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An experimental study on the upper limits of wavelength of Rayliegh wave
estimated by the Frequency-Wavenumber spectrum method or the Spatial
Autocorrelation method using a microtremor array technique

Takuya Obuchi*, Hidekazu Yamamoto™* and Tokumi Saito**

ABSTRACT

In a microtremor array technique phase velocities must be obtained in a wide-range of wavelength in
order to estimate underground structures precisely. Frequency-wavenumber spectrum (F-K) method and
Spatial auto-correlation (SPAC) method are used to estimate phase velocities of surface waves in
microtremors. Recent studies using techniques of numerical simulation or field experiment show that
SPAC method can observe longer wavelength possible to estimate phase velocities in microtremors than F-
K method. We also examine and discuss the upper limits of wavelength calculated using microtremor array
data by the two kinds of methods.

For the above purpose, microtremor array observations were carried out in four sites of Morioka city,
Iwate Prefecture. The array configuration is a triangle with seven vertical seismometers. The array size de-
fined by the distance between a center and an apex of the triangle ranges from 10 m to 100 m. Three or four
arrays with different sizes were used at one observation site. Phase velocities of Rayleigh wave in
microtremors were observed by F-K method and SPAC method. We defined a standard phase velocity
which was calculated from all the array records at one site. To estimate the upper limits of wavelength, a
residual between standard phase velocity and observed phase velocity for each array was defined within
0.1. The range of the estimated upper limits of wavelengths by F-K method were from 2.3 to 6.8 times for a
distance between a center and an apex of the triangle array, and those by SPAC method were ranging from
3.2 to 17.2 times. These results show that SPAC method can observe longer wavelength possible to esti-
mate phase velocities in microtremors than F-K method.

Key words: upper limits of Rayleigh wavelength, Frequency-Wavenumber spectrum method, Spatial Au-
tocorrelation method, microtremor array technique
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Fig. 1 Location map for array observation sites. Solid cir-
cles denote observation sites. MKH denotes
Morioka Kita high school, MMH denotes Morioka
Minami high school, MTH denotes Morioka tech-
nical high school and IUE denotes Faculty of En-
gineering, Iwate University.
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@® : Seismometer

Fig. 2 The schematic configuration of the array used at
all observation sites. Solid circles denote seismom-
eter locations. R is defined by a distance between a
center and an apex of the array.

Table 1 List of radius (R) for the array in each ob-
servation site. The unit is meter.

unit: m
Site | array Al array B| array C| array D
MKH | 48.0 [ 24.0 12.0 -
MMH | 80.0 | 40.0 | 20.0 -
MTH | 80.0 | 40.0 | 20.0 10.0
IUE | 100.0 | 50.0 [ 24.0 12.0

Y. TOMEIEFig. 20 R (L, 7L —PRLF
o) H%UTE, TL—RBKREVWTL—hbhEnT
L—icfpsT7L—A, 7L—B, 7L—C, 71—
DLIER, TL—DOKESOMEREFRIE, O/IASH
TL—D%FEMEL4LT7L—-CTH2ME, TL—B
THRARE, TL—ATHSIEEL D,

3. BEhAE
F-K & & SPAC L3, @2 115 Rayleigh JE D

MAHREDHEETH D, TNLENOHEE HFEZLITIC
T %o

(1) F-Ki&*

F-KEToMMEREOH I, &A% (MLM,
Capon, 1969) 2 & BT HEE 7z, MLMIZX 5
F-K 2~z b VO¥ER P(fk) 1&

=1

P = {3 3 an() exp [—ik(ra—n)]
@

THb, ZIT, fIZEEE, kIZEHENZ by, NiZ
Bl aEE, n 3 IFEHOBMEOBEEEZRY o ¢mid

N#FENHO< ) v 7 ATIHZHEmFEHED 7 O A
ARG MVOFATINITH Do L 12 BT BAHHEE
clX, P(fk) DIED TR E 70 B B OME | k| & &k
B hoEEINE ()R,

f

C:m (2)

BEIZE VSN HMBTL—FT—%25, 1RKH
40.96 sec &AM ICHEMEE L TWwaH & B b s X H
20X HBEEREE L, £LTC, FXMITLIZFFT
IO r70AART P VEFELFESLEZITY, FFK A
Ny PVERRD, HFT LT OMMHEEEHEE LT
R ARREE OfFEHTIZ 0.1 Hz BIFE TT - 720

(2) SPAC %

SPAC B2 BT AR E OFITICIE, ZERECD
HBEEEEERTABO 70X AR FVOEHEIC AR
model Z @ L7z IUAIT A (1998) D Jii% Hwiz,
22 B CARBIR B D BLME p (w,r) 12 (3) RN TEIHE S
5o

1 (™ Real (S;(w,7,0))
o s / de 3
p<w 7) 27[5‘0 JS{[(CU, 7” g)sﬂ(w, 7’, 9) ( )

S HEEEOMBIDINT — AT P
S MELEIZ® 5 —mOWMEj0 /8T — AT b
Sy HEOMBID 7 T RAANRY NV
7 AHEIHLAE
o AR
F7-, ZHECHBEREp (o) X, HEimnic(4)XT
FHENDL (Aki, 1957),

plw,7)=]o(rk) (4)

