Bz &8 BTk TREFY T
AL~
Department of Geosciences

College of Science

National Taiwan University

Master Thesis

LA AN T R R LR FOR AR 8 A A
Preliminary Analysis of the Borehole Strainmeter Data

in Eastern Taiwan

5'E /1[ //

Yuan-Shu Chang

fa g Fve ] B L
LAl LS
Advisors: Ya-Ju Hsu, Ph.D.
Yue-Gau Chen, Ph.D.
PELF 101 & 7
July, 2012



.ﬁizg}ﬁjiﬁigg'ﬂ:"g’i’fﬁ '
DREATELTE

28 R T REREFIB R E MR IEEA S 5

Preliminary Analysis of the Borehole Strainmeter Data

in Eastern Taiwan

AWtk EHHm & (R98224108) AW I & KL WEH 2
2 iRzt Eun o PRE—BFE—FXALBATAER
RABELRBR IR 453

2HREE ]ﬁj, j % <;/%%>

\/7 m)%g (¥ F44%)

(&%)

Hﬂ"/% (¥ E#4)
B 02 g %fﬁi}@




k2
R

-
—_—

FIZERRF > AR RARLHTT 5 - RERS &Tmﬁ% e i KT o
HEFESN A ZF DAk condp i R R e iR IR %aﬁ
ALY o AR FERAHT DR F o v w3t B R A BT
en LA F 1 iwﬂé’&f% AL R PFOR AT B A
T EROLFRR o P JUEIRE R D FA B RE O A A TR
FEB oGO REFNEL LI - BRFERBHTF 0 LRBD X
ﬁ%?,ﬁﬁm’:ﬂn%*A&ﬁMM%MM%—if&ﬁ#%ﬂ%ﬁ{ﬁ%
- E - ﬁ;m#«ﬁiﬁl L35 ] )~ AOGS ~ WPGM ~ ¥ B & € 2 35 5 & e

D RIS e FAEE A N i o R A AK Y BN R T
A ?Jf««:vﬁ-% PRt iR P rdk S AT EF O MR PR T FARH Y N B o
TR BB PN FURRAE CRHTEREL > BEY T R ROV
PEAENHEE BA LS RBAABIRR SRS FRF o Also, I'd like to thank
Alan T. Linde, thank you for offering kindly help and giving suggestion of my thesis.
VRAILIThd EAME R B SR E R MR T OFLEE SRR
/]\B‘—'\»~g;.\—'§g~]‘?'—fr'~’fgv§': ﬂH;]x/.s‘:‘Y“,\gqng .,:,b\?»?\ ,g:ﬁ~: (-2
Fado~ P F ~Whk SRR R RS T B ngde] 0 H P g
@ﬁ%%#%ﬁ’&ﬂ?%ﬁﬂﬁfﬁﬁ$ﬂﬁéﬁwwﬁﬁk°ﬁii%3ﬂ

_-“\-‘g\;
A

4o

B 5% th ,i:@ﬁﬂVVN\mmH\gﬁ\%ﬁﬁﬂ%&’J&W?ﬁ%aiﬁ%!
Ky Frifommaadd ity EAFEXPRRE PR - HF -~ AF e BT foF g7
B F A o W

R#EAF S A F R e APEFP IR o0 SRy EEF i
T EEF o~ FRASE KRR {odRBOE K B o BSEIE - B R A R EE o R PR S
IR EF > HE X hk ;.}\,s"rsrg;\ JCAER D o 4 BB L S BT Y A A F R e

>

AR ARIHmE M o P A PR s F 2 P ~kolas [ & o]
B ES PR FE A 1‘%7}%& CERB & Iéj svictor ~ =FARE s ] P e R
¥ R AT S L Fﬂﬁj\@’ﬁf@\n\‘?f |7 = é‘i‘ﬁl??ii« o

BV RTRLR IR E R R P RIS T T B R B
s P e R AE o ¢ E R iR P AR 2 T p B R B | £F
RHMFETRWERZBI T T PR DE R o

Bofs o AR ERBROE Y LA RS e LR e K EF{ok B F
£ ehp e dn $ o BV A e B B R PR BB O 4 o JE.FMJ B I E KD
iﬁﬁ&ﬁa%ﬂ—ﬂ@%ﬁ@Pm%”ﬁﬁﬂmwnow%m AR E D
%‘ BREHN AN R P T AR p St 4 L EA N RN T AR
ROE o WEADF I DN A G Ft 4]

5 ~

A 2012.07



‘ﬂéjﬁg
PO ke IR ATt 2002 E B e R S A4 4 L 3Rk Sacks-Evertson #5A]F T g
RER>OPDERE UL BRI TRERPEN ] T REFAT HFAT S
10Y B o i FIRBAFAL R » RS E 2 PR B FhE 75 %
PR TR RFBATEET 0 A EL o Ft AR T ORR RS
ﬁﬁ%%ﬁ%%%%i%%%@iﬁ’E%&ﬁﬂiﬁﬁﬁgﬁﬁwﬁgé—ﬁ

TR AR L (Fo AFT G A ER AR A% ¢ 2% Sacks-Evertson £54] ¥ T
BRI RN ] PR T B BB ORRR SRR TS LT ol
2 i ERFERRAFIFEHNERPIRAEL AL ULERRR TS P EE

B Rl PRV R BT GPS ¥ 2 T RS hiodr o MIEH Y T RS K ieskoig
TR o

P TRRROERIFTHEREE - AT IL AR RET R Iy o B

Ao 2B F 2 BRRBRTHELARE BAAFORRERE ] T4I* 5 B e
BAGRBETH Y AP RE KRG SRR o T 2 A g R
R TR ?’%“ﬁﬁ&&%ﬁﬂfﬁ%%%&%« B4 g ehis
B i3 m 2 o A7 1% SPOTL 3* 5 10 7 4] » v SRS RPed P R
W IR0 HEA 2 dRE 0 R R TR E = d TR (count) 3 5 E O
% (strain)> g * 13 MeEiaidz oY TR REHORET -

SRS WERE e RV ST LR Bd F ORI e BN
AR 0 %0 2006 E (54 » T o BRI - g BRT R AR
B RFAR T2 8F o  PARLDPFE g BREEa £ 2 RiiEm g 8k
FHORT o REs §RFEEIEFONARAL P MAER S0 BEE T
BHpfe i sRABLNIR o 15 P REE 0 T 36 6 2006 E 2 SRR BAHRE o
Moo fig TR a T ) IR 8
BORERALAARGERLT BRI ANREFRL o B T R¥ REK B
AR T ARLBFLAFERFZA TR FE RS RAEEFTMFR

|l

.

ARG L FEHT SRR AR R, T AT R
AR PFEF R B AL R LIV S B R s e 7 A 4

g GPS eAE T B IA K PRI - e LR LR E LR K U



=

o

EiF o
pa -:\-%i

<> 8

ATRBSERAKB LR THORB BRI LT e FIP A K
FE QP R* 2T R RO es Fidr g Edagi -

Megd 1 2 T RRE  BRR LA A R



Abstract

The institute of Earth Sciences, Academia Sinica (IESAS) has deployed eleven
Sacks-Evertson-type borehole strainmeters in eastern Taiwan since 2002. The high
sensitivity borehole strainmeter enable us to detect crustal strain in the scale of 10™.
Due to such high precision, the recorded strain is affected by environmental
disturbances as well. In order to extract tectonic signals from borehole strainmeter data,
it is of importance to clarify the influences of environmental factors on borehole
strainmeter records. This study analyzed the datasets recorded by Sacks-Evertson
borehole strainmeters installed in the central Coastal Range of eastern Taiwan. We first
remove the effects of hole relaxation and grout-curing as well as strain steps due to
valve resets and data gaps in the raw data using two exponential functions and a linear
rate. Since it has been well known that atmospheric pressure would provide a significant
influence on the crustal strain, we accordingly compute the barometric pressure
admittance using a linear function. The SPOTL program is then applied in calculating
the theoretical tide to obtain tidal admittance. The data processing method for
single-component and three-component strainmeters are similar, except that the
three-component instrument requires a coupling matrix to convert strain records at three
gauges into the engineering shear strain and area strain.

Our preliminary results show the contractional strain may be affected by strong
precipitation. Although the contractional signals associated with heavy rainfall are often
recorded in dilatometer and areal strain, the recorded shear strain in 3-component
strainmeter does not show significant changes at the same time. This finding indicates
the hydrological loading due to rainfall only affects the volumetric strain and
presumably has little influence on shear strain given assumption of isotropic materials.

If the contractional signals are generated by fault activities, both shear strain and
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volumetric strain should record significant signal changes in the same time; nevertheless,
shear strain doesn’t show significant signal changes while volumetric strain and areal
strain have permanent strain changes. Thus, we eliminate the possibility of
tectonic-origin motions.

We further compare month-scale volumetric strain from borehole strainmeters with
surface dilatation rate derived from GPS velocity, in particular in the dry season. It
shows correlated signal changes, suggesting that the borehole strainmeter record in
month-scale may be a good index to recognize the crustal strain when the impact from

the hydrologic influence is insignificant.

Keywords: borehole strainmeter, strain changes, Longitudinal Valley, precipitation,

barometric pressure
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12 # T R RN 2 R 4R
121 ¥ T R¥RP77REEME (Coupling)

HTERRI] S RFRHA R Aoy N H 2 xR (strain) A LR
ok e (count) » Tt F & H ST 0 02 PR gt SHBUR G dR G B H o 2 T
TR GRS BB L R BRI E TER R Y - T E o T
PIEEE PRI KRB RERSATINETF BN P RS LY T R RS
TP ERAIZ - o ARERLINA > [Hartetal, 1996]4] * & =k s+ % Ko
3 Y T RR RS FRFRY IIMES FRE T R RIERP

Hx = 'MF%“/T‘ 4 30%:n kSR L > B ARG REY 0 P g E o
RIMERTZT A Fohis s BRAEPREDL > 5 - XU OREFE
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SRR GERY TREFRORIEN D B FRLX A LIRSV KB T
RRLLE BR> w7 g g Bl 2 ek § R R F 5§ RF & (response)
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BRE AR KT o BFIRP P R B AL i 10-30%FF 0 ¢ AR KT
¢ NIATRL R ¥ ¢ (transient strain change) @ A& 2 Gt A 0 F O EAL € X
3R Brodm A (drift) @ 2 amEg o

122 27 R RHEY F RE
AT R REARFD L E e E B H AR (10%10) F 45 £ % v (precursor)
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$£31 1983 & 4 3t p & ¢hia e Z oY o [Roeloffs and Quilty, 1997] &3
i 1985 & £ W4 Kettleman Hills = 22 4 o > = T kw2 2 7§ % R8T
B % % - @ [Johnston et al., 2006; Johnston et al., 1994] 4%+ 2004 & 4
Parkfield ¥ % 4- 1992 # 4c ' Landers ¥ B enE @ % B {8+ T % kizdr o » 175
R B T ] PR TR RR AT PSR W %1t - [Agustsson et
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< (slow earthquake) 7= ¥ 4% & B 3z4% - [Linde et al., 1996] * % % &
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7| 100 mm P g 0 F EE A RS R EF R 600 ned REHL o % %
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E
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) v

fL M
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= # Sacks-Evertson # T B % R R I
2.1 Sacks-Evertson # T g XK I R
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bifF Ak DERBRM WAL S BT ALRT 0 RTHIRELRE
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Bl 5 T RFLALEHBRETFILE L » PE RBRR &%E[Nikolaidis, 2002] -
BRER(ed FR)FTHEEEHIBET RV ST R 2EFH ZR GPS(%
§ F 4 ) % InSAR (InSAR, Interferometric Synthetic Aperture Radar » &4 § 4 )

