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Fig. 1. Sfation distribution of the Wakayama Microearthquake Observatory,
ERI. The coordinates of the stations are given in Table 3.
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Table 1. List of events given by ISC used for the evaluation of the power
spectrum and coherency function of the teleseismic P waves.

No. Region Date hO.mT. s Long. Lat. ]f{?}: M Stations

1 | Halmahera Sep.08, 196621 15 52.3| 2.3N|128.40E| 90 6.6) B, KU, AR,
ST, KK, OI

2 | Western Caroline |Aug.26,1967/00 36 37.4| 12.18N|140.80E| 78| 6.1 KU, HB, AR,
Is. HD, KX, OI

3 | New Hebrides Jun.19,1969|18 50 52.4| 14.8951167.19€| 114 | 6.2 SK, KU, KK,
IN, AR, HB

4 | Novaya Zemlya Oct. 14,1969 07 00 06.2| 73.40N| 54.81E 0| 6.3/ HB, OI, ST,
KK, IS, KU

5 | Rat Is. Nov.06,1969/22 00 00.1| 51.49N{179.11E 0| 6.6/ AR, ST, SK,
KK, OI, HB
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Tig. 2. Examples of teleseismic P wave signals of the events No. 1~5 in Table 1
recorded at the stations of the Wakayama Microearthquake Observa-
tory.
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Fig. 8. Power spectrum S(f) of teleseismic signals of the events of No. 1~5
in Table 1.
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Fig. 4. Cross-correlation function Ry; of the teleseismic signals for the events
No. 1~5 in Table 1.
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Fig. 6. Average coherency function C(f) of the teleseismic signals for the
events No. 1~5 in Table 1.
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Fig. 8. Geometrical representation of incoming teleseismic signals of the azimuth
0 and the apparent velocity V in the coordinates of X and Y. The
locations of the i-th and j-th stations are given by the azimuth of B;, B;
and the distance of d; and d; from the origin.
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Table 2. List of the events used for the evaluation of the azimuths and the

apparent velocities by means of the damped least squares method (upper)

and calculated results in comparison with the wvalues from ISC
hypocentral coordinates (lower).

. 0. T. Long. Lat. Dep.

No Region Date hom s deg, deg. km M
1 | Fiji Islands Jan. 24, 1969 | 02 33 05.53 | 179.58W | 21.84S | 595 | 5.9
2 | Novaya Zemlya Oct. 14, 1969 | 07 00 06.21 | 54.81E | 73.49N 0| 6.1
3 | Southern Nevada Set. 16, 1969 | 14 30 00.00 | 116.46W | 37.31N 0| 6.2

Azimuth Apparent velocity
No.
ISC. Obs. ISC. Obs.
1 135.50 137.85 18.22 18.02
2 —20.15 —22.86 15.87 16.07
3 49.50 52.96 22.11 22.07




FEL78 oD THDH. Table 2
DTFDFIL DFECTHIL LIk
& ISC DEFEIET — 2D
b bhicflizrd. Fig 9 1
=D 8 oY DINGIRE R T, B
L 0,=0, V,=10.0 km/sec &
L.
3-5. RATEEELFHIAOR
L EMMTED BT &
DHEFERZEDTRII A HHE X
BRAN N OEBETTTH
_ 4 WEFFREHIZE DAL LTBlbh
Ny B FIT, MBI
Fig. 9. Convergence results of the apparent velocity ED DB & E DI L BT
component of V, and V, in the directions of o ERE R 5.
X and Y as given by the damped least squares i T=T, £5<. 3L,

method. The initial values of azimuth and s . )
apparent velocity are given as #=0° and V,= T, wBEN e hiEHEsR (1)

10.0 km/sec, respectively. RS S X, 2 Rkd bR

o BT THD i T, D

AT, i35 5 ERE LT, HEMWBIHRHZEY T/ =T+A4T. &<, TOL T3 HTE
® () BB LIV OTKRD X 5 itk EeE 2 5.

