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Estimates of an S Wave Velocity Distribution
Using Long-Period Microtremors

By Hiroshi OkADA
Department of Geophysics, Faculty of Science, Hokkaido University
Naomi SAKAJIRI
Hachinohe Institute of Technology
(Received March 11, 1983)

For estimates of an S wave velocity distribution to a depth of about 600m using long-
period microtremors, an experiment was carried out at a site near seacoast of Hachinoche,
Aomori Prefecture. The estimate was based on Rayleigh waves with periods of 0.6 sec to
2.0 sec contained in long-period microtremors.

The phase velocities of Rayleigh waves to be required for the estimate were
determined from observations of long-period microtremors to which the space autocorrela-
tion method developed by AKI in 1957 could successfully be applied.

The long-period microtremors sampled for about 10 minutes at times during the
night could be identified with such stochastic waves as having stable power spectra with a
predominant period of about 1.3 sec and also being stationary both in time and in space. In
addition, the propagation direction of the long-period microtremors could be regarded as
being isotropic. In fact, for the observed long-period microtremors a change of space
autocorrelation coefficients with frequencies between two observation points which were
placed with distances of 100m to 424m showed a type of Bessel function of the first kind of
the order zero as AKI theoretically derived for stochastic waves.

Making use of these characteristics of the long-period microtremors, the phase
velocities in a period range of 0.6 sec to 2.0 sec were determined with a.sufficient accuracy
from frequencies at which the space autocorrelation coefficients are equal to zero or become
minimum or maximum. Extensive use of the space autocorrelation coefficients at other
frequencies also provided adequate phase velocities.

For the phase velocities with periods shorter than 1.3 sec thus obtained, a good
agreement was obtained with those of Rayleigh waves generated by explosions.
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EEENOBE, FNEPREENE S8 CTRINENEZ E9H 5, 128 21E, 1968 FHBd
WMEO L 2 \FBETHRLN SMACREE T, HOoSBEARN 1 secBLF2.55ec ThH72
(LHfl, 1969). 20k ) A RVCAMNDEHIEBT 20, LHLABEN R P USHEICL
L 2H, —HERIF100m F COMTHEEICLREYH 5, FCEND SEDOEEFHIKE LR
HWElbnsd, Lh-T, ToLI)IZERAHOEOSMEFEBT 20103, D LB
SH100m £ THOSEDEESH 2B LUENH S, LAY, SEOEEM e 0L ) B
RETHELLI EL T, BIEEMORBNETHWAWALLREZMNS, [KERL TV AR
rrzEiE] R TEERB] v ot HEd, ZOHBABYETEVWI VI ETL v,

BT, KEBRICI-CRELLEREE V4 )—) 28R, ZhhHLBEH200m F
TOREFMEHEL 122 &H°H 2 (FE, 1972 BHE-HS, 1972). Zo ki, AERRES
FIHT UL, BEPICKED VW SEDORESHLHETEEL, LrLItUucbElowbnsbiy
WA S . ROERTIZ, BIFLFEE* B 572010, B I0kg DERBE#FERL T 555 L/
AZXDKENEZATHNEINULOEBZLEL LA THHI)., ZDEICEEDKEERME
BT 3EBRTIE, 2OLH0BEILZHIRRIE (LS, 2o REREoRML ZT, BHA
2 HEIGENL W EAHE -2 0T 5,

EZ AT, B, LE¥EMRML LENESNVWHO 3 [RoERELIMEN] &t L oBfRA L
ELIEERIND L Ich -7z ORBUMD, 1974 ; cifl, 1976  sEokfh, 1976 ; TTREf, 1976 ;
S, 1978 ; HETPAMD, 1979). 2L C, ZOMENC DV TRO L ) HWEIBAL I I NTEL,
Thbb, (1)2AX7 P WEEREBRBE»L %L, 2ORELTEY, 2O ECER O’
WIERTES B B (B, 1976 ; RBist, 1978), (i) MBI IREIRE I RE B AR & <
BLCv 5 (LMD, 1976), (i) SEERER DT > 4> 7L Th s (LEEf, 1976), % & TH 5.
RBRRERAME DL T AMEEZ L O TV R LI, IOMBEMAL CHTHEZ#ET
52 EIFEEMICWETH S, Lob, ZOWMBOEBEYMIBHEEICE NI L, 2
MCE NV HEETEDIRIBBZHLEI00mMITETLRT TH S,