PR e B B o HPEE C ROl 2 R (et % M) 0 B RACR R
# INSAR 2 GPS &k ¥ 3 °InSAR ¥ GPS 8B ? 11 2 & (L 5 BB g

AR AZREBEFAL AN 2mmfr2em -



;3

2.1.1 Sacks-Evertson ¥ 4~ & ¥ T B % &

Sacks-Evertson ¥ 4 & ¥ T g 5% ik [Sacks et al., 1971]% E 43" 1965 & > ¢ Sacks
1.S.22 Evertson DW.zk 3+ > # >t Rl B £ X Fleh4 8% prar g 4 2 R - F3t
k% % (Dilatometer) th-fa o # T R EZ2E£ 942 (B 6) T FHLK >
He RER BESSC odn W IFH5 % k25 92 (strain-sensing chamber) " % %
TIOR3 PINERRH o RO LR F 0 (siliconeoil) o
Pl R Ve b B 4 P B A 4 20 B F 0 T gin i eimr -
FV e BRRE BT RS PREEEG 127 mm i G5¢ (bellow) > 2 £ & §5EF

DR GRE A Bl o WL R R Rd BE A
R = # e £ (differential-transformer-based displacement transducer 1 > 2 =
# DT1) pl#¥ - DT1 «af245 & (resolution) Z 1nm > @ &R &7 58 ‘fﬁﬁ

FFE N T R 2 bt

2.3 B2~ % (hydraulic amplification) ¥ #& & & @1t & (geometric ratio ) #-
FELT A K 40,000 B 0 2R R F L@ fest (noise free) st o Flut TR %
R DTLRE % % 31T AT & 107 £ -DTL a7 5y 1 5 2 U TR
H i o RFH) 59 AD i3 B ¥ 13 5 3 5 iz 55 [Linde and Roeloffs,
2006] -

Wapgae WL R AU R A W BER Y 5mme § @ 54 &R T
BRE Bz ix? R F F R &0 ERE L RH L AR IR a A
g + % % (electronics) € 41 BRR M (hydraulic valve) B fz » 3 &k B R i
&k %o (sensing hydraulics) §F % » £ AT ¥ %1 - 1998 &£ {5 » RF XL
WA % - B AHRREHEHEE (differential-transformer-based displacement
transducer 2 » ™ T @ 4 DT2) & ® ™ = (hydraulic valve 2) - DT2 g 57 & # DT1
o e DT2 enifpdt 2t 4 DT e PP B AR € B BR R & m&p: » iz DTL &
sy TRERIY 0 Fl i DT2 7w ‘ﬁﬁf e ‘ﬁﬁﬂg B o i 7 A DT &
EEFFS SRR R TR RT RSz e ¥ DT2 7
ek TIRR R 0 B §acA £ 10%C[Linde and Roeloffs, 2006] -

TPREIFFTH 3 BREEIMPERLE DTLE T et %% > a DT2
AV URMAOAGRECERBEER  c FeRBEUFAGHZI» 6 A7 F i T
BEFRNEGET T F h s o
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Expansion
space

q4 Reservair (R)
=1 — om2

59— Bellows (B2)
Valve (V2)

om

Bellows (B1)

A Valve (V1)

i Oil-filled
¢ sensing
volume

Jm
i

: Resilient
" stainless steel
cylinder

A Tom ————

Bl 6 Sacks-Evertson 48 & % & p ¥%4£:% 7= & BI[Linde and Roeloffs, 2006]-

2.1.2 Sacks-Evertson-Sakata = 4~ & ¥ T &% &

Sacks-Evertson #g 4| chE 4 £ 2 T R RS oS MA RS 0 HgTR
TE 2w e 3 Fpt [Sakata, 1981149 9 Sacks-Evertson #g 4] ch¥ T % R R IL
@—ﬁ%&&;kiﬁf@%%°ibif1@%%%$a?ﬁ&ﬁ+ﬁiﬁ
Sacks-Evertson #g | ch8 2 £ 2 T RB KR =2 X T REREBIRE BT R
dHERRDE - P2 L 2280 RRE Bz ke iwid] (R 7)

22

L T
= E.T_

—\

PsBLET A Pl e S BE2 R A B S 120 B oo ILPEE Y Rk IR

Rt

/

\T
-—\

Ti8 * i1 2T 2 3% Sacks-Evertson-Sakata = 4 ¥ T RS X BRRE B T AN

Lo pmEE (R 8)e

i
She
5
=g
N
NN

FZA R TRBERIIKT oA A RER AR B
AR RREPF RN CURBET LEBPRER @4WP1mMﬁ
%A E R ©d DTL-DT2 2 DT3 &R § i in it » ¥ 454 @ s Pk
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BB (B 9)c % DTL~DT2 2 DT3 ¢fnf M@ g i is > v * 33

B
ZREFPFEFIAVENZZALAEY TRE RS REE AT REy, 8y, -

\ gas reservoir

il i
reservolif/} == bellows and
/| =[R-IF differential transformer
ejection ¥4 _—,F—_LT“Z'
valve i
/
g pip{
7
7 detection
7z part
rock o
B
/
expansi Z
mortar
)
146mm B

B 7 =&~ 87 % &N 7 & Bl[Sakata and Sato, 1986] -

12



section of detection part

Bl 9 ZAFYTRSPERMVESE BT % Bl[Sakata and Sato, 1986] -
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2.2 %WH@MMme%%ﬁ%ﬁg%

Sacks % « [Sacks et al., 1969-1970]4] * bl B R g RIS MRS R
RIF R e § BRies ki thy (coherence) o Bl B3 B efiE T 0 R e
i F RS AT S ALY A G (B 10).d BP 7@ 27 R% KR
AR A F 10 mHZ £ 0 mHzZ > At AP E 5 3 0.8 & At AT R
T T AR KoY MELA 2 B o FAEF A 10mHZ 14 o YRR 4
g R E
AL 2R R B AR MBI LIRITR A i} -

\ﬂ

P T RFT R AR M AR PR BT P RE

PERIOD (sec)

10000, 1000, 100. 1a.
O T T T T BERAR T el T
o0 008g°
o O o
9 Ogo 0% % o %
o o S % .
S 2 © 2 5 & 830@0 3
o? [
o & e
o e Uf;a
0.6~ o5 —
%,
2 i
ol E:OHERENCEI BETWEEN MICROBAROGRAPH i
1 o
AND VOLUME STRAINMETER
o
© %
Q.2 OD —_—
(-]
950
G.0 | (ool B N TR N { (SR ) ) L P21
Ol 1.0 0.0

FREQUENCY (mHz)

B 10 § Rzesrprd T R¥ RiHF B 2[Sacks et al., 1969-1970] -

2.3  Sacks-Evertson # T B REn P X £

231 T RPREH
fT%%%ﬁﬁ%%@UT§%W%3

LB TRERAEB AT RLKE ERREA o FIHBTHFF LA
4R Fdenge (S 1 FIds)e

2. X TR RAY PN EZAE ALK T THOES P Y RP LAY bR
AECEE ERY 200 o 2 A FBRF Y 2 ammEe (B 1) 7 4 K

w
’F_‘k

SR L ERCE R BLRITIETR R TA S R RAEL Tl hE R g R

TR PR R R R o RN AT ER WA BAT -
14
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B 11 SSNB k. pR ' o -

l

TR RPERRERE § £ B ek
ATXEFRE OEFAFAES P OFIIPE A BT AR R iR

Arhehd TORRREEIFAR L 185 2 ¢ e

B o glErt SSNB 3 w 2edk G ] o

232 #T REKEE
FTORHRKE A AT H 200 2% A

<

w (B 12) 0 7FR R BZER DR PSR

;Laﬂo;;,i%4f,;2$»% EEeenig & B (coupling) > % 2 'R S B X AR
R 0 AE N A TR o gt - AR F R R P Ry BvtE D
_"‘:’f 71}1‘—-

FEMA L ORG  FENF R 7 U Rk 6 BN E R
FI* FBEREEE RN REE P P A R RE LB T A 2 L
FEBPRADIEANE L R T RFREICIIFUFA o &
Bk € LR BEAIVKE

SRk o

EfH e RELE

HESEEN P Rk e
° fé" Ijq%"'ﬁ‘fl]i Ki"'_q"_"" g }é:/ﬁ)ifﬁ ) |j-(‘$bt"

R R N S S
B RT 2 PERE R Y F R T
TR &RTEFR > BERERRE S 4

LB RN RRRANY - e EE
HBFERSGPS T Tl REXE AR

Sk AB I REFOERRE SN

lv

i
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Recorder

—

Cable

-
~200 m

Grout m—

B 12 27 R®¥ KL+ 5 o8 FX 57 L B [Linde and Roeloffs, 2006] -
AT RRRER YA F O AFER AREBRI AR ER2RE R RE

g }é&E'EJF AFg L o T REBAMEN - T HLEI KB T L drekk

24 % 4% 3 Sacks-Evertson # T ¥ RBR

PR RB RS A 2002 £AGE D 2012 & 6 1 0 A A AT B
% % = B Sacks-Evertson | ¥ T RS &k o 2L - Biplzk (B 13) -

At 38:L 7] (Northern Array) = 3t wiEfi A 7% REL S ZWER R4 ¥ F
# (NTTB)~ ~ j ks (BCWB) &= f# %k (SINB) 2 = 2 & ¥ T % & ~
4Bk (TRKB) -

¢ Ret 5] (Central Array ) 3k % s A% e B AW L BHASRD £
(CHMB) ~ j&+ sk (HGSB)~ -/ (ZANB) 212 2~ 8 T ¥ &k > F P
(SSNB) - # @ j&+ Lizk (HGSB) g & fdc » Flot 22 :b M B % RK35 7 58
Brr o RZAMERREY TREDEE

% R 7] (Southern Array) % %M/ Bl g B> SRR B xb o P own e &
Kb o oo W S MER KT 5UfxE (FBRB) =24 82 7 R &K= W o2
(SSTB) ¥ 4 ;= (DONB) -

LplsE e T REAA Lo Ay R TS P IS F T R Rk

=
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1

127° 122

o

B 13 ¢ FRE AR ELE T RERERAFTE - (a) kf2i ¢ FRE R
AT RBRRERS (D) 9 Z A5 2T R R L AL HL
Uik oo P TR IR A d AP B Y R s BRE KR =

£6 7 Lk EZ T 11 Boplk o
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% 1 ¢ P serx K2 Sacks-Evertson 3] ¥ TR RA AT - TE o