Fc = xchR + 00202 Tic, Tcl—'2xlcx20A Tg/'_' B

-—ji,.Damped Least squares OJjliTilfi Lok (10) X&@Ld 2. Mo
Xo+-AXo \H LT '

FCTFC i min . ‘ (14)
ET 5.
Chnh, KORBARSH LR,
AXo=(J ")t I F o (15)
Jo 1t Fy OBHC X, o3 % Jacobian fi7Ich 5. Fo 13 To OFEOMKTSS
nc, F; % Te wo\uT Tayler BUHL, —kB Lo fl+sL, koXik 5
5. ‘

F.=7,4T (16)
2L, i Fow Tiwwxtd s NXN @ Jacobian 371 TH H, kORI X hRDL
nb '

J,=2x202 T‘(;'_‘leoxgoA (17)
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1n % (15 AT S & Table 3. Station list of the Wakayama Miero-

AX=2J Ty T (x5 T1c
+ 20020 4)4T (18)

earthquake Observatory used for the calculation
of the beam pattern and the integrated pattern
as shown in Figs. 14 and 15, respectively. The
azimuth and the distance as measured from

Eich. the origin (84°N, 135°E) are indicated as ¢ and
W, d, respectively.
H=2(J7J) I (%5 Tso Station [/ d
— 210220 4) (19) SK (SHICHIKAWA) 125.37 deg.| 78.617km
. KU (KUMANO) 91.69 97.844
el Eh, Ha ELT, H KK (KAINOKAWA) | 105.25 42.349
DHI DT & HITFIRARE IS (ISE) 72.92 171.139
T5, torE, BENIKDOL ST (SARUTANTI) 73.94 71.554
5178 5. HD (HIDAKA) 122.57 15.245
01 (OISHIYAWA) 69.34 31.225
AX=H,, AT (20) AR (ARIDA) 57.42 17.711
, , s I HB (HATBARA) 58.39 107.135
ek LS EE LT O
AL MR O BV WK (WAKAYAMA) 37.40 26.249
e LT, Table 3 o 10 @M -

HAa 2 b AX T L. FER O G s 84° . NO & %[F 135°.0E <HbH., AT O
ST dty=0.1sec L{ET B, S0 % Fig. 10~Fig. 18 12K
Fig. 10 o, Jitroiiz s e kLR L.

o

2@

40

20
_-V=20KM/SEC

__V=80KM/SEC

4.0 860"

vV KM/SEC

0 500 100.0 1500

Fig. 10. The maximum (I, II) and the
standard errors (III, IV) 40 in azimuth
as a function of azimuth ¢ (in degrees)
for the apparent vetocities V=8km/sec
and 24.0 km/sec.

o
80 16.0 2.0

Fig. 11. The maximum errors 40 in
azimuth (in degrees) as a function of
apparent velocity V (in km/sec) for the
azimuthal range of 60~150°.
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Fig. 12, Variation of the relative values Fig. 18. Variation of the maximum errors
of the maximum errors of the apparent of the apparent velocity 4V/Vx10-2
velocity 4V/V X102 asa function of the as a function of the apparent velocity
azimuth 0 (in degrees) with a parameter V (in km/sec) for the azimuthal range
of the apparent velocities V=8.0 km/sec of 60°~150°

and 24.0km/sec.

CORTE I & INEEhZ T HES 24.0km/sec & 8.0 km/sec [ N1 44
THDH. ZIDITBIBNEDRK & /D B IR G 5%, % Odf oM 08}
XD 2OMIROINC D 5. T BFHFRLAOTIRE LT 0°~180° %57 LizA, —180~0°
DFLIE 40 Tt UCRTRINC A9 5. Liedio T, HREAT0° & —110° f3fics
EOEIATEIF2. FRe, KW 24.0 km/sec D4, = OIEDRANITY 3.8°
WCig . T, 160° & —20° MM diMiinids b, 24.0km/sec DIBA, # 1.0° 1t
B BATHEDSRE G EFREININT 525, 20 X 5 HPIRIIKRD L 5 X 5.
Tiledbb, FANTHENRE VGBS, WA BENRELERT 5 OB 5 S

e B72d, 7 TR LCH R oRz d T 5 & i 5. Fig. 11 13Ji{%
Y OFZED T HEE D TN LT 5 2 L 2md. & DR O AR R faic
Lo THie 5.