TREM (1976) iE, CRRAMMBINZ 0L ) ZHHEICHEEL, 2HEOT VA BED» LIRS
100m F TOMTHEE 2HE L 72, ZOHBIIMEEMABKRICEIWTWEY, ZHFHEE, BE
(1980) LEEHEL T 5 & H i, WMEDBERGMH 2R eEb 720, WBOHICEENRL S
BR, KREDRLLHBEHVRAEL TOBHITIIBEL Th v, B/BE, TEEf (1976) »5KeH 7248
HEICEDP L) RELATOENDD,

EZDHT, RREAMBEIPEEL 2ZA7 e RD, pORFCEANRCEREL DD
ETRIUS, TN ERE - ERICE T 2REERER X8 2, AR (1957) BB TAHEEE 2K 5 2 &
ATE BT THD, WEDLEBERSCRILUS, BRAMECLY), K298y 2FMLAT5.

1976 £ 8, bNbIIAFTHICBWT, 1207 A TRRoRANBSOBI T2, 22
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Tid, ZNT—F I AKIOFERBAL, B3 100m F THO SEOEESH 2 HE L 2HER2
HET 5. '

ZHERTIE, BAFEOHELIALVWELTYS, Z2C HBABEERGNAEL, £
> TRLNEVA ) —¥2 L SENBESMEHET S LI L, B, TVABRIZIT
JEFE, (1)BREOMMRE, (i) BRREMTFORE, (i) BRRHORS L E20MTICT 3
PLREETHD. INLDEITODWTHLEEL 2,

I, &R e BRKE

EBREIT- 72853, AFHOIEMANTEMBRNN—H TH B, oML, T CicHlE

ZREICL 5 PHEOMTHRESE (MHE, 1971) & b PICBREBIFRIC L 2 XEE» b S EoEES 7 (A
H, 1972) B EINTWBEZATHSH, LBIOHMETIE, RLRASMSOLFEM LS
HEICATh NI (72 21E, RFEM, 1974). 2o—8RE LT, THfb (1976) ik > CHEIDT
VA BRI TbN, FOMKE, B3K100m F THOSENRENHAIHEEIN T2, EIFM
(1979)I3THES R LB T 1976 FEIC L ABNT L A BRI 2 EHL 2%, bhbild £ DR
LNPEIZED, ZOTVvABRAEENK
o % EH L THEVBRR 21T - 72,

TLv A OBRBESEANE, Fig liornt ko
2, WMERERTo A (FHE, 197D
HSHOT VO z A Thb., Zhhrsid
~# 500 m #EN 72 m bl 1 km T,
BRERIC L 2REROBUBRL S 5
(W, 1972). P o THEE I3, BEW 5
km/sec HEBEHELICH I IZTEERL B 5T
B0, SHOT VfhETid, ZEKEHE %
FolbZbE1 100~150m %< 2T
W5,

WEHOEEIL Fig. 1IcR/TEB0T
b5, FFEOTHANL L ZAIIMEHD
MEZAY. % BHEHOMEMREIE 100m T
H2b, FNENNAIZIZETE 1RS>, K
PE IS EEREL Y, ZOEBRTIZE
TEINAZERE L7z, Lizd > TLERN#E
TRV A) —EINREL B,

HEHOBEAEMIZ L sec ThHb, 2
ICHESEIREZFBEL, WhbWBFEHIEL

Array observations

Fig. 1. Location and array
network for obser-
vations of long-period
microtremors. Circled
numbers indicate obser-
vation points.
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Fig. 2. Frequency characteristics of the seismometer
with an integral circuit.