% ¢ RFARM)  FE BRERGAR(KCM) BBER(%) BERFI  EHEE TR
+ -k (BCWB) 19178 <y 960.6 14 W%  Shoe BOX 2008/09/27
* ,g B (TRKB) 1915 BN 541.9 0.9 =% Q330  2007/11/12

= g% (SINB) 193.11 e R e &%  Shoe BOX 2008/10/08
4 ¥ ¥ (NTTB) 172.5 SELET 954.7 1.3 LEDOE S Q330  2005/11/13
% % (CHMB) 200 T 391.1 11 I Q330 2002/10
# % 3 1 (HGSB) 266 ENNET 29.9 16 W % Q330 2003/05
7 TR R (ZANB) 218 BT 198.4 1.4 X Q330  2003/12
% p (SSNB) 185 PR 3425 0.8 B Q330  2005/11/10
7 5L (FBRB) 200 T Ak J gk HE% Q330  2007/11/16
T T)) 199 7 159.9 0.9 =i~ %  Shoe BOX 2008/10/02
= (DONB) 181 T 28.1 2.0 =i~ ¥%  ShoeBOX 2011/02/13
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¥z TRE¥KRFTHAR
31 FTRFERTHD

RETG R A T Rk Ve 5 Q330 H se s F A (raw
data) % (iEB&E2 #h% (MiniSeed) » e F w2 % A&JL (pre-processing) - #-
TR % 4750 A AL SAC A B S o AT AR R RACR 14 47 0 ik
EAEG A - T RRRTA T AILEA - 572 (L TAAIL ke
FAFHEFRF o5 - B - LH % 5 MiniSeed # % & 5% i & SAC 4
G e ks FAREE R TR R A S BE 2 TR T RAT R A
F 5 100Hzfe1Hz &4 el @or v cnf f PRI 2 1)@ L B
RATF -1 HZ TR AT D 001667 Hz (FP-fRp s 5 1ol pr 1) v 155
TR RRE o SETALT AL i % 0 5 32 Her ¥ gl o

RAW DATA (MiniSEED format)
(100 Hz/1Hz)

Split raw data in different channels
A 4

Connect MiniSEED data into a period of data set

v

Cut monthly (or any time period) data from a period of data

A\ 4

Convert cut data (MiniSEED format) in to SAC format
|

Other sampling rate files 1 1 .
= Hz/ 750 Hz /1 Hz / 100Hz files

A 4

Down sampling rate from SAC file

Useable SAC files
B 14 27 RFERETHELD JILIALE -
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L ECERENCE S . AT
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Bl 15 2 7 RSt TR ALY e AT -
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321 A d TRk

K-

Sacks-Evertson 4] iz e T R PRI E D DTl REBX 4 24 %5 57
é?l?"v&”wﬁﬁd?ﬂ‘fﬂﬁﬂr%ﬁ 1R (107) Bt i 45 ¢ © 458 Pl R BRI

- (Valvel) f ¢ p #+F ) 15§y enpr > i€ DTL 3o R/ — B fueniicf)
pﬁ?,gﬁgﬁo@wﬁ—%W§@2i3¢%’Wﬁ:(WMQ)ﬁgﬁﬁ’
@Dﬁ%&ﬁ?’iﬁﬁ&ow—%%ﬁ?ﬁﬁ%ﬁnmﬁﬂ?ﬁﬁ%@ﬁ’ﬂ
P G g LRI F R A s AR FRBI TR A Y o

M Q33034 BT A § R - 2 R - B Tt R A ERR ALY
U OB EpE R o R - B 2 3 3 BRI S FFR il o
2L P - B papE DT chessr T 397 % P 2@ (threshold) » i 7 * 42.5% ) %72
TRERMME - BEAPER (B 16) @I R M - BABEFS » BolBEPI AR
PP B TR - MF S e B e o2t B IR B a1 R e s L (B
j%ﬁ—g@ﬁwwﬁﬁﬁ&ﬁﬁmﬁﬂ’@?ﬁﬁﬂ?#@ﬁ$@$%&(ﬁ
17) e ¢ #b > &3 ik (HGSB)~ # %23 (CHMB) % % p % (SSNB) @ DT2
WA AET > EE T R - B2 18232 3R B R e
R — BEPER » Flpt b il = Bpahpl b & BARR - B P B s S T
BT ORE R TG PR ¥ E AR - BEFELY 5 AR (R
18) MM B 10 i REEHERLET  EIRPBETXH21 3F
PRFIZRGED B > RFROBLISF > R E REPBRFRF > &
R bR G20 P FFRT 2 RF SRS TN ARPHP Y
20 Fs o ReRreHrwEFL K o Fpd P HERI TR B3 R T LR § R
REFPAFEBEDRL > TV HETR P - BAMRF > U3 TR 35 -

Bz AR TRRROIAFT L LY o AF TR BRERAE DTL
DT2 = DT3 #iedral 5L i p fh: W Pt 2 2 2 @ Filesid e - 3o
ZAETHOBRLY DTL DT2 2 DT3ebrii 2L prjF 7 m AL FEP > 7
WAEH R T S5 o ¢ LS| LR - BEPHEEFI R 20
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14 .........

T—

J i

| ] : E ‘ 4 ‘"
ol | ﬁ! ‘4 ~ I t ‘ ‘! |

off - 4!. EAELAN
N . e I
?/ | (1 1}
4 ......... o | R S R
- { i3
i N
0‘.-: Hf
K] T
. 5 6 7 ;3 5 10
Year after 2000

B 16 ZANB 7 st fiedrz R - ER M- B Eapr 2 %R - 2 ZANB =
5 0] B Y GighE L T R B (count) o pRPERE 5 2000 # 2 enE G o
¢ MEDTIE B! RBRFFRFAES > 2 FRLDT2AFHERFE > &
$ T RLARS LT DR - BT o

x10° ZANB

Year after 2000

Bl 17 ZANB #hiesrisif 7 @ F FHB I 2 8% o 24 F AN 4 ZANB 2hji
2004 #1753 2010 £ 10 " S B F TS D 14 chredi 28 LML sedY B
PERF o
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] 5x 10° ZANB 2004.09.01-2004.12.16 Valve open (sps =1)
. T T T T T T T

v
[&]
08 : : : : .
> :
07k - fore —
06F ‘J.‘ ;‘@‘%m : .
" ; . ; . ; . ;
0 10 20 30 40 50 60 70 80

Bl 18 ZANB :=:R - B paprz TR 42 H o ARl ZANB = 2004 #
97 15,3 2004 # 127 65FRMF - BENTHR L0 #4¢ 32 bl BFFRE
P ARERRM - BT TS L IHZ BlP SR - B 2042
B Ecis 60 ) 0 & 80 fyehfla Biedr B it o

322 RFRFIFEEFILwRAES T

2T R R R A ELP e s 1 BB KR 5 -k §2F) (Grout Curing) % 2 5t
w4 >0 fl; (Hole Relaxation) & =& chfls % o Fl3m3k # T i o 402 sk 2 K £ 2
B AP A1 A feHpRR LS REE LB Bl RE T R R &
MoREFCENER 2 H FUw a0 0t S BB R BB S T R R S

ﬂig iﬂi,& ’ rﬂl}bl\/»/;ﬁéclj, fl}/_ﬁ o

KR STFE 23 E ot F ORI T T ARG S AT
ot
S(t)=F+ AjeM + Ayetz + mt (Eq. 3-1)

S() 5 es t 5BBIFHRMER - F 5 % i i (offset) > H @4 20424
-t

-t
}7{%3‘@ shk o G #\"T'#g’: A1e}‘1,1 J\,}i_%,[?f]mf@;i‘gég £ Azezgﬁsb‘f‘hf AL £
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BRBEE - HP L BEL AR Y SEERATH  mBE LY T 4R
T R e ARY

TR RIFE LR G @ FEPIEF X S RN B # B35k SR

\

A e R A AR o B WAL - AL > AT EY [FlEFE 4 2007] 44 )
2%k MH(EQ L) PR LA (S > A5 TS

1 —_= Eqg. 3-2
1t 7 et — = et +m (Eq. 3-2)

2

(EQ. 3-1)ig kA8 5 18 > Fafif & » & 5 (EQ. 3-2) » 4ot 7 @ i 3 F profslie
AL

P REEBY TR RARAGFE v R ML I L R R
%3 2010 & 10 * > Bfh 1o B L BBl AL 0 2 $ 23 & (grid search) £

e KR A E R Y ek &2 (B 19~ B 20) > 3t A kR GCER 2w

Borcfed B (B 21) BRI FALR 2 BT > AL BT 5 B 1T KK ICE
2 A Glw e is itk (B 22)-

HURR R T > Hesrn j EA R - Bl §HRTI- 28,0 2
A T@%figa&%’ﬁ SR e R TR PR 4 - 31 ¢ R FCFHeY R % T 25
(isotropy) # 1 » AfFAREPF > ZH=BA R AG 2 2 ph2 D - #
ZART TRRRPIEZBAEEP BRI O F BB, 8
LA 2o
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1.628
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x
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o

Alﬁ’s l;k ﬁ* )

o

OF ==tcescccaas o o o &

3 0.035
exp-c1

2 ELE i de REREHE G )
hehd A d 25 031 o
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Second exponential decay constant
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B 20 PR ¥ BcAd,chk dfE o
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ZANB 7L1 =0.031, 12 =0.72

2 e 0t 1 i 0 AN 1 e e S s e i
0 l i - i
4 6 8 10 12

year after 2000
Bl 21 CkiRsgiFE it w ol r R ERIE o 2 g5 ZANB 78 2004
ER R BRI BN AR GOFEE I R RIERIBE] > EY R F

4 ZANB
T . : . . .
12 .
10f , :
8-‘ -
6- -
€
8 4 1
()
ot | .
0] 2 ‘, "
2F | o
) 1
-6 L s 1L L 1L L
4 5 6 7 8 9 10 11

year after 2000
B 22 ZANB 5 -REFTREHrH 3P w A BB T (e T F AR5 ZANB
SEB R RRCF e Y Rk S el TR e A S B S REFEL £
2 P 5 W ORILEL
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12 FTREEKRY LI LRl T

Station
CHMB ZANB HGSB SSNB DT1 SSNB DT2 SSNB DT3
Parameter
Transfer
Coefficient -2.5x10*2 -5.25x10*2 -4.45x102 -5.25x1072 -5.25x102 -5.25x1072
(strain/count)
A 0.6 0.03 0.04 0.01 0.17 0.28
Ay 1.6 0.68 0.15 0.76 2 35
Valve Opening
Threshold 1x10° 5x10% 1.2x10° 5x10% 5x10% 5x10%
(count)
Ca
(strain/hPa) 4.97x10™ 3.5x10°° 2.6x10° 9.1x10° 9.1x10™ 9.1x10™°
Azimuth
(degree) dilatometer dilatometer dilatometer 298 58 178
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R A4 W RBEEME S 5 F REA

Hiv g RFEBEAT I - ML

AT s AP RE(R 23) FI AR RESDET RFRGTRLDL o
Bt - F R M ESDE T REE - S GRS

ERBRIEEY > g TFRECBFIDETFRE 55 BEEM 24
: i
£

AS(t) = C,AP(Y) (Eq. 3-3)

