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Signal with Noise
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Stacking Period: Integer Multiple of the
period of ACROSS signal

Wé%%?ﬁﬁ)é@ T8 9 £TH7RV, MEREEZNCFES L CIRET 5 1IE%K 25
BTadlidzo L s> REETHITH S,
e 57% T I HERIT, EREZEEERT 5 7o O R R B AR & LB
Thb, RIZ16 By T3 F¥ RO T—H % 100Hz T'H‘/7 Vo7 LTl
Aoy DOtz LD &, b0M /A MLEL LD, A Lo TUIZOREDT — 4 &
TIFEDROD G ERCT v U RNVBIA A D 2 & 2EBEX D L TE LT
BAEZHDL L TRBWIE ) DEOLBENMERIZ/2 5 L, FLEEERETO BB
HHET, F 2 TE L SN0 RE X EAS G OHEIEE (Time Segment Stacking
Recorder, ML T TS-Stacker) T 5,
TS-Stacker Tixd 5 —EDRFHIZ LIEFZRELHDOE TS, HEEK
Fig. 2 |29, ZEORFHMRREITE /ﬂ?ﬁ)i‘oﬂéﬁéﬂ“(b\Z)IEW{EZ@HEQQ@%‘%IPT
bIuX I, bivbivuddE EG ORHFREZ 100 FICRE L TS, ZO%HE
%hﬁémﬁﬁiommwﬁﬁPT%m RLR S LD TSN DB R -
TCIERRIE RS/ A RS T E AR ME 2 51T U722y o TESIREE D HE AR -
T, %%k?VﬁA/4X@%iE<ﬁ%ﬂfwéi5:\mﬂ(NME%
BE) THINL TW<, E2RRIFEROEE > O 1 Oy (B LTH
WL HD) L ENLSNDERER S & DB EGEETED L S| BT{KT%%
X 2-3Z R LTHD, XL TS-Stacker DJEW I *ET D Gain NEAHIEIZ
TEDEHIZENTDENERLIELDTHD. Gain IZERE f OB L L“C/k
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X2-3 A¥vxr TR LD EEBEEDOE L, A X v 7 FA#OWHOELRLE
DJEE I DFEE R & I T > TV,

DEINIRFTZENTES.
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|~ 1[]-g"2o™
N _ Nil-¢~ v
I Cand NER (1)

) 1 (for Integer [T)

ZITT FEAOKRY KR LUME (EAREMNR, (R THD.
2B o05 L ICEAEED 1 RIOEEITIXT X TOREEOE IR
TA L TRERS LD, EAREDHINT 212986, EARHEMREOREL Sy D 1 L
DG H DT A D LT Zh & [RIRFICAE 2 5% 2 J8 I H0s oy O JE I E0E
BRI TN Z 05, ZOEIFX1 OB+ E 6005 K512 1/NT
L0, AEREINEFE OWHE L 72D Z LN D.

2-2-3. Z[EIEEL L TOLESM:

RIREEE DA T D BRI T IEME /R REZ] (BLFERITIL GPS ZIRE) (2RI L T
ERETEERFELTCND & LSS, idEEOAICERINAHAIX (1) A
DEHAD X A I VN ERERREZ] (GPS ZKs) (IZRIL Tnwa 2 &, (2) 7=
7 A 6 & D TRIMEDSIFEIANICZE L CWD Z & TH D, TNLIUT OV THE
A& BLEA) R SISO WL T IS T 5,

(1) HEFROFEAERH IR - HF5F 2 FRHEIZ RO STV D08, BIEDIVbIUTFR T
RFR T K DARHERFZ GPS IZ X > T 0. 1 u BOKETELSICFITANDL Z LN TE
5897 o T, Z ORI DO IERE S ZFeekIZAENT DX AD B DZ A I 7
ZGPSICAIEZE 2 2 L THD, B<HDLILTW D X 91T AD B Hagsl T2k Hefil
ETNEL T (AY) BEMHEND ORI FEHEND, Bk EATCF
EB BT ABREOBTEEE T V2L TEL D TH D, L FF L7 Ik
S THBHEICE T ¥ o RMMERTEL 2 bbb o TASHNLA TS, L
MU S AD BHA~D AN OFNZT T a7 OT o F A VT AT 4 )VH =
HCHY ., TORENFHARBS EROREZ AT D EERERIZR>TLEIOD
NS CTH D, W, 7T, VT RAHNSLND LowPass 7 4 VA —DH
N IFINF R &R E D IR ERIEIS DD, T A N —PNREERGE
1y AT O BRI DS R b B S ND. FAUSKH LT A BRI 7
BTV TRIRE D BIXLNEWHR TR 2T — =T T LT,
TUHNT 4 VE =% L CEWDREZ SR LD TH D, A— =TV
Thd D7D, ToFTTA VT AT 4 VE—DH vy NA 7B AT HEE
DOEWE L0 b+ ELSBRET D 2 ENTE, FHEOREMICH 2 5 M
DIRNEWIFIEDR D 5,
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ACROSS DFLEREEE & LT AD Bffigs 2 Ao 5B IIZENEUCRRE N H 5., GPS
RFZI D REIHENITBR BT DIE 5 B G Th D, TIULADE gD~ A X —
7y 7 OREEEY 7D o VTS E R TR, AR THHen 6T
Hb, TIUKI LT NEZ O T<BICREA— =% 7Y 7 %T 572512 100kHz
FEE O E\OERE A GPS IZFRII S A LERH 5, thF v RAnE W IHBLET
L, ASBEITE~AT LIV E2EZT, 1F v R 120 AD EHgRE2H 0
WMTHZHITA NETHEVIZARD, L LN RHMER TIXA SHBRBE-> TV 5D,
TR VA== H TV T T OH T g E— L > THROY
VIV TR RS D T, IR A SRS T E N TE D, E o fERE
IZBWTHT N E 7 =d24 By MEEDSRRED —IXHI T 2 DITx L B IR
ATl VN 16 By MRETH D,

(2) ACROSS DFERIEE & L CER SN D BERIIFRE L U CThie b EHE 72 D13 RFH]
LEM T B, ACROSS TldHl F A& fni> 2 HEN ORI A8 2 2 5 Z L 2 HIY L
LCWN572, FofEEICRRREENER IS, —RICFLEEE ORI DO RE
AL OER N H D0, FORKOSDITRELEINCLLHDTH D,
FLEEE OIRE 2 — BRSO TR METH DY, IREICH L CHUd/r it E
PEHZ L HEETHD,

FRCIREICBUR e = Za T o —Th Y, —RICHESIORERFMEL Y
H—HHITE., BE 7 V2 —ZiZar T o —RHN LTV S DT, ACROSS
TIETFr s 7 4 V2 —ORMEICRICHRE 2 5 . Bl IET A U7 ARG
HINDHE—/NAT g VE—XRENELTH L, Ty NI REOAEREICR
TN D, BRI D AD Zfign 2 WG 72 B3, 1y M A 7 O
0 —/RA T 4 VHE—Z D728, ACROSS THWAIEB~DHEIT K E N,

Tra T (FVT ) OFEBIREICL > TET D, B@EATEY
FRELEENT D Z & 2KUTT H5E B VD8 ACROSS T DC By & V72 e
ATy FOREITI, HEIEREOREREITHAO TO D IBHUKTA T 5 73,
KR DE A STl iAW D LIREOREITX v AT 5MICHY . £20R
FERRERDARWEHI A WD Z 21280 | BHIZ 10ppm/ RIS 2 5 2 L 23A]
RETCTH D, AD W BIRERENH D, HER S DI AD D FEEEETH
D5, PERED L AD BHAAEE 2 VLT 2 10ppm/ EERREEITZEMR TE 5,
(3)ZDMICEE T REZ L L HD. 7o 70N B OBIIHEITIEETH 5,
ACROSS THIN 2 IERZ 1@ L ) A RITHH TS, BIRMEREN L ) o X
B DR E VAT L /NS WA CEE L TV A EXHORENZ(L L TLEY, £
oI BIZ L > TEREABAE L0 IMERIZ L - TRAESEZL < OEK
W ORI TR & TRRED IR D BAET D, LU D, fiékE
DIERRIEEN TR o —70 E OIEFIEHEIT A~ Tl RIS 72 B 72 VRS
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Ths.
fm%@@ﬁffiy&VVV%E%@%%T%%A@%STi@%@ﬁﬁé%
RELTWBTH, ASMEFNRZ Y v 7 L UIEAENED, FRCHESTHE R
/4%@&@%@f&)yf?éﬁ%ﬁﬁk%mEHUMMB@E%&ﬁﬁmﬁ
IEIXIEHE D ) A AL~V R ThH DD, 770 KA RETHRISEERT D 2
EDOTEDLHATIvIVUUNRERND D,

FERZ I S 72 IERLIE R 5 % MO RS CRIER T D 72 OICIX L EO R E B &
TOMENRD D, LnL7ed b ERITITfEA ORI L > TI_XTEFEHTLHZ
CWIREECH D Z ENZ, IROFETIEFEEE Lo & ik z~d,

2-3. BISARRIE &R O TR

2-3-1. fEf L Cu5 TS-Stacker
A & C TR 7z L 9 22 B CREH X M B A fidk i 2 (RE e E LT, 2
B FORREEAFIA L TY 7 FOBB ORI L > THOLELD B H
Do TILHIZOWTONE EBVEHLTEL

(1) PC & AD EHaR— RZEFIH L= D,
m:wm%@f~P%mﬁAbﬁtﬁﬁ%%i%ﬁ%@%ﬁ%@?%éoW%°
R— RIZIISEREERH Y, LEE SNHMERICH DO RINTX 5 L
WO FIRD B 5, it ACROSS DFLEREEE & LT, PC & AD 2R — R4
HE DRIV AT AR IE LT, PCIRMERENEWVIEE S OF ¥ U pVEE LV
WYY TR 5 2 L S ARRIC 72 D, AD ZSHAR — RIL GPS HEEF
MWHEDHA IV TEFEET T T ORI AND Z LN TEHHDEH
W BHOTEIIBEREEAICHY . ~ L F T LI L - TETF v o R LR
RENTWD, PC & LTIX NEC @ PC9821Xal3, AD AR— Kixh / —F 24D
ADXMOSFX (BAEIXAEFEF IE) 2V, AD A R— RZDOHLDIIET v FA YT R
T 4N —INER STV R WD T a7 7 4 V2 —E R LTS,
YT T DEA I TIEFIIINRD GPS et (TrueTime GPS-XL-DC) 2> 534
95 1kPPS DI 5% FV e, 2 GPS gt PLL HillfENC o TR R AR ERE)
%01747B@%W@%ﬁ%@@*&ﬁ@%5i9_mﬁémfwézmﬁﬁ
R—RTlX, HD~—27% b H—IC U TEMERM L%, GPS Bt D
A &5 1KPPS IZ[RIHI L CAHA L, PC DIEERNNy 7 7 —ICEftnit &b . £
DRy T 7 =5 —ERE T L DT —% % CPUNIY 2L TAX v ¥ v JiE%E
19, ZOXHcLTEENRL, GPSIZFAILIEAHX v X T EITH>TND.
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(2) AXBIADZE#HIEHN -0

SR SN DIE SO EED S TIZ A SHD A D WG 2 NS D LU,
A STIADEHERN I — =Y TV T BT 570, HE T 55501k
HIE VLT T A VT AT 4 NE—DH v AT EEEE+HoEm RETE
bo ZDOT TR T T 4 NE—DREEBORENGIZEAEDORND Z LR
T&ED, F—MANZAZHD AD BHERIIF AT I v 7 L PVRIR< 20 By b
LLEDOREZFF OO AFTE D, FxlXI DL D R E R ORRIX M ES
REEIEEZ~—7 7 N (B ICRIEE K L7z, 2 OFREEEEIT ACROSS D FE
BN OIERE L, Z2<OEELT —XEBUG L T 5, ZOEEOK AL, Ft
wornay s LoRMITHS, ASHADEMIEOLE, K&y 70 7
WD 4096 %, 8192 5/l rmy v k~vAX—r a7 & L TADESGIC
HZTRDMENRHY, 207 v v 7 Z0OH 0% GPS LR R S &2 LER H
%o BIZIL100Hz DY 7Y o Z AW A ST WIGEIZIE, 409. 6 k & 7> 819. 2kPPS
DAL=y I RLELRD. 20X RENE%E GPS IR SES Z &
BB D TRWZ End D, Fox BNRIE L GEE Tk, ~A¥—7 Yy
7 Z I GPS ZRFICAI S 2 Z L IdH X DT, £ AX v X 7 XM GEF 100
) OBtEO X A I 7% GPSIZHEEA L, Z DORIZAIRO K FIR IR LT
TIOHARTHZ LT LTz, TDOHE WM@KW%%%®#T1UO5&FﬁEL
T, GPS BFFHILERD 13D Iz, F7z, LR E LT GPS RIio#E
DT %2&/#/7%%@%% 1 — 2 PO RPN AET D, = ORE
DFFIE \ﬁﬁﬁﬁ&_ﬁizgﬂhé ARG L S~DOFEE L IEIEIFZ TR
~5,

(3) HROT—FrH—

MRENTWD T —Za—OHIch, V7 MOETIZT CREH X HZE A
PREELE L THWAZENTELH008H D, HILTE (BR) @ LS8000SH &% D
—DTC, TTAIIKINCEIT DAEERE DO T2 DIZBR S i/ MR & CatEe7e T
—&mﬁ~f&é(ﬁm°@mem.ﬁﬁi\EMI%(%)LWELL%M%H
D7 7—hT=T (Y7 F) ZEELTH DLV, ACROSS 5215 H DR X [ FEHY
FOEEE L L CEATED LY Le, 20T —% a W —OEFHE GPS Fiit &4
fii L, /M- RBETHDHEICH D, F729 TIZT 1000 HBEEZ D BN EEOKRT
SEOMFFEREBNCIRGE S TR Y | BHIZ ACROSS D KB FERZ1T2 52 &b Fl
RDO—DThH D, ZOT —F v H—XBREEIID AD Bz Z VTN D205,
— ROHFNC L 0 EHE GPS IZRIMIT 5 Z LIIARARETHD. LR -> T, KAHX
VX T KOO X A 7 DIrE GPS BFFHZFEIHA S5 K 917> T 5,
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A U< HWLTE #BR) 206 LS7000 23R I TWD, Zord—iZAXHDA
DE#gRZ AV TW5, £72G P SKI~DORIM & IEFITHb 72 715 T L <
W5, DFED ., EHIMICG P SEEZ & ORFRIZEAFHAI L CTREREIZED R A 1B 72
HEowray 7 OREEEELESETWS, ZUT, ERcY 7Y 5
VENHDHT—=H 0 T—IZBW TGP SICRM SE2 HiEE LTIk, Bk hik
Thbd, 7272, LST000 1L/ A A LN EDONRKRETHY, 248 FOAX
BOADEFEHL TWDOIN HEOXAFTI v 7L PF208y RELFTH D,
T aADOZEHE UTHERAT 25GAICIE,. B ) A X&FERT 2721 OREN
VETHLN, GAEICL > TUIZEDRBEIZZ Y ez, EHOT 7 E2ERL
oo ZOT U AZONTIL, BIEIZBWTHET D,

2-3-2. TS-Stacker MFAFEZLK] &

ST, Z O ORFFXMEASMFEIGEEEICIX, & F JE sk LoORREERN
bb, TNHELITICEEZ LT, R EB 25, FFIZ ACROSS D X 9 7o mkg %
Hg U728 CIlIpek o BRI CIIE 2 -2 & b0 X 5 22 MEN AT D,

0
10 Q

Gain

2
0~ ) ] 2 34

Normalized Frequency ( /fT)

X2-4 BROBEWEKELZY 7V ZEEEN 1 0% Thiz
Bt DERECRINOZAZ m T, iFT 7Y TR T D8
B OB E R 2 # R TR L2 b 0, BERT — & OBAITIE,
HOODHGFTH T v r3hbd L RRd 2 LmTE D,
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(1) AD ZEHAEZRDY 27 o VTR D 0T D THUT L AR L %R

AD BHAD X A I TR T A~ AZ—T 1y 7 OFT A EREERTED
EOZBNLPEFHEL L5, DG, BIRICAILTEALZ v F o JVIXF OB
BRTZVT IEMEZR GPS BEFHZ RN L, 2 O%ITNIRD 7 1 v 7 (2[RI LT AD B#as 1T
IbDETD, FLANEO Y 1y ZIZIFABORL E TN D EET 5, =
D X D IZHIBDFEFF DN IEME T2 WA TRER SN BRI IIA A & » % 0 71
DR L&V TN —EHET, Z<bTMhThbd, L7z > TEDIEXL
WA H— D EAS TIERIATE T, AHOMSIEFRIRATZ L TLE 9,
ZOMBERD L HITEZ D,

WD 7 1 7 3305 & BT EEEBDI TN L Sz b, LieaioT
T ey s OTREREEOTNE AT, 4. AX XU TEKEOES
(RAZ X 7R &= TRETHE, ZIUIRRFEE CIXER L-F 516 T
FOIE D BOX ZBBEUC KL VBB 2B B L7722 TN T2, ZO5E NS
TIIITTDIE 5D Fourier 2244 & Box ZREH# D Fourier 244 & DB HIALFEIFIT 7
%o A, [BEITEEEL 0 O ET 5 & (BRITEREEEE Tl LA L
0. BBIABLFEST DFERIT Box ZREELD Fourier BEZDHLDTH D

—
o

Wave form

o10F
o
£ sf
=
g of
<

5

10 .