Table 1. Symbols of data sets used in the analysis

combination
of 00"00™ 01°00™ 05™00™ 05°30™ 08"00™ 09”00™

observation points

o @ ® B F T
® @ ® C G K
® @ O D H L

24T~ 7z, Fig 2 130 m# 2 &6 L cHEH O BEERETH 2. BHIOBZ, Z Iz HE e
BEESEL, thrbonihgT—2L a—%— (SONYDFR-3715, 7F %> &) (CE46L
7z. i

B2 1976 5£ 8 H 7 BOK LD 5 8 HOFHICHTF TiT» 2. ZORIDBRIERS 12 Table 1
IR 6 ETh D, KRN ClIZNZH 20 5T DBBEEEZ L 5 2, 2B &BAEICIE, ©
»H@F TH T HOWEN % FEFCFLER L 72,

BRAT L 727 — 5 DB SHAE B L ORI 3 Table 112707 7y FXXFTRL7Z,

I, % i

AKI(1957) (3, WEID L 5 LML EBBRE L HEEBR L AL L, v ZUENL 2 A THRRES
N BB E AL wo (=2ah0) DB OW DR E CHIBHEE o(7, wo) (LLED I T3,
ZOREE 0 ELTHE)) &, ZOBEDMMEE c(wo) 122V TKRD & 5 ZBIGR & s 7z,
Thbb,



Koo B FIMENC X 5 T HRENHEE 123

o(r, wo)E%%%”%g%:]o(Caﬁjo 7) (1)

TIT, el 0ROy eV, 72 413, v IZTEEN T 2 EoEh &, AR 0 RS D
WG ERD ML 72 & EOZeM B CARBBE TH 5. £ 72 ¢ IIMBDEBSAICEL TE -7 ¢
DB TH B, HBLUBOEN T3, R E»NZBRICBRL 2L 255w DO»HTHL
5, TOELENBBLIESIIT L2012, RV ELNZEFREE AKIORX (1957) » LR
L, fFekicicL s,

O L EH HIZIZ, Table 112RTENFRDT—F Ly MicDonT, R)Dp 2KHBZ
ETHD. Thbb, BV r ZITHEN 22 208BB SICBL T, wWAWA Lol o2nWTo
B0, W)X ¢ (7, W) 2 KDBOITTHB, ZOBUTIE,ET—2 v P 3HOBRBA AL 5
s TWADT, FNFNNT—F £ MIDOWT, EWIERT 2 HHT 7 HR—DED o7,
wo) 24E, MABFMD p(V/2 v, wo) 1D KDL B,

AKI (1957) 13, Z k% BEIENT~IERT 51, #Eho & AN wo B & M5 5 Res-
onator &, o #3183 2 Correlation Computer & #8EL, Zhn b2 HBECERETL I LI
£, AV T4 To EKDT 5,

bRbIUIZOEDEEBFA L LT, BIFIZH->TE, Bonie7T—5242TCA-DE
WL, T4 NI L 5T #KkD72, A-DEBROBHEHIIRNDEEBY TH 5.

i) ¥>7)>7v—F: 0.3 sec
i FT—5%: 2048/ ch
i T—FE: 614.4 sec

1. 2 REAPHEI D/ T —2RT

B2 N R R ENBEI D 7 — 227 L 3H% Fig. 3I0RT. ZNLD/ 8T — 27
i, BREOIC BT, ()01 B 00 47, (i) 05 BF 30 45, Gid 09 B 00 538D 3 DRI THE 6
NZLNTH 5, BUKEERIL 614.4sec T, H> 7Y 7L —1Fl30.3sec ThbB, THHD T —
AT PV b, RO &) RIREOWE S TARN S,

(1) BA#l1.3secfhimichsTE&—T0% 3,

(i) FHI0.6—3.0sec DHTEEL 2 AT P8y — 2 & FFD,

G FIHA 3 sec KL TIZWFMIATIC & » TEE»H 3,

Tihbb, X7 —AX7 P, FEH3 sec LT CIIBEMIC L 2 T8RO TAH L, KA
HHEDBERO—DTHDEFEIBDLND, L2hi->T, ZOWMENT, AKIDFEZEHL
B2 HE2ELZTEbITTH S,

2. ZHACHBRENHEE
ZeR B BRSNS, ROIRT & 910 2 SR » & BAEEK 0, (=226) DB TH 5.
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Fig.3. Power spectra of long-period

microtremors observed at observation
point 1 at different times, 01h 00m, 05h
30m, and 09h 00m. Observation
period is 614.4 sec.



LR REMMEIC L ZHTHEOHTE 125

L22h5 T, o KD B 72113, T80 5 ARRE oo dEdoR ML 2T ida oo
W, FDL I LRGOBEDIBICIZIT 4 DI N2 R Z Ty NF—FFEHLI, DT 4
N —IIEEERTARDE S EAFEIC L > TELENBZ LD THS (BLocH and HALES,
1968).