AS()Z e R"EFF Rt & > A3 2 B 5 Wik » A5 f B 5 R ‘1}5\!%%{* AP(t) 5
FREFTRCE > Coi f BRERAFRFEHE GHc> 5 strainfhPa - o+ ik
FlikBE A Fagpd o

AFTPELRLERDT > FREGECERE LI F R ATE D W
EERE R Y L TR RAER Bl Coo § R TR R Y BIRTY VLA

Bop B f fsk (COZOT0) f2d + 0 SEM L § %515 7 - Ramgd - f BT
REBERIESF L L L 8 R “»wﬂ,;}g}bg&ﬁ:?o*pi#b %&ﬁi—;‘, B

TEFRCEALTERE o M ARBER AN EAEA S B FREE T KD
PR s 2 FRBME DGR RS TR e BF RERT DT X T
PFRENE EREIMSTAR PR FREMEMFDERRL > 2a 7
Pl CoiE > #u(Eq 33 B AP X F BRE AL TR B A5 11
T RRTAH (W 24) kGl 2
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“ 10 ZANB

T T T T
437 I8 4 . 1020
3 t ; 3
IR uR] 831
it ‘
: 1
I —
: | =
s s T SN DR TS ST S SRR e e s e WO e e S S H1000 z
= %
£ : o
] 2
w
. o
; o
of Hoso
——ZANB strain record
—— CWB pressure record
Y
.2 T e I S R [ ..... e [ RN [ i i g .rgso
2007 20071 2007.2 2007.3 20074 2007.5 2007.6 2007.7 20078 2007.9 2008

Time
Bl 23 ZANB #2007 & i o862 § Ricsko B 5 ZANB 2§ 4 5
COZO70 p & f % xbf Biesh o Fd M5 ZANB etk f 25 S LA RGFEHE -
AR LVRBER I EI ML F Riebod BIP 7 g f RERR 8

ZANB Correction of Barometric Effect (2007-2008)
T T T T T

il ]
ww»“' *

4+
—— Data before correction (
=

5 —— Data after correction

I I | | I | 7
2007 2007.1 2007.2 2007.3 2007.4 2007.5 2007.6 2007.7 2007 8 2007 9 2008
Year

Bl 24 ZANB =55 Bz w022 i3 v 18 ¥ ieske ZANB =@ * C0Z070 Pz
5

2007351),@%@ EFROLGRE R TR FRE D ARBL

cd FREG D F R R R o
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324 wrigEBETHE CEgEZ L
2T ORRRKEXE NG E =3 TR (count) B LE R R T

P TR R R BRI LY TR
(strain) jo Rt * i 5 B R Bt F T & T RYE R > {7 E &2
TR RPIET R EE RS R Tl PR T R e g

FEG TS

1 #-2 TR RSP0 0 A RRIGEIEGD VR B - B A PRER
Hw B s il ARFRTPL I VR PFL 2P PRIFK S
1My & Op fic7¢ (mode ) ikt fi1 -

2. M T RPREEHINNERLG A DT ARG OFT (MR 28R
Ricg Ik L0 RF 2 G JIAREARE o Bt B Lk ko
AIELY o TR B (count) FES-clERLRIRUELIE S T AR AR ELIE L

HERE TR o B N Ao
S(t) = CV(b) (Eq. 3-4)

S BEFEFREZ| 7 * W ipdrtg B R A0 A D7 JIARERE $F &
Hiwi k% (stain) e V)& = 7 RERANE > BT RFEEFF AL 8
=% %R #ic (count) > C 5 &4 tadic (transfer coefficient) - # # #3 (28 C € 'E

PlERIE EMEE KRGS B A% B L strainfcount o AF7 7 3-8 3k (ke
FELIHER - E P AP LREEPEE P A RRGER L B

s &b ek T o

KT E R A 2 KL B VR U kMR g
Fo a2 AR sin e cos I BcHR £ F TR RBLRITI - B P R
it @ 27 A (tidal constituent) T ELIBIZs AR chdRtg o B - fE S E

SPOTL ﬁii\‘ [AgneW 1996]#5- g x/?']"'é’—'mim FWAT» /)’7 W—‘HIJ , ]—- 'L _,é’—-;» :_’/H;J F? }‘E;/fgz
B3 mf R RE £ E SPOTL & it i 4 R IG fo B BLMAL & 5 % o1

ARG E 0 B B S kiR Sk C o
o BEE D EGAIT sin S cos R £ Y T U R RERIZEEY ok
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IR LS TR RRS Y I L E e SRR T

T(t) = A; sin(2nw;t) + B; cos(2mw;t) (Eq. 3-5)

He i &7 g #5558 (mode)> A 22 B & % 5 sin J#icfr cos & B2 4k
Mo wE P HESF OLEFER c AT RYE PP IRERSEFDL4 BRI APR
BFUEE (R 25 R * 4 BLAPHEN A8 EEpPaMirKy 2p Ky

O1' & el & 3o

os (@
05} All tidal species (degree 2)

Diurnal tides
10| Q

1072 2Qq 71 . - ™ fy
1072
10
1073

1078
0.80 0.85 0.90 0.95 1.00 1.06 1.10

log Amplitude

10°

Semidi | tid

101 emidiurnal tides N, )
102} Ny 2 b
103 3N2- Vo, 0p jz“z
107 J \
<l I l

1l | I J IJ 1l il 1 . l I Il

1.80 1.85 1.90 L 2.00 !

1078

log Amplitude

Frequency {cyclesfday

Bl 25 7 & & A 2 Rty Bl[Agnew, 2007] - (a) #07 E A A X B IR
Bl Fph s A Gph s drtg o d B 7 5 U007 20 Y RIGERP e P e 6] 5
> p# (diurnal) ¢ Op ~ Py o Ky #5542 2 L p i (semidiurnal ) 0 My ~ S e
Kot o 27 7 PRt B B en O~ Ko~ Mp 22 Sy i 7 Lipl3e g3 & o (b)
PP EEGNIRGEAE SN R RS > Sh RIFPHEE > Y &
TP WM REER S m A BHEA NG K frOre (¢) 2 pip? 2GRS
XM GRS o Sh G RIgPIERKE -

31



4 3 ARG GUEGLF P BAPENEY -

£ M; Sz Ky 01
F
Ol 1) 12.4206 12.0000 23.9344 25.8194

i 7 B A S 2 18 %~ (BQ. 3-5) U e 2 KRRLRIE Y )

Rty > H¥ gt ek S Bic GaE 2 4T

G =

1 t; eMtr eheli sin(Ruwqt;) cosQmwit;) - sin(2mw,t;) cos(Rmaw,t;)

1 t, eMin ehetn sin(2mwt,) cos2mwit,) -+ sinRmw,t,) cos(2mw,ty) 1o
(Eq. 3-6)

Ptk s G 2 n X 122 46 » ¢ 5 435 & % TA4L48% (trend) - 5 877 7 5
WA L REER A N i TR B A e, 30 322 R F 2 Rk g
FEr 3w s A W T w57 R AR R A My S K ¥ Oy e
FEZBAEFS 4T 5 12T 5 LB AP ABEPIEY ddrtg -

%o A& T 2 2 Pl SPOTL 423 [Agnew, 199613 & # 84 5| £ sf e 2 i
oo g - AR BB AT PR RBRE S PP T BPERE g
gy~ AL (Hilt) 22 BRI o gt F B ek R AT
BAST RPN R R EERE ] o AT B SPOTL f258 p 2 ch 2
NLOADF[Agnew, 1997] > 12 NAO.99b i i SRl -l 3+ B i % w B A (M2~ Sp»
Ky Op)* ¥ 3L 5] & il sh chii g fodp 2 & b4 i chi tg frip i 72 4 4«
Wm0 A PR B BERIE Y g Rt B R R Co Y T RRR
H i@ > YRpP P Rgh S My 2 Op 4 i £ 17 BLip| & 1235

B2 vt

B % RE B o @ AT UIREER G FOM B it 5 g l_ﬁ_rﬂlzilbi )
B g RT3 BT A R TR E RN B T

B 2D ik i lic o Lo REGEL A 20
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%\» 4 v %KK_@_}’]J

2V e BAWzZEEEE =5 10% . pinE =L B o

2 b2 SPOTL 3 (82 BAe Plrtgeaipinsd -

ERT

oo} ZANB HGSB CHMB SSNB
Amplitude _ 4.4033 3.6178 4.0484 3.4184

M2 —phase 32.25 23.64 2971 22.45
Amplitude _ 1.9458 15692 1.8635 1.4839

> phase 2111 15.72 19.33 1533
Amplitide _ 2.8913 2.5039 28107 2.4200
S hase 115.64 7116.96 11541 117.01
Amplitude  2.5743 2.2286 2.4960 2.1601

D -88.54 89.24 88.28 89.91
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33 AR TRSRERD
ZAEY TRBRESDIEHERZZIRY Koo RRE T RF DR
7 E#-DT1-DT2 4o DT3 einers p o i5 32 &ort H Mg 15 > £ % H(F5
ZRERE GG R e I RRy, 21 2T BTy,
AEFWZ AT T RFRFTAY & s B2 L [Hartetal, 1996]4% e
£ (cross coupling )¥& i+ = ;2 - p %0 £ B 7 PBO( Plate Boundary Observation )
TRAPL-FIFRITREEFR BZATRELRERLERY O BEEE ST T

AT
€q €11 1 1 0

s=|V1|=A|&2|HZ? A=[1 -1 0 (Eq. 3-7)
Y2 €12 0O 0 2

g A EHEE Y D BREASE LG ks (axis system) P ol S 0 24555
Ao - BLrad? o A TFE AT Ahe BE > Ay By, 4 B 5 i
BREIART R A F L RRhs BT Fph )k WA B fh & 457 4 o

[Hart et al., 1996]:u % 2 B2~k Efr R EEF 2 ¢ R EF 2

/:J, ,i"

&2

23
(inhomogeneity ) » #* — % & &k Biesr T RS HF T 3 a0 N & ¥ gl =20 oF Rl
R FILFENTE IS BERERERTZ IR DR ZF MG o 2 R
REPID BRG] > P ERIAEMERT > mF Y TANF AR BER

9k Bz FFafd ko

s’ = KsR (Eq. 3-8)
sREL % p ¥ &% (remotestrain) » @ K| 5 — & 3x3 48 & 5L (coupling
matrix)e 2= 2 £ ¥ T R¥ Rk S'ERBERZZBA R e BRPHRE o

FEREKBRE R P B 7 5355~ % (isotropic) > R - @& EEL K7 4
5T oo o
c 0 O
K=10 d 0 (Eq. 3-9)
0 0 d
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A e d =R EF T RRERGE Glice FRRFE= L EF T R R

G2 B enBf 7 0 T AN G Ao

sR=Se »H?sR= [h] ’ [ ] (Eqg. 3-10)

e F RBRSEL ML BB RATE R T % (radial strain ) 2 ¢ e; 3 eg s
R Az BARNREES S EA(EQ.3-9)F Mgt L o FlZ AR F T
RRERBHEL; 2ol ZRFERIOEH T L RE ¢ rREZ R T
TR HEES' T AT S

1, 1, 1, .
e =§ea+§y1 cos 26; +§y2 sin 26; (Eg. 3-11)
B EEEA e HE R e A0S SARRB RS S e o h -