Fig. 12 k Fig. 18 22T MIE 0RO L kxR, Fig. 12 ©, g 1 &g 1T
BRI EEE 24.0 km/see 35 1T 8.0 km/see 1wXIET 5L D THS. Fig. 10
& Fig. 12 x5 &, NUATEEDTEOH/MINL S ¢ 5 EF Aot o il L
RIGT 5. ST E A OPEANBIRC H 5 2 EXR LTS, Aol
HREDZE LR, FERIEEOMO LG T 5. & OZ i Eige & G52 k5 ST 8 75
AT 2L0THDA, HEMOLELZ DI ETHAFRDOEE s 5. BhEEEn
24.0 km/sec DL EICTEREEHEOEIL 6.6% 127 5. HERRIN (1968) DLW (li5
&, BTHEEDS 24.0 km/sec WEOERETHEOMEITH T° 12/c b, 8.0km/sec DL
120y 4.°6 i B,
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L DRSNSt X 51T dty=0.1sec & {HE LB bRIETHD. (20)
A HAUE, B AT LHMERCH D 2 Lavbhind. Lt THERED 4ty oW
i, R ERE AT E, EEokE ERfificRkobhs.  (20) RIAEXE
WEXIEDY Aty B i BB E § BREOBNAO TR EhOBARI LKL DTV 2HE
DTRET IR Ch b, BILEOD Lovie WEIFERCH LT, FRCERANRER S 5. |
FEpcy, = OMRFIEHLEOFEOFBIEIATMTEDOT, &L ORNUAER2
BN R LR S OB X 0 AR eB. Lo T, BRMOBR S WHEC covari-
ance DOIHfiHB:CcEELRDSB. (18) & (19 Anbd

AX=HAT (21)

R hs. X OWTEM 4X © covariance 1751% CAX) LK< L, KORDHILD.

CUUX)=E{(UX—E{4X}) (4 X—E{4X})"} (22)
##1, E{4X)} 13 AX olifsich b, @) Rk 22) RcflAT2L,
C(4X)=HC(4T)H" (23)

MRS, CUT) EHREGED covariance {T51CH 5. —fkic, CUT) X3k
BT H D, UL, BINAHOL GBI LT 4ty OFfis 0, 4ty O
variance 13 04%, Aty OXAIHICHY TH D ERETHIENTED, £OTHL
(23) Az

CdX)=04*HH” (24)

Licn, Hix (19) SobRopbhb.,

C o CHI BRSO FEE R 0.1sec & EET 5. 10 RIAD B 7s AR/
I 7 B 0 T OBNAC K LT, A0 & R off L RD B &, Fig. 10 &
Fig. 12 R Uil I &g IV o X o icie b, Z OIROTRAREDTH LR T
TH BN, T LNEfliicts» T3, PSS Aofia: 1° UF, Ar
FEEE oM EEREFLZELT 0.016 X D/,

4., BPZREICIDEMMBESOLE

C M E I O e Bt R o Bl & J i b S BAKHELL E o SIN
PRI X R TVBEA T EFR Ty, Licd o T SIN 25 LT3 jio
FhFEx NN D 5. SIN ZEeET 57122 array station THWHR TV 5
WG S O M N H D, b DR T 02 EHUVNMUERIECHV % - ik
T T, fok z4¥, array station VBt delay-sum DR 4 L x — 2
LA N R BT O BIEED X 5 A ARHINE S 2 LB AT b R ah R ne:
TEiw. ROV 42 eilET 5. L U delay-sum-correlation Jikiw v
BE, Astvpt 150 km FEEOBNFACOV-Ti2 0] pattern © main lobe X%z DI
I T 0 ¥, MBI IKAR LT B O EOFBEL EHDTEHLRD. LD
eIk L D E e D, & TR 2 kR G CEANLE B Y 2 HEEL,
S/IN w34 % LEVIN (1965) OFERTIAT H. ¥, ZOHEOSMERHET %
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72, array station THVBHI T % beam pattern X IET % 5k HET 5.
4-1. # &