0 1 2 3 4 5 6 7 8 9 10
Time (Sec.)

3 :
g ol Spectrum
Zol
en . |
o-1
p—d

_2 =

_a A A ' ' 1 1 A A

0 5 10 16 20 25 30 3 40 45 50
Frequency (Hz)

2-5 F—ZY L FY N1 0-5 DEEN D HBEEORERYIE
B AT MUER, Ak, MTHDERE ALY MU 428 2
W TN D DD,
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W ]_SIIIIJI_.‘ —,.',.ll.\ £ 2)
alf = fOT

D, ZOBBIIEOTL ERY, UTHIZ0 LS, THHEOIESEZT—
IEMRTDHEE WL TIX /T Hz Z EIZBEBUL SN D729, 1/ Tz OFEHSHED
BT, o7 oV RO EE S RN TEFEX 2 D00 R E —ET 57
D, BDE Sy E LTREESND, LOLERLDLT N THZ DN
THTLED & RBEED Fourier ZHAD 0 TRWEEV LT Y 7 LTLEV,
H—DEEmE LTEERHATE R 5. K24 I3 EREEN 100 T =56
(2, JEREh E T LS E R L TH D, ZORE, Jix iXE— D)
WL T oo T2 BRI DS, BEBL SN2 EICH—DE S CixR ST, [HRE)
ZOWTLES. MHEE) OKRXS1L, - f0=1/T A RKICAR D, FOWATT
D W) ORI

0.65

06

0.58

0.5

045

04

Total Noise Power

035

03

028
09 082 0.94 0.96 098 1 1.02 1.04 1.06 1.08 11

-5
Frequency Correction x 10

2-6 2-51IZBWTY Ik TH 7Y
TR EZE ST HED ) A AU —D%AL,
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dW  cosia(f = fT)y sin(a(f = T
df B f=T ol f=fyT
dw

df |,

(#3)
a=T

L7223 T, BN Af 7200 T 7258 OO B # T OHRNE & DL
TAf 4)

LD, AKX 7O R LIRSS 100 B, x5 &35 M1 OHz, &
Lickx, 70y 7OFTN010-6 &5 & ARKOBERER S USMIBLI S Rk
DE NBEIFTAKRDOIRIED 10-3 725,
FRROTIUIFHUZR TR T 2B TH D o OERZE L H 5720, i
ZIOFHHEER I RR & i L CHREICTE T BR< 2 LITREER G803 20,
BEMICE BTN AR 2 BA8ITENTH A 92, MBI > 28581
FHll ST —Z I LT T O L S 2B e fid Z &ickh 7y 7 o3ho
WELZRVRS N TE D,

ACROSS BN 5165 S AHE 1T GPS REEHC R L TV A 720, (BB D48

15 - -
resampled signal

10
L
~
= 5
=
=
E 0
<
-5
100 1 2 3 5 (“} 7 t‘B é 10
Time (sec)
3
o 2 Spectrum
=)
2
=
5 0
en -1
3
-2
-8 . L " )
0 5 10 15 20 25 30 35 40 45 50

Frequency (Hz)

2-7 2-6 T/ A ANT—=NI/NZp2 B 7 ) T TEHYy T
L7=5a 0, RS L OEE ST — A7 b,
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BRI IEME 7R CTH D E A2 T 2 EMTE S, b LHZEEEMH L [F
CIERERRFFHI R L TGS EFITOER A~ hr e LTRBLSND
N, FFEHORIIZEWR D D LB LRS- AT MWD, 6> T, Rt
FET DT DIIIE TR R BMVEANZ MLE LTRINDE O, BFHFEY
P LTRNR I N LT b,

X 2-51TIZA % v FE 10 72, 27"V 27 100Hz THREFOF X2 10-5
DBFED I 525 B Tk LB ORIERDOE S & 227 MLEARLTH
%o {8 51E 10Hz—20Hz (2T 1Hz B3& &, 30Hz DIELK E L THD. /AR
ELTERD 10-5 OiERioTc ) A X MATh D, WiatOFRZET 10 #703)»
STH 1Y T D 1/10 12 LR BRI, ALY hLTHD SR AEN T
L ENb0Nb, BEFORSIITRNA THE LR E 835, Z 2 TR
DIEFENANAL VSTV T LTEFOARY MABRKRLM 25 H0%
W, VYo7 o ARt g I ER S D0, BIZIERO X ST, FERINE
I 7 — U Z AR K> T

I @,
xX(n) = X WwWro
v&®

W, =expl2aj/N) = expl2ajAriT)
ERIND, ZZTALITH TV 7R, TIIRHE (ZZ2TiExg vy X7
) ThD, RREFER T TN T 570IEX k ZFEELTAL Z0AD

AEBASH T 7 — ) oA L TRotUL LV, K2-6121XAt 22 L & H7-
BB IAE B LS D B o5 DT — N ED L DB T 20 ERLIZE DT

2-8 AZyFXUITREO BRI LG ED AT b
o [FEDOE—7 ORI ERDO AT FAREND,
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Hb, SARXNRT—FI YT T TEELTEY, ZEEORETOR
SOTNTHD 105 FIHMIELTY YTV T LIE &I A AT =0
INZZ2 5 TWBZ RO D X 2713 D L 51 LTk c Y 7Y v
JLlzbol, TNEHRT—V 2L CTAXY M ERLELOTHS, H
IR N2 R VHINWT A AT MVBNEIELT-Z E0¥bhnd,

(2) KO E

RUBRIEEIC K o TlE, GPS IRt & ORIMNTAH 2 2 7-DIz, FIMERNZY 7Y
V7 R I S5 2B WEENRH D, T U TEIRIT L - 2B
LD, FDOLGEDANRT MASDOEB~OFHIIHHETHL, AF X T
AWz T, 205 bOXRAKEZ Td &35 &, JEREEEER CDE 51X ACROSS
{5 & & (T-Td) @ Boxcar ZZRA44® Fourier Z54i L DB HFIAHFES TERI I
%o X 2-8ITIEFEERITRMND & % I L » TR S nzidd a4, — A
LThnd EIUETTH DALY FILOJE I 2B Fourier Z5HZ %
THANRYT RV FEZ T D,

{5 5N — D JER SRy DBFAITIE, Lk S N5 5 Ry OIRIEZ T/ (T-Td) f%
THUZL VWO THETH D, LLAaRS FMERDOEAED X 5 IE5k0 138
B D25 AL, BEEIC K 2 & 5 EMEE— 27 DL D PMULOAE 5RO I E R
STIARFITR>TLES, LN CHRICIEREZMIET 57217 CIER+4 T
HD, TOLEEIIFTRD L 9 I iETHIEE T 5.

AH xRN THTH DA, 513 /M DRSO 5k 5y
DORIEREA CRELSND, T2 & ZITA K v 2 Z RN 100 O%E1Z1X 0. 01Hz

2-9 RO EMIE LTofE R, B OB R
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DEBED AP T D LN TED, LLBRBBEENRRIFITLED &
1/ Mz DEEBERRGT ~ DRI FRE 2 Dy ZD &9 RIGEIITHUG SN TAF
TD 1/2 ZMWNT, 2/Mz OIS DB 3RS 5 Z k%ni%k%.’)o BIRDZ
IR BAF S OJEABENT 2/ Mz DEBEDINI T DMERN DD, TORE, BFL
IR 5% T I AT 2720018k OD X5 Il 972 & L,

| .
- X"W.™
u 2"
EX
W, ™ =expl=2apkm /N)

THVNFEAY X 7T ORFHICH DD TODA L —ZThDH, 2 2T,
Xkm [ZFEFAD Em T VEND T/2 B 7 — ) B UTCRER, NIZT/2 8
MOV TN THD, DL D7 — I 2 EHirMEET> CEYT 5. 20
BEEIET 2 LICK D U 4 v RUDEEITIHETE 5, TOMEEX 2-9 1277
REIZY 4 RUDEEBIC LD AT MLE—Z DIER Y BDHEZTWDZ &b
N5, 2P, ZOBREICLY 1/THz ORGSR S B TonTLED
DT, BROEEBNITZO D T E R TER.

(3) RS E

AD BHRDH T Y T EA I TN IEREIRRFRHIR L TR S SHAE DR H D
H LRV, ZIUTEROBEIRENE S WEGEOMFEEEZ THIREETH D,
ST, Yo7V o2 A I TREROBEEBORES X E2HOEL E L LTIK
DL HITERT,

X, = exp j(wAri + )
= X ) - expl jeodr)

T, G IREBGEAL., At Y ) . ©1ITY Y S O
LEEZMHATRLIZLOTHD, ZOLITH TV v IFREEEOR L X 3R
BORLEL LT TEX S, Z2Th1 13 EHH O OfeRgs FERARICHE D &
%o Z OLA RGO IFHEIX
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(exp(jd»,)) = {exp(0))+ (jd, )+ (1/20] )+ ..

=1-1/20" % ...

OIHIFHEE £ T, o2 (INAHORELEDNHTH D,

ANOHH0 72 LD ITIRIEDO AR 2 10-4 FREITIT S 2 2 72 DIIFAARZEE O
oy 10-4 BRI S 2 2 WED b D T DB AMFIORE b & OEEHERZL 10-2
FRELZRY, ZUTEFH AT 7 a AD(EEE LTHWTWS 10Hz FRED(E 5D
BIEY LT VLT HA I 7O E & LTI 105 R L 25, BH OV
TV T DEA I TIEINHDELTHINEDIT T L/hEN (BFHL
CPU D7 1y 7 DRBEHOALEDS HE) ThAH 5 b, FHAlEOREILFE
LRV, TeLA, BIRIEEORAET 2 IELE DML DIZ S HRENTH A
Do

(4) ToFxA YT AT 4 )LHE—|ZDONT

WEHOT—2BETIE, A1Snd 7 e ZE50REEREH b ton
—NAT Y NVE XS TTAF A NEWE (7 o TEEERO 1 /2) &
DHEEWLDEEY RN TEL, 2=, UV T Ik >THA A MNaEk
BE LEWEREOEFR NIV RSN T, RWEREOEBICEZ2 > TL
L1 ThHD, HINHEED X O 22 EREEIRDNA < & 672> U BRIk D 7)
STWRWVMESTIEY 7V U T DDA ) T 2 T DR LRET D VB B
Do ZHINT U F A VT AT 4 VE—DFKH TH D, ACROSS D L 5 I[ZFEIRTIH
T DIEFEIE DERE DR S 5 U)o TWAGARIZIT=A U T v 7R OE
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w51 (A No.2 | 2007/2/18 | 15.015 5 =AY 50 2007/3/2
18:00 15:1 10:00
552 [A] No. 1 2007/3/3 7.015 5 — A 50 2007/3/8
No. 2 18:00 3:1 9:00
5 3 (A No. 1 2007/3/8 | 10.0075 2 =480 50 2007/5/16
No. 2 18:00 110 0150 2 3:1

EFRIT. FMEAFIC L VEIR L TW5D, 77 8 AOERIXEEFRIOEFT CTH 5 )3,
[R5 A B A B L &, D0 DO b % —ERF BB IEMEICE D KT Z LT
Lo, BN E T ERRTE R VIR B ATTEROEG 2 RESED L
ZAIFHENR D D, RONRTA—=ED DY HULER S, AEN, AT
EHREAINIFMEFADORT A =2 5FR LTS, 72720, FMEREW-TH,
FATINEHEEL D 2 Tl HMB LTS T2, RIES [ (L5,

KOHH, FUOLEREE L I FMERO OB TH 5, ZRENEE & 13X
AT 2 O 2 A OFEIE TR L2 DO TH D, EERICHIET 2 EE D
27T AYAFTATRLTHD, ZGAEIEEBEEINZE2DI20T 5
B LD S D DICT DERED LR TH D, ZORICEY K& T5H L
FET DG OREFHENE R IICHE DT EICiE 25, LorL, DR
IS D VITHGROEIE N KR E L R D720, BE—XDBMNEL 25, LN
T2 OBIEITFEBRIGEIRZ L2 D, HORRERBRIICIRD D Z &b, Kl
JERIE, FMERZGED KT RHMRCH D, FEEITRAET 2 BB SR oM
X, ZOZHEMONE L b, FFOREEIT. PLEREET LTI LI
X0 R E 2 L SN TR ET T ENARETH D, TDd, 2
BOERZFR UKL CGEIR LN Db, BEa2nHcE L0 HIDNRZD
FEOH R TH D,

X 3-1 7120, & 1 ERGERIC L 5, =BT O RGOtk a R~ L, =
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BT ITHIE R VR E STV D, BRLOR B BIZS T S 2 M JA =
FRERE STV D, MR EoORMEX, 77 o ABFESMEHEBICEHESE L
TBHICEEL 5252 L Thol-, 770 AEFIC K H1E 513 E s mE ET
EOE RO LB, JTux DIEFIZRVEEL X W TT 71
ADEFERETHZ LiTbroTWD, LLaeRb, B—/R2A 7 4 VX —|C
Ko THRETETIUI T e EALBHETHDH . K3-1 TiIEn— A7 V¥ —%H
WERERER L TWD, 77 v 2ADEFIEFEEEE RO TS T2D, v—
AT 4 B =X RIESMI~OREITHFHE FEH TEX 5 2 Lhbnd,
3-18, 3-1 9IZIZBLFTEL D Hi—net BLURLSIZI T B2 5 ZEME 4R
Lz, RIET 7 v AMEB 2B BBy, FIME 523 £V ERER S Th
5o W THIZFDHFTITD ) A AL~ BE£ LTS, 3-1 9132 HDA
Z XTI LBETH D, 13. km BEN BRI W T HES 2L TE D,
ZOEHFEIT 2 A XA RT VAL DIREHNTHN 2N D THY, 7 A XK
T LA SR EFATIUERK 2 50 S NI ES RN H 5,
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K 3-17 21 EEEEOER, MEZEhElEOR T, BFEPHH1 50 A —
N VBN 72 S PTCERE S U S ATICERE L 7o Ak R (S T S-2) ICigk S
Nz, 77 a0 ZEREDIES, HIEZT7ANF =T TOWRWKEET, 778220
EENEHEEINTWD, Eldu— R T 4V E 2T TE, a—2 7 ()L
WZE 0T 7 a ZDEFHEERS 7200 T, RESOGESZMERFHTES Z
LERLT,

X 3-18 &1 MEREROE S %D Hi-net BUSE TEASG L= 6 D, AT
DOBREIZHOWTIE, Hirnet BHIED ) A XL~ULRRE WV, FRITT 7 0 ZADE
B FHIE A XL,
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3-19 H3mEFERICE S, J82 Hinet BUAICHITAEESME, Rix7 7o rg
BIZEDEEEELART MV, BIMEEEEERNWARYT MVRRG T/ A X L~L
LRI ENTE D,
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4. FREROEIMBERICDONT

—IBLINET OB SE T LICRIEE TH 50, FEBRIGREERZ 180 5 L)<
OFH L2RWBEAEE LT, AT, TR 6EINMERIC O W TE L
D2,

4-1. ACROSS BEJZEE O AHHKIE O RS

EIRAEE R E % OREIR T, BIRONARFHEIZLL FOREAEN R D)o 7z,
1) BRI CE— 2 DR T 558035 5.
2) AAEFIAENZ 1/100 [FEHSFRE DS HOEXNH D,

BK4-1. 20074E7 H 2 H 16 200 (1) JBEE, (P6kE, (F) -
I ADY 1S

1) 122V T

X 4-1128 5B (200747 H 2 B 1B 5 2 BF) o No. 1 FEJFRLEE 0 J8 5k
DJEIE, fikE, bV OJEREZ RS, 1 K54 43 11 B Cilfin )7 [0 & s S B 725,
RV 7 IR & T B 72l E C T D, 1 HE B4 4 11 B ORI 60 ROIE 23K
L7ebDZX4-2 TR

JEE, kR, RAZIZ LB T LD TN S THLD, ZOBOE—FD
& 2T T D L, IEE > T DREN S EIREE N O ERER L, R
OFO X ITHEIETNEE . A= ALTRS L T—Z ZEWKEEAA v
F U TNAED ) A RS A THRBIEERAE T, HIEMAS Z OZBAL 2 B U CIER
INEICRE D ET27 4 — My 7ERICKSEEH LoD, Ay F 7
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4-2. ¥ 4-1 D 1 54 53 11 BAHE 60 BRI Z ik Lizitgk. o )E
Bk, ACAH, hovr . AREIZIE 10 BB O 4 BPHITHI 100 D AT T H3 AL
b5, MFo 11544 11 HERd

DA APE—ZIZ AT SN2 D BN UETH D,

B 7 A R JT [0 D SCHRIE 2 BERFRS & 0 54 43 11 BT THOIL TV D0, 2 ORE
D MV OEZBRHITETOMEICHOWTFay RLELORK 3 THDH. Ry
RS RV DIETH Y, FFIZ No. 1 FTBJRTIIe ) OFMEETEr BT T TR
XRfEZE Lo TS, P OIR EFHIZNFIIERER) B RERZE] Y B2 75
&, WA BIEEHAICEV R Z 2562 R L TEY, EHEbbEr 20l
D72 AFELTND Z &0 BEIRO L TR & EIR O F5 [mlx o A BIBIfR 1
I HICRZ 5.

HiZ, ZOfERlE No.1, No.2 B CREETMANICE Z > Tnsd. E72 No.l
TR EHEEICEZ > T\ 5.