AR B REee (T TSN AR 2
o= 05! (Eq. 3-12)
4 (EQ.3-12)7 » 0% ik B b 4pid

! 20 L 20
5C0526;  —sin26,

1 1
> cos 20, > sin 26, (Eg. 3-13)

o
1]
R RN RN -

! 20 Lsi 20
5 €05 263 - sin26s|

1 * (Eq. 3-8)fr(Eq. 3-12) » iy ¥ 2& = & 3 B I B e fo B gsRenig & AN
e = Csk (Eq. 3-14)
C 4 iREzdefor HREgsRadg Lapd » )L — 4B 5
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C=0K (Eq. 3-15)

Z AR T RBER AR 25N (Eq. 3-10)7 ke e S ¥ (EQ. 3-15) i e R

S=C!=K10! (Eq. 3-16)

%72 (Eq. 3-10) 2 (Eq. 3-16) » ¥ 42 % 1 (EQ. 3-17) » #* 2 3% % 4 i
RAHI o ¥ e LRy BT BEY, 20

AR TR

v

L 126, Lsinze,|
Iz 5€0s28; 5 sin26,
Yi|=(0 d 0 3 —cos 20, Esinzez €2 (Eq. 3-17)
V2 0 0 d 1 1 €3
5 3 cos 265 5 sin 293_

e e e H = AE T R hehizhr o AT # SSNB # DT1 ~ DT2 4= DT3 &9
% (Eq. F1IRE LI 6 BY € L BENE 1 BT REy, RELES

TEEE G 20 B Y T RERTA
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SSNB DT1 & DT2 & DT3 Record (2006.Apr-2010.Jul.)

Strain
o
T

——DT1

B 26 SSNB # DT1-DT2-DT3 5 3.3 & & & w0 2. T3

= DT13

&40

b o d F

12010 & 7 % > BogR ¥

8.5 9 105 11

Year after 2000

9.5 10

hko BP 24 FM
L DT3 iz4ke p‘f % B 5 2006

WbW£32$%ﬁﬁ$ﬁLu

RN DT2 2edk 4 7
5 1] pF 18k

PipH At w Rl ~ KR GCEPTEE Bl BRE M A AL DA -

SSNB (2006 Apr.-2010.Jul)

Strain

F 1 AT)

&%y

-3
Apr0&un0@ug0@ ct0BecOBeb0AprOdun0Augd Dot DeclFeb 0@ progun0ugl@ct0f ec08eb0S produn0@ugiDct0®ecOBeb 1@ pr1dun1Cul10

{monfyr)

BlY2d TR0 e 2 FaS
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Fri BEREHHB
41 BRBLEF % T MBS
AELRY G RTHELF B F kDR B R TGP
PAEF L) lghe Y a2 f REMFHZEROE AR AFTRY 145
#OIRA T ORI 2 p B F hexk H95 (C0ZOT0) F %=k (B 3) i€.2002 # %
2010 # 8 % § $eb o b BRTHEF h FF 0 Hoos 52 ik o

411 BRI EER 2 B
AFTER PN L Resot R g AR X T R ROWE
REG R I M RGREY L1 AT REHA EhF BT P - AL
PR Ak sk kD 2010 & o feE A B NIBRAELE R E 34 K% (£ 5)e
£B4F S o AgEA R a] B 43 mm e g 1 R R o 1 2000 £ 2 &
B e afT 2 i6) 2000 & 7P g4axtatts AgEa RN
103 mm 4= 1825 mm (B 28) > F ## 4 s fsa X p &+ "% % & 5 11 mm/hr &2
22mm/hre &% - ¢ LY § 9250k 60neR FORGHEE o F
W B ORAGEEHE L L SSNB > 97 30ne 0 A A BRGEEE IR A
ZANB #hizedsr > 95 70 nee 12T BRy Dy, ied s Bl p
Bl sy, a3 22 P FESRFIR TG ree o 22009 & 9 chE
PR AR ARE 220mm e B E R R S 39.5mmihre R R LY G G
BIMERY G B Fc% SSNB g %97 35ne RHEE » HGSB
Al 60 nsﬁv@ﬁ'ﬁlﬁ:% B b S e IR AR 0 9§ 200 ne - CHMB
90 275 s BT [ bk ¥R oS T DR GEHMEF E T AZE SO ne -
Byt pF o SSNB #hind A2 9 e Ry XX 5 PR SR > R AR 2wy R es
FERAABE R Ay, R ESNT B EA G BTG L H BRI
PR AT ARG T EI B UM R BRI FE T
BEINMEErs RReFA R pRAT e mERH o 1 2T BEy
QT ER G A E R B RGN - MRV R R FEFE A ERE AET
jmE (loading) # 24 %1 o BB HITHE £+ 5 BF (isotropic) » # » §
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Al AP BHRER A PSR T AR P L ER
BREgAZ BT FINMERL 6 REAS L § I RFERA AT -~ F
&

%
SFERC LSS AT B AR AL ET BB (PR AR

F RGN o @ AT g R fi‘“&i@fﬁf@;%i CRSRIR L Do gl
FHEER AR TP EARL > BRREEHFINEADF LS DB AL
Ao E Akl B¥EHEI LN EFEFNEFOREE o7 ZANB =
Hiagd 2 0ohFr EREEFRMNEAG = 5200 RER AR LT A F L
ZEREFF LI 2% (B 8B 29 F& k- %aPF  BERAL
1% 7 CHMB 254w SSNB b % % 1* £ 494 » ZANB = enR iR 3§ 308 = =
PR E - (R 5) e T RFIS AR L OB R R ER 0 ZANB i
#A B ApT CHMB #4c SSNB shent £/ R & K17 iS (£ 2) FP 4% A
FHRNEL LR 4§ A2 v CHMB 24 SSNB 2 { + %28 o e i i 7™ ¢ #
BT ORGRE RS TR G At B o
Fpt o ZO A HRFE TR R E BRI AT ER RS
#3E A e RSUL 3+ 7 R Rt i (B 3) - 12 2006 & 5 * 7] 2010 & 9 * &
BT oRzedkEr ZANB ¥ cesc s b (B 30) 0 fd ToRzeskd o woaug i T
K qu,};ug;& #EF&? 3 F{L,fiuggl.agr\,‘ T M S O N Ao G BT S e C
M EL%E ZANB e ik o V¥ U IR E B T ok g 2 pF > ZANB shenissRF
RAFEIE S F 2 0 F ¥ T ok g T ZANB save gp] IR SRS o
B B oA E_F) A ToRimg b A pE S JURR R (pore pressure) Hi4r o i@ HF A 4
RAGRFRA) o 5 ¥ TR EG T IR R “f B L NI REA, o w4
e dpd gk 3 &7 kA (confined aquifer) sfi/= ™ » < ¥ 30-100 cm
s TR g € i A %) 10 gy % %8 4% % 7[Linde and Roeloffs, 2006] - F]:* 4
HiLhe  WEREE B T REG AT L 3 M LFL e
Tokime g F FF Lt O RSUI 3 e RS > B T RPRY LA
PR RAE LA TR R H TG FLR 0 T A 2010 & 12 0

H TR RRI LG RG Al R T R AR 2 R MRS

hRENRCETHES ISR AL e A ETER ) N E RS AR EEY D
BTORFM A g L AR IR R REMBERE ¢ R ¥ e R S5
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L gp o
B0 R PER RESIIEE A R DR o p A[Yamauchi, 1987] ~
% [Wolfe et al., 1981]# % + {I[Dal Moro and Zadro, 1998] % £ ¥ %3 1% Fe 58 7]
Mo % REvHIRTE A 23 TR B k2 B R ¢ PR % - [Dal Moro and Zadro, 1998]F
TApd o & < JIF Kb SRR & (tilt-strainmeter) & ¥ cedr g XA F o
@ [Wolfe et al., 1981]~ % 3R Benioff £ 3| s ¥ R ' A prs £ F B IR ¥ %

RUBEFEREAFL PR - RO REIWELEEE Lk PP E
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+ ¥
TZ\’ﬁr

LA B A BER

B s sk o Nd A& & F

RFAER AT gk

s 5 ¥
VELRF R A £ B A ABE S F RPN E B
Alobh AR RNITRLREFE b

RO o F R 2T

LY/ T R N N A i

R T2

I\

AR B A R AT A

L L APRE LF -
53-6 ’—;-/J\
C Bk HE RTEME o

7~

Maximum
SSNB SSNB SSNB Pressure Intensity Accumulated
No. Year Month Day CEI]Z/I)B Z('?]‘S)B H(ESS)B Areal Y1 Y2 Change of ! Rainfall ngrr]r?gn
(ng) (ng) (ng) (hPa) Rainfall (mm)
(mm/hr)

1 2003 8 2 70 Nd Nd Nd Nd Nd <5 34 2415 MORAKOT

2 2004 6 30 120 Nd 60 Nd Nd Nd 23 Nd Nd MINDULLE

3 2004 12 2 200 185 80 Nd Nd Nd 24 62.5 4915 NANMADOL
4 2005 5 25 Nd 40 Nd Nd Nd Nd <5 16 70 No Typhoon

5 2005 6 27 Nd 60 Nd Nd Nd Nd <5 115 71 No Typhoon

6 2005 7 17 Nd -140 Nd Nd Nd Nd 48 39.5 117 HAITANG

7 2005 8 4 Nd -100 Nd Nd Nd Nd 25 35 10.5 MATSA

8 2005 8 12 Nd 80 Nd Nd Nd Nd 6 44.5 307.5 SANVU

9 2005 8 31 Nd -157 Nd Nd Nd Nd 53 38 140.5 TALIM
10 2005 9 9 Nd -43 Nd Nd Nd Nd 10 0 0 KHANUN
11 2005 9 21 Nd 90 Nd Nd Nd Nd 11 34.5 235 DAMREY
12 2005 10 8 Nd 45 30 Nd Nd Nd <5 21 120 No Typhoon
13 2005 11 11 0 20 10 Nd Nd Nd <5 15 43 No Typhoon
14 2006 5 16 80 60 Nd Nd Nd Nd 14.5 41 289 CHUNCHU
15 2006 6 8 Nd 70 50 10 0 0 10 7 119.5 No Typhoon
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Maximum
Pressure Intensity Accumulated

Year Month Day CHMB ZANB HGSB i\sl”:; S?\JB S?/TB Change pf Rainfall TKIF;TT?Sn
(hPa) Rainfall (mm)
(mm/hr)

