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Estimation of Phase Velocities of the Surface Waves in Seismic Ground
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A method of observing microtremors using a seismometer array is a powerful exploration
technique in estimating geologic structure for which frequency(F)-wavenumber(K) power spectral
analysis is usually applied to the observed data. Microtremors, however, are frequently observed
with low amplitudes in power spectra commonly in the frequency range of 1 to 2 Hz, resulting in
difficulty in estimating the phase velocities in the frequency range possibly associated with depths
around the basement of sedimentary basins. As making compensation for the microtremors, the
practical use of surface waves in earthquake ground motions would be anticipated because of high
amplitudes in power spectra expected in a wide frequency range.

While observing microtremors by a seismometer array consisting of 10 observation points at
3 sites of OB92DL, OB85B and OB85C, respectively, in the Tokachi basin, Hokkaido, the array
at each site has unexpectedly observed earthquake ground motions due to an earthquake which
occurred off Sanriku at distances of 250 to 370 km south of each site.

F-K spectral analysis has been applied to continuous 500-sec microtremor samples at OB85B
and OB85C and also to continuous 2300-sec microtremor samples at OB92DL, all of which fully
include the earthquake ground motions. Time traces associated with earthquake ground
motions covered with 3 continuous 50-sec windows separately have been processed by the F-K
spectral analysis. Phase velocities thus obtained from the time trace in each time window show
a function of frequency even in the range of 1 to 2 Hz. Although the phase velocity derived at each
frequency from the highest peak in F-K power spectrum is difficult to identify the one for P
waves, S waves or surface waves, the 2nd and/or 3rd peaks in F-K power spectra successfully
give phase velocities of fundamental- mode Rayleigh waves for frequencies including 1 to 2 Hz
which approximately coincide with those estimated from the highest peak in F-K power spectra
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from microtremor traces.

As an additional array data processing, an attempt was made with a running F-K power
spectral analysis which applies to time traces by transferring a 30-sec window for 10 sec each.
Consequently it is explained that the running F-K power spectral analysis has attained success
in identifying the phase velocity of surface waves due to earthquakes or that of surface waves in
microtremors with high resolution.

I. 1 U & I

BT, WEi AL H L W TR ORAED: (IREMRAE & & HR) »FREN TS (B2,
Horike, 1985 ; Matsushima and Okada, 1990 ; #28, 1990 ; M - 4, 1990). Z HiE#&HEIHEN+
DT —(FFERKY L) FEBEDOFHEBRNC BN EEZ, FHEE L TEDNT—Di KKk
FIH 5,

FERAWMFRTHLP L & I, SHOBMEL LL BTV — 24> THEZEHT 5 &, BEcd
FNBEEEE [AAERESEEEOBME T4abbAaBILR] L L TRlENS, L LIBE#H* %
D& BT L—EF - THRBT T, MBS INIERELREINZT TH 23 (Gupta et al,,
1993 ; W - 4, 1993, ¥ - filL; 1994).

HEBDOSHE, —RICZD TR EVRAEEEBICh > THEBI L D RkKEWEEZ NS, 2D
Z i3, HEBHOT V—EHRAIZ L) R BEEEBR CREREOMAMEEORBICES TH ), HEE
LTE N B TREEDOHEICOUI DI E2ERT 5,

FR2MBEBORA, TIICEINLIRMEDEEISMIBERG ML HEEEDL - TE 2L DTHER
ENTWBETHH). LL, ZOMICEPOEREERD 5 WIZBEHELO TS OAREEIC &
D ZREGICERINZRBELIZTINTVIRT T, 204, MEDHBIHEH BT 28BE2HFLC
Wb E#zZ 515 (Anton et al, 1989 ; Gupta et al., 1993),

At E R T 1985 £ & 1992 4B, WEIOT Vv —BRAITIC =R TR - 72 3 0NMEBEOHER *
gk L 72, S EC OGS N MERICHENEEE RO 2 X4, RULT7 L —TBRUI 2K
ORISR L T 5. 4B, BT FHEI213 £ AR modeling #FH L 72 F-K g: (Capon, 1969 ;
% - B, 1993 ; %, 1994) #fF5.