2) 1ZoOWVWT

FRE L= — 2N L, #12+30pt (—/& T 8000pt) FEEIXH OV TW D,
PD #llflo0/RT A —HREORIETH A 9 H?2 B II 4pt (1/1000 [0]d5) FRE
DT 0.
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4-3. EBIREER S AKERREO MLy OfE. 3 AWOHNG 6 ARKETOR 4 »
ARIo3TEE. 36 No. 1, No. 2 EEJREER
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4-2. E46 ACROSS BEIFELE DT U o JHAHRZ Wi R

4 » A OEBHEIRD %, KEOSK A H 72 No.1 ACROSS EIFEE 2OV T,
DEE I X AIEEEAC L 0 _T ) o T OBREESEZZM L.

4-2-1. BEEFT LRI L 22W0fE#

X7V 7w, Nlg, b IEkENS an, a5 A —
MHIR-TEY, ZiLhOEEIC X DEBEORAEREIILLT O X 5 28R Z £
STWVD I ENHIFFSND. auDERE d, /MaOELE D, #oRESEE (B
#) F, MEELOozeffin & LT, RICHERO —BICHEENE L TW LI5S
IZIE—d 70 a e RNMEEHR A @miE T 5 EE N X

nFD

= [Hz] (1
2D-d)

1
F72AMRO—EBITHREVE U TV A AT 2 o OBESS Eomi@EEk No 1

kg4 [Hz] ©)

N =—
) D-d

SOITRED 2 v O—FBEEEZ AT TWDLIGEIE, ZOE I m, Wi, A
AP —DWFINFE CIEFTICHE D R L2472 2 [EENg 13

d
D—d)

NR=590- [Hz] (3)
2d

Thd. ZhbHO—Bdiz v OBRIGHOBERMEENIRERL A FH TRV LT X
HERL L THObID. BORERIC S IRBIZBIETIUI NS 20T T& 2
T ThHDH. B ACROSS EEDO—F—x7 1 71 D=299, d=34, n=19
ThDHDT, 5,10, 15Hz THERZEHE S 7= & & ORT U o 7 HBIBIERIT 2 6
BORARRITERA-1 DI IZTHEND. ZHEDOEREENTIER LTANT B
WEBETD.
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F4-1.

[ i 7] 38
%
HREEPT

5Hz

10Hz

15Hz

Wi OGO

AN
=

53.594

107.19

160.78

St RGO

AN
=

41.406

82.811

124.22

2 v OBGEOLE

19.165

38.329

57.494

4-2-2. 3

EA S AR OEERNEERE 68mV/[m/s*]) ZEIRDO 7 —3 0 7 FENTE
&L, No.l BEBJREEIZOUVWTIL S5, 10, 16Hz 1A, No. 2 BEJREEEIZ- OV TIX 10Hz
I CEH 21T o7, Yo7 U > 2L 5kHz 725 10kHz, T —Z £1% 10 725 50 B
ETiTo7e (F4-2).

F4-2. MEEHDGFEO T 7 ANL YTV U TRAWE, 0 & = OB ERE .

[E85 B L | 5 Hz 10 Hz 15 Hz
VNIV No.1 No.2 No.1 No.2 No.1 No.2
20 kHz 34,5 10,11,12, | 25,26,27, | 17,18,19, | 50,51,52,
13 28,33,34, | 20 53,54

35,36,37,
38,39,40
41,42

100 kHz 0,1,2 6,7,8,9 21,22,23, | 14,15,16 | 43,4445,
24,29,30, 46,47,48,
31,32 49

No.1 EJF¥EE 4 5Hz, 10Hz, 15Hz Clajlisz S 7= oiték (3,10,17) #X4-412
Y. [AIBRIZ No.2 EEIR O FLER(25,50) 34 4 - 5 |2~ T
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X 4-4. Nol ZBFEEOIRES s FEOERY, TENRIEARY ML, 20kHz %7
7 50s . ZEDBNEIC 5,10,15Hz TREJR A S U 7~ BROIER.

X 4-5. No.2 BFRIEEOIRE sk LEOEERY, TENRIEARY ML, 20kHz %7
> 7, 50s . 23 10Hz, 457% 15Hz CREJRZ &L L 7B Fiék. SHz TiEls L 258N Vo T
1 & DHED T DITEEITT T 71 LT,

NG OFLERTHHE 2 DIX, EIROBREEREE & 2O DT A AT |~
NTHD. mEEET 5 & Nol EBIRICx L TRERSIE B OIRIEN —Hr/ NS\,
X 160Hz F CTOFIKTIE No.2 DFNTe LAKI WA, MR 4 10Hz CiFElis L
72B2D 10kHz £ TO AT M aERLTEX4-6 2 /1.5 & No.l DA T 2kHz 725
8kHz D7RT A FRHRIE AT MV
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K 4-6. Nol ZJR (/5), No2 BIR () % 10Hz TFds L7-BoERyIFE (1) LiREEAS
7 M (F). #RTHENET —4, FRIZ200Hz T3 XKD NRE T — T 4 L EEZNTT-HO.

RKEV, ZOZLFXT Y 77 EOEFRmONEEZB L TWARREEDN &
5. X7V T ORBOGEIIEBEORATE RS E WD Z L INEERO THEIZK
RANDT o _Ra—Th Lol FTDOART "LE Nol #X4-7, No2 #[X4-
SITRT. M4-7 THERDIL, FEROMZRYITENENELRE R THOT o~
0 —7DEBNTFELRERTHLHETHDH. EFREETHILUET _a—7C
I EEEER B IE DN WTI T Th D, Z DA 4 -8 OEEER R —B LA
I 4-7IZEITIF BT 200,
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U 0

X4-7. X 1D NolEBFREEDOFEEHFOT . X —7% &0, 200Hz DE—/ XA T ¢ )VZ E»iTT-
LD, FENIEZRY], FENEIEALZ NL. fE)36 5Hz, 10Hz, 15Hz CEJFZER Lo
FLEE.

No.1 EJR CIZEHEE N R Lz 72 A S OB 72 0 B85 72 0 23 No.2 L K&
WIZEDWIRIBIIND (RXT Y TETIERL, v 7 b, 6 L), IRICANR
7 MVTHDN, FXTEROIRR TR UZEDDRT U T ORBIZKL D AT
FLE—27 & LTFHIEND. Nod, No.2 & HITh b BRI DK E WNEROIEE
IZE DAY M E—TIIET D80 ORFEM) (e —7BR6N5 L9
Thrh., LNLE—2Z0OEET /) A XL Ubinb JFEEZEH LTIV,

4-2-3. #E%

IHEE AT FViBH 5722 L1E, FRIZ No.l CREIEOEGRE I —% L
FIEBIOEE NS = L, NEOBREIC ST 3 BRI — 7 B’ b2 L Th
L. AiEIIEELZ LR TWDELIN L TEREZHAND LWL e Leb o
oy & B—Z OEERRE L2 D 2720 BFITONTIE S A A L~nb SEE
ZHLTOWRWZ ENLEMIRLOTIERNEE I BNS.
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4-8. 2 O N0.2 EBIFEE OTELZ 200Hz Du— SR T (L Z ENT, mo_Xa—7%L 5
760, FEEAKERY, TEMNREIR AT FL. £205 10Hz, 15Hz TEIR A2 EiE U 7-BEoitst.
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4-3. JhIEER

— i BLHIFT ~ DR
BRICRRIE LTz, AR

SRR
T ET_E HDTH DN,

R E IR

R A

THIEER

Flok&E L, MREMITHERD D,
ZFD7. LLTFo 3HEHEOEBRE %

1) BEIZ 7 o ORE X

2) 77y, MZ L7 F~DOPEIT LD
3) A—HRy 7 A, FEEOEE
4-3-1. BH 77 DOREX.
No.1, No.2
TNVEBWETS (K4-9),

No. 1 =
OX
|—— == === Box
| R e e
Ve R
| I _.:-\\ 770 :
L__’_\__' N 77y 150
Il |
1&._____:
=4 I
hFT5— ‘
<>

Box

Box

179

AIE

NP D et

X4-9 Nol(TNI7 7o &2 —TNRy 7 2D EIZh b koI,
DEIZEE. NollZ7 7 vBEEHAOT VIV EETELS TANLELHY .

NollZ7 7 v &l —TNRy 7 AD FIZ)mnbd Lol

64

HRTTCERGE U THRYE L, RIS

RAE DR @m@*ﬁu

B RALM ORI ATE A~ — 2O LD, HORRDT v

No2E)Z7 7o & B0

Em< (K4-10).



4-10 NolDTFPx—ZOHFEX. KA-9DT 7 o DN ELES R E THd ALK,
BEBE 600mm DT I NVEL T, TRV R TRHEE. 9V —FIIIET LA THE. r—7 1Ry
7 AN 3 DO HAERE( R 2N HE A S 300mm) & 7=

No2 I FICH —T Ry 7 ANENOTTE L IHESHE (K4-11). 7
7 o L HE & O 200mm ZE< K O ZFFT A, Nol, 2 & B TMANET o~
H—R)L kCHEE.

X4-11 No2DFPxT—ZDHEX. K4-9D7 7 o DESETILE R ELDS R-K.
BEEH400mm OT I AEL . FIEANL FTREE. T — XI5 I A TXRE.

WET 7 L ERIEZ T H7202, WEEROTZODNRA, T T LF 2 —TICEH
TOMEND D, MOBHE, A 7R EITRAIFE DT RN TEEL T 5.

4-3-2. Ty, B F~OEDS LORE

& o 7 I RHBAE DB DB S 220 A RO TIRE T L2156 L,
T U= CHIET LA ZRET D,

77 R, TN EDBEEDTZD, EA A7 (EFICARL RRHEHTWD
2 A7) ORI L ERET D, 77 I LOBEEROEHITLLTO L 912
1To7-.
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1) H S 50kg(HEE), JEEEL 20Hz, SCRPRE 4 1, B R ORINE ; 13kg &
AL 5.

2) TLEANTZZOBEARIE £ I2OWTIE, Nf=4 < 5WIERETSH (NIX
SRAIRENED) & EEMRER 7T RREEICTE D I/ ST IENIWVEERYY). &
> T f<=20/4=5Hz &9 %. [EAEREEZ 5Hz (2T 57O OB SR EHR K 1%
=1/2pi sqrt(K/m) 72T K=(2piH)*2 x m=(6.3x5)"2 x 13 =13 N/mm, F#F)/ 3%
ER =R EH 1.4 & LT, HIARERIT ks=9.3 N/mm & 725,

3) PR A 1 HERSH 7= 0 OFINEDS 130N, £ X JFRIOFII/ SR EHN 9.3
N/mm LR &5 X957 ad. EA2006 (KX:20N/mm, KZ:110N/mm,
mZ:830N, mX:145N). KX 73 20N 72D T, fIX7Hz FRE L 720, N/HA=3. {rE
FOISFERELRD.

o HAaNE, ary U— MNERICHRLV MEOROT, EB #4147 (FMil%
TARKDORIVKNTIEDABZAT) L LT
27 AT AOBEEROREIIILL TOHETE I o7z,

1) ES#100kg, JEA#E 20Hz, SCRimdL 4 5, SROXFFNE ; 25kg & R
b 5.

2) TLEANTZZROBEAREE £ IZOWTIE, Nf=4 < HBWICRET H. <=
20/4=5Hz &3 %. EARENEL 5Hz (23 2 720 O#EI AR EH K 13 K=2pif)»2 x
m=(6.3x5)"2 x 25 =25 N/'mm T& %, )/ SR ER =B SR EH 1.4 L LT,
SR EE ks=17.9 N/mm & 725,

3) PR A 1 ZFRSH T 0 OFINEDS 250N, 12 X S OFR SR EEA 18
N/mm AT &5 X972 TA01%. EB4004 (KX:32N/mm, KZ:210N/mm,
mZ:1,000N, mX:195N). KX 28 32N 72D, fiZ 7Hz BE L 720, NA=3. &
EER0ISBE LS.

4-3-3. A—HRv 7 X, EEDOMEE.
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A=Ky 7 AEIX4-1 2 DFEEIIRT L HIZ, M Z 2 OTF-OFFEIEAE S H
L CHEEZITY.

X4-12 BEEODA—HFRy I A%, F—7/VEZERENZL, Ry 7 XMoo CTHAIE %
2 f&HT, AN NEET D, EOBMEE R v 7 A0 T L%y REfiie.

BLA IC O TR, I B W N TWA DI 4-1 3 DBEICER TR L

72 3 ARDO/E Th 5. BEITR LT By (EAIEAE 3 &, AMIEE 1 &)
ZADTROPNEL, TVT—Z Y RN T TR T A ¥ CREET

5.
K4-13 FWTWAHEE (B THR) &, TAVICEDEE. A YDA T L OEERH

IREH T LEI1X3F, TAIRRETRE. VA YDOREVIZVA VILDE&E LT > &0k
FHTHE.

67



A—4 ., =7 7 o AEFEEEEM Y o7 BB LBy ) 1T &
3%3

(AT BARTFEEIIER 5 ER 5 7 — 7 AR )

20078 H1H~2HIZHEMBINTZ =T 7 a AEREEDA T A
RRZ, I E 7 B E & 7 NBAITATE LT-8RNIR B N 8 D T & D3k
zhf:o

WIET 7 0 A TCOMSZIBEILZ 7 L—F IRAEICE DD THY, o7 L
—&ﬁ@ﬁ%ﬂ%ﬁéhtﬁ\éﬁ%ﬁéhtﬁ%i%%ﬁf%b\_mifm
B SN/ b D LR RIS, FAERFRKNZZRE LD 572012, SEM #1%5, EDX
GLELHT) B L Ol oS Ea &ENE AT 72,

4-4-1. BB I ONZIEMEEIC L 2815

FT. BRBIE LT o7, SMBUIREWIREZ LTBY | Az 5 &, W
AL ZENBEFHTH D Z LR DND,

100 um

ATl ST R ARSI 4-15 JFSMECINE LIS
sty

ST 7 ATERRESIEmREER (K4-14, [4-15) &, LT Ok
b -7,
1) FEFITNE (10 pmBEELIT) ., A 2520,
(7277, AREHI20 umDAANT 4 NZ—FEE LT3 TH D)
2) BHRTIE., AIERVKEGTH S,
3) SR CRIZT 5 L REITITRERN S 5,
4) TSR CBIET S &, kT, BikTh D,
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SEMEEEIZ L8k (M4-14) ol BHRICEVBIE Lk om (K4-
15) DRELERL01E, BHR LGS, EIROSHNEICER Y AE->TW\D
72, BolF< Rz b2 L2k b b,

4-4-2. SEM+EDX B£8R
=77 a A No.l1DEEMAZ o7 bR N-80REY 4. SEM

(JiR#EER) & EDX Go#Eohr) CTHIZR L, ERE2X4-1 605K 4-2 512
R~LT,

4-16  #Erk4JE R © SEM-EDX /41 4-17 KR4 o SEM-EDX 23471
01 o2 @ O #H55)
4-18 k48R o SEM-EDX 24T 4-19 BEEIR4 R F-0> SEM-EDX 547
o2 @ O #H55) D3
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4-20 kByIk4E > SEM-EDX 34 4-21 SERE&R R O SEM-EDX 534t
Zzo3 (Kh O #85) o3 K O )

4-22  $ErIR4E O SEM-EDX 34T
F04

4-23 BkyR&)E o SEM-EDX /34t
Zo4 (¥ O #85)

4-25 Sbrik4eEH o SEM-EDX 7#r

o4 (MP O #5)
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4-4-3. S EE AT IHOEERIE

A~ FROMEIIIC, EOREOSHNRE N TV DN ETN,

AT

1) ARA NE 2 AT 5,

2) ARA NOEIZHLNLDESTEL,

3) RERDJEIZIEE: LT-8 % AR A N TERET D (4, EHREEHD
wLCD),

4) ) —DDAKRA N TS 28T 5, BRET 25613 3 &
L)

5) EFECER &2 & AT E R ST ARA NOEISZED,

6) R A T 7S T 2 WS> T AR A NOEIEED,

7) FNENDARA NOEINDL, ARA NEHKOEISEZ5|L,

8) MO T — & o— R BIEMHOZBEIX0. 86 ~0. 88[g.cm
31O TNBHEDT, ARA FOWWE - - AfEZ RO T, &ENn
LD EEFHET D,

ZOEINZLTROEFHOEHE (~ FREOHEMOSEEE) X

95. 5 [mg/ cm3]ThHot,

(ZAuZL, YREEITE D, S22 AR A TR BT 207205, 1

BMER>TLEI D, SOGHEREIIZOHTELV N ENnENEEbND)

K4-26 =@W7Zux Nol @
T2 v 7 NE ORI
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Ko THmEmZ > 7 OEREMEZ 0. 5[m2] T~ R fkoiEmimA 1[c m]OES
THEFRE L CWA LIRET DL, 47 8lglDENME->TWAHZ LIThD,
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4—4-4. E5

LITICE SR 2T,

4-4-4-1. JTRIPHREROEL

Cr OfEHIZHOWT, FAEFRBNCHEL LT,

1)  ®ZhBRETIES

—RACERZ AR U, ERENRIC IS IRE 7 v A VS D,
(NTN & a7 1 3EMZHMEESEIZ L)