16 2006 7 24 Nd 130 Nd 25 0 10 17 22 218.5 KAEMI
17 2006 9 9 Nd 80 Nd Nd Nd Nd 2 15 157 No Typhoon
18 2006 10 15 Nd 60 30 0 0 0 46.2 0 0 KOROSA
19 2007 8 6 Nd 100 50 40 0 0 12 325 237 PABUK
20 2007 8 16 Nd 65 100 100 0 0 46 20.5 205.5 SEPAT
21 2007 11 24 90 120 Nd Nd Nd Nd 15 32 379 MITAG
22 2008 7 27 80 120 100 50 0 0 39.2 15.5 179 FUNG-WONG
23 2008 8 4 Nd 40 20 0 0 0 <5 16 121.5 No Typhoon
24 2008 9 22 70 80 35 15 0 8.5 13.5 101.5 HAGUPIT
25 2008 9 27 40 90 50 45 0 34.5 21 123.5 JANGMI
26 2008 11 7 Nd -400 25 Nd Nd Nd <5 5 77.5 No Typhoon
27 2009 6 14 30 50 Nd 10 -5 0 <5 14.5 64.5 No Typhoon
28 2009 6 20 100 80 Nd 20 0 0 <5 46 184 LINFA
29 2009 7 12 25 60 35 25 0 0 6 11 103 No Typhoon
30 2009 7 16 80 70 40 30 0 0 5 22 182.5 MOLAVE
31 2009 8 6 85 130 Nd 60 0 0 40 19 164 MORAKOT
32 2009 9 26 Nd 200 60 35 -50 0 <5 39.5 220 No Typhoon
33 2009 10 4 Nd 140 75 80 0 0 5 30 383 PARMA
34 2009 10 9 Nd 60 Nd 50 10 0 <5 26.5 164 No Typhoon

42



Central Array

350

e ZANB
=— HGSB
m—— CHMB
— SSNB
== SSNB v1
s SSNB 72

300

250

200

150

Nanostrain

100

50

-50

07/06 07/08 07/10 07/12 07/14 07/16 07/18 07/20 07/22 07/24 07/26
(month/day/2009)

Precipitation: C0Z070 (Central Array)
200 T T T

150 (b) -
100 .
s0f ]

0 j . s
07/06 07/08 07/10 0712 07/14 07/16 07/18 07/20 07/22 07/24 07/26
(month/day/2009)

Air pressure: C0Z070 (Central Array)
985 T T T T T T

980
975

Air pressure (hPa) Cumulative precipitation (mm)

970 1 | 1 1 | 1 1 1 1
07/06 07/08 07/10 07/12 0714 07/16 07/18 07/20 07/22 07/24 07/26
(month/day/2009)

Bl 28 2009 # 7 % ¢ 3 7% Ko ML RBF-FREAEHNL - (a) ¢S
TRSERLIIRSLCR B ER > AP BRE BIRFI M Y
S~ emed MU W] 5 ZANB # ~ HGSB # ~ CHMB # % SSNB #k B4k 5 — | p#
SRR AR I MBI FIRL YL FPREPII BT RE Y 1E 720 &
RAFL P A AR LINRGEY  RRAF I HT 2RI ERR - (D)
THAEH HE = SEF B i 2m (mm) » AR £ 45 =00
FE o (C) P& F %k COZOT0 p & f %exbz f Bied bl =3 R 5
g

(\x
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Central Array

300 T T T T T T
a
250+ ( ) .
— ZANB
200 - — HGSB
CHMB
=—— SSNB
150 s SSNB 1 | |
. s 8SNB y2
s ) <
2 100+
c
©
z
50 G
0- 4
-50 a
_1 00 1 1 1 1 1 1 1 I
09/23 09/24 09/25 09/26 09/27 09/28 09/29 09/30 10/01  10/02
(month/day/2009)
Prempltallon C0Z070 (Central Array)
200 T . 1

150 .
100 /\ b |
- ; A i i (b))

0
0923 09/24 09125 09/26 0927 09128 0929 09/30 10/01  10/02
(month/day/2009)

Air pressure: C0Z070 (Central Array)

T

985

T T

980
(c)]

975 I 1 1 L 1 1 l
09/23 09/24 09/25 09/26 09/27 09/28 09/29 09/30 10/01 10/02
(month/day/2009)

Air pressure (hBamulative precipitation (mm)

B 29 2009 & 97 ¢ 3 10 74~ RELF R F BRI A LHIHE - (a) ¢
ATRGREVNERE B FHEIET Al RRE SR FE Mk
¢~ vheend S A ZANB 3~ HGSB #t ~ CHMB 2t % SSNB #:B~# &% — /| pF
SRR S AP I MBI IR F P I RT B Y1 720 ¥
RA G 47 2L TURGES BRAF S HA 2LV ERE - () F
R R HhE LR GE 5 2R (mm)  AFERY LA SR E

(c) &5 %k COZO70 f 5 % 3b2 f Ricdr Hhd 2R > Gignl
=% 7t (hPa)
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nanostrain
W A~ O DO
o (@] o o
o O O O
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S
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1 1 1 |
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| 1
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F B3 RSUI ¥ T oK gLip =k BB 24 % 1V o
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¢RI
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L
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(b) RSUI ¥ T -k = =bpLiplie sk
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F“%Piﬁ&%%@%ﬁ%@%%“iéﬁﬁﬁ@ﬁ’#Miiﬁﬁ’ﬁ
wﬁﬁw%W$%%ﬁw@@ﬁ@@%iﬁ%ﬁ@§£ﬁ%@m&%%@ﬁai
Mo AR 2o B2 AL AV RGAFPINRFF L DA X T FTBF2 LA
FIAEAE AR ARANEIP RV RBRGEARNRPFF 55 2 &2
A FAOERTT RS OEARE c FREFAFOLIFR T E A PR 35
WA S AFTHPIFER R L R/RRALE A ER BRI GRL MRS
G dte BRIzLITH c CHMB =3t a Bl A4 S ELIMF DRI FEa £ <
RGN R T gl RS £42i8 50 mm 2 pF o CHMB bk ¢
FATEEADERE > A B L RRE DAY Blcs 086 (FH 31)- 7 &
BREOEFFPNE SR B TR R ST RSR L 2F xRy
Bw A28 10 mm/hro g sy R R E AP M Glikcs 082 (R 32)- 27 4
AR BRENTEFE L2004 £ 12 VA GER AR EE AR T S
F R R EA o REMT o CHMB e fl R GFEFE L b < a5 R0}
frrea Eoip bl Gl <20 0.8 B RS RAR K RIRGERA L AR 2 ARF
ZANB el % 8 &2 CHMB =47 17 > 4p B e~ > 06 (] 33) 2 "t A a R &
REA PG LFL AR (B 34) 0 & 4 cfp b T dicAzi® 0.5 - HGSB =k p 3% =k 1
Rk 16 = R A PRG R R 0 B E A 10-100 ne F o 24540 M
%dc s 47 0 HGSB #b 35 3] /R ﬂﬂl@% EEfrkfix 88 2R3 (B 35) 25 <
"% 55 B o E M F 1 (8] 36)° SSNB =3 2006 £ 3% 215 3 2010 & £ z24%3] 15
Lo RBUEERa APt AR B IRATRSFNTIRILEALD 2%

3]

a%ﬁﬁiﬁ@%iéﬁ’f PE AR R EEREE AT M iy L
(R 39X R 42) R7F5 & giﬁﬂ’&ﬁlﬁﬁﬁ%mnﬁﬁg,ﬂﬁgﬁ

1A % EcAzE 0.6 (B 37) Rk X a iR pot i ApH BT 5021 (B
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Accumulated Rainfall vs. Contractional Strain Changes

30

= Correlation Coefficient = 0.51809

3 : 5

2

@ 15 4
£

c

2

n

-

o

@
L

oo o &
50 1 150 ¢ 200 250

Accumulated Rainfall (mm)

B 41 SSNB sy, %42 & A £ M GH -

SSNBy,

Maximum Rainfall Intensity vs. Contractional Strain Changes
30 ! . . : .

Coérrelation Cfoefficient = 0.196262

Strain (nanostrain)
>

5 10 5 20 259 30 @ 35

Maxium Rainfall Intensity (mm/hr)

Bl 42 SSNB shy, 8258 & 5+ ' A 55 B M (4 [ -

52



412 F BRI &R E 2 ML

FlECF € A1 2 T RR R NLAH LA 2004 £ 12 0 8 D =R 4
AR L AIG RE M eTE S8 A 2 B & (slow earthquake ) » i 8 & %
H3e407] 9 250 ne X 550 ne# & ek @Fﬂ— % [Liu et al., 2009] « 7ot FlHe R
ER AR R F R REE G RN AT HRAR 2010 &£ U R R BR R
PRERFR TR 2 AR RS ROSERL LR RS DR
BB G BEFIR K T RFRTEL LT 2009 E Rk B4R A D
JAFTG 2004 & 12 7 i BE e iesr (£ 5)c v 2008 # = BEch B4
B R2 i aMiaso] (Bl 43-% 44) 52008 # 7 * A% Rdch Bl
ERLH FREME3920hPa FAAE L 179 mm e AEH Y IREAw B
E BRBIF R R P ERE NI AZANB > A 4 120 nedii A
RRARHA) @ B] UL R R T DAL SSNB 2405 i % “Tie 45 1 50 nesk A )
b1 AR WY R Yl F P AR () 43)°2008 & 90 KRIF A X mh =4
AEE Y RBR AR U IR E R AR R g BRE985hPas
AR E L 101.5mm ZANB shied Bl A F 2 ¢ ko REEE%E 9 80ne
SSNB #hih16G g R e Tl A0 F 27 B[ PRAEE > 15 ne (B 44) > i1 dfe
VRV 2y, L HF e PR RRLH5 7 LT d & 1235 mm ¢h
AR R TR RS T 345 hPa chf BE o LREL IR A2 m@fﬁﬁg—%‘
Bt BN ZANB # 0 § 0 nesh i R o ol PRGESR IR AP E

?Irv

*‘m}%

peeb o 52007 £ 10 P R AREF R ELF O ANTHE AL FRE S

W ER o F R A62N0Pa FIN T UG R R ER B R RRRMM B
BlF o Gl R ach B S BRI T > ZANB = 1 RAeAT 1 60 nelR 5k % 14
iR I - B E 0 HGSB #hie# 1) 30 neshBAEH )18 § b B PHf B

VAR RS vRI - B4 E B o SSNB Hhihg % v 2 v
RAEFORT (B 45) 2 BB PL82 5> ¢ Rih Fo0 8 &4 7
BELE TRk v AF KR TR LINF B R PP R E L 20.3 hPa -
gt dp P ZANB 222 HGSB # % 3 % 10 nsfiﬁﬁ%qji‘_ c e e F BMRAR A - EROK
T8 sy R I R Rk T o @ SSNB # G G sy R Y X A AR

53



B (] 46) -
— A g o ke P Ae € A2 T % (shear strain) o Tt o B E T

%; BT R TS BTN AY TRERDIET REYV E VA EFRAAR
# 2006 # 2 {3 R R 2 o R BAFAGLALT) 5 BRI Z R E Uk e

|1 A2 Ry 2 Vo e PR oA A 7, %25 ik S5 A7 1 /27 L%y,
V12006 & 55 gk B WE LG HMF e o A A R ERL ot ok &
TR T o HA DR A FRERT G - LR BREBWEBRAL A
RUPBRHEEPNIE > A 1R ALL R Fa g arck fAMERE 6 AR
FEETIF DA EA L I BT RFY F Y TR PR o Fp gy b i
FEAH AR > 2006 E SR RA P RS OUTE ARE R P T I YO
b RER S MERRE G B BEI DA RIES
P

g A A BT EHAem R @ SLETE

™

\

q:

"I/___Q j\/))fﬂ" Re p%&»% j\

oS F R g R

?‘f‘@r

ZIB I A B R NE d LB o

54



Central Array

200 T T T T T T ZANB
(a) HGSB
150 = CHMB ||
— SSNB
= SSNB 11
100 SSNB y2 |-
50
£
g
0
g
I -50), .
-100 .
A
/ «
-150 g
-200 7\/\/\/\/\/\,\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/

50 1 1 1 | I 1 | 1 1 |
07/23 07/24 07/25 07/26 07/27 07/28 07/29 07/30 07/31 08/01 08/02 08/03

E (month/day/2008)
_E Precipitation: COZ070 (Central Array)
E 200 T T I T T I T T T
B 1501 | (b
o
g 100 | ]
a 50} ]
g 0 L L I Lo L i
® 07/23 07/24 07/25 07[26 07:‘27 07/28 07/29 07/30 07/31 08/01 08/02 08/03
E (month/day/2008)
E 3 Air pressure: C0Z070 (Central Array)
= T
‘é’ 980
§ 960 - ]
g 940 1 | 1 | I 1 | 1 1 | ( ¢ ) .
.E 07/23 07/24 07/25 07/26 07/27 07/28 07/29 07/30 07/31 08/01 08/02 08/03

(month/day/2008)

o

B 43 2008 & 77 kX 8% 4P LA RF G RE R EHFN
2008

(a) #H =
EC R G RECHE AT RRRLAEE S F R AR

ABIF T LB 284k c CHMB =k 7/31 2 15 FALY #7c v B2 T L% & AW

FoRE T RS TIRAGAY & & SSNB i1 2T ¥y, 2 v, X G HF

(

#5

fé’i

b) ¢ & § 4 & COZOTO f # 5 % - %4 £ @M (c) * & f % & COZOT0 §

55



Central Array
300 . . ‘ . .

(a)

ZANB
— HGSB
CHMB
— SSNB
SSNB y1
= SSNB y2

250

200~

150

100

50

Nanostrain

-100

-150

-200

R
o

0 | 1 L | | 1
09/19 09/21 09/23 09/25 09/27 09/29 10/01 10/03
(month/day/2008)

Precipitation: C0Z070 (Central Array)
150 T T T T T
(b)_

- A A

0
09/19 09/21 09/23 09/25 09/27 09/29 10/01 10/03
(month/day/2008)

Air pressure: C0Z070 (Central Array)

(3]
o
T

Cumulative precipitation (mm)

980
960

940 1 1 1 1 | 1
09/19 09/21 09/23 09/25 09/27 09/29 10/01 10/03

(month/day/2008)
Bl 44 2008 # 97 ¢ 3 107 4= ¢ M| R F BE & EHF I (a) B3
2008 & ¢ Bk At (923 wis) B Amhk FR N (928 W) o
P T ORRRELIIERR c ARBT AR 2840k o 0 BERE ZLHT e
R L Mﬁf@%ffﬁ Bt} eI R AL > i SSNB shin A2 %
CERCESER N R o (b) # & %K COZO70 p &> F %A £ B - (C)
¢ i %k COZOTO p 5 § 4 b2 § Rk

Air pressure (hPa)

56



Central Array

200 (a) |

160§ a

Nanostrain
-
o
o

50~

™~

—— ZANB

0 = HGSB 1

CHMB

SSNB

SSNB y1

e SSNB 2
1

I | | | | i} 1
/27 09/29 10/01  10/03 10/05 10/07 10/09 10/11 1013 10/15
{(month/day/2007)

mm)
33

Precipitation: C0Z070 (Central Array)

(b) ]
LA N P Y [ VR Al ‘AAJ ]

0
09/27 09/29 10/01 10/03 10/05 10/07 10/09 10111 10/13 10/15
{month/day/2007)

Air pressure: C0Z070 (Central Array)
T T T T T T T

980 ]
960 1
940 L | | 1 ( C ) ]

] I | | |
09/27 09/29 10/01 10/03 10/05 10/07 10/09 10111 10/13 10/15
(month/day/2007)

(=]
o

Cumulative precipijtation (
3
T

Air pressure (hPa)

B 45 2007 # 10 * 7 R iy eh B4 e ®iese  (a) AW 5 2007 &4 &
b R ene | Lol Bl 2 E 28400 o At BEE A CHMB
shiehid 50 B4z sk g s (D) P 4§ kh COZOT0 p#ef %ok ff &
W o FRGEEPRIRG 243 B F kPR Sa o (c)¥ & §F % & COZ0O70
B F bz § MRiedk o § RS 4 46.2hPa -

57



Central Array

350 T

300

250

200

£7%

100
50
e ZANB
HGSB
ol — CHMB %
SSNB
e SSNB 11
50 SSNB y2 | 1 | 1 1

_ 09/11 09/13 09/15 09/17 09/19 09/21 09/23 09/25
E (month/day/2007)
s Precipitation: C0Z070 (Central Array)
ﬁ’l 00 T T T T T
g (b)
O 50 -
o
Q
2 0 ‘ - '
= 09/11 09/13 09/15 09/17 09/19 09/21 09/23 09/25
5 (month/day/2007)
§ Air pressure: C0Z070 (Central Array

980
970
960 ‘
09/11 09/13

. (c):

1
09/21 09/23 09/25

09/17 09/19
(month/day/2007)

1
09/15

Air pressure (hPa)

B 46 2007 & 9 " £ togeh &4 pren sy (a) ABl L 2007 & F bage
R ieds Bl BB 28488 o At LpFRT 0 CHMB 2k3e
$v B0 B4z 2k § 2ekk o SSNB b 9/20 T e g B L R s TR B BT IS
2o (b) P A F %k COZOTO péf bR fi W - FRyEEH T 25
LRIRE R RPAESA o (C) ¥ L F %A COZOT0 p # F % b2 F Biehr §
% i 46.2 hPa o F /& *% i< 20.3 hPa -

T ST L

T\4

58



42 2TRBREDF BEREFLSH

SO TRRK A SRR T R L F ¢ GPS sk Bk
FEFFALE S A FEAREHOETY AL E R T R R R
SR GPS el AL (7 R A -

AT RFERTHNA R ALaG R ERE AT
hok< B §é$AﬁPméi’”1@¢%WWH%c%W A4 enpop e 7o
Flt st R TR A A FTAPE R 0§ TSR AP E R
SO PR L FRESERAS IR EAMRZEE 2, A3Lgh EH{rt
AEFERF o FE A FPERD P IEIche BT RBRERF BT L

%

yu)

3 2009 £ - 2010 £ 70 150 X 2 TR B E PR T R DB TR G
B+ L2009+ 17 15,357 3052 2010 & 1% 15,5 5% 30 5Lameék o
et 5 AR PER R R T T A EWARS A 7 & * A $ -T 35(moving
average)sniizt 3 i RPRF L 1 1 BEenfe R T A 10 * B (window )
[(EEE = ;ﬁ“ "L ok F AR HTEUEE o

APy R P I RGPS T EHE e FY TR REF LT B
A GPS s f=p2 AL > %5 1 CHUN ~ JSUI ~ NHSI ~ KNKO ~ PING ~ JPIN Fr
JPEIC® 3)-GPS 7 #L* GPS Analysis at MIT #x#( GAMIT )12 & v ) #:(SO01R )
L 5F k38 2 k- pf2 (daily solution) > £ %5 Quasi-Observation Combination
Analysis # 48 (QOCA) 14 E&J2 - JZ % 1 GPS 7L * [Hsu et al., 2009 ] ) ¢
GPS:it R ¥ 522> RAOZPIERDOGCPSE RS> TPEF £ FpFF T AL a0p
HofZFs > BN T RGPS FERERRE 2000 £ 17 15,3 5% 305
222010 # 1% 183 57 30 5La9% 5 (dilatation rate ) -

lkp%iﬂ’zmgﬁliﬁﬁﬂwS%ﬁﬁﬁ#T % R R E S APT o E
WEFF DT RS DR ﬂﬂ%ﬂ/}"”ﬁf | (B 47)-2009 & d GPS 35 {7 1) g4 M
%5 —1.8562x107¢ ¢ /yr > j&# T %tk HGSB = Fl ek % & % —8.5751 X

6 g/yro @ 2010 & + L E G ELA N 40 2009 # b L E SR o B R

RiZRBHFER @J@f{ﬁ (B 48)° 22010 # + X & R ¥ > d GPS-8
Wods & 5 —1.7468 X 107 ¢ /yr » HGSB k52 & 1) ch b % & B 3 —4.1197 X

107° ¢ fyreiflg % hq o GHMWHARE ) PGPS T R KA F R A
59



YIE FF AP o @ HGSB a4k Rl R F T L BANERF A

H

10° & /yr»> s+ % % 4 {e[Hsu et al., 2009 ]£ [Chang et al., 2003] % 7= 5 & % #f 02 o
TRRRAERBT AT oY FRTRAFT IR FEEE it ades
ERoR MERE - LA ARERT 0 B2 L RTH SO Rk Y
PER 0 2 T ke TR o GPS TR L A dT 0L % & HGSB =k enfl %524k
WA TR R Gk FEPL P A XL AAFFEET DR
T E AR T e FPF 45082 GPS AR Bl £ PFR LR TR I e 4
% o % HGSB 3t B B iedrf8 20 @ H 3o T ehps %522 GPS Ik & i

PRFBEER - R PRAL AL FRELE BB DR 5

60



Dilatation rate { HGSB ), year:2009, 5(f) =-8.5751e-006 "t + -4.8498e-007;GPS 5(t) =-1.8562e-006 *t + 3.0849e-008
T T T

06k .| Strainmeter obs
' —— GPS dilatation
—— C0Z070 precipitation record

041

02

08 i i
0 50 100 150
Day of Year

B 47 2009 # 17* 3 5% HGSB 2 GPS g5 o B¢ %M 5 HGSB #hji
Bk AL E R4 @‘ﬁ)@% o iz ¥_GPS ﬂ%ﬁiﬁﬁf s AN £ C0Z070 Bl ke
EerlaEa g o 50 Rz F 2B o e Bz AF R L AT (Normalize) - HGSB
e sk )t - % e GPS “%ﬁ.%f‘ﬁi?‘ iT 0 S Lt ﬁﬂfiﬁi{ﬁq‘ % —8.5751 x
107 g/yr ;s GPS - & & {7 e 5 —1.8562 X 107 ¢ /yr- B ® + * b ki eh
e E L 23mmhr B siapa 5% 2A2E 65 mmhre a A A RE

el 3o s 4218 10 mm/hr o

61



Dilatation rate ( HGSB ), year:2010, S(t) =-4.1197e-006 *t + -2.4911e-007;GPS S(t) =-1.7468e-006 *t + 4.0587e-008

! ——— Strainmeter obs |
—— GPS dilatation
0.6 : ——C0Z070 precipitation record | |
0.4 7]
0.2} 7]
0 =
-0.2F
-0.4F )
1 L“ I | ‘ ] WI IL L J
-0.6 1 1
0 50 100 150