Cn= Sin—%’;—pﬂiﬂ—cos(Zchndt) cos(ﬁ) (2)
ZIZT,
2 h X2 IR
Jo o FOREEE

nlBH (272 —N=Zn<N Cfilter DFREIILETIEN+ 1 7lci d)
BT TIE e=fo=wo/ 27 L L T2,
22/ B OAHRER B 324 F mBREER TRD2, 2L Af 37 v T = oRRE
DT

4f=1/614.4sec =0.00163 Hz

Thd, Nit, v Fr¥2 74 NI —ORRMBEBICBIT 2% 2 ) TH6EREIC LS L5 ic
L,

Ndt=k/f. (k. X%Xx") TR

ZITTWE T EE L, 22 Tid4t=0.3sec TH 5B, T/ h=0.02Hz £ L 7.

Pl Bzl DR LNz o DEiE, BEICHELCRRT 5L FigdntHick s, 72720
TR, BAEESENFN0.78, 0.99, 1.25, 1.46 Hz D3F&ic >Rl 7z, HFRALZT—
ZIES5HOFTBLIUSKINFTNLNTHS, “THOHELBEMI _HI=AK2 4334T
T2T 3T, RITIFIHENSDWTD p DEZIRL 2. BRLEDEBERIRARXRIR DT,
o DHEMKEMEFH L CRBZ LI TE Y, KBS, pDiEHENC X 2B FiIF &<
WTED, FAICIBERELECERS T, ZUE, BAIL 200k EMENIC MGk
B DWTERFALTHEI H 27208 FE I 605, Tibb, HENL, ROPEN L2250
BRFHDEFEREE W) RERIZTHZL TB I LIk 5.

AEINDBEETIX, 2 >OBRAMOESE » 2EEL 2586, 0 DEXFZTNEFN 2 DDFHEIC
DWTRDHLNE, Tabb Fig. 1 ThhbL)ic, BEBICERZTLHAD p &, HERIZE
Tl p & TH5H, 72&21E, v=300m TREHEH 05 BF 30 70 & 5, BEADEDB L U8
HMEDQED@D 2 FENZDWTRLE N p DEBEEIC L 2813, Fig. 50X 2124, o Lo
g — AR TRELE IR, ROTREND L I LNy BIEHE L Twb, Ly
LBz p Dfie Be &, MBENMICEIDH LN S, ZH1U3, MEHRROFTIIS, d HREEHR
HHNTOEDH B L, A3 ONBRSICBIT 2B O DL L KBRS A 2 h5E
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Fig. 4. Distance dependence of autocorrelation coefficients at various frequencies
for three different directions.
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Fig.5. Autocorrelation coefficients for two different directions
which are perpendicular to each other. A pair of circled
numbers is combination of observation points from which
autocorrelation coefficients are calculated.

I —HL T hnwZ b Xz 3EEEZLNS, RAIC, ZO2HMENFIUCOWT, 0 D
D 0 5B L UOMKENE 28255420, R LAMEFEEEZ KD TAS L Fig.6nkH
%5, $hbb, MABIC L 2E3ER S BEET, Fig. 5 TRLNS o DEFFHIERL T
P BEBL N, FITLBOBEETIE, 0o DEE L T 2 2D FHZRFRICOWTRD SN
EEFHLTHNYLZ LICT 5.
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Fig. 6. Phase velocities obtained from the autocorrela-
tion coefficients for two different directions shown in

Fig. 5.
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Fig. 7. Autocorrelation coefficients for » =100m at different
observation times.
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Fig.8. Autocorrelation coefficients for »=200m at different
observation times.