II. A7L—7—9%

Fig. 1133 20ME#* 2N FNEBR L7771 —0B9%2 DL, OB8 B, OB85C nEERITH 5. =
NODTU—DBASEIZTCTHD 104, 2Oo0BUSBORK, T4bb, TL—DkEXIH
1.3km (OB92DL)%\wL 2.8km (OB85B, OB8C)Th 2. 2N b 3 DNHMEBEHOEREER & =
NEDMWEERZFLEHL 27 L —ORLBRISOBREMES L U7 L —du0BRE L L DERDOFA
%% Tablel1 2R Y. 48, TNEFNMES 2L 27 L —F .08 S ToERIC DWW, 1l
2H (197) oxREkErSEL L.

(1) 5% 1 DRIFRFIZT L —O0B 92 DL TOMBVBRRBMEED 81308 TH S, LB, ZHTL—"T
DMEVBREEIZ 20 iF 30 55 ~21 BF 1567 CTh 5, BELLTL—DHFLBESZ TOPREBLIUS
WOERL, ZNEN548BE 6.0 THY, PEBLUSKEIZIT L —Dd.08H 5 (ST 8)iciz,
BHBBHZNZN867.8 % & 909.0 WIcBLET 52 Lick 3,
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Fig.1 Map showing the locations of three seismometer arrays,
0B92DL, OB85B, and OB85C, in the Tokachi Basin, Hokkaido.

Array configurations are shown in the lower in which numbers
indicate the observation points.

Tablel List of earthquakes recorded at array OB92DL, OB85B and OB85C

Earthq. Array Date Time Location Magnitude Distance Azimuth
No. (h:m:s) (JMA) (km)
1 OB92DL  Jul31,1992 20:43:33 39.61°N143.65°E 41 367 172°
2 OB8B Jul.21,1985 20:28:11 40.35°N142.15°E 3.8 290 196°
3  OB8C Jul.23,1985 01:13:17 40.72°N143.63°E 3.6 253 171°

Fig.2 (a)l3W@E&Fic & E N HMEEH T, Zhici, HEBD P ¥R, S EERS, FhickE
¥, §7%bb Rayleigh %2 &4 a—FIVEHKINT B

. B, FERH OB (STS)
TOPW YL SWOBERHN £ T, Fig.2 (b) 13 Fig. 2 (a) kR84 ST 8 Ofisks J U2 1

LB EE . =0.5, 1.0, 1.5, 2.0, 2.5, 3.0Hz o band-pass filter #2177~ 508 TH 5.

(2) HE 2 NDEIFERZI T v —OB 85 B TOMBHBEBBAED 1690.6 W Th 5B, 4B, ZHTL—T
DB BRI 20 00 0 ~20 453 TH 5. BIE» LT Vv —OHLERIE (ST10) £ THOP K
BIUSHENERL, TNFNALA3BETRABTHY, 2hiY), PEBLIUSEDTV—DF
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Fig.2 (a) Microtremor traces observed at 10 observation points of array
OBY92DL in which recorded are also earthquake ground motions due to an
earthquake which occurred off Sanriku about 367 km south of the array.
Arrows with signs, P and S, on time axis indicate the arrival times expected
for P and S waves, respectively. The seismic ground motions sampled for
F-K analysis are in A, B and C sequential 50-second windows. (b) Mi-
crotremor trace including the seismic ground motions recorded at the center
observation point (ST 8) of the array and its band-pass filtered traces for
which the center frequency is 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0Hz, respectively.

BREA~OBEIBRURGEB I NN 1T3L.9BB L N1763.08 & 7 5.

Fig. 3(a) 3hEIFE&Ic S I N2 MBI R T, &b, RiEhcfOBRS (ST10) ToPHB &
S WDBERA 2 E1Y. Fig. 3 (b)i Fig. 3 (@) icR”kT 7 v —odubBHlE (ST 10) oitsks L O
FriucHue B L, =0.5, 1.0, 1.5, 2.0, 2.5, 3.0 Hz ) band-pass filter # 2>} 72508 TH 5.