FIIIZ PS5 OB EC DV TOMUER 1T B & & e IR T 5 a2
%o HHMAIC BT 2PE S ORI T CRHIHITORIN D Th 5. BIEOFIE L
TR BB OBIE (Fig. 1) A5, T — 2 W0 f e o T 4,
R DB,

W E B DEIFNC DT 0 4 3 B OB SO E MEEEE O d = (x4, ¥.), =1, -+, N
&9 % (Fig. 8). oL N 2z oBMfEOBNARTH 5. = BN Ui
BRSO & LTAST 2 & ET 5. i SO) #BNFEOEEE <O B
BR%E & Y DL G IRENES T 5. RE LI t BT H B, ¥ 7
Z{t) % i FHHOBMACHI 2WNS W BREE LT 5. c0L ¥ Z) 1mkok
THABRS.

Zi(t)zs(t'_"u°di)+Ni(t) (25)

XD u=(u,, u,) x5 slowness Ny R — THH, lul=1v] LFPbxhxs.
eREL Ni@) i HHOBIMD ) 4 XCTh B, wed, 155 & T EH OB SO D
RIRISITH 5. 7 4 ROMHESRIO L &, SE) 1w ouTOR L AT IHE L LT,
D S LEMENIAEE Z) & DEDTS & L E O >\ TS Uk fiia
NI DB DEER D, ZORMIE Qu, S®) L3 5. b, I TORARIC
THZ LYY B,

Qu, St)=2, ST[Zi(t)—S(t~u-d¢)]2dt (26)
i=1 Jo

7272 L, [0, T QB FAET ZNHRMFRTH 5, & LA OISR Il R E 213 0
THHEHETH. (26) KAWL T D& HEET B0

]

K =(" | 2 zitru-d) [dt-mas.

D&MD LT, SE) WXTO X 5T 5.
1 N
St) ==X Z(t+u-d) (28)
N i=1
RIS S@) b bieudt, 0 S@) DI OT SE) Bk s o kA
A D, LDIdInET K@) 2o, FORCWHRT HIHED u, R 5.

T N
K(u)=t§0§1Z,»(t,+u-di)~> max . , (29)

j

Lichs o T, AU T5 oOf% R

S Zt-+un-d) (30)

¢ -1
S, um)—N 2y
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(80) & Rivy, FAUEF DAL S A ONMIEIFG « 20 & B 0L
B LIBoOFHETH D, - OEEORHBIHEFX
' o=u,-d; i=1,+-+,N (31)
e,
4-2. THAUHBEABOTEZRE

¥, BEOBRECR LT, HHHTEO slowness <7 F %k u, LREL, b1,
W, W He 5w REBTRUE, Ko EKic/iabicy, 7 14 Xe &R+ 5L, 2T &

K=" | 5 8t+a—u)-a) [a @)

it b,
(28) & P FIRIc A L, Parseval ORARE{I L

-] N 2
K(u>=L§ 1S(@)12] 3 exp (jo (e—w)-do) | do (29)
27 ) k=1
BB, L j=V—1. (29) RELWOHNS% array © beam pattern F(u) L1F
S, ‘

F@=F, exp (jolu—u,)-d) (30)

BIRTILL 5 (1965) (I AW AIcHAIRS % Lic array @ | F@)| Zitiilic. =
CTER AR N TR NPT fl e LT, Table3 o35 [Fu)| Zil
FIv?s. EELE, u, 120 LRETSH. uw OFfENL 0 /e L 0.125sec/km & L, I
fi31Hz &35, u, & uy W FhhFhu oz ihe y lositchs. Fig. 14k
DM OER A ANCITE L. = ORMNSHABIGE D beam pattern #0717
3% main lobe DffiEHhE Hh KX <, iz, %< O side lobe 3L TEL DML 2

Fig. 14. Three-dimensional representation of the beam pattern for the network
of the Wakayama Microearthquake Observatory consisting of 10 seismo-
graphic stations in the frequency of f=1.0 Hz and the slowness range of
u=—0.125~0.125 sec/km.
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ehR&EW. Lich - T, delay-sum OMJET 4 v 2 —DOHEEFED &, E5HEHE
slowness OfifC, RETRE u OEIEEL LEH D 552 LA EL R, F{HAZ KT
THZEMNTERLL.