LURIC, @RFE7 0 LAzl Oz R LT,

ERFE 7 v MO JIS G 4805 SUJ3DEA
C :0. 95~1. 10%

Si :0. 4~0. 70%

Mn :0. 5%UTF

Cr :0. 90~1. 20%

LT, W SRAET HEMICIE Cr NEENS, SibREEShDI39TTh
L%, AEIOFKER TR S TR,

2) i, . SEDEEREL CERMNRAT DA

PE, #h, F—OMEHIZENZENS25C, S35C, S45CThHD, S25C
D “257 1%, RFECEO. 25%ETe LA&/RT, FERICS 35CIE, ®FEC
0. 35%., S45CIX0. 45%FHrZLERLTND, ZIZTiE S35
CIZOWTCE I R~

S 3 5 CO#K

C:0. 32~0. 38
Si:0. 15~0. 35%
Mn : 0. 6~0. 9%
P:=0. 030%
S:=0. 035%
Cu:=0. 3%
Ni:=0. 2%
Cr:=0. 2%
Ni+Cr :=0. 35%
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#il RO —DOMEHT Cr DEENTWAREEMIZH A HEDOD, 0. 2%LLFT
0% (BENR) ThoThHKE LTAKRTHALZLAEWKT S, 5aFENT
WTHBO THET, S R2neEE T,

Cu & 7Zn OEMHICEIT 2B %L
ZEAEDY T NTCu & ZIn DEH STV D,

1) ®Z I BRET IS

s T2l 2 e 2 REFT 2 U 7 —F— & ) BB O MEDIL TV D DT,
B2 T N BFEAE LT ERIC BRI E L TWAD Z LI TPHTE 5, T 71X
DIEERD & ZITRMS NSRBI, R0 7 L—7 EEHEHE DN E E T
7= (B THHBITE D), LaL, AEOEFKICE L T, CFBEMEEBESE R0 D
FESROOE LTRI3IE & A CHERRTE T, a2 TE 2 0B L7203
B IIBIE SN o T, B PEAET 2 01%, EszisBm A IEF I 72
D, RERTU—ZREFDRE LT L SICEKRHO ) T —F—2HIbN 5720
EEZD,

Alal, BESROER DBIERINRWI LG, sz T EREN R AERE L Tz e LT
b, BT HMELTOTL—F U IR ELTORNWEEZ BND,

2) i, F—., FENOLRET IS
P —, $EC Cu & Zn DIIEEEEN TN Enh, Blex—, $ENEERE
LT CuXNZn WA THZ EldneBohs,

4-4-4-2. SEFIEMSITESER OB

AR S 73RN — R U CIER I B O W TH D . Rk X 51
R B0, BEMBIEIEET 2 &R IRO b ORL, WaZEST 5 &, RifFL:
BN ST, BEIIROTGINHIT D Z ENBESNT, ZOZENnBIFEALETA
TORIFNEH DNIIZFDEETH D Z ENbh-o T (EDX T OFE RN & [F
EI

ZDIEN, BRBIZE L THD L, REOOREOOR TN MNITE TV
Do ZHUIKEAIZSIR LianZ & R b b EEROMER & Bbihv b, FEH
7 IR E A EBIEIRRY @), i BELTWL e BELTan
RBBET VI FICEORT Y RS HIG NS T8, BEfGER OEEID
EERIZBL - ENWEEZ TS KRBT 7 a208E, 2B 71— 7158 0- <
8D “LDER” NdHo72), SEM « EDX O#IZER GocE~v B 7 oo
FO SEM @235 5641%) b b, MR ERE R 3BIE I TR,
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4-4-4-3. $EE§£§\T§@T%‘$

7 U a AEPREEEN TR R L AEL LTV DS, OF Vs S EE L
wé@ﬁﬁk%ztomﬁﬁﬁ@#%k%crkﬁ%ﬂﬁmémfwékwom
THHERTE D,

7 b—x 7 Fan 2 x DRI T ESENE I ERENE L DA b H D

K 4-27 WET 7 0 AOZAER (7L —F L 7 ETESTRNDHD)

RN Za 2o L 0 CEBEENRDH D

X 4-2 TIXRET 7 0 A THREE S NIZRrOIZ T (NU2 3 8) WifiHnih
fTHDH, ZDO3IODEZIFIZT L —F L 7 HEZ LTV, oo iz
L OMEENMER CTE D, ORI REBERPBAET D & S RAET D L ED
b,

A BBORARENS, W OBREREHEE L T D,

REEL LT

1) $oRAEREEZ500[gl]

2) ST 4ol (NU2 3 8) mbWs o34
3)@ﬁﬁmﬁﬁﬁﬁ\%%ﬁﬁﬁ_w (ZHAE
4) WimisBhmEmEL d 23, 1[lecm]
SPRPAN TR ES %dZ 29, 9[cml]
6) HREhENE (ZeofE) W @ 3. 4[lcm]

()[Q@ﬁ%#4o@%xiﬁ6%$bt&ﬁé®f =1 >0 D
FEREE M

m=500,4
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=125[gl]
INEEE Ve m3licET &, $kolkEE27. 835
V=16. 4[cm3]

PR EN i E e A d 1 [ c m] SMmisBiEE R Z d 2 [ ¢ m], #&SEEE (= 2 OfF)
ZWleml&d 2 &, BERENEAET DHEAlc m2]ix

A= (d1Xn) XW+ (d2X7w) XW
= (23. 1X3. 14) X3. 44+ (29. 9X3. 14) X3. 4

=566 [cm2]
BREEXA tET5HE

t=V,/A

=16. 4,566
=0. 0290 [cm]
=0. 29 [mm]

SFED ., SOREFRNEZEIZ 95 L, BT 0. 3 [mm]fREEERE
LTCWbZ EThed (220, SO EEDHEBICHT-> T, HEHY 7K
HRCE~ Fo OHEREEDO A W 3 H TR CTHH 2 &, anDfEts
EZTWRNWZ EEEBE L7 TUTWIT W),

FAFKRE L TAHANT 4 WV —TRELENRWVEMIZ LD, oD R
EINZ K2k, HEOARYE—, K EREFET NS,

4-4-4-4. WHLARLT (road FRCT) OEE

WELESMOENOEZZ S L, WH LA 7O r—% OBREITEN OFRER
RIClE 722w,

77 v ADEDTTIEE - T EE A BT 2% EiF o~y RiZ2miEEH 5
Elbnd (77 u R TFEHNOWR EFDE L), BEORE S HIkE T3 miEE
HHDOT, W ETF~y NIl REL 2D, WY POFAZEZIT Bif~> R
L1 mETEEHINTEY, BKEZHELTMEHRIETHDLEVZD, ZD LD
RAMECHRT S L. BHIMICIE, ¥y ET— 3 D ORESCEYOIRA = T
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Ko7 (m—4—) NEETLIZ R E2bND (Ko7 oA ) —n
— R LT R —a—ZDR/NTEEIZI60~80um), AT T AEINQT,
—JEER LI WEEZ TS,

4-4-5. fifim

B OFAERR E LT, iz Th D AREER @OV, 7 L— 2 ROEE 23 A
BN b B RER (E&REL . U —)—) BHEEL T RnENS, 3
A7 L—F o 7 E T n e b s,

Z DM, 77 v ANEROE S E L OBEAREERE (i, §E L X —DRER b ET)
WEZ B, SBOREREEZAMEIZT 1203 GRoRAEEND L) R
ROVELHDH EEZ D,
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5. #AlIZDWT

BRI O = BIRAIETIC R E U 72 R E L, MAICHEREZBEL 72 2 R DE
FIEE NS 72> TEY EBROT LA L LTHWD Z EMARETH D, 2 2 T,
ACROSS BBIR T L A & HIBEBE T LA -, BEERIERE DD D5 OTFHER
EIRET D, AFREOWEHIFPNICITBIRE R 250 Z LN TE oo, K
BOR LIERRICIESE, 200 843 ABERBNIZAkE L T\ 5,

5-1. [IL®IZ

MR CIIBYE P CHEH LI WREE DT b OBGELE:, ST O A% 2h=8 11
IZHY T 720l Ly — =T LA V5 (EERAICHEY) 23, IDHICERE
HITHT LA T IUTEE OGN =RV X — 2 S, FFEDOLHFTN D
ORELIE, IR 2RO T2 N TED (L—F—ITHY). 2074
7 47 % ACROSS 55 CHEITLIE AT v 7 OFFEFER E L LU E2IRET
5.

THEOEBRREEEZHG, ZNONLDESEHRT LA TEET 5. el T
WO %282, ERT LA NTOREEZRLX =DM ETRD.
AREBRTIILLTD “HaiElE 15,

RE1 2EOERREENCERMEE TRANTEDEEEREL, Thohb
T EOWEBTREMICEICRARBDES /Y HT

L— X —3&[F DO 7= DI B AL A TOAE 2 5% U 7= R UJRE S oE &
MLETH L. L LIOHE, HEEINEZEZ WG EIITEREE O H L
EHE L7 TUF e b, ix 22iEH AR L TS WSO Z 7% L CE 5
HEEZHRY KT Z LI L = f L F—DEERTH D, 2 THIEOEIRIEE D
DRLDEMEOE S L, % CHITT 2BRIZE UREROES & L TR
HZ L ERRD.

B2  2ANEREBNESEZHEICTFSHSE, BEDPOEEDALIICT
RILX—ZEHhEHED

ARE 1 CIED I L72[R B DI B2 bk x 722370 L TR LAabHE, #l
BT LA NOAEBDBATIIC RN F — 2 R S LT — U 21ED.

UIFCrE EFiifE 1, 2ot SEBEEREZ B, HESNLIEE
R

5-2. ME 1
MUEL E LTHUG LT — 2B B DR EE SO EIT Y. ZHIC XY,
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b &b & B D I TIEE LT 2 BOBRIERE ) S OE S %R UJRRERDES
ELTHAD Z L AT,

5-2-1. #0iRL FM i¥512 X 2 BEBUE R 2R D Bg

77 a AR Y IR L FM MEIC LD, BERA BN E 255 2 &0
T&% (fHk5-1). KM5-1, K5-213EENS 1000m EEH 7=35HT TOMu%
W 10.015 ~LY, JEWERRE 5 ~L, FM A 50 70T, 200 BRI G
L 7CRE DR O Z N E NSRS, ARECRY (AR EINE) Tho. R
(x,9) COEWBEIGE FEx, )T T ORTERIL L 72 BRI HE L TR,

F(f.x,y) = expl(= J \/(x =X) + (V= y) Jexp{- (f _712)' expli 27f \/(,\- -x) +(y-y,)° }
wQ 5 -
. cxp(_./ \/(.\'— X))+ (¥ =y,) Yexp (f _}0)' explis 27f \/(,\‘—x(,)' +(y-») \
vsQ 5° Vs (1)

7272 L FI3EREL, (xo, yo lZEETREERE, Vp id P T 4000m/s, Vs i S
JEC 2500m/s &7 %. QX quality factor € 100.

5-1. Wk 10.015 ~v>, ERERZ 5 ~v>Y, FM JEH 50 #C, 1km i T 200
PR E: UT- i mEREE. PSS g X2 nF 4km/s, 2.5km/s. | ; 200 B OFEER T, FM
JEAH 50 e T4 oD — 7N A 5. T LOFEERD 195 6 0 E2EA T 10 BETE
PER. BUALEE S HBAARTH LD 0B L VANCTA V77 (Rt L) R 5.
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5-2. 1 DIEERRBOE I ECRS]. T3 real part, 7873 imaginary part. L ; 100Hz %>
TV 7 DFERIRD T 50Hz DF A F A M EAFLIH VKL TWD. T 5 EOIKE. 200 o
SLERICRT L, FM JEHI 50 B2 D TF — ¥ 5 3 DB & ORISR L 7e > TnvD  (HRyERES

53).
5-2TIE7T —# 3 B E OHEHUANEICE NGO TS, Z OBERYEEE
JERZE OD IR T8 e B % LS 10.015+0.02N Hz (N 135 TR EN5.

5-2-2. BEBUSIEUSZ O

5-2 THRBEERINDEZFIT 3 DBXIZLEr TRWEEZ /2. 20
LT HICHEENDAERERERD, 2T —FAED 1L THLHZ &%
BIELTWD., MREERVIDIE S HZD 1/4 TETCOIFEREFF-> TV D, FHEK
1 OEERANOARER R 50 BRI 4 DB 7 v a XG5 &, FnEFnot s
g v DWW B IR S TAED n/2rad FOFTNTWAHDOHRT, 200 BT
AARDY 2 la]l > TR TL AR N2> T D, ZHUTEHBICE Eh
2 JER U5y 8 10.015+0.02nHz THH Z ENHHBETH 5. A2 EHRTHIE
W cos2mft ONLFEE 5323, ££10.015+20.02n Tl
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20f ( + 50) = 20( ft + 500.75 = n)

20f (¢ +100) = 20( ft +1001.5 = 2n)

20f (¢ +150) = 20( ft +1502.25 + 3n)

20f (¢ + 200) = 20( ft + 2003 + 4n) @)

L7, 508, 100 %, 150%), 200 W CTENZEIL-127, -7, 327, On T 4L
HINSTH D, YR 5 B S7S 10.015+0.005nHz ThHh AEE12I1XZ D
X9 AL <, cos2mft ONVARER/FIILA FOXTREIND.

201 (t +50) = 20( ft + 500.75 + n/ 4)

20f (t +100) = 20( ft +1001.5 xn/2)

20f (t +150) = 20( ft +1502.25 + 3n/4)

20f (t +200) = 20( ft + 2003 = n) 3)

DEV 4OHHE—TDHIBHLD 3D (1D E=2) 1% 1/200Hz B2 TDJE
WHR DT o TSR TWhhiEF vy oL Ens 43— FTh b, HRIIES
NHI—Z2 MR REEROH D 50 FPOFLERDOAZ Y H L CE b L4
HZET, U7 ST WS OEEINE T — 2 M cE 5. BAL

L CHRE LT WERRIIE B OGS 25 2 5. —RICEERSE B % MIRDt CHEfk
Yo TV 7 LTt THE OB A 12 W BRI BRI TEEN= A U T
YT LTWRWEWIEHEDO S &, A XX MNEEERTH D 12Dt IMANZEE
0 OREEO L TRNUE R, ZOBEIT R BT TR R R E <
L7272 T —Z ORISR, 07— =ZBH Uit 7Y 7
(72 T RERANT — 2 2455 Z LN TE 5. [AIRRIC B AR S & S IR CRERH
VY T LTtk TR R O A D T WY, RERAITHENT — 4
FEORMZRIZEE 2 O 820X LV, BT — ¥ BRI 05E2E#REE T 50
BHETHD. FERIITTA U T 7 LT Fig~DZRLF DR
L) 50 POT—2 2810 H L, ZORIZIZEE eS8 E2 M5, 2 OfRE
TH TN LTV WERBUSZR S BMEITL TE 5.

HARMIZIZX 5-1 -5 7 (195 ) 75 45 BE TO 50 BLISL D 150 7% fE
Brsds, Zoitkkt 7 — V) B U EEBAY ML EKIS-3 IR I
RINTT =5 D 3/4 ZH 0 RO THRIEIZ 4 5 L7, M5-3 FTOILKKT, X
5-1DAXT MVDIFBueDT—F EEHNPGOED E—ETDH I EPMERTE
5. KHo5-413mFEDEELSTEHLOTHD. MEDOETBLE 104 THDH. b
EDFEWEISEDRE SIX1TERETHDHDT, SN L 104 LLFOE ST LT
AEDHIFHANTH 5.
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5-3. M SNIJEEBUSE AT bv. b e Shicitsk. 5 92555, R . T Al
TSN JAWBOSE A~ by (F, FEY) &, TORE ez omln BRI O, JEKX ;
TERIOIRPZE Gy OHER. WENRLS —E LTS,

X 10" Difference between raw data and interpolated data
MM TR TRN TRV
= OO0 T OO O A ARG AR M R B BB i g I\
< N 0 O R B O I A A O R
Ry 00 00
£
|
©
£ 1) I
F- R R 1O \""'““‘l,.
B 1O R T O R U R AR
=1L 1
5 6 7 8 9 10 11 12 13 14 15

Frequency [Hz]

K5-4. K5-3 FTOMBEINTZAERBILEARY MV ETTOIEEaflizFolnnzE. &, &£
. AR B, HEHOSIHIZ-104005 104,

Z 9 LTHIR L7Z AT b DAER O A BB DRI E 2450 Z L 3T
5.
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5-3. iR 2

TOOEIERZ AV TR D A CRUS U7 BN E AR 1 TR,
A UJEW Sy DI 52 1EY, Zhbaikx fiifdz 36 LT Labt TLE
@%ﬁ_ixw% g LSRR R AT NS o (- NIV G RN g Fie - iy

B EBEEOERER Sy AR LTS EIC oW T, AR REERETTH . B
ﬁ@ RIS %®mﬁfi&_fﬁﬂﬁék%@@ﬁ%ﬂw%ﬁ<ﬁ%f%5t
IM?

TODBIRIER )N SFAE LT 10.016Hz @ P IERIE B O E B EIRIE DR
=0 COAF v Fvay NaXE-5RT. RELERY A S HEOOT s
27—y a e L, PEOALOKE LT 5. BERIL yfh b, 0,028
AT 35m BN TRRE I LTV 5. P I IL 4000m/s Th 5. FEE(x, y) TOHE
T gt x, )IZFLL F TR E 5.

r-12°, xm_fJ“"”"“y'”’dcmzmp_

\/()C_xl)2 +(y_y|)2
vQ v

H

g(t,x,y) = expi-

f\/(x—xz)'Q+ V-»,) Ycos 27 1t - \/(x—xz)“ +(y-»,)" \
y v
(4)

72721 ££10.015Hz T&H %.

