieh
equal to Vs.

Introducing the phase velocity of the horizontal motion given in
Fig. 17 into the above formula, we get the variation of S wave veloci-
tr with depth as shown in Fig. 20. .
In this calcuIation, the surface """,

values of the velocity and its deri- '1vative are assumed as 75 m;'s and
zero respeetiveIy. From Fig. 20 it
can be seen that there is a rapid
increase in velocity at depths from
2 m to 3.5 m, and above and below '~
these depths the velocities are
nearly constant respectively. This
fact suggests a discontinuity of
substance at the depth of about
2.7m.

.-.)..,,- K. AKI. (Vol. xxxv, Part 3.J
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The dispersion curve of Rarleigh waves propagating over a layered
surface was diseussed by K. Sezawa:~) (1927). and was shown graphical-
Ir in the ease of 1.=/1, J.'=//, and P=f,'. If we assume a layer having
thickness of2.7 m with the velocity of S wave of 75m:s, and a sub-
stratum with 160 m,'s as suggested from the curve in Fig. 20, an ap-
plication of Sezawa.'s result to such a strueture yields a dispersion curve
for Rayleigh wave as shown br a dotted Iine in Fig. 19. The figure
shows a eonsiderable discrepaney between the eurve obtained by the
measurement and that expected theoretieally from the strueture whieh
is ,determined by the use of the dispersion curve of the Love wave.

This discrepaney may be attributed either to the difference between
the veloeity of the SV wave and that of the SH wave, or toa mis-
identification of the type of wave.

A similar phenomenon is repo~ted in a paper by J. E. White, S. N.
Heaps, and P. L. Lawrence") (1956) in which a surfaee wave identified
as Rayleigh wave is shown to have group and phase velocities about
twice as large as those for Love wave;

1;. K. SEZAWA,RI/tl. !?'Irfh'1. RrB. 111#.. 3 (19:m. 1..:..18.
1$; J. E. WHITE. S. N. lIEAPS. and 1'. L. LAWRENCE, GcopTlyaiclJ, 21 l1956i, 715.

.'
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t-\. ..\n l.'xamplc of anomalous dispersion

1111hi:-, :'l'ction will be given the result of measurement along the

1;11\':-'I'g-lIll'nt J'() in the tennis court as shown in Fig, 9, As has orten
1"'\'1\ 111l'lItioncd previously, this place is covered by hard surface soH.
I 0- Fig. 21 indieates the autocorre-

" ", lation coefficients \\'ith respect to

'''"\ - waves filtered by resonators hav-

'<~;",.:--:--- ,in-- " '--~- ing frequencies 7.5, 13,6, 14.6
,'0 ~~jo . and 21.2 c,:s. In this case thc

. '. . . ,coefficients are plotted against the
1,,' " \11'''''''1'1'.-1:111''11 c(lclhnl'l1b of hon'.. ,

,,'lIl.d 11,,,1'''" ;dllll": Ihe 'line J'tl for dlstance between the seIsmometers.
'.. ',,~, The seismometers used are of

:'~::~- - - ': horizontal type and are )Jlaced so
.11,,1'.. :'I,~ --, as 10 be sensitive in the direction

,It'!'JII'lIdirular tll thc line PQ. Accordingl)' the autocorrelation curves
1.11\\11ill Fig', ~l l'ol'res)\ond to the azimuthai component. lf such a

1,..larib,d wan' :l:-'found in the horizontal motion along the line seg-
1111'111<il: is abo predominant in this case. the form cf the curves in
Fi~". :!1 must ,coincides .with that of Ju(;r)-J,{:r). This coincidence,
h,,\\TH'r. is nol wcB established, perhaps due to the horizontal hetero-
VI"II'ilY IIr thc surface ,soil,

'1'111'I11I1:,Lstri/king fact revealed by this measurement is that the
r"IIt.ral ln.'nd of the curves 01' the distance giving their first zero h-
ah!'",-: j"dt'l'l'IHlcnt of the frequency, This fact reminc1s us the type})
dh.t r:I1I',j il1 tlH,' Jlreliminary discus~ions, But to be consistent with
: Ia., 1':-.i"lt'II('l' IIf wave of type A at a near place, it may be more na-
Imai 111atlril.u1e this fact to the 'etTect of hard surface soil and Lo

;1.-:-'1;1111'a.i allomalous dispersion in whieh the wave velocity incrcascs
allllllsl pl'oportionaJl~' to the frequency of vibration,

'I'hl' au 1lIt:orrelrition coefficients ',o

~.._u_--_._.._--
"I' \'l'l'til'al IIIlItions having fre- ,

I

"\

qlll'llI'il':-' or "j,0 and 13.6 c.'s are '-.
1'\'" tI,d aJ,:"ail1:,t the distance in
Fiv. ~:!, Althllugh the curve for
11", rl'l'qUt'l1l'y 13.6c,'s indicates the
('xisll'IU'l' of waves having shorter
\\ :1\1' 1('I\J,:"th~, the general trend
t'oj IIt'idcs wi Lh that for the fre-
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queney 7.0 eIs, also showing an anomalousdispersion.
From the eomparison between the curves for the horizontal motions

and those for the vertical motions, it can be seen that the velocity of
the latter is notably larger than that of the former, and this is the
very fact observed along the line segment QR.