3. EMBCEERHOBRABHTC L 28

BRI IAENT, A2 PSR & 91z, B 3 sec R TIZEFR T, »OREL TV 5,
Lt TC, SRERLEICINLDT =55 L LIcLTRDL p 13, BREFMEFICIIHEY
PRl ZVWEELEIC XS EEZ LN,

Fig.7,8,943, »=100m, 200 m, 300 m DFHEIZ DT, FNFNREL ZRHE CRLNZ0
DEABREENETRLLZLNTH S, WTFho r T, 0RELLS5HAXE T o OBEHEN
BELHT, RO VBEEAENEN HE L Twab, L SREBE WAL S L HK
HOBNE ZHT o DBIBENS, T4bb, r=100m D4 1.2Hz LITF, »=200m DG4
0.9Hz LI, 2L T r=300m D4 0.7Hz LIT T, FNEN o DEHIMOD 2 DOBRIR O & &
ENWELLY, o BREEICLAEMBIBS»E 2K, U, BF 5 ZORHEFIC
%o THERURBPOBEEDNECEIRALGD LD EEZ NS, ZOBFRIZTHEBD
THTOHOAIHEST L EBbND, Lizd»T, ZOEDHNTRoXERNE 2 BT 5254,
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Fig.9. Autocorrelation coefficients for » =300m at different
observation times.

ZOBMTEIELEIRELLBEH AT TCERIEHN-EZI L VWL ) TH B,

PR EDHRIZIE, BRI T2 o DML 0 A5 5, 706 NS IR BRSNS
LHAEEFETAEILICE S, SROERTIE, BHOBEZRERITIE, TSI NE-
TLHh ) LurEsrRons,

4, 2HECHBRKOEMBERCL 5%

ZOEBTIE, BROHELIBRERETSH 5. BllsoRRABICOWTR, LofERcHs
Pk, 3RAPIRUIWBRETEZ 2, 22 CTRIZBHSEOERICOWTHREL ThBMLE
H 5.,

HUFig 7,8, 9%R5Z L0y 5, BIHDOERIEZRITE, o DEIZELLT, ZRALHD
Bz DfEE HHAMHREREICHEZ £ H)ICR2 5, BT, DL % o DS b Lt E
BELNEIERYT., LrL, #iZp DfEidFig. 7o B, F, Fig. 8 C, G, Fig. 9o D, H
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Fig. 10. Autocorrelation coefficients for » =283m and » =424m at 05h 30m.
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Fig.11. Phase velocities obtained from the autocorrelation
coefficients. Solid circles are the phase velocities deter-
mined from frequencies at which the autocorrelation coef-
ficients in Fig. 7 to Fig. 10 are equal to zero or become
minimum or maximum, Open circles are the phase
velocities determined from the autocorrelation coefficients
in a frequency range of 0.8Hz to 1.5Hz for data set H when
r=300m.
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Table 2. Phase velocities obtained from frequencies at which the autocorrelation
coefficients equal to zero or become minimum or maximum for different data

sets
»=424.3m, H r=300m, H r=300m, D r=282.8m, G
Jolx) x T C FT C T C [T ¢
(Hz) (sec) (m/sec) | (Hz) (sec) (m/sec) | (Hz) (sec) (m/sec) | (Hz) (sec) (m/sec)
st 0 2.40 | 0.69 1.45 766.5 |0.80 1.25 624.3 |0.78 1.28 612.6 | 0.81 1.23 599.7
1st min. 3.83 10.84 1.19 584.7 |0.96 1.04 472.5 |0.98 1.02 479.9 {1.00 1.00 463.9
2nd 0 5.52 10.97 1.03 470.9 |1.18 0.8 402.9 |{1.13 0.89 385.9 |1.23 0.81 396.9
1st max. 7.01 |1.17 0.86 445.0 {1.32 0.76 353.6 |1.32 0.76 354.9 [1.39 0.72 352.3
3rd 0 8.65 {1.31 0.76 402.2 |1.51 0.66 328.6 |1.51 0.66 329.1 |[1.56 0.64 321.5
2nd min. 10.18 | 1.43 0.70 374.5
y=200m, C ¥y=200m, G y=100m, B ry=100m, F
Jo(x) * 71 ¢ [ 7 T ¢ 7 T ¢ 17 T ¢
(Hz) (sec) (m/sec) | (Hz) (sec) (m/sec) | (Hz) ({sec) (m/sec) | (Hz) (sec) (m/sec)
Ist 0O 2.40 {0.95 1.05 497.4 | 0.94 1.06 492.2 [1.41 0.71 369.1 [1.45 0.69 379.6
1st min. 3.83 |1.19 0.84 390.4 |1.20 0.83 393.7
2nd 0 5.52 1.52 0.66 346.0