LoAT, @) RNOFETHEDCTHAMMA L slowness #KD A7t K@u) Ok
flizeskDdIT T v, Ui T, K@) OBKENFEETLINE D), Fhth
DELET B ETIE, FOXDRIFOLDOTH A o LB MECHD. Bk
R cline R~ X 5, (29) ek b K o, oo Km) % array o
Fi4 pattern &85 LasUd BBEETZHT S SO Rk chs. Ku) w3k
DLHIDI, ERIT, 74 XeHEDETRETDO A7 A2 A%k [S()] wh
2C K@) #H3hE v Bbi s, 2B 2) T Lol — 227 + o (Fig. 3
CRT—DMEDHENED 27 — 27 P LDFHE) 4 (29 RfRALT, K
EEL U, ARSI R DIEES Ly, Figs. 15 & 16 3 No. 2 DHIE D2

Fig. 15. The integrated pattern of the event No. 2 in Table 1. for the network
of the Wakayama Microearthquake Observatory consisting of 10 seismo-
graphic stations in the frequency of f=1.0 Hz and the slowness range
of #=—0.125~0.125 sec/km. The power stectrum |S(f)| in Fig. 3 is
used for the calculation of the integrated pattern.

Fig. 16. Three-dimensional representation of the integrated pattern shown in
Fig. 15 for the network of the Wakayama Microearthquake Observatory
consisting of 10 seismographic station in the frequency in the range of
f=1.0 Hz and the slowness in the range of u=—0.125~0.125sec/km.
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Fig. 17. An example of the evaluation of the apparent velocity V and the
azimuth 0 of the teleseismic P waves from the maximum value of the
beam pattern K. The values of V=14.96 km/sec and 0=14°.01 are given
for the maximum value of the beam pattern K.

VAR AR L E EOSIERTH D, w & R OfiIy Fig. 10 LR LT
BB, o OFFSH pattern 3—D0DE—272BHB. u B0 WD E (U, #F0 DA
u—u, » 0cics) KW ko —2%3, 0O pattern i3 beam pattern
X0 Lo MRED .

= OFiS pattern DL XREFHIT S0, IO O KIET 5 u—u,
DA RD D, HBHFHETO main lobe DRFEOMIMEY = OJFANC main lobe ©
B s, Fig. 11 2R 5E, £ main lobe D5 &13# du=+0.01sec/km
ThD. PR OTRRIERE 80°~100° Dk B. = DRENCHIET % slowness 1359
0.101~0.411sec/km TH5. = @ﬁﬁﬁﬁ‘&@%ﬂliﬁﬁﬁ“ BB 240 HALTTH B,
Fig. 17 % Fig. 2 ® No. 8 WEOFHIIHITH %, WAfliE b 2 BH00fM & B EE
R FER 140.1° & 14,96 kmfsec TH 5.

5. #% e

(1) Tl NbE NI OEIEE 1 S>0 s LT, Eitihizs X O T EERC
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A, FMEAIEB] 4 3L, coherency PIftaRdicl ZHRDZ Ebbrole. AV AT b
A DM 2.6Hz L LA, PEF—20R S E LTHTIOML L I
5 20sec WO & - 7oA, FHEMD ~HOLRKMEDOFEL 0.7 b7t s, AUk
TR OUHRTD coherency BIRIOfFLL 0.7~0.9 &7 5. Z DX 5 ik b AN
BOEMIMEC T VIEGELHEYN B D 2 EXFEND DRI, Lo To DX 5l
ANBTEERIE T P OB ERIME LR FIFT LT array station 13 U2c B 7584 1 1)
TE LML T D TEVEE BN,