(3) HuEE 3 NEIFRE L T L —0B 85 C TOWBBLHUBAIGHND 19738 TH B, 4B, ZHTV—TN



WE I ORE W & HEEIC X 5 REFE DR EDHERE & 119

p S
B
AT 3
OB815],3.1,1..ﬁ5.1..'—.—c,|—! N B B
ST1 _{_ 04 |
iy

ST 2 A r

ST3 w

ST 4

STS k m

@ W
Mhm
M‘W’W
” i
f. (Hzl;ool L 1800 180 1000 1950

(b) 15 _—“"""""”’

T T T | T T
1700 1750 1800 1850 1900 1950

Time (Sec.)

Fig. 3 (a) Microtremor traces observed at 10 observation points of array OB85B
in which recorded are also earthquake ground motions due to an earthquake
which occurred off Sanriku about 290 km south of the array. Arrows with
signs, P and S, indicate the arrival times expected for P and S waves,
respectively. The seismic ground motions sampled for F-K analysis are in
A, B and C sequential 50-second windows, while windows A and B are
overlapped by 20 sec. (b) Microtremor trace including the seismic ground
motions recorded at the center observation point (ST 10) of the array and its
band-pass filtered traces for which the center frequency is 0.5, 1.0, 1.5, 2.0, 2.
5 and 3.0 Hz, respectively.

PEVBRESRTIL 01 B 00 5 ~01 B 45 3 Th 5, BEFEL LT LV —OHRLBENA(STI) ETHOPHB &
USENERBZINENI.5E 63.8MTHY), ZHLD, PEBLIUSEDT L —ndul BRIl
~DEEIBREIERF N FN833.8 B L8611 E D,

Fig. 4 (a) 3WBEFIC ST I N MEBH LR T, b, EEMEcHOBRAE (ST3) HPEs LY
S EoFEEAZEY, Fig. 4 (b)ix Fig. 4 @IRT T v —ndLnBila (ST 3) oit&s U7
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Fig.4 (a) Microtremor traces observed at 10 observation points of array OB85C
in which recorded are also earthquake ground motions due to an earthquake
which occurred off Sanriku about 253 km south of the array. Arrows with
sings, P and S, indicate the arrival times expected for P and S waves,
respectively. The seismic ground motions sampled for F-K analysis are in
A, B and C sequential 50-second windows, while windows A and B are
overlapped by 20 sec. (b) Microtremor trace including the seismic ground
motions recorded at the center observation point (ST 3) of the array and its
band-pass filtered traces for which the center frequency is 0.5, 1.0, 1.5, 2.0, 2.
5 and 3.0 Hz, respectively.

iz LB EE . =0.5, 1.0, 1.5, 2.0, 2.5, 3.0Hz ¢ band-pass filter 2} 72508k TH 5.
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ZZTC, 3DNHMEHBLIOFNFNOMETFND NNy 77537 FEZ>TWABBINDZAT }FIL
BEBLIUEINLICE I NAERLE, Thbbr A ) —HONHEEIZOWTEET 5.

1. WBES L URBD/NT—RARD IR

1.1 7L —0B92DL »F—#iz>W\T

BITICHER L T — Y7 > 7 v— M3 10Hz Th 5. Fig. 51371 —0B 92 DL oyHu8
& ST8 DRGFIcD>WTHELN T = 7 T —2RT PV TH B, IR, itk 2550 B
F—ZENRELTC, —FBHEBOEZ2#508IcEY), #0oRB% 2583575 L %ds K@
HELTELLNTHE, ZORTHL L L ) Iz, B 870~1,000 BOMEEB D 7 — 380 &5 1z
WEND /T — L D KRE W, T2, HEBZRBRWLEHS, TbbBEIN, 87— 27 F VTBAI DR
FHIZEETH S, MMOBUENT > =2 F « T =227 P DWTH TN & R ERD
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Fig.5 An example of running power spectra calculated from microtremor trace
observed at the center observation point (ST8) of array OB92DL showing
weak power of microtremors in the frequency range from 1 to 2 Hz compen-
sated by the power of the seismic ground motions.