+exp(—

5-5. _ODOEENSOHE—EE (10.015Hz) JSEREOAF 7 a3 v b, No.l & No.2
DOHAEZEIT P . ESER No.l ©F, EBIR No.2 OF, WEOAR. WA s, i) mAt
W25 TN D IR,
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FUOERIEEIED AT v 7 a v MILEDZTNENOERNS O EIE D A
T ay MR, 2RICIREI 2 F1278> TR bns. ZOIT
TR EDLIIZTFHLTNDEDONDLNY S50, X5-6I1ZAF v vay
K CiE7e < LFIC X 2 IRIEFR B2~ T .

g(t,x,y) = \/[Al cos 27f 7“_"'). +o-n) + 4, cos 2af Vx=x) +0=))” ] +‘A‘ sin 27_[1'7('\‘_'“). H=n) + A, sin 2af *n)
vV vV v v
(5)
. A, = exp(- J \/(x —x) ) )eXp(—i('/ _12)_ )
el vo S,
SANE=x)" +(y=»,)° —12)°
4, = exp(- Y ) exp(- L2127
vQ 5

Tho. K5-612X% L ARBITE ORI /IO ST AARFENED bR L TH L Z &
D,

5-6. X 5-5 OEHEEIGEIRTEORES . S ER No.l ©Z, EBIR No.2 DX, WHD
ARROIEIESAG. No.1l & No.2 OffHZEIT Y a. AROIRIESA DO HAETEIEIL 5% FRETH 5.
(1000m B T T 1.68 F2JE, H T 1.60 F2jE)

WRIZHERIRONARZ T 5 L TR bz B X 9. £ 97580 No.2 DA% 2of
X 35/4000 ¥£ 5%, 35/4000 | LA OHERE 36m 4 3 4000m/s D P 73
TR TH 5. 9725 LB IR S IS RIRIE AR D, £ ORI 12%
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BRETHDS.

5-7. ZODBFENSOHE—EKE (10.015Hz) SO AT v T gy . ENSER
No.1 DZ, EJF No.2 DI, WHEDARK. No.2 BRI No.1 BEIRIZ L CTAARA 2 7 £X 35/4000
BENTWA5.

2O X O ITRMT B CHEREE OMINFRIZEZZ DT D 2 Ik > T, GGk
BHSIRIENC INARAFE AR 85 Z LN T&E 5. X 5- 9 ICITEIRIERE 1km 0,5
CTONFEZE, AL & IRIEDBIfR % ~7. B No.2 OAfH%Z 0~30deg i HH7- &
X0, FITRA e TCoORFyFvay b FIRESHTHL. ARERS &,
TR TIE290° Jm (b, m), ffEZ2 307 Tix 0° M (H) 2EKIC
2o THRY, BANAEORFORK, /MRIEAIT 12%EE (X5-6, M5-8%
) L7p-oTWn5b.

WIZ, [REEOBEE IO B TV, B2 6T 5. X1
JAR RS B A BER No.1, BIE No.2 IZHOWTAR L, MERIEE OMAZEY
0 CHER, PO ORKIREOSAZK 5-6 ICHERLL 72 T 5-1 0ITRT.
PREEEE AR LTS E T, RIBOSHARITHE AR OSEE & IRZFREET
b5, 2 EZBIRMOMEREBEsm) A 5~15Hz DR (266~800m)iZ b~ THHF T/ &
W=D, 1FEAEEEEBMIICRZ T LESTWD DO THD. FIEREN
ETAIUE (B D WIEHMRGHEE MK RN ET VL), X5 DOFEEEEIC X 5585
MRELRVIKFHITEEDILT THD. UELDRIZT VA EEEZEZ 2 5.
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5-8. 5—7 OJFRBOSE R OWRIE AR, £ HEIR No.l DA, EIR No.2 D&, WH D
BREDIRESAR. B RROIRIEII AR D IFAARFNEIL 12%F2E T 5(1000m B CH T 1.65 FLE,
P6C 1.45 F27). No.2 EBIFEONMAEIL No.1 EFIZ% LT 2 ££X35/4000 EN T\ 5.

5-9. I No.1 \2xtd 2 EH No.2 OMFEN Gitll) &, B2 S 1km B S GED B
BiEHE 0 Tl E ©) COWENGO N, /£ B a ToRF v T a vy b A RESAA. IEE
SARIEIR] UACAR X L CIE AR AT 10%FRE Tl .
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5-10. P ORKIRIED /734G, M HEIR No.l D&, EIR No.2 D&, WHEDERDOIE
M&534f. No.1 & No.2 ONARZEITE . GOIEEGAR O FNEIFMIT 5% REE TR 5-6 LiFiE
[FI£E(1000m BN CTALC 670 FREE, R T 640 FREE).

5-4. 7 LA ZHHE

FRRE 1 OFMEFHE XY, 2 BIRM TR DA TEE LIFE 0D, FUE
W D EE O BB S O D Z EAVRENT-. EoE 2 OBIERE LY,
A7 ORI L 5 BB BUSE B ONA 2 it BTt 53 HIc K- THFE
B = T EZATBEDO TN ESGO =RV F— 2R TE L Z RSNz,
AEIRILE ORE M 35m & Ay 5~15Hz TIZZ DEFESWT 5%F2
EThhHZEnTHlEND. EEEZZL S BRI O =R L X —0
EHESWIEEROPSZTLETHRLHETEENRENZ E0G, DX
VRT LA DELENEEND.
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5-11. EFHEEZ TR 1km OFLA (H) &7 LA BREORESLAMA 8 sl /[ 4 11
WZOWTTREF 2. AR 4 SUIZHOWTIRAA. WIFNSEFH.

T VA BERIZOWT
BHNL 3 B HIEEFTIT o . LU ORR 23 3L

« 272 L 4.5Hz SR 3 Ay -8k b,
« X10 72V L X100 7Y 7o -8 v b
« LS7000 & & — -8t v k.
c2GB NI T T A -16 & b,
- $hEFEM 15V, 60Ah (3 HHE/MHEMEY) -16 &> b.
- B A=, SRR A — A 8> b.

B S - E

No.1 &% 10.015+5Hz, No.2 &% 10.0075+ 5Hz Tl

ZEFATY, RO ZERT

No.1 #E§# 10.0075+5Hz, No.2 &4 10.015+5Hz Tl

2170, ZHUCEVERRE 1 bRIICHGEE. 7 — 2B E Ny TV —F = 73—
WIS E 21T .
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155 5-1 : FM Z3H 08 A <7 ~ v

FM ZEH OBERJEIECA T S W3R — i 2 VBIS e V5 & AR L5970,
JAH T, e Ao OIEFLE O TFM Zifia 352 L 2B 5. PRk ik
B oo &9 2% LEMOMAERENT,

W(t)=w, + Awcos(2mt/T) (A-1)

EETD. Ko TZOLERIZ LD FM ZE 713

F(ty=4 cos(ﬁ) W(r)dt) = Acos(w t +, sinw,t)

= A{cosw tcos(w, sinwt) - sinw, sin(w , sin 1)

(A-2)

LA 12770

ZIT, SARBBUILITO X S ICHE Ay VB TR TE S

cos(w,sinw 1) =J,(w,) + 22 J,,(w,)cos2nw,t
n-0

sin(w, sinw, ) =2 E J ot (@ )sin(2n + N, t
‘ ' : (A-3)

X ->T Foix

F(t) = Alcosw t{J (0w, ) + 22 J,, (@, )cos2nw t}
n-0
—sinw, 2 2 Sy (@,)sin(2n + D, 1]
: (A-4)

([
[
A
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J—k(wb/') = (_l)kJA- (w/')

THY, F-2ABOARXREZRHWTHRGES FOIXLLFO L) ICEKRHTE 5.

F(t)=AlJ,(w,)cosw.t +2J (v, ){sin(w, +w )t -sin(w, —w )}
+2J,(w, ) {sin(w, + 2w, )t +sin(w, - 2w,)t}
+2J(w, ) isin(w, + 3w, )t -sin(w, -3w, )t}
+2J, (0, ){sin(w, +4w)t +sin(w, -4w,)t}

+... . (A-5)

A5 DD FOWI IR A I o 2 & L, ZiREH Ticxh L < w=20/ T
Z BEBORAT & 3 2 AN ot nos (n; FEFEEEED) DIEFRSGOARNEEND Z
EWRED . T CIIRMNSHE O 7 O JEIR AT 2 2R Jo OELEOF L L
7ehs, JEH T TR KB EE N i & B 2 CH B OWREAZIE m/T

(m; B ORIy LEEN200T, 1 D cos OFE 20t/T 3

21 2mm

w\' w.\'
2mmtiT £ 720, #ER T Zoi=bon I LRriPgThsb. Kb T

DM CEEHZTH, R FOE ectnes (n; AT OEZHSL

DYEE T2,

SEZEF T A1LIZ0 RIS 5IRETE 50 IRDE—FE~ v /LB A ~T.
W RO D EN 0 NMEFE B L TRY, EEUD OIEIES Dolos THE
ENTWDZ LMD, Bl IXEFNE 5Hz, ZiEH 5 B CThHEDwws=25 T
HY, 25 WREEE TORy /LB CRIR N E Y 5. AFiE 5Hz, ZFHJEH 50
BT Dolws=250 T 250 IRFEE £ THEL 5.
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Bessel functions

¥ N N AR OIOIOTTOTC
\ %&’W\&WWWWWM

15

A-1. B ELEHELL

20

L
25 30 35 40 45 50
dw/w_
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6. P CIZX D=

T OEIREE X, BADORZ LD VAT A2 AWEHIENM TN TW\WD, VAT AITHRkROPC, PCHDA
VR T 2—AR— R, BHEO/ VA E SRR, BXOGP SEFHIZL R I Tnd
ZZTiE, PCLEHlEA— PRI OERGEEE & O 7 e vy 7 XA T 77 5% LT,
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LN AR

GPS HfEt i 10MHz 2V 2B+ 7201 (7601)
5y 5373V A 7OV A B 7202 (7602)
Bz ] Com S31 (S32) °
_74) e — #:‘/\
KZ A3 0T
Ch.1 BroL
RV S BN é/i/ux
(MPB-J6204) A @ A21-A31 (A22-A32)
B L B21-B31 (B22-B32)
Ch.g % 121-231 (222-232)
: om Comll, Com2l, Com31 (Coml2, Com22, Com32)
[V \6
A
B
) ( . RS-232C
AD A — F(MPBd3t76) N N
L=t 7120 (7520)
}\/II:;/;:?—Com U u 7121 (7521)
L J
REEE =4 —+ A l-a (2-a)
IR E =4 —Com [ 1-b (2-b)
\\}' I-¢ (2-¢)
LI ¢
EH Com @ M24EM
TR 5 P ( 3103 (3104)
oS B ® 3114 (3201) ®
U L—K— R(MPB-J2503) i f—p o @2
Wi 3105 (3106)
IR 6501
FEHEIE Com 6502
PRESR @ 4401
BGIUI ‘Q 4415
5k 4416
Com T M24D
GPS/FM = FH—5 S G
A LN B B
4 Com
@ #HE— K 4309 (4311)
#] fﬁﬁ? 4310 (4312)
— ¢k Com M24FM
EEPNUE = 4301 (4302)
#fiEA Y Com ‘% )24D Py
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GPS-FM = bfu—35 (JL—F—FK, AD B— KD—)
HE7E— R UEfiE T O LED 265 & M A D 541 L £

| GPS-FM = k1 —@ | A T :
! g / 1 3101 No.1 & J7 :
! ¢ @ ; / 3102 | No.2 iy :
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Abstract

Unexpected temporal variation due to near-source effect on the ACROSS
(Accurately Controlled Routine Operated Signal System) signal is successfully reduced
using near-source signal of the source vibration. The ACROSS vibrator for practical use
was deployed neat the Nojima fault to detect the temporal variations of seismic
velocity after the 1995 Hyogo-ken Nanbu (Kobe) earthquake. Ikuta et al., [2002] made
a 15-month continuous monitoring for the temporal variation in the travel time of P- and
S- wave from Jan. 2000 to Apr. 2001. The elastic waves emitted form the ACROSS
vibrators located at the surface were observed with seismometers at 800m and 1700m in
depth. Though they detected a change in seismic velocity due to shakings of teleseismic
events, they observed the long—term variations with the amplitude of 2ms for both P and
S waves, which have good correlation to the temperature change and rainfall. The major
cause of these variations was identified to be that of a near-source property which
changes the source vibration. Most of the temporal variations are attributed to that of
near-source region which seems to be mostly affected by rainfall. In this study, we tried
to remove the near-source effect in order to detect the small change in deeper part of the

ground that was not able to be detected in Ikuta et al., [2002].

In this study the correction is made in two ways. First we attempted to devide the
signal into long-term and short-term variations. Second the method proposed by
Yamaoka et al., [2001] was modified to make a better performance. As a result, we can
reduce the effect of near-source variation in quite good performance compare with

method Yamaoka et al., [2001].

1. Introduction

Monitoring the temporal variation of a state within the earth is important especially
for predicting earthquake occurrence or volcano eruption. Many techniques have been
invented since the beginning of the history of earth observation. Seismic activity is most

widely used to monitor the temporal variation of the crust. For example,
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magnitude-frequency distribution has been used to investigate the temporal and spatial
variation of the stress or strength within the crust (e.g. Wiemer & Wyss 1997). Seismic
activity prior to large or great earthquakes has recently been used to predict the time of
the main shock (e.g. Bufe & Varnes 1993). Fault mechanism solutions and their
temporal variation give the spatial and temporal variation of stress orientation (e.g. Zhao
et al., 1997). Strainmeters are used to make direct measurements of strain of rocks in
the crust. In spite of the efforts to reduce the effect of meteorological noise on
strainmaters, very few observations have reported on the precursor strain change before
large earthquakes. For this purpose propagation property of seismic wave is a good
indicator. Many efforts have been made to detect the temporal change in seismic

velocity and amplitude.

The ACROSS system was developed in order to detect the temporal variation of the
seismic velocity of the Earth’s interior: The principal aim of the ACROSS system is to
detect the velocity change associated with earthquake and/or volcanic eruption.
[Kumazawa and Takei, 1994]. For this purpose, two technical issues arise. First, a
good signal-to-noise ratio (SNR) of signal which brings the seismic velocity
information to the targets (e.g. source nucleation region of earthquake or magma
chambers ), is required. An excellent SNR can be obtain by using accurately controlled
sinusoidal waves as the source signal, which is directly related to the design of the
instrument itself. The second issue is the temporal stability of the system that makes the
natural variation visible. This includes not only the technique to reduce the effect of the
environmental condition on the system itself but also the technique to calibrate the
temporal variation of the elastic and/or inelastic property of the surrounding rock, which

may vary with some meteorological effects.

The temporal variation of seismic velocity near the Nojima Fault, which ruptured
during the 1995 Hyogo-ken Nanbu (Kobe) earthquake (Mw; 6.9), was monitored using
ACROSS. Tkuta et al., [2002] made a 15 months continuous monitoring of the temporal
variation in the P- and S- wave travel time from Jan. 2000 to Apr. 2001. The elastic
waves emitted form the ACROSS vibrators located at the surface were observed using

seismometers at 800m and 1700m in depth. They observed long—term variations with
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the amplitude of 2ms for both the P and S waves. Furthermore, they detected sudden
decrease of S wave and velocity at time when the 2000 Western-Tottori earthquake
(Mw; 6.6) and the Geiyo earthquake (Mw; 6.4) occurred. The near-source variations are
very similar to the travel time variations at the 800m. The major cause of those
variations was identified to be a near-source property that changes the source vibration
through dynamic interaction between the source and the surrounding media. The phase
variation in the source vibration is primarily governed by the rigidity of the surrounding
rock. The lower the rigidity, the more the phase of vibration delays [Juan et al., 1971].
Most of the temporal variations are attributed to that of near-source region which seems

to be mostly affected by rainfall (Fig.1) [Ikuta and Yamaoka, 2004].

Ikuta and Yamaoka [2004] corrected the effect of the near-source variation using the
signal that was recorded by the seismometers around the source. The correction was
made only for the data with in a time-window of two months long, because the

correction for the whole data at one time was not successful.

In this study, we tried to remove the effect of the near-source vibration for the whole
observation period to find the small change in deeper part of the ground that was not

able to be detected in the previous analysis.
2. Instrumentation of the Experiment
2-1. Awaji site

Two ACROSS sources are installed near the fault of the 1995 Hyogo-ken Nanbu
earthquake (Mw; 6.9) in Awaji Island (Fig.2). The two vibrators in this test site have
different eccentric moments to cover the wider frequency ranges with a small variation
in force. They are designed to produce a sinusoidal wave up to 35Hz and 25Hz with a
maximum force of 2.0x10° N, referred to as the HF (High Frequency) and LF (Low
Frequency) units, respectively. Two deep boreholes with 800m and 1700m were drilled
at 50m and 200m from the ACROSS sources. At the bottom of each borehole,

three-component velocity-type seismometer is deployed. The changes in the
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propagation property between the sources and the seismometers in the boreholes were

monitored.

The Fourier amplitude spectra of the observed in 800m borehole data are shown in

Fig.3, where the ACROSS signal is recognized as multiple lines in the spectrum.