(2) ABTCARBY 2 Bk T PR MR R A 2R sk, PEFERR O LA & Bl
SRR MET B RIS Lis. © OF I X bk b P MR /e BI3505405% 0
e T % PR ORRE OJF AL & T 3 O e SRS R H L L, kL
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(3) BUMNUEBRNREC X548 TOPEOWKT — 25005, BINED & DL OF
WCERANPTE & BINETY D2 o TR X D HEET ARl 5 T, b o Ji
UL BB HIT Lic, ¥, ZOBELRFMT 5001, Bl Lciiofy v —
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oo ZORSRW X, RS BIES T E LT 2B o T L B REE T P
WOFEITAL & 2T HEN X BR S,

3 ik

BeNDAT, J. S. and A. G. PiErsor, 1971, Random data: Analysis and measurement proce-
dures, New York, Wiley—Interscience.

BirLiLL, J. W. and F. E. WHITEWAY, 1965, The application of phased arrays to the analysis
of seismic body waves, Philosophical Transactions of the Royal Society of London
Series A. Mathematical and Physical Sciences, 228, 421-493.

Brown, R. J., 1973, Slowness and azimuth at the Uppsala array part 1: array calibration
and event location, Pure and Applied Geophysics, 105, 759-769.

CrossoN, R. S., 1976, Crustal structure modeling of earthquake data 1. Simultaneous least
squares estimation of hypocenter and velocity parameters, Journal of Geophysical
Research, 81, 3036-3046.

HerriN, E., 1968, Introduction to 1968 seismological tables for P phases, B.S.S. 4, 58,
1193—1241. .

JAnsson, B. and E. S. HUSEBYE, 1968, Application of array data processing techniques to a
network of ordinary seismograph stations, Pure and Applied Geophysics, 69, 80-99.
Lacoss, T., 1975, Review of some techniques for array processing, Exploitation of seismo-

graph networks, Noordhoft.

LEVIN, J., 1965, Least-squares array processing for signals of unknown form, The Radio
and Electronic Engineer, 1965, 213-222.

STEWART, S. W, H. K. LEE and J. P. EAToN, 1971, Location and real-time detection of
micro-earthquakes along the San Andreas fault system in central California, Recent
Crustal Movement, Royal Society of New Zealand, Bulletin, 9, 205-209.




BBTEBNRC X 2 a0 PEOWIE 7 — 2 MBS o 673

338. Data Processings of Teleseismic P Waves recorded by
Microearthquake Observation Networks.

By Can Tao ZHUANG and Megumi MIZOUE,
Earthquake Research Institute.

Seismic signals recorded by microearthquake observation networks are available for a
hypocentral determination of local events as well as for an evaluation of the azimuth and
apparent velocity of the teleseismic P waves. The coherent nature of teleseismic P
waves recorded at each of the stations of a microearthquake observation network satisfies
a basic requirement for the application of an array processing. In the case of the Waka-
yama Microearthquake Obseravatory with a network spanning 120-150 km, the coherency
function is as large as 0.8-0.9 in the frequency range of less than 2.5 Hz in which the
power spectrum amplitude has a maximum peak. The cross-correlation function is used for the
arrival time measurement of P waves relative to each of two specified stations. The damped
least squares method is introduced to evaluate the azimuth and apparent velocity of incoming
teleseismic P waves. The standard error in the azimuth is less than *1° and that of the
apparent velocity is less than 0.016 relative to its value, when the arrival time difference of
the P waves between the two stations can be measured with the error of less than 0.1 sec.

Despite of the coherent nature of teleseismic P waves recorded by a microearthquake ob-
servation network, a nonsystematic distribution of stations in geometry produces unfavourable
offects on the resolution of the data processing. In the case of ordinary array stations,
the main lobe of the beam pattern is predominant in its amplitude and is clearly separated
from side lobes through the delay and sum procedures. In the case of microearthquake
observation networks, however, the simple delay and sum procedure fails to make an evident
separation of the main lobe in the beam pattern. The calculation of the integrated pattern
in the frequency domain is found to be a pracitical method for the enhancement of the main
lobe when a microearthquake observation network is used for the measurements of the
azimuth and the apparent-velocity of teleseismic P waves.