o

Kiz, HEBEE G OREGEOEE Y L { As72oiz, Fig 2@ icnd TF— 7 2BMESOH TN,
A (860~910% : P #ER4r), B (910~960 # : S #k#E4), C (960~1010 % : KEHK 2S5 a—5
) DERN AT T T — 227 F V&K 72, Fig. 6 (a) iz BRSO ES » Bbn 55 %Kk
Wz EREI D 2300 BRI DWW TEHE L 7237 — 2227 P vTH B, Fig.6 )i, 7Tv—oduE8Hl =

(ST8) Ttz A, B, CHRXME L VEBIOEEE5Hz 2 THONRT—27 F L ThH B,
Fig.6 (c)l3 2L ENA, B, C&RXME@END T —2=7 b LEDKTH 5.

Fig. 6 () CH &% & 51, E¥ 2.0 Hz DL TR IBEBHTS 0/ 7 — L @0, <7 —13131ZF
LAREITHEY, BEHR2 0Hz RIGTIEHEL 2 ICHESH O FHrWMEI L ) 7 —hKk &, B
1.0 Hz 358 Tz 100 500 kic 7 3.

PRENY, R 1.0 Hz AHAE TR 7 — ML 2 2SS ) (Z iz 46§ L o HBFBE oME) 72
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Fig.6 (a) Power spectra calculated from continuous 2300-sec mi-
crotremor samples at all observation points of array OB92DL
excerpted from the data not including earthquake ground
motions. (b) Power spectra calculatéd from time traces in A, B
and C windows and continuous 2300-sec microtremor trace at
ST8 of OB92DL. (c) Power spectral ratio of time traces in A, B
and C windows to continuous 2300-sec microtremor trace at
ST8 of OB92DL.

FOBKTIRE), 2D, TORBEHRE COMBRE 2 BB LHETLZ L HL(LD
ZEPHB (128 20, #(1994)). WEHHOLXREIL, 1.0 HzHED/ 7 —2 @@ & D K& iz,
LLMEHSPEIN 2 ZORBEBIENRE L EMET 5 Z X TENUL, TV—ETOHTHEEDN
HEEICRI DI T TH 5.

1.2 7L —0B85B L U7L—0B85C HTF—4(22>WT

TL—0B8BEBELIUTL—0B8BCHOT—FIZOoWTRIBNBENT 2IiT-72, HBELZ2EINLFN
Fig.7, Fig. 8i0mR7.

Fig. 7 (a)i3 71 —O0OB 85 B ¢ 500 ¥/ (300~800 #) iz DWW (FHE L 22 £BME m o/ 7 — 27 }
NTH5, Fig.7 (b)ix Fig.312:RT 7L —0B 85 B o HULENLA (ST 10) »E &R 50 B3 D0 HE

8T: 10

10° 10°
§1o' 10t
2 2 o
& 10* & 10° -
(o] (&) [
& o & o &
o 10 @ 10

[+

,‘f, 1o ﬁ 10° ‘;
5 s %100
a. 10™ o, 107 17

107 L 107 L . . L io™ .

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
FREQUENCY (HZ) FREQUENCY (HZ) PREQUENCY (HZ)
@) (b) (©)

Fig. 7 (a) Power spectra calculated from continuous 500-sec mi-
crotremor samples at all observation points of array OB85B
excerpted from the data not including earthquake ground
motions. (b) Power spectra calculated from time traces in A, B
and C windows and continuous-500 sec microtremor trace at
ST10 of OB85B. (c) Power spectral ratio of time traces in A, B
and C windows to continuous 500-sec microtremor trace at
ST10 of OB85B.
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Fig.8 (a) Power spectra calculated from continuous 500-sec mi-
crotremor samples at all observation points of array OB85C
excerpted from the data not including earthquake ground
motions. (b) Power spectra calculated from time traces in A, B
and C windows and continuous 500-sec microtremor trace at
ST3 of OB85C. (c) Power spectral ratio of time traces in A, B
and C windows to continuous 500-sec microtremor trace at ST3
of OB85C.