DEHICHELDLHIBRE L TRE - blT Tid e v, ZOHEE, MAEREOHEIZIZ, 0 DRIR
DOEE Y5 % S PICHBROBAB DS EZAFH L2, 2ok )ic L TUAHEE L RKD B 25
213, AHRE% & 2 BBLER OB, FOBRROMTEEICKFET LI LICh b, KRS
TP H L EL 30m B UETH 772, ZORBE LTS, BRI 0D EVEBOE AR
EE2RBEICRHEZEHTEL, L L, B2 TE 3 208EICIT ) 2, ZolgE»
Tk, Zn300m &) kS, BATHOBUEEL—DORYND L) IcBbid, —ig
BiZe 2 32 nas, Tk ) e BENCED W COHT RS 2 Ko 2l tud % 5 2 WA Y
kB ELRS, ZZTENBIBALEHBRBEBUhINEENLNDEEbNS,

WEF TR, CELEARNT VA TEARIZE T 250 THRBE CAHBIRE % KT & 1225
ZITRELIE, TVADRBAMIZOWTEL ZFNE KD TAL, Tk Fig 101"Y, B2
DFERLAALEEORBICHERAL ., $2AADSRERENT— 13, KiCh~2 LI, HF
PRALTOBOTHEBL 4h - 72,

5. ZHBEACHBEREL 1185 h 5 HERE

Fig. 7~Fig. 10 ic 8 & 1172 2218 & ©HBSRE O iR DY, 0 &% 405 B¥E, B & a2 Bk
MM BRBEE L FE-> TNHEEL2 KD D &, Fig L1OBIN L S I2% 5. BRI
Table2 iz 3 HiF TH W7z, BN FIEHIZ 0.66 sec 20 5 1,45 sec T, (AREENEHHIIH
320 m/sec #* 5 770 m/sec Th b, T bbER TV 2L, #200m A5 1,100 m NEHFEIC L 5,

BN AR EE, MTRAESICERICTEFZ I I, NTDEFF 0BT THE. =
DRERERBIEN, LoREWMEN D SAAERE K> 5 HEE LT, HEMEBEE (L,
1976 ; ¥EEPAl, 1979) £ 9 AKI(AKL 1957) DHFENHHTLN TS EwZ B, AT, AK
DFECIE, BRAEOREIVIETL VW EVIHEL H 5,
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Fig. 12. Autocorrelation coefficients for three different observation period (T) of
data set H when » =300m.
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6. BARMORE

BRLHETH 2 2HICIZBBERMIZE» Y EE LW, WEE TSR L 2T — 213, $XT
BIRER AT 614 4 sec TH -7z, AN ICI L DR VBRI O 7— 5 TZeH B SRR LK
HEEEI LB ERICTARNTAS,

Tablel 7 —% v} Hiconwl, #0925 BlEMOE29-FF T 1/4 (= 153.6
sec) DAL, 1/2 (=307.2sec) MEEHITHB LNz 0 D% Fig 121277 F, T iz i, Bl
PR 614.4sec TRIBRLMENHICHITTH 2. ITHL2 L L 21, BRI R 43
& o ODEBEEELZAEICHE LIS, ThbbBARMIEINITHINETTTH S, 12K
L, BRIMNEGE»WHED2HTL, oDBEH 08 %2802 48 & OSBRI,
BRI 614. 4 sec DFAICHE LN HICIZEAE—HL T3, ZHUIMOREEFE OB THIE
LTHob, Lich-T, MABEZ o OBRD 0l % 4] 2 S MR OBAR D 8% 6 > TKRD
3 L0 wHEITE, BERREESEETL LW LICh B,
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Fig. 13. Phase velocities in Fig. 11 to which those determined from the auto-
correlation coefficients in a frequency range of 0.5Hz to 0.8Hz of data set H
for r=300m are added. A curve is the fundamental mode of Rayleigh waves
calculated for the final model. S wave velocity distribution of the final model
is also presented.
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Fig. 14a. Phase velocity perturbations (km/sec) due to a change in
S wave velocities in layers for the final model determined at the
experimental site. Circled figure is layer number.
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Fig. 14b. Phase velocity perturbations (km/sec) due to a change in
P wave velocities in layers for the final model determined at the
experimental site.
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Fig. 14c. Phase velocity perturbations (km/sec) due to a change in
densities in layers for the final model determined at the
experimental site.
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