2-2. Experiment in Awaji site

The temporal variation of seismic velocity near the Nojima Fault, which ruptured
during the 1995 Hyogo-ken Nanbu (Kobe) earthquake (Mw; 6.9), was detected using
ACROSS. Ikuta et al., [2002] made a 15 months continuous monitoring of the temporal
variation in the P- and S- wave travel time from Jan. 2000 to Apr. 2001. They observed
long—term variations with the amplitude of 2ms for both the P and S waves. They
assumed that near-source variations are very similar to the travel time variations at the
800m. The major cause of those variations was identified to be a near-source property
that changes the source vibration through dynamic interaction between the source and
the surrounding media Most of the temporal variations are attributed to that of
near-source region which seems to be mostly affected by rainfall [Ikuta and Yamaoka,
2004] (Fig.1). They placed four three-component velocity sensors around the
ACROSS sources to observed the movement of near-source vibration. Three of them
are placed on the foundation and one is deployed in the 10m-deep borehole (Fig.4). We
attempted to correct near-source effect that appears commonly on the signal of the

800m borehole and the seismometers near the source.

3. Analysis and Result

3-1. Application of method in Yamaoka et al., 2001

As we can assume that the near-source effect appears commonly on the signal of the
800m borehole, we can remove it using the signal that is recorded by the seismometer
near the source. We first applied the method proposed by Yamaoka et al., [2001] to

reduce the effect of the temporal variation of the source.
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We assumed that the observed vibration of the seismometer, O, is a product of the
transfer function, G, and source function, S. In this analysis S is assumed to be the
record of four three-component velocity sensors and deployed in the 10m-deep borehole
as the source function. In our observation G and S are assumed to vary slightly with
time and are divided into the time-invariant term and the time-variant term. The

observed vibration is represented by:

O(o,t) = (G'(®) +6G(m,1))(S" () +8S(m,t))  (3-1)

Here o is the angular frequency used in the ACROSS signal, and t is the time. G’ and S°
denote the time invariant parts of G and S, respectively. We assumed that time-variant
terms are small compared to the time-invariant term S and denote them with 8. Ignoring

higher order fractions, Equation (3-1) can be rewritten as:
O(o,t) = G'(0) (8'(®) +3S(,1)) +3G(,)S"(®) (3-2)

We obtained G® by the following procedure. Assuming that the source function S is
described with M parameters of seismometers, we wrote the vibration at a seismometer

with a liner combination of the source function and residual as:
0; (k) = GSj(k) + Ri(k)
i=1,...3 j=1,...M; k=1,....N) (3-3)

where 1 denotes each component of the vibration of the seismometer, j denotes that of
the vibration of the basement around the source, and k denotes the serial number of

samples. Note Goij is independent of time.

Goij and R; were obtained using least-squares fitting to the observed data. Then, the

predicated temporal variation is written as

Oi(K)pre = G%Sj(k)  (3-4)
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using the transfer function, Goij, obtained here. Comparing the temporal variation of the
predicted vibration with those observed, we can see that they are quite similar to each
other, meaning that the observed temporal variation at the seismometer is attributed

mostly to that of the foundation’s movement.

In this calculation the temporal variation of the medium, dG(w,t), is the residual of

fitting R;. Following Equation (3-2), the residual is written as:
Ri(k)=8G"()S";  (3-5)

What we want to obtain here is the vibration of the seismometer after of the

temporal variation of the foundation, and it is written as:
(G%+9G;(k)) $°%= G S"+ Ri(k)  (3-6)

From Equation (3-1),

G'; 8°=< Oi(k)> (3-7)

in which <> denotes the average over time k. In this procedure we can obtain the

temporal variation without near-source effect.
3-2. Result of method in Yamaoka et al., 2001

As shown in Ikuta and Yamaoka (2004), the data in relatively short period of time
are well corrected using the method that is described above. To evaluate the
performance of the method for long-term data we applied the above method again for
the same data obtained in Ikuta et al. (2002). We tried to correct 800m-borehole date
using transfer function on all frequency. In Fig.5 and Fig.6, the original date and
corrected date both in real and imaginary part are shown, which are corrected using the

records of the three seismometers deployed on the surface and one at the 10m borehole.

We show the results for two frequencies, 13.0 Hz and 19.1Hz, which corresponds to
the frequency in the middle of the frequency band generated by LF and HF unit,

respectively. In the long—term data, only the variations with long period were removed,
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but the variation with short period does not change. Fig.7 shows the standard deviation
for all frequencies on 800m-borehole observation. Fig.8 shoes the standard deviation
when applied the Yamaoka et al., [2001]. The variation of short period component
corresponds to daily changes. This suggests that the temporal variation in the motions of
the source can be devided into several modes, which have different transfer functions.

Therefore, the correction with single transfer function fails for long-term data.

We propose a reason why the method cannot remove the effect of the near-source
vibration. We assumed that the temporal variation at near-source signal can be divided
into at least two modes, short-term and long-term variation. The short-term variation
contains daily variation due to atmospheric temperature. The long-term variation

contains seasonal change due to drying or wetting of soil material near the source.
3-3. Improvement of the method

From the result that is shown above, we assumed that the temporal variation at
near-source signal can be divided into at least two modes, short-term and long-term
variation. We apply low pass filter both on observed data and near-source data to divide
the data into long-term and short-term variation. Moreover we improved the method by

Yamaoka et al., [2001].

We start with the same assumption that is proposed by Yamaoka et al., [2001], in
which they assumed that the observed vibration of the seismometer, O, is a product of
the transfer function, G, and the near-source vibration of the function, S. Here we can

write O and S as:

O(0,t)=G(0)S(e,1) (3-8)

In the analysis we assume S cannot fully represented by the record of near-source
vibration. We assume S is represented by two spaces, one is represented by near- source
vibration Sk and the rest is denoted as S,. In this notation k means ‘kown’ and u means

‘unkown’.

Deviding S into two space S and S,, Equation (3-8) can be rewritten as:
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O(0,)=Gi(®,H)Si(0,8)+Gu(®,1)Su(,1) (3-9)

in which, Gx and G, care the transfer function that corresponds to a Sk and S,,

respectively. Dividing each term into time variant and invariant terms,

0¢+00=(GrotdG1)(SkoT0S1)H(Guot0Gu)(Suo+0Su)

= Gkosk0+ Gk06Sk+6GkSk0+8Gk6Sk

+ Guo Suo + GuodSu+0Gy Swo+0GudS.  (3-10)

We assumed that time-variant terms are small compared to the time-invariant term S, O
and denotes them with 9, respectively. We can assume that the contribution of Sk to O
is larger enough than that of S,, we can ignore higher order fractions correcponding to

Su. Therefore equation (3-10) can be rewritten as:

0¢+00= GySko + Gko0Sk + 0GKSKko+GuoSuo (3-11)

We calculate the average for both side of the equation (3-11):

0= GroSkotGuoSuwo (3-12)

subtracting (3-12) form (3-11)

60=Gk068k+ SGkSko (3-13)

Gyko andoGySkg are obtained using least-squares fitting to the time-variant term of

observed data.

3-4. Process for analysis

(Process 1)

First we applied low pass filter both on observed data and near-source data to divide
the data into two data set with long-term and short-term variations (Fig.9 and Fig.10).

We assumed that the long-term vibration includes seasonal change, and the short-term
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vibration includes daily change. Fig.11 shows standard deviation for the long-term and

short-term variation on 800m-borehole observation.
(Process 2)

We applied the improved method on long-term and short-term variation,
respectively. We have suggested that the temporal variation of the motions of the source
can be dividing into several modes, which have different transfer functions. We
calculated transfer function both on long-term variation and short-term variation
separately. In Fig.12 and Fig.13, the original and corrected data of the real part and
imaginary part are shown for long-term vibration and short-term vibration. We can
reduce seasonal change on long-term vibration, and daily change on short-term
vibration. Fig.14 shows standard deviation when applied the improved method on

long-term and short-term variation.
(Process 3)

We add corrected long-term and short-term variation and obtain the final data in

which the effect of near-source variation are corrected.
3-5. Result of the improved method

Fig.15 and Fig.16 shows the original data and the corrected data using the improve
method that is described above. The data are corrected with the records of three
seismometers deployed on the surface and the one at the 10m borehole. We show the

results for two frequencies, 13.0Hz and 19.1Hz for examples.

In this result, temporal variations are reduces both in real part and imaginary part.
We calculated the standard deviations for all frequency. Fig.17 shows the standard
deviation of data corrected by the improve method. The standard deviation of new
methods is reduced by more than 0.5 to 0.8 orders of magnitude. When we compare it
with method of Yamaoka et al., [2001] (cf. Fig.5, Fig6 and Fig.7), it appeared that the
reduction of near-source effect using New Analysis works very well, especially UD, NS

components.
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4. Conclusion

We have successfully removed the temporal variation that is commonly appeared on
the signal both on receivers and near-source movement using the signal that is recorded
by the seismometer near the source. We modified the method proposed in Yamaoka et
al., [2001] to be able to correct the data in long-term observation. In the original method
it is difficult to reduce the common variation from long-term data, in which daily and
seasonal variations are included, though it works for short-term data, in which daily

variation predominates.

We assumed that the temporal variation at near-source signal can be divided into at
least two modes, short-term and long-term variation. The short-term variation contains
daily variation due to atmospheric temperature. The long-term variation contains

seasonal change due to drying or wetting of soil material near the source.

In the new method we developed, we separate the whole data using low pass filter to
divide the data into long-term and short-term variation. We also expressed the source
function with two independent spaces that is and is not able to be expressed with
observed signal at near-source seismometers. As a result, we can reduce the effect of

near-source variation in quite good performance, especially UD, NS components.
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Fig. 1

a) Temporal variation in the arrival time of P, transverse-S, and radial-S waves detected
by the 800m (red line) and 1700m (blue line) borehole sensors along with

b)

precipitation.
The vertical arrows on the calendar axis indicate the date of the 2000 Western
Tottri and the 2000 Geiyo earthquakes.

Temporal variation in the phase of near-source vibration. Time delay averaged over

frequenciesis used in the plot. The delays in two horizontal directions are estimated

assuming arigid body motion of the source region. (Ikutaet al., 2002)
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L ocation of the ACROSS experiment site near the Nojima fault.
a) Location of the Nojima fault (Heavy line).
b) Location of the ACROSS vibrator (star) and the 1700m and 800m boreholes
(triangles). Heavy gray lines are the surface trace of the boreholes.
¢) North-South vertical cross section.
(modified Ikuta et al., 2002 )
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a) Example of one-hour stacked records for the vertical component of the
800m-borehol e sensor.

b) Fourier amplitude spectra of the record shown in a). The separate lines in the
spectrum correspond to the signal of ACROSS. Two robes ranging from 10 to 16 Hz
and from 16.1 to 22.1 Hz correspond to the LF and HF units, respectively.

(Ikuta et al., 2004)
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a) Temporal variation of the ACROSS signal that is observe at 800m-borehole
from Jan. 2000 to Apr. 2001. The signal at 13.0Hz, which is the middle of the frequency
range of LF (Low Frequency) unit, is shown for an representative example. Both rea
and imaginary parts are shown separately. Blue line shows the variation of UD
component, red line shows NS component and green line shows EW component. They
include seasonal and daily changes.

b) The same signa that are shown in @) after the correction with the method
proposed by Yamaoka et al. (2001). Note that the long-term vibrations are reduced,
while short-term vibrations are not reduced.
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b) The same signal that are shown in a) after the correction with the method
proposed by Yamaoka et al. (2001). Note that the long-term vibrations are reduced,
while short-term vibrations are not reduced
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a) Long-term and short-term tempora variation of the rea part of 13.0 Hz to
divide the data into long-term and short-term variation at 800m-borehole date from
2000 to Apr. 2001. Blue line shows the variation of UD component, red line shows NS
component and green line shows EW component. They include seasonal change and
daily change.

b) Long-term and short-term temporal variation of the imaginary part of 13.0 Hz
to divide the data into long-term and short-term variation at 800m-borehole date from
Jan. 2000 to Apr. 2001. They include seasonal and daily changes.
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divide the data into long-term and short-term variation at 800m-borehole date from
2000 to Apr. 2001. 13.0 Hz is the middle of the frequency by HF. Blue line shows the
variation of UD component, red line shows NS component and green line shows EW
component. They include seasonal and daily changes.

b) Long-term and short-term temporal variation of the imaginary part of 19.1 Hz

to divide the data into long-term and short-term variation at 800m-borehole date from
Jan. 2000 to Apr. 2001. They include seasonal and daily changes.
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a) Corrected long-term and short-term variation of the signal at 13.0 Hz that is
observed at 800m-borehole date from 2000 to Apr. 2001. We applied the improved
method that is proposed in thisstudy. Blue line shows the variation of UD component,
red line shows NS component and green line shows EW component. Note that both the
long-term and short-term vibrations are reduced.

b) Corrected temporal variation of the imaginary part of 13.0 Hz to divide the data
into long-term and short-term variation on 800m-borehole date from Jan. 2000 to Apr.
2001. We applied improve the method by [Yamaoka et al., 2001]. Note that the
long-term and short-term vibrations are reduced.
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a)  Corrected temporal variation of the real part of 19.1 Hz by the divide the data
into long-term and short-term variation on 800m-borehole date from 2000 to Apr. 2001.
We applied improve the method by [Yamaoka et al., 2001]. Blue line shows the
variation of UD component, red line shows NS component and green line shows EW
component. Note that the long-term and short-term vibrations are reduced.

b) Corrected temporal variation of the imaginary part of 19.1 Hz by the divide the
data into long-term and short-term variation on 800m-borehole date from Jan. 2000 to
Apr. 2001. We applied improve the method by [Yamaoka et al., 2001]. Note that the

long-term and short-term vibrations are reduced.
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Standard deviation for long-term and short-term variation observed when applied
improve the method by [Yamaoka et a., 2001] to divide the data into long-term and
short-term variation, respectively. @ UD component b) NS component c) EW
component. The frequency from 8.0 Hz to 17.0 Hz and from 15.1 Hz to 23.1 Hz

corresponds to the LF and HF units, respectively.
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Fig. 15
a) Temporal variation of the ACROSS signal that is observe at 800m-borehole

from Jan. 2000 to Apr. 2001. The signal at 13.0Hz, which is the middle of the frequency
range of LF (Low Frequency) unit, is shown for an representative example. Both real
and imaginary parts are shown separately. Blue line shows the variation of UD
component, red line shows NS component and green line shows EW component. They
include seasonal and daily changes.

b) The same signal corrected by the method proposed in this study. The long-term
vibration reduced, short-term vibration reduced.
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range of HF (High Frequency) unit, is shown for an representative example. Both real

and imaginary parts are shown separately. Blue line shows the variation of UD

component, red line shows NS component and green line shows EW component. They

include seasonal and daily changes.

b) The same signal corrected by the method proposed in this study. The
long-term vibration reduced, short-term vibration reduced.
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We report the results of continuous monitoring—using a seismometer array—of the travel time of seismic
waves generated by an ACROSS artificial seismic source. The seismometer array, which was deployed in a
surface vault located 2.4 km from the source, recorded both direct P- and S-waves and refracted P- and S-
waves that traveled along a velocity boundary between the granite basement and overlying sedimentary rocks.
We analyzed temporal variation in differential travel time and apparent velocity for these phases for a period
of 1 month and found significant temporal variation in the differential travel time. Most of the variation can be
attributed to changes in environmental conditions, such as atmospheric temperature and rainfall. Variation is even
observed in the seismogram that is located 50 m from the vibration source, although much smaller variation is
observed in the vibration of the foundation to which the source is attached. The spectral study revealed that the
effects of temperature and rainfall depend strongly on the frequency range used by ACROSS and that a large
variation occurs in the 15- to 20-Hz range, especially between 17 and 20 Hz. The environmental effect on the
temporal variation is comparable to the record of refracted S waves and that of a distance of 50 m, whereas a larger
variation was observed in the direct S wave. This result shows that the signal is affected by the environmental
change near the vibration source. The environmental effect can be drastically reduced when the signal from the

15- to 20-Hz range is eliminated in the analysis.

Key words: Active monitoring, seismometer array, ACROSS, temporal varia tion, spectral analysis.

1. Introduction

Various methods have been tested for their sensitivity and
reliability to detect changes in the propagation properties of
seismic waves related to changes in the travel medium (see
Crampin et al., 1990; Li et al., 1998; Niu et al., 2003).
Changes in stress and fluid distribution, for example, can
affect propagation properties, such as the velocity, attenua-
tion, dispersion and anisotropy of seismic waves.

Laboratory experiments indicate that the velocity of elas-
tic waves in rocks is strongly dependent upon the nature
of the stress field (Birch, 1960). This relationship is at-
tributed to the increasing stiffness and seismic velocity
of rocks under high stress that results from the closure
of structural defects such as cracks and joints. Semenov
(1969) monitored the velocity of direct P- and S-waves and
recorded reductions in the V p/V's ratio immediately prior
to large earthquakes; these observations are the forerunners
to the dilatancy-diffusion theory (Nur, 1972; Sholtz et al.,
1973). In contrast to these findings, McEvilly and John-
son (1974) failed to detect any variation in the V p/V s ratio
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Kyushu University, Shimabara, Nagasaki 855-0843, Japan.
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prior to moderate magnitude earthquakes in central Califor-
nia even though seismic velocity was carefully monitored
using quarry blasts of precisely controlled timing. These
authors concluded that in order to successfully monitor ve-
locity changes, additional careful studies would be required
within incipient source regions using wave paths that prop-
agate through the source region. The question of whether it
is practically possible to measure velocity changes resulting
from changes in tectonic stress, however, remains contro-
versial.