B A (1730~1780 & © P #5847), B (1760~1810 % © S i#k4r), C (1810~1860 ) | £k % &
oo — 78S DERXE B X BB DT — 27 P ATH B, B, KEA, B2z 20 RED
BN H 5. Fig7 ©iZFNFNA, B, CEXHE EWEERSG D/ 9T — 27 FNVEDKTH B,

Fig.8 (a)137v—0B85C ¢ 500 #R] (1700~2200 #) i DWW THE L 2 &8IS0/ T — 27
F A TH B, Fig.8 (b)id Fig. 4 127877 L —O0B 85 C D04 (ST 3) DB 50 B ¥ oDk
Bhihsr A (830~880 % © P #¥R4), B (860~910 % | S #iR4), C(910~960 % | RmEK 22—
TG DEXEB & VBTG 08T — X7 P TH D, kB, KEA, Bizld 20 BEOEED
» 3%, Fig.8 (0)izZNFNA, B, CEHERM EMWEES D T —AR7 PN EDHTH B,

Fig.7 (b)B LU Fig.8 (b)) 77—z~ V&2 R2E, 7L —0B92DL o4& (Fig. 6(b)) &
FEREl, BB 1.0~2.0 Hz DRI THEI D 7 —»FEFICTH L, M7 L—T7—7F & L EHRTD
1/100 M\ FTH 5. Fig. 7 (c)B L U Fig.8 () THL A% L iz, Tv—0B8 B 8L UF71L—0B 85
C i, B¥H1.0Hz DI Eiz% 5 & ihEERss (Rric, P s L OrSEES) /37 —I38 6 2o i
BT —L N KREL LD, BB X OWSICEHE EIN T 50, BBOOBEIIE S,
INLOXEY, BEYTIREEL WE S 1.0~2.0 Hz S OMAEREO#HE ICEIFF L T 5.

2. (IRREDHE

Fig. 1 It d 3BHEAT LV —TENFNBAI N 3 o0MERB L U 0RioMmEiRgsr - %2
NHIETINLEEEBOMEEEZ F-K 227 v b LicHEL 72,

ZENFHE L, MEBORS* 2N Fh Fig.2 (a), Fig.3 (a), Fig. 4 @) IR TRMEORTD
DA, B, CoERXMicaEL, EXMicoWT, F2M@8InEREs 2wzl siconT,
FUFIAIARERRE S BR M EHEEL 2, %8B, A, B, CEEMIZ oW Tix AR modeling iz & %
F-K gl 2. 372, REEs OHEIC T block averaging AR modeling i2 & 3 F-K g% fi\v»
7o (-FE, 1993 %, 1994). L7z - C, MMNWICHESNS & D Mo/ HAEERE OHEER
EXrEd, InLERERICHL T oy b LEE, BEr /76N MEEEDNHI/NTDED
INECEERDEFTCE S,
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2.1 7L—0B92DL »F—4i2>WVWT

(1) F-Kx-<Z7}n

Fig.9(a), (b), ©xZNZNEEH=0.5Hz, 1.0Hz, 1.5Hz BT 5ESA, B, C£50
BEOTF—sBLUZNL 2B BB 230 BN T— K DWTHELLZF-KAX7 P ThH
3. MPO@HIE F-K 227 F VOBKNE—7 2RL, AHRE2BHNE— 7 OMEZRY. 2
nNLne—7rh LELAEEES2 ZNEN YV, V, &T 5.

i) f=0.5Hz »#A  F-K 2a=7 o —7i2A, B, C, WEIERHEE D 1 2LrENT W,
INLNE— I LHE L AMREIZA, BEEME LB L V22 ) K&, CRETIZMENC

IRRDE
1@?@:

(2) £ =0.5Hz (b) f =1.0Hz (¢) f = 1.5Hz

Fig.9 F-K power spectral density plots calculated from time traces
in A, B and C windows and continuous 500-sec microtremor
trace recorded at OB92DL for three different frequencies of 0.5
Hz (a), 1.0 Hz (b), and 1.5Hz (c), respectively. Solid circle
indicates the highest power peak giving phase velocity V; and
solid triangle, the 2nd-highest power peak giving phase velocity
V..
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WHVETHL, kD, A, BEORMIZEICERE LEZREDOE) THN, Co 50 HEDKES
SIIRBEENET N EEZ LB,