Jo % 1%E 0k Bessel %

k  Rayleigh 5 %1
LREo ) x v CE) 7 — % 20 & 2= B CHBEHRK
DEBMEE ko, G)ROBHELZBEETLILICE
0, MAHEEZRD D, AUFFETIE, MAHEEZRKD 5
B, HEOMBEEEEO M B CHBERE» SR/ 2
Fe A ARRE 7 ko 5 [HniRZEm B OB (2,
1994) #HW/zo R TH W 7TEOHEFTICL S
FE=MAE7 L —I%, Fig. 31RT &9 12 5 fE MR
MAELIENTEDL, T 05 DM MERED 2R
H OB ELE FIIE W TR EE 2 e L 720 LA
DM 0.1 Hz [BIFE T4T - 720

(3) BMERHEHEO LEOHTE
FEEDOMBHTIZ X V15 S N AIARREE A S HEE T RE & &
RENDBWED LREZ LT HETHZE L7,
KEFFETlE, IETEICRD D 2 5T & BATHIEE DK
Eo#if%Z [ EHMA] SIFHRT 5, 2L T, A4



366 WERE 5555 5% (2002)

(c) (d)

QO :Seismometer

O O

Fig. 3 Five kinds of correlation distance for SPAC
method using the configuration of Fig. 2. Open cir-
cles denote seismometer locations.
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Fig. 4 Observed phase velocities of Rayleigh wave ob-
tained by F-K method as a function of frequency at
the site of MKH. Open circles denote observed
phase velocities at array A. Open triangles denote
observed phase velocities at array B. Open squares
denote observed phase velocities at array C.
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Fig. 5 Observed phase velocity of Rayleigh wave ob-
tained by F-K method. See also the text of Fig. 4.

253m/sec Thb, ZTDHE, HERIT04mTHD,
T7L—BOT7L—FFED240m |23 L3.8KETH 5,
Fig. 917 L— Ciz B At () » i
HEE (FEH) LEBLORT, AERERO LRIC
X 5 E ik #E 5.8 Hz, ALAH#EE 1Z 180 m/sec TH
o CORBEKENMHEEETORERITIIILONTHY,
TL—COT7TL—¥ZFD12.0m |2k L2.6ETH %,
Fig. 101 AV OB EHELE R T AHNTL—BO
AV, OFHETL—CoAV' TH b, HHEEHED
FEREBZAVIE, EB50T L —IZBWTH A
RAHERE I LENFNRD 7 L — 2 BT DA AHEEASE
KB HEICEL TS,

1000 W
array A

800 1.5

3.5

array B

600 —

400 —

Phase velocity (m/sec)

200 —

Frequency (Hz)

Fig. 6 Standard phase velocities from F-K method at
MKH. Standard Phase velocities are made from
observed phase velocities at each array. Open cir-
cles denote observed phase velocities at array A.
Open triangles denote observed phase velocities at
array B. Open squares denote observed phase
velocities at array C. Both arrows show the fre-
quency range of phase velocity of each array used
at standard phase velocity.
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Fig. 7 Standard phase velocities from SPAC method at
MKH. See also the text of Fig. 6.
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Fig. 8 Standard phase velocities (solid line) and ob-

Phase velocity (m/sec)

1000 —

served phase velocities (open triangles) by F-K
method of array B at the site of MKH. Arrow
shows the frequency corresponded the upper limit
of wavelength.

— standard
O arrayC

800 —

600 —

400 —

200 —

Frequency (Hz)

Fig. 9 Standard phase velocities (solid line) and ob-

served phase velocities (open squares) by F-K
method of array C at the site of MKH. See also the
text of Fig. 8.
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Fig. 10 Residual between standard phase velocities and

AV'
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observed phase velocities at each array by F-K
method is shown in this figure. Open triangles
denote residual between standard phase veloci-
ties and observed phase velocities at array B.
Open squares denote residual between standard
phase velocities and observed phase velocities at
array C. Arrow shows the frequency correspond-
ed the upper limit of wavelength.
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0.2 - A Z% % O array D

Frequency (Hz)

Fig. 11 Residual by F-K method at MMH, MTH and

IUE. Open circles denote residual for array B.
Open triangles denote residual for array C. Open
squares denote residual for array D.
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Fig. 12 The normalized upper limits of wavelength (1/
R) estimated from F-K method as a function of
R.
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Fig. 13 Standard phase velocities (solid line) and ob-
served phase velocities (open triangles) by SPAC
method of array B at the site of MKH. Arrow
shows the frequency corresponded the upper
limit of wavelength.
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Fig. 14 Standard phase velocities (solid line) and ob-
served phase velocities (open squares) by SPAC
method of array C at the site of MKH. See also
the text of Fig. 13.
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Fig. 15 Residual between standard phase velocities and
observed phase velocities at each array by SPAC
method are shown in this figure. Open triangles
denote residual between standard phase veloci-
ties and observed phase velocities at array B.
Open squares denote residual between standard
phase velocities and observed phase velocities at
array C.
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Fig. 16 Residual by SPAC method at MMH, MTH and
IUE. Open circles denote residual for array B.
Open triangles denote residual for array C. Open
squares denote residual for array D.

20

MKH
MMH

ml>g

>
+0Ob>O0

MTH
IUE

0 T T T T T
0 10 20 30 40 50 60

R (m)

Fig. 17 The normalized upper limits of wavelength esti-
mated from SPAC method as a function of R.
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Fig. 18 F-K spectra for each frequency at array A (left)
and B (right) in MKH. The value in each graphs
denote each phase velocities (unit: m/sec). Cross
denote the peak of F-K spectrum.
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