The scattering of seismic waves is a potentially effective
method of detecting changes in physical properties, such as
attenuation properties, as it can be used to sample an entire
crustal volume, such as a rupture zone. Sato (1988) reported
a significant increase in the scattering and attenuation of
seismic waves prior to and following the 1984 Western
Nagano earthquake (Ms=6.8). Similarly, Hiramatsu et al.
(2000) recorded an increase in coda Q! following the 1995
Hyogoken-Nanbu earthquake and attributed this change to
variations in static stress that resulted from the earthquake.
Changes in the anisotropy of seismic waves have also been
detected in association with seismic events. For example,
temporal changes in the time delay of split shear waves
have been observed immediately prior to earthquake events
(e.g. Crampin et al., 1990; Bokelmann and Harjes, 2000).
This phenomenon has been explained by applying a the-
ory of extensive dilatancy anisotropy (Crampin, 1987) in
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which the differential stress field dictates the preferential
alignment of newly formed or growing cracks. Saiga et al.
(2003) reported temporal variation in the time delay of split
shear waves resulting from static stress changes associated
with a moderate magnitude earthquake. These observations
demonstrate the sensitivity of the propagation properties of
seismic waves to changes in applied stress; however, these
researchers were not always able to analyze events of sim-
ilar source parameters. Successive earthquakes with identi-
cal source parameters, such as hypocenter and focal mech-
anism, are ideally required for accurate monitoring of the
propagation properties of seismic waves.

An accurate and continuous experiment is necessary to
detect temporal variations in seismic velocity within the
earth’s crust. Reasenberg and Aki (1974) conducted an ex-
periment that involved measuring the travel time of an air-
gun shot signal over a distance of 200 m. They detected a
variation in travel time of 1 ms, which can be correlated to
the effects of the earth’s tide. Yamamura et al. (2003) con-
ducted long-term observations using a piezoelectric trans-
ducer over a distance of 12 m, and also detected variations
in travel time that show a strong correlation with the earth’s
tide. Furumoto et al. (2001) demonstrated that characteris-
tic temporal changes in seismic wave velocity can be related
to tidal stress and a secular stress accumulation resulting
from repeated observation explosions. There are, however,
few studies that have undertaken the accurate and continu-
ous long-term monitoring of seismic velocity using an arti-
ficial source.

A system that uses an artificial source and which is ca-
pable of continuous and precise monitoring of the propaga-
tion properties of seismic waves within the crust has already
been developed (Kumazawa and Takei, 1994; Yamaoka et
al., 2001). This system is called the Accurately Controlled
Routinely Operated Signal System (ACROSS). The vibra-
tor in the ACROSS system generates a signal with a cen-
trifugal force of a rotating eccentric mass. The rotation is
precisely synchronized to global positioning system (GPS)
timing, which provides large numbers of stacks for data that
are also sampled in synchrony with GPS timing at a re-
ceiver. Given a 1-week stacking, the signal generated by the
ACROSS vibrator can be detected at seismic stations more
than 100 km from the source (Yamaoka and Ikuta, 2004;
Yoshida et al., 2004). The vibrator used in this study can
produce a maximum force of 2x 10> N, but one can barely
feel the vibration even at a distance of 10 m.

Ikuta et al. (2002) monitored temporal variations in travel
time for 15 months using a surface-deployed ACROSS
source and seismometers at depths of 800 m and 1700 m
in boreholes along the Nojima fault zone, which was the
fault zone that ruptured during the 1995 Hyogo-ken Nanbu
(Kobe) earthquake. The authors were able to measure tem-
poral variation in the travel time of direct waves over a long
period with high accuracy. Ikuta and Yamaoka (2004) de-
tected sudden delays and subsequent gradual recovery in the
travel time of direct P- and S-waves generated by the 2000
Western-Tottori earthquake (Mw=6.6) and the 2001 Geiyo
earthquake (Mw=6.4). The delays were also accompanied
by an increase in shear wave splitting. These authors inter-
preted the measured variation as resulting from an increase
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in pore pressure within preferentially aligned cracks in the
uppermost crust due to strong seismic shaking. The impor-
tance of this study is that the authors were able to demon-
strate that seismic velocity could be monitored over a long
period of time at a high accuracy.

Based on the above experiments, all of which revealed
the potential of the ACROSS system, we sought to utilize
seismometer arrays to detect and monitor various phases
included in the ACROSS signal. Niu et al. (2003) de-
tected a temporal variation in the seismogram of repeated
microearthquakes measured by seismic stations. Their re-
sults revealed a change in the location of scatterers within a
fault zone related to an aseismic deformation event. In the
current study, we set out to document precise observations
using a seismic array with the aim of investigating temporal
variations in the seismic wave velocity and apparent veloc-
ity of various phases propagating through the crust. The
observation site that we selected for this study is a research
site located deep underground, where subsurface structure
is well understood and where many observational facilities,
such as strainmeters, groundwater wells and seismometers,
are already deployed.

2. Site Description and System Deployment
2.1 Observation array

We deployed a seismic array within a vault used for the
observation of crustal deformation. As our aim was to de-
tect temporal variations in the propagation properties of
seismic waves, it was important to minimize artificial vari-
ations resulting from the observation system. We there-
fore deployed both seismometers and the data-logging sys-
tem in the vaults, where temperature remains constant to
within 0.1°C for the entire year. The array comprised 15
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Fig. 1. Map of the experiment site. The ACROSS sources and seismome-
ter array are deployed in the Tono mine and in a vault used for the ob-
servation of crustal deformation in Mizunami, respectively. Solid circles
denote seismometers. The seismometer array is 64 x 64 m at the interval
of 8 m ,as a cross shape along extensometers. Open circles and an open
rectangular denote three ACROSS sources, which have rotation axes in
the vertical and the horizontal direction, respectively. The ACROSS
sources are covered with a foundation.
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three-component velocity sensors (Mark Products Inc.; L-
28LBH) with a natural frequency of 4.5 Hz and sensitivity
of 0.61 V/(cm/s). The seismometers were deployed linearly
at 8-m intervals in two tunnels that intersect at right angles.

The vault that housed the seismometer array is located
2.4 km from the ACROSS source used in this study (Fig. 1)
and is constructed within Neogene sedimentary rock of the
Mizunami group that overlies the Cretaceous granite base-
ment. The ACROSS source was deployed on the surface of
the Mizunami group; phases that propagate through the sed-
imentary rock and granite basement can therefore be moni-
tored by the array with good resolution.

2.2 Data logging system for array observation

The logging system consisted of an amplifier and PC with
inbuilt digitizers. The signals from the seismometers were
amplified to ensure that ground noise was in excess of the
quantization noise of the digitizer. The signal was digitized
by A/D converters with synchronization to GPS timing. We
adopted a sampling rate of 1 kHz to reduce the effect of anti-
aliasing filtering, although the signal of the ACROSS source
was <30 Hz. The filter was used to reduce the noise above
Nyquist frequency, which otherwise overlaps with the fre-
quency band of the ACROSS signal through the aliasing
effect. The cut-off frequency of the anti-alias filter was set
at 250 Hz, which was high enough to suppress the phase
effect on the frequency band of the ACORSS signal. Delay
times due to channel switching in the digitizing process and
signal transmission from seismometers were measured and
corrected as appropriate.

2.3 GPS synchronization for array observation

The signals from seismometers were digitized in syn-
chronization with GPS timing. For synchronization, we
used a 1 pulse-per-minute (PPM) code and 1 kilo-pulse-per-
second (KPPS) code that were generated by a GPS clock.
The data sampling, which is synchronized to the 1 KPPS
code, starts every hour with synchronization to the 1 PPM
code. The accuracy of the timing is kept to within 0.1 us of
universal time.

As the logging system was installed approximately 200
m from the entrance of the vault, we had to transmit the
codes to the data logger from the GPS clock that is located
by the entrance. We used differential line-drivers and dif-
ferential line-receivers for transmitting both the 1 PPM and
1 KPPS signals to avoid the effect of large common-mode
noise. The delay time involved in transmitting signals was
corrected as appropriate.

2.4 Source deployment

The ACROSS vibrators used in this study were deployed
in the Tono mine, Gifu prefecture, Japan. Three ACROSS
vibrators with different eccentric moments were deployed.
The low-frequency (LF) vibrator produced a force of 2 x 10
N at a frequency of 25 Hz, the mid-frequency (MF) vibrator
produced 1.9x 103 N at a frequency of 35 Hz and the high-
frequency (HF) vibrator produced 1.6x 10° N at a frequency
of 50 Hz. The vibrator force is generated by the centrifugal
force of a rotating eccentric mass and is therefore propor-
tional to the square of the rotational velocity. The ACROSS
vibrators were firmly fixed to a foundation of steel-framed
concrete structure, which was constructed in a rectangular
hole of dimensions 6 (length) x3.5 (width)x2.3 m (depth).
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The eccentric masses of the LF and MF units rotate around
a vertical axis, whereas that of the HF unit rotates around a
horizontal axis. Three accelerometers were installed on the
foundation to monitor any movement.

The vibration of the source was synchronized to GPS
timing (Yamaoka et al., 2001). The rotation of the mass
is modulated in frequency to produce plural spectral peaks
simultaneously. The modulation is repeated at a constant
interval, resulting in the production of a stable force for
each spectral peak.

3. Obtaining the Transfer Functions
3.1 Virtual linear vibrator

The ACROSS vibrators generate acceleration through the
rotation of eccentric mass around an axis, although linear
acceleration is often useful for sources of seismic signals. In
most rotational vibrators (e.g. Alekseev et al., 2005), linear
acceleration is produced by rotating two motors in opposite
directions. In contrast to traditional vibrators, we synthesize
a linear acceleration with the data of a single rotor. The mo-
tor of the ACROSS vibrator switches its rotational direction
at 1-h intervals, and we were able to synthesize a linear mo-
tion by combining the signals of two successive hours. The
great advantage of this method is that we can synthesize a
linear acceleration in any direction at every hour. The syn-
thesized data Y? in the direction 6 is obtained via a linear
combination (Kunitomo and Kumazawa, 2004) as:

Y (@) =Y" (w)exp (i0) + Y (w)exp (—if) (1)
where Y" and Y” are the observed spectrums when the
ACROSS source rotates in clockwise and counterclockwise
directions, respectively, and w is the angular frequency of
the signal.

The force at the source is also synthesized in a similar
way:

X% (w) = X" (w)exp (i0) + X" (w)exp (—if) (2)
where X" and X" are the spectrums of the generated force
when the source rotates in clockwise and counterclockwise
directions, respectively. We can then use these data to
obtain transfer functions for different components of the
vibrations.

3.2 Transfer function

The transfer function between the force generated at the
source and the signal observed at the array is obtained via
a deconvolution of observed waveform by source signal in
the frequency domain:

G} (@) =Y (@) /X" () 3)
where G{ represents the transfer function of the k-th com-
ponent of the receivers for a linear acceleration at the source
in the direction 6.

A waveform in the time domain is obtained by applying
an Inverse Fourier Transform (IFT) to the transfer function
in Eq. (3). In the operation of the ACROSS source, we
used a frequency modulation technique to produce plural
frequency components simultaneously. Figure 2 shows an
example of these waveforms and the spectrum for a virtual
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trum. (c) (Top) A transfer function between the source and seismometer
C in the time domain. (Bottom) The transfer function in the frequency
domain.

linear vibration in the radial direction; Fig. 2(a) shows a
force generated at the ACROSS source. The force is calcu-
lated theoretically from the rotation velocity of the eccen-
tric mass. Figure 2(b) shows a record at a seismometer at
the center of the array for 150-h stacking. As a same modu-
lation is repeated every 20 s, signals from the source appear
every 1/20 Hz in the frequency domain; these are called the
signal components, whereas others are termed noise com-
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around 14.00 Hz. The level of signal components is almost constant in
contrast to the level of noise that decreases with stacking.

ponents. The signal-to-noise ratio (SNR) can be estimated
from the ratio of the amplitudes of the signal and noise com-
ponents, which is about 102 in this experiment. By using
the signal components for source and receivers, we can ob-
tain transfer functions. Figure 2(c) shows the transfer func-
tion in both the frequency and time domains. The signal
components with small amplitudes are omitted in the trans-
fer function in the frequency domain. The transfer function
in the time domain is calculated using these data. Several
phases with large amplitudes are found in the transfer func-
tion in the time domain [Fig. 2(c)].

A signal leakage is apparent in the transfer function in
the time domain, especially around 20 s in Fig. 2(c). The
leakage may have resulted from an inappropriate selection
of window function when applying the IFT. This effect
also occurs in other parts of the transfer function in the
time domain, and small later phases might be concealed
by the leakage effect. We use cosine-taper windows in the
following analysis as an optimum window function.

4. Phase Identification and Estimation of Tempo-
ral Change
We conducted three experiments with the aim of detect-
ing temporal variations in the travel times of waves propa-
gating along various paths between the source and the re-
ceivers. Table 1 shows the operation parameters of the
ACROSS source used in the experiments.

Table 1. Transmit parameter of the ACROSS sources.

Number of Time Period of Source Type Source Type Time Period of Center Frequency Moduration Generated Force [N]
experiments Experiments (Rotation axis) (Type of frequency) FM [second] [Hz] Amplitude [Hz]
1 1 week Vertical MF 10 21.45 2.5 0.6x105~0.9x 105
Vertical LF 10 16.50 25 0.6x105~1.2x105
2 4 days Horizontal HF 20 30.00 10.00 0.3x105~1.0x 105
Vertical LF 20 15.01 5.00 0.3x105~1.3%x105
3 1 month Vertical MF 20 25.53 2.50 0.8x105~1.2x105
Vertical LF 20 17.52 2.50 0.7x105~1.3x105
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Fig. 4. Three component waveforms at the array for each component of the vibration. (V-V) Waveform at the vertical component for the vertical
component of vibration. (V-R) Waveform at the radial component for the vertical component of vibration. (R-V) Waveform at the vertical component
for the radial component of vibration. (R-R) Waveform at the radial component for the radial component of vibration. (T-T) Waveform at the
transverse component for the transverse component of vibration. The frequency band 10.01-20.01 Hz is used for the radial and the transverse
component of vibrations. A broader frequency band, which ranges from 20.00 to 40.00 Hz, is used for the vertical component of vibrations. Arrows

denote an arrival of marked phases.

In the first experiment, we examined the efficiency of
stacking to obtain a SNR that is large enough to enable
the identification of phases. Figure 3 shows the variation
in the amplitude of signal and noise components versus the
number of stacks obtained in the first experiment. We were
able to obtain a SNR of approximately 100 for each signal
component by stacking the data for a period of 1 week.

In the second experiment, a broad-frequency band was
used for the source signal. The use of a broadband sig-
nal as a source produced superior time resolution of phases
in the transfer functions. In this experiment we operated
the source with changing rotation direction to obtain the
transfer function corresponding to linear vibrations of vari-
ous directions. For radial and vertical vibrations, the trans-

fer functions had larger amplitudes in the vertical and ra-
dial components than in the transverse component. For the
transverse vibrations, the transfer function had a large am-
plitude in the transverse component. Working under the as-
sumption that P- and S-wave behavior in an isotropic ho-
mogeneous medium can be applied in this site, we sepa-
rated the P- and SV -waves from the S H -wave in the trans-
fer functions. Wherever possible, we attempted to detect
various phases as in an isotropic homogeneous medium.
Figure 4 shows the three-component waveforms at the
array for each component of the vibrations. In the vertical
component of vibrations, four phases are evident at approx-
imately 0.6, 0.8, 1.2 and 1.6 s of travel time. Four more
phases are also evident in the radial component of vibra-
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Fig. 5.

tions at approximately 1.9, 2.3, 3.2 and 5.2 s. In the trans-
verse component of vibration, there were two clear phases
at approximately 1.3 and 1.6 s. In the following sections we
investigate these ten phases to determine their wave proper-
ties.
4.1 Semblance analysis of the ACROSS signal

To extract the spatially coherent component of the
ACROSS signal, we used the semblance method (Neidell
and Tanar, 1971) as a coherency measure for multi-channel
data. The semblance value S,, as a function of time and

apparent slowness, is expressed as

jZ/z (i g (1) 0‘n)>2

j=—d/2 \k=1
Sin = : “)
K- 3 X gty an)
j=—T/2k=1

where g, denotes a wavefield at the j-th sample and k-th
seismometer, and J and K are the number of samples in
the select window and seismometers, respectively. In this
equation, g i (tj, oz,,) is obtained using an inverse Fourier
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transformation as,
gk (tj,00) = TFT{Gyy - exp (i (1; — o - xi))}  (5)

where x; is the position vector of the seismometer, o), is
apparent slowness and ¢; is time. IFT denotes inverse the
Fourier transformation.

Figure 5 provides an example of a semblance map cal-
culated in this study. The figure shows the time-slowness
plot of the semblance value for the radial component at
the receivers for the case of radial vibration at the source.