Fig.6(b), (0% R2 &, 0.5HzfHETIE, 7 —3FBREOH»HENE 9 kX, ABIUCK
FIIED & FARETH 5, BREIDAABREIIHMEBOERE, BEZL{IITRSENHELED
LTwa EBbnss, ARBOAAHEEIIPHOEEE L T/IIBE, ENEE*EbLL T3
CiFBE b, ZOBREREL T, PEEZDNYy 77592 FE L TORE & FHEEED, ST —#
BNz F-K 227 } )VICHEE (degeneration) (#%-FH, 1992 ; BIH -, 1995 ; =K -, 1996)
Do Tz, B BHVISRITIXE 50 o T, PR BB EO SRR IEFICE 2o, F-K A2
I PN FDREERHETE BROMERES D> Tk oldy, L ENFEILNSL, 72, CH50
MEOBENZLT LD EFRETILWAES S, Lizdt> T, CREDNAEZEEE AR 2 R AL
HRERETI 2w Lk, SOYBEOSVWEBNEETLXT 2080 H 5.

ii) f=1.0Hz * f=1.5Hz DA : F-K 227  LOE— 7 3HEHOARXBTIZ 1 DLk
75, B, CREB L UMEITIZ & bic 2 DB EdH 5, HES) A KB OAAHREIL V. >4.0km/s TH Y,
FERENDDLDEBbNDY, Ny 77772 FOBBOEELZET w5255, B, CRHE»LHH#
FLIAEEIRf=1.5 HzBXE?D V,=2.20km/s ¥ BREERHTES LWINEWETH 5.

MBI OMAEEZ, f=1.0Hz DB, BADE—I55 V,=6.73km/s, FE2DEL—IH 5 V,=
0.76 km/s " oN12. B1OE— 7 L DAABERRAHEN LD LITBZ L WKREWHETH S, Z
i3, hED 2 ERANC, T BHEEIO a— g T2z, b L IdMEIo F-K 2=7
VKRNI S e DIC E— 7 DRBUEHNE L L), FRIC L DREP LB LNEY, WT
N EED»IZZN0 F-K 27 F VTG GHMT T2 2 S I3 8L .

f=1.5Hz »3a, V,=0.35km/s, V,=0.38km/s Th 5. Th LT LENETH Y, @
BONAREE EHEZ HiL,

(2) AuAEHERE

Fig. 10 i B &t 0.5 Hz~3.0 Hz iz, Fig. 2 (a) m#EHA, B, CHOLXMEB L KE)
P LHEE X N BB OAARRE & 2N B NBR A LR, MAEEIZ, F-K 227 Lo
E—J7EDEWE>»L 3 DF TR DWW THEL:, RPO@EIHRAKE— 70608 DT, AEILE
2, BINDE—I7bNLDTH 5, LBMHERE c>2km/s 377 7 OBFMCETL 72, HMEhELEk D 5
b c>2km/s ORMBEESHEEZI N TV B, ZHICOWTUE, Rzt yicsnk ) LEED
BOLoPHKBEL V., BRICIT- 2EMBOBBBRAITL 20k ) 2B snTniwy (Blz
i, &, 1990).

i) MEHAOKXM  F-K A7 FORAE—I7 2 58851513 & A X OMAHBER c>2km/s
E% D, ARMEERT 2HOKRIMSIIERE EHEENS, LrL, T TR L ) ICHEEBRR
DB TV BIEEEIH Y, BoNIAAEEIRREIKEWIES ), 22 TEIUCKHIET 525
ETHIERIITNERIL, B, TNLDENEPERFMILZ S0 ~40W THY), ZhLYHE
BEERT A ROKRBFIERL ) HELUROK A bEb> TETWE LI IZRZ 5.

—%, F2, EINE— 6B NAMAEEITHS PCHEET, L b F06DEIRHERE
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