9. Unusual behavior of vibration of 6.0 cIs on a storm day

On March 9, 1957, when it was stormy due to a low pressure passing
near the east coast of Japan, filtration and correlation analyses were
applied to the vibrations of two horizontal seismometers placed at the
points Sand T in Fig. 9. The
range of the resonator frequency ..
was from 5.5 to 10.0cis. The
eorrelation coefficients obtained
are plotted in Fig. 23 against thc
frequency of the resonator.

The dotted curve in Fig. 23
indicates the correlation observed
on a calm day. The coincidence Fig. 23. Comparison of correlation curves

f th
.

t
.

f
. 1 d measured on a storm day and a calm day.

0 ,ese wo curves IS aIr y goo
in the frequency range higher than 7.5 c.'s, but the value of correlation
coefficient for the storm day at the frequency 6.0 e!s amounts to more
than 0.9, while that for the caIm da). is below zero. This high value
was unexpected, for the distance between seismometers is about 14 m
which is long enough for a considerable decrease of eorrelation with
respect to vibrations having higher frequencies than 5.0 e!s. Also this
faet is interesting because the frequency of 6.0 crs is just twice as
large as the most predominant frequency of microtremors at this plaee,
and it suggests to us a possibility that the vibration of type B men-
lioned in the preliminary discussions might be generated under some
circumstanees. Further study of this problem is being prepared.

0,'
~/,$

10. Discussions and summary

The application of our method to the microtromors has satisfactori-
. ly revealed the nature of microtremors in the frequency range higher
. than 5.0cis, and yielded the followingresults.

1. In the horizontal motion of microtremors a perpendicularly po-
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1:.: :1'11wan' is predominant. Both the horizontal and vertical motions
,'all !t" n'~nmlcd as having respectively a single definite velocity cor-
"".-I'CI/lclillJ!to a Jrivcn frequency.

~. IlllolltifyinJr the horizontal motion as Love wave, we ha\'e obtain-
t .i : 111' H'J(lcity of S wave at various depths.

::" Thc vcrtical motion also shows a definite dispersion, But if we
I,!,'II:if,\" it a~ Raylehrh wave in a layered medium, the obtained phase
\"\,wity IIl'cnmcs about twice as large as that expected theoretically
fr"1II thl' velncity of S wave at depths which is determined by the usc
..( ,Ji~l'l'r~i()ncun'e for Love wave.

-f7 ,I, Thc microtremors show a marked anomalous dispersion at a
\.j.:1;u'l'havinJr hard surface soH.

J, lIIay hl' noted that the value of velocity obtained by our method
I. 1hat (Ir thc phase velocity , so that the corresponding dispersion curve
IlId1t'all'~ thl' Incal structure of medium at the place of measurement.
1/1additioll. there is no such ambiguity in our method as that encounter-
,.tI i/l thc dt'tcrmination of travel time of surface waves by the cus10mary
IIlI't hilI I. . . ...

Tlw n'~ults ohtained in this chapter strongly show the efficiency of
th., ,,"\''';''lIt mcthod for the analyses of complicated waves, We shall
11"ft. III'rl' ~l'\"cral \\'ays of its application 10 other waves appearing in
:"'I'Ifi"1c 'gy.

('ur l11t'thllll will be most effectively applied to the microseismic
\\ :m'". all.! will clarify its wave type, the direction of propagation. and
th,' ,,' rul'lurl' of medium at the place of measurement just in the same
way a,.; in the present study of microtremors. The location of the origin
..[ \"1IIl-anictremors is a very interesting problem in physical \'olcanology
;\1101"all hc most easily and precisely made by the direction determina-

1

1

~
j"lI I.~' our mcthod. In addition, the coda part of seismic waves due

11 "an "arl hIJuakc will be another important object 10 be studied by our
11I'lh,"1. Thc inyestigations of this coda part will give us additional in-
f"rll\ulion~ about the structure ofmedium through which the wave is
)lro)luJ{alt.,1. .

Anothl'r important problem is the location of the epicentres of very
~fllall "arth'luakes. The direction of wave propagation determined by
11\1'I'rl'~\'nt mcthod together with the time of P-S duration will enable.
;.~ :" !nt'atl' l'picentres from observations made at a single station.

.'
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Fig. 3. Resonator and its accessories.

Lllrrelation computer. Fig. 8.. Decatron indicator.
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