The axis of slowness is oriented in the receiver-source di-
rection. There are many peaks of high semblance values
even where signal amplitude is small. In this experiment
we used a signal with a limited frequency band; side-lobes
are therefore inevitable in the resultant transfer function in
the time domain. As such, a traditional semblance calcu-
lation, in which the information of amplitude vanishes, is
inappropriate. Consequently, we introduce a modified sem-
blance method that takes into account the signal amplitude,
and we expand the time window of the denominator in the
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semblance calculation. This operation enables us to detect a
coherent signal with a large amplitude. We determined the
time window of the numerator and the denominator for 0.1
s and 0.3 s, respectively. Figure 5(a) also shows the results
of the modified semblance calculations. The lower figure
of the semblance map shows the averaged amplitude of de-
nominators in a window of time and space. The averaged
amplitude serves as a weighting in the modified semblance
calculation. A clear peak in semblance values is evident at
0.6 s in the modified semblance map; the weighting sup-
presses spurious peaks in semblance values derived from
the traditional one, such as the peak around 0.6 s. In this
operation, we can clearly determine the travel time and ap-
parent slowness of each phase.

Figure 5(b) shows the results of the modified semblance
calculations for each component of vibrations, and Fig. 6
shows a contour map of semblance values as a function of
the radial and transverse components of apparent slowness
o, and «, at the arrival time of each phase. Negative «, in-
dicates an arrival of waves from the source direction. For
the P- and SV -components, coherent phases are apparent
at 0.62 s and 1.27 s, with apparent velocities of approxi-
mately 3.7 km/s and 2.0 km/s, respectively. It appears that
these phases did not arrive directly from the direction of the
source but arrived from a direction slightly to the north of
the source. Coherent phases are also apparent at 0.82, 1.60,
1.88 and 2.30 s. with apparent velocities of about 3.7, 1.7,
1.7 and 1.5 km/s, respectively. Other coherent signals with
large apparent velocities occur at 3.25 and 5.30 s. For the
S H -component, we detected coherent phases at 1.3 and 1.6
s, with apparent velocities of 1.8 and 1.8 km/s, respectively.
4.2 Identification of waves

Geophysical logging exploration was used to investigate
velocity structures to a depth of several hundred meters at
the experiment site (TRIES, 2001; Fig. 7). A pronounced
velocity boundary exists at about a depth of 100 m, which is
the boundary between the granitic basement and overlying
sedimentary layers. The velocity of the sedimentary lay-
ers is approximately 2.0 km/s for P-waves and 1.0 km/s for
S-waves, while basement granite records velocities of 4.3
km/s for P-waves and 2.3 km/s for S-waves. The wave ob-
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served at 0.62 s has an apparent velocity of 3.7 km/s, which
corresponds to P-wave velocity in the basement layer. Par-
ticle motion of the wave is in a sub-vertical direction. These
results show that the wave observed at 0.62 s is the refracted
P-wave traveling through basement rocks. Similarly, the
wave observed at 1.27 s has an apparent velocity of 2.0
kmy/s, which corresponds to the S-wave velocity in base-
ment rocks. Particle motion of the wave shows a nearly
radial direction. These results indicate that the wave ob-
served at 1.27 s is the refracted S-wave traveling through
the basement rocks. The refracted wave arrived at the array
a little northerly of the source direction, indicating that the
boundary dips southward.

Coherent phases arriving after the refracted P-wave and
the refracted S-wave are found at 0.82 and 1.60 s, with ap-
parent velocities of approximately 3.7 km/s and 1.7 km/s,
respectively.  Although the apparent velocities of these
phases are similar to those of the refracted waves, they ar-
rived before the surface waves, which arrived at 1.88 and
2.30 s, with apparent velocities of 1.7 km/s and 1.5 km/s,
respectively. We therefore propose that the 0.82 and 1.60
s waves are a direct P-wave and a direct S-wave, respec-
tively. The arrival times of these phases supports this in-
terpretation. Other coherent phases with high apparent ve-
locity are found at 3.25 and 5.30 s, with apparent velocities
of 2.8 km/s and 1.5 km/s, respectively. We interpret these
phases to represent waves reflected from the deeper parts of
the velocity boundary; however, the aperture size of the ar-
ray used in this study was too small to resolve the detailed
apparent velocity of these phases.

In terms of the S H-component, S H-waves are recorded
at 1.3 and 1.6 s, with apparent velocities of 1.8 and 1.8 km/s,
respectively. We interpret these two phases to represent the
refracted and direct S H -waves, respectively.

4.3 Estimation of differential travel time and differen-
tial apparent velocity

To examine small delays or advances in travel time for
these phases, we calculated the cross-spectral density be-
tween a reference waveform and an observed one. The two
waveforms are extracted with the same time window. The
cross-spectral density, Cy, is calculated as follows:

G = FT{IFT (G ) - h;}

(6)
k=1,---,K)(T)

where FT denotes the Fourier transformation, % denotes
a complex conjugate and /; is an applied window func-
tion. Differential travel times for a sensor and a frequency
Aty (l=1,---,L; k=1,---,K) are obtained by di-
viding the phase difference of the cross spectrum by an an-
gular frequency:

Aty = angle (Cy) [y (8
where angle denotes a phase angle of the Cy;.

We estimated the average differential travel time and dif-
ferential apparent slowness from differential travel time for
all the elements of the array. Assuming that a phase arrives
at the array as a plane wave, the differential travel time At
at the origin of the array and the differential apparent slow-
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Fig. 8.  Temporal variation in the differential travel time for (a) the
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ness Ao are expressed as

Aty = AT + Ao - xp ®

The differential apparent slowness corresponds to a change
in the elastic wave velocity of the medium immediately
beneath the receivers or to the incident angle of the wave
that encounters the receivers. The values of At and A« are
evaluated by the weighted least squares method with the
following weighting:

Wi ICixl (10

The error is estimated from the deviation of differential
travel time from the estimated plane as an uncertainty.

We use data obtained by stacking for 12 h around each
time in the observation period. Data measured at the be-
ginning of the experiment are used as a reference. A 0.4-s
hanning window was used to extract each phase.

It is difficult to estimate the variation in differential ap-
parent slowness for phases of small amplitude. To ad-
dress this problem, we spatially stacked data, focusing on
a phase with appropriate phase shift, and calculated a cross-
spectrum density. The differential travel time is obtained by
averaging the differential travel times at each frequency.
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5. Temporal Variations in Travel Time and Ap-
parent Velocity

We used observational data from the seismic array to
monitor differential travel time and differential apparent
slowness for various phases with a high semblance value.
The results for each phase are presented below.

5.1 Refracted P-waves and S-waves

Figure 9(a) shows temporal variation in differential ap-
parent slowness. The variation corresponds to that of the
incident angle or to the spatially heterogeneous variation of
elastic wave velocity just beneath the site of array. Tempo-
ral variations in the elastic wave velocity beneath the array
can result from meteorological effects as well as other fac-
tors.

We first compared the variations in travel time with vari-
ations in atmospheric temperature, precipitation and atmo-
spheric pressure [Fig. 8(d) and 8(e)]. The variation in travel
time shows a similar pattern to variations in atmospheric
temperature, with delays for periods of decreasing atmo-
spheric temperature. Large variations are observed when
the temperature is less than —5°C. Figure 10(a) shows
a correlation between a differential travel time for the re-
fracted S wave and atmospheric temperature. In this figure
we demonstrate the correlation by a solid line for the pe-
riod between January 21, 900 hours, and Jan 25, 900 hours,
when the atmospheric temperature is relatively low. The
correlation coefficient in this period is —0.72, although the
correlation coefficient for the whole period is —0.17. These
results demonstrate that atmospheric temperature affects
travel time variation. It is highly unlikely that the changes
in atmospheric temperature affected the observation system
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Fig. 10. (a) Correlation between a differential travel time for the refracted S wave and atmospheric temperature. Each value is shown by subtracting a
short period trend, which is evaluated by a moving average over 2 days. Solid line shows the correlation in a period between Jan 21, 900 hours, and
Jan 25, 900 hours, when the correlation coefficient is high. (b) Correlation between a differential travel time for the refracted S wave and atmospheric
pressure. Solid line shows the correlation in the period between Jan 21 9:00 and Jan 25 9:00.
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Fig. 11. (a) Temporal variation in differential travel time for the surface
wave (2.15 s). (b) Temporal variation in differential travel time for
phases with a high apparent velocity (3.25 s). Data were stacked for
48 h in these phases because the amplitude of these phases was small.
(c) Temporal variation in atmospheric temperature and precipitation.

and elastic wave velocity near the array as the seismometers
were deployed in a temperature-constant vault. The effects
of rainfall and barometric pressure are scarcely apparent in
these data [Fig. 10(b)]. The correlation coefficient of the
refracted S wave to barometric pressure is —0.01.

Figure 8(a) shows the temporal variation in differential
travel time for the refracted P- and S-waves for which prop-

agation properties were determined. The differential travel
time shows a cyclic variation with a period of 1 day. The
maximum amplitude of the variation is approximately 0.5
ms, which corresponds to 1072 of a velocity change. Long-
term and step-like variations are also apparent, with am-
plitudes of approximately 0.5 ms. The uncertainty in the
differential travel time, which arises from the frequency-
dependent deviation, is estimated to be within 0.1 ms, which
corresponds to a precision of 107*. The variations in veloc-
ity change observed in this experiment are therefore statis-
tically significant.

We compared the variation in the travel time with a vari-
ation in the motion of the source foundation [Fig. 8(c)]. Al-
though the rotation of the eccentric mass in the source is
precisely controlled with reference to GPS timing, the mo-
tion (i.e. acceleration) of the source is strongly affected by
changes in the elastic or inelastic properties of the ground
surrounding the source. For example, if the stiffness of the
surrounding ground decreases, the amplitude of the motion
of the source increases. Inelastic properties such as Q may
also affect the motion of the source. Saeki (2000) demon-
strated that the energy emitted from the source and dissi-
pated around the source is proportional to the phase delay
of the motion of the source.

Phase variation on the source foundation shows similar
patterns to variation in atmospheric temperature. This in-
dicates that changes in atmospheric temperature affect the
elastic property of the ground surrounding the source. The
temporal variation in travel time observed at the array, how-
ever, is still fivefold greater than the variation that can be
explained by phase variation of the source motion. No
comparable pattern of temporal variation is apparent in the
differential apparent slowness. The effects of daily varia-
tion in atmospheric temperature do not penetrate far into
the ground, but do affect the physical properties of the
ground to depths of approximately 1 m. The observed re-
fracted wave travels along the bedrock-sediment boundary
at a depth of approximately 100 m for most of the distance
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Fig. 12. Frequency dependence of temporal variations in differential travel
time for the phases of (a) the refracted S-wave, (b) the direct S-wave,
(c) radial motion of the source foundation and (d) the main wave with
largest amplitude observed at the borehole seismometer (around 0.1 s).
The width of the frequency range from which we selected the signal
components is 2 Hz, which is centered at the frequency shown in the
legend. This figure shows the temporal variations in the lower frequency
band of 15.02-20.02 Hz. (e) Temporal variation in atmospheric temper-
ature and precipitation.

between the source and receivers; it is likely that variation in
the physical properties of the near-surface medium causes
the observed variation in travel time.

5.2 Direct P- and S-waves

Figure 8(b) shows the temporal variation in differential
travel time for the direct P- and S-waves. These variations
are statistically significant; the uncertainty of the travel time
is within 0.1 ms for the observation period.

Variations in the direct P- and S-waves are different from
those of the refracted waves, with the variation in direct
waves being less affected by the variation in atmospheric
temperature than refracted waves. Marked changes in the
differential travel time of direct waves are observed at times
of rainfall. The observed changes involve an instantaneous
delay in travel time followed by a gradual recovery. The
amplitude of the change is >1.0 ms, and the change lasts
2 days or more. Such phase variations are not observed
in the motion of the source foundation, nor in the temporal
variation in apparent velocity at the array site. The effects of
atmospheric temperature and barometric pressure are barely
apparent in these data.
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Fig. 13.  Frequency dependence of temporal variations in differential

travel time for the phases shown in Fig. 12(a)—(d). This figure shows
the temporal variations in the frequency band of 23.03-28.03 Hz. (e)
Temporal variation in atmospheric temperature and precipitation.

5.3 Surface wave and reflected waves

Figure 11 shows the temporal variation in the surface
wave and the phase that arrived at the array from a down-
ward travel path. As the amplitudes of these phases were
small, the data were stacked for 48 h. Marked variation can
be correlated with times of rainfall for the surface wave.
The origin of this variation must also be related to rainfall
along the path of the surface wave.

One of the advantages of array observation is in detect-
ing the reflection of phases from deeper parts of the crust.
From the data in Fig. 6, we can detect phases with high
apparent velocity that are interpreted as representing the re-
flected wave that propagated from below. The data were
also stacked over the elements of the array by assuming that
the wave propagated vertically. As uncertainty is within 0.5
ms for the observation period, no marked variation can be
correlated with other observation data.

5.4 Frequency dependence of the temporal variation
in differential travel time

We investigated the frequency dependence of the tem-
poral variation in differential travel time to take advantage
of the frequency-discreteness of the ACROSS signal. Fig-
ure 12(a) and (b), and Figure 13(a) and (b) show the fre-
quency dependence of the temporal variation in differential
travel time for the refracted and the direct S-wave. In this
analysis, the signal components in the specified range of
frequency are selected from the stacked data set, and the
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Fig. 14. Temporal variation of (a) the refracted P- wave and S- waves, (b)
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Hz. (e) Temporal variation in atmospheric temperature and precipita-
tion.

differential travel times are estimated in the same way as
Section 4.3. The width of the frequency range from which
we selected the signal components is 2 Hz, which is cen-
tered at the frequency shown in the legend. A strong fre-
quency dependency is clearly observed in this figure. The
temporal variation in the differential travel time appears to
be sensitive to the variation in atmospheric temperature and
rainfall, especially in the frequency range centered at 18.02
Hz and 19.02 Hz. Although the variations show a similar
pattern in the direct and the refracted S-waves, the ampli-
tude of the variation is much larger in the direct S-wave.
The differential travel times for the direct S-wave change
in the opposite manner for 18.02 Hz and 19.02 Hz with re-
spect to atmospheric temperature; therefore, the variations
in travel time are cancelled out when averaged over all fre-
quency components, and only a minor relationship appears
for atmospheric temperature [Fig. 8(b)]. On the other hand,
they change in the same manner with respect to rainfall,
which is clearly seen for the rain on January 4, making the
effect of rain remain after the variations in travel time have
been averaged over all frequency components.

6. Discussion and Conclusions

In the investigation reported here we have attempted to
identify a region that is affected by atmospheric temperature
and rainfall using the vibration signal on the source founda-
tion and at a borehole seismometer, which is about 50 m
away from the ACROSS source. Figures 12(c) and (d) and
13(c) and (d) show the frequency dependence of a tempo-
ral variation in the radial motion of the source foundation

A. SAIGA et al.: ACTIVE SEISMIC MONITORING WITH SENSOR ARRAY AND ACROSS

and the initial part of the wave at the borehole seismometer.
The variation at the borehole seismometer shows a similar
pattern to the variation in the refracted S-wave and the di-
rect S-wave. The amplitude of the variation at the borehole
seismometer is comparable to that of the refracted S-wave.
On the other hand, the amplitude at the source foundation is
much smaller than that of the borehole seismometer. Thus,
we may conclude that the main cause of the temporal varia-
tion exists in the region that is very close to the source. The
reason why the variation in the direct S-wave is larger than
the reflected S-wave may be attributed to the ray path of the
direct S-wave, which travels through a relatively shallow
part of the ground that can be more affected by the weather
condition.

The variation in weather conditions, such as temperature
and rainfall, contributes to the variation in the property of
the medium near the surface. As the ACROSS vibrator is
deployed on the surface, it may be strongly affected by the
change in weather conditions. Saeki (2000) documented
that compliance of the medium immediately surrounding
the seismic source affects the energy of the radiated wave
and its phase delay. This compliance is dependent upon the
shear wave velocity in the medium around the source and
the angular frequency of the force generated by the source.
Once the angular frequency of the generated force is accu-
rately controlled, we need to monitor shear wave velocity
near the source, as this appears to vary with weather condi-
tions.

The environmental effects can be removed from the
waves to take advantage of the frequency-discreteness of
the ACROSS signal. As the environmental effect is rela-
tively large in the frequency between 15 and 20 Hz, we re-
moved the data corresponding to 15-20 Hz from our analy-
sis. Figure 14 shows the temporal variation of the refracted
wave and the direct wave, with the exception of a frequency
band of 15-20 Hz. We were able to remove the effect and
obtain the travel time with less effect by environmental con-
ditions.

We can investigate depth variation in elastic wave prop-
erties using various phases with different wave paths. In
this study, we investigated depth variation using only direct
and refracted waves, as there is a clear boundary in terms
of elastic wave velocity at this site. If more boundaries
exist, we can investigate more clearly the depth variations
in the elastic wave properties of the rock medium, which
might be expected to include cracks and possibly aquifers
or similar features. Furumoto er al. (2001) compiled the
stress sensitivity of a seismic wave velocity as a function of
baseline length for the temporal variations related to tidal
stress, tectonic stress and coseismic stress. The stress sensi-
tivity over a baseline length is related to depth variations in
the stress sensitivity because a seismic wave travels through
deeper levels with an increase in epicentral distance. Veloc-
ity change is dependent on the degree of defect development
in the rock mass, including cracks and pores, and this varies
with depth. Furumoto et al. (2001) suggest that accurate
and continuous monitoring over a long distance is required
to determine the stress sensitivity of seismic wave velocity.
An experiment using the ACROSS source is one of the most
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valuable methods of investigating the stress sensitivity.
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