Day of Year

Bl 48 2010 % 1" 2 57" HGSB ##2 GPS Béﬁf{‘ﬁi?‘ o RIY HMEEF L
Bk AF LR & @‘Fﬁl@-% o iz ik £ GPS ”iﬁfﬁ’ﬁﬁ‘ s A & C0Z070 Bk
gl EHEAE o F R F2AMG R FE RN
(Normalize) « HGSB it eiedirgs ot — % & e GPS W55 4p 1T » HGSB = ihip
$% 5—4.1197 X107 ¢ /yr i GPS .70 % & 107 % /i 74 > 1345 GPS 7
PR F S L -1.7468X 1070 £ fyre ko< A £ I A K 2010 £ F 25 %
F M E s GER R SRR i ommhr %2 B P AREGSER E B DIR

% 107 % B GFER &% a £ 5 5.5mm/hr -

62



e S X

AT AL I o £ g f IR end 2% Sacks-Evertson #F 3] TR % kL5
2002 # % 2010 & 10 " chj %zt 22 A M BR T RASLE R I iR T
Fitd gl na gt o

T RRREERE G R A P FE L R
TRy %2 Y, TG PRl “%‘ PR TEE S W RN A 1
e d il Gl RERETRFE S ERAAE S RADMEM - f
REFIRA TR A EREAL N EE S MERY > REMERre BRes i

Ak

FIEL 0 M 1 AR

ARATER > A AT Ry 2 Ve80R 3 X BB A5 AR 2006 & 2 {58
bRt Rmgd g R ¥ ki Ay Mo FORE S
WERS &> D oWl R RANFMN G - F15 52 T BR RTHI UL R
CR S S SNE R REE A RN PR PRI s S UL B oF- SRS el X
frpE g SR E R AKX gt - R

it Warg ok R g MEY T RR R es o F AL E R
FRAFL R LA PPELFS FHETFR AT ORRTHEFBRST A
170 AP E$E HGSB 8 FF MR T EFAMGEERFOREFTH > 2 wE D
GPS Bl gd # 5 7 17 994 ﬁﬁ—t A IR S R —"sz(?;%‘ “3p3i7 » HGSB #t ¢
ERZHATANGEPFRPRA L FH R RT3 AR FFHET
g redk il AR T FH T ek GPS dp b RIE R

=

¥

;lujmhq%,;
RVFL 2 PRERALZA,FHIGE ] FEN DR E LT 4P o FP A
?ﬁiﬁﬁ%*éﬁﬁ%%ﬁﬁﬁﬁ%ﬁ’ﬁﬁ?@%ﬁT%%@ﬁ@%%&,

63



Reference

Agnew, D. C. (1996), SPOTL: Some programs for ocean-tide loading, SIO Ref. Ser.
96-8, 35 pp., Scripps Inst. of Oceanogr., La Jolla, Calif.

Agnew, D. C. (1997), NLOADF: A program for computing ocean-tide loading, J.
Geophys. Res., 102, 5109-5110, doi:10.1029/96jb03458.

Agnew, D. C. (2007), Earth tides, in Treatise on Geophysics, vol. 3, Geodesy, edited by
T. Herring, pp. 163-195, Elsevier, Boston, Mass.

Agustsson, K., A. T. Linde, R. Stefansson, and S. Sacks (1999), Strain changes for the
1987 Vatnafjoll earthquake in south Iceland and possible magmatic triggering, J.
Geophys. Res., 104, 1151-1161, doi:10.1029/1998JB900027.

Barbour, A., and D. C. Agnew (2010), Coseismic Offsets on PBO Borehole
Strainmeters: Real, or Spurious?, Abstract presented at 2010 Fall Meeting, AGU, San
Francisco, Calif., 13-17 Dec.

Benioff, H. (1935), A linear strain seismograph, Bull. Seismol. Soc. Am., 25(4), 283-3009.

Chang, C. P., J. Angelier, and C. Y. Huang (2000), Origin and evolution of a melange:
the active plate boundary and suture zone of the Longitudinal Valley, Taiwan,
Tectonophysics, 325, 43-62, doi:10.1016/S0040-1951(00)00130-X.

Chang, C. P, T. Y. Chang, J. Angelier, H. Kao, J. C. Lee, and S. B. Yu (2003), Strain and
stress field in Taiwan oblique convergent system: constraints from GPS observation
and tectonic data, Earth Planet. Sci. Lett, 214, 115-127, doi:
10.1016/S0012-821X(03)00360-1.

Chung, L. H., Y. G. Chen, Y. M. Wu, J. B. H. Shyu, Y. T. Kuo, and N. Y. N. Lin (2008),
Seismogenic faults along the major suture of the plate boundary deduced by
dislocation modeling of coseismic displacements of the 1951 M7.3 Hualien—Taitung

earthquake sequence in eastern Taiwan, Earth Planet. Sci. Lett., 269, 416-426, doi:

64



10.1016/j.epsl.2008.02.035.

CWB (1991), Climatic Atlas of Taiwan, Republic of China, edited, Ministry of
Communications, Taipei, Taiwan, Republic of China.

Dal Moro, G., and M. Zadro (1998), Subsurface deformations induced by rainfall and
atmospheric pressure: tilt/strain measurements in the NE-Italy seismic area, Earth
Planet. Sci. Lett., 164, 193-203, doi: 10.1016/S0012-821X(98)00203-9.

Evertson, D. W. (1977), Borhole strainmeters for seismology, Technical Report.

Gebauer, A., H. Steffen, C. Kroner, and T. Jahr (2010), Finite element modelling of
atmosphere loading effects on strain, tilt and displacement at multi-sensor stations,
Geophys. J. Int., 181, 1593-1612, doi: 10.1111/j.1365-246X.2010.04549.x.

Hart, R. H. G., M. T. Gladwin, R. L. Gwyther, D. C. Agnew, and F. K. Wyatt (1996),
Tidal calibration of borehole strain meters: Removing the effects of small-scale
inhomogeneity, J. Geophys. Res., 101, 25553-25571, doi: 10.1029/96JB02273.

Hsu, Y. J., S. B. Yu, and H. Y. Chen (2009), Coseismic and postseismic deformation
associated with the 2003 Chengkung, Taiwan, earthquake, Geophys. J. Int., 176,
420-430, doi:10.1111/j.1365-246X.2008.04009.x.

Hsu, Y. J., S. B. Yu, M. Simons, L. C. Kuo, and H. Y. Chen (2009), Interseismic crustal
deformation in the Taiwan plate boundary zone revealed by GPS observations,
seismicity, and earthquake focal mechanisms, Tectonophysics, 479, 4-18, doi:
10.1016/j.tect0.2008.11.016.

Johnston, M. J. S., A. T. Linde, and D. C. Agnew (1994), Continuous borehole strain in
the San-Andreas fault zone before, during, and after the 28 June 1992, Mw 7.3
Landers, California, Earthquake, Bull. Seismol. Soc. Am., 84, 799-805.

Johnston, M. J. S., R. D. Borcherdt, A. Linde, and M. T. Gladwin (2006), Continuous

borehole strain and pore pressure in the near field of the 28 September 2004 M 6.0

65



Parkfield, California, earthquake: Implications for nucleation, fault response,
earthquake prediction, and tremor, Bull. Seismol. Soc. Am., 96, S56-S72,
doi:10.1785/0120050822.

Langbein, J. (2010), Effect of error in theoretical Earth tide on calibration of borehole
strainmeters, Geophys. Res. Lett., 37, doi:10.1029/2010g1044454.

Lee, Y. H., G. T. Chen, R. J. Rau, and K. E. Ching (2008), Coseismic displacement and
tectonic implication of 1951 Longitudinal Valley earthquake sequence, eastern
Taiwan, Journal of Geophysical Research, 113, doi:10.1029/2007JB005180.

Linde, A. T., and E. A. Roeloffs (2006), Borehole observations of continuous strain and
fluid pressure, in Volcano Deformation, edited by D. Dzurisin, pp. 305-322, Springer.

Linde, A. T., K. Suyehiro, S. Miura, I. S. Sacks, and A. Takagi (1988), Episodic
aseismic earthquake precursors, Nature, 334, 513-515, doi:10.1038/334513a0.

Linde, A. T., M. T. Gladwin, M. J. S. Johnston, R. L. Gwyther, and R. G. Bilham (1996),
A slow earthquake sequence on the San Andreas fault, Nature, 383, 65-68,
doi:10.1038/383065a0.

Liu, C. C., A. T. Linde, and I. S. Sacks (2009), Slow earthquakes triggered by typhoons,
Nature, 459, 833-836, doi:10.1038/nature08042.

Nikolaidis, R. (2002), Observation of geodetic and seismic deformation with the Global
Positioning System., PhD thesis, Univ. California, San Diego.

Roeloffs, E. (1999), Earth science - Radon and rock deformation, Nature, 399, 104-105,
doi:10.1038/20072.

Roeloffs, E. (2001), Creep rate changes at Parkfield, California 1966-1999: Seasonal,
precipitation induced, and tectonic, J. Geophys. Res., 106, 16525-16547,
doi:10.1029/2001jb000352.

Roeloffs, E. (2010), Tidal calibration of Plate Boundary Observatory borehole

66



strainmeters: Roles of vertical and shear coupling, J. Geophys. Res., 115, doi:
10.1029/2009jb006407.

Roeloffs, E., and E. Quilty (1997), Case 21: Water level and strain changes preceding
and following the August 4, 1985 Kettleman Hills, California, earthquake, Pure Appl.
Geophys., 149(1), 21-60, doi:10.1007/bf00945160.

Sacks, I. S., D. W. Evertson, and L. M. Dorman (1969-1970), Borehole Strainmeter,
Carnegie Year Book, 69.

Sacks, I. S., S. Suyehiro, Yamagish.Y, and D. W. Evertson (1971), Sacks-Evertson
strainmeter, its installation in Japan and some prelimilary results concerning strain
steps, Papers in Meteorology and Geophysics, 22(3-4).

Sakata, S. (1981), On the concepts of some newly-invented borehole three-component
strainmeters, Rep. Natl. Res. Cent. Disas. Prev., 25, 95-126.

Sakata, S., and H. Sato (1986), Borehole-type tiltmeter and three component strainmeter
for earthquake prediction, J. Phys. Earth, 34(Suppl.), S129-S140.

Wolfe, J. E., E. Berg, and G. H. Sutton (1981), The change in strain comes mainly from
the rain Kipapa, Oahu, Bull. Seismol. Soc. Am., 71, 1625-1635.

Teng, L. S. (1990), Geotectonic evolution of late Cenozoic arc-continent collision in
Taiwan, Tectonophysics, 183, 57-76, doi: 10.1016/0040-1951(90)90188-E.

Wu, Y. M., Y. G. Chen, C. H. Chang, L. H. Chung, T. L. Teng, F. T. Wu, and C. F. Wu
(2006a), Seismogenic structure in a tectonic suture zone: With new constraints from
2006 Mw6.1 Taitung earthquake, Geophys. Res. Lett., 33,
doi:10.1029/200691027572.

Wu, Y. M., Y. G. Chen, T. C. Shin, H. Kuochen, C. S. Hou, J. C. Hu, C. H. Chang, C. F.
Wu, and T. L. Teng (2006b), Coseismic versus interseismic ground deformations,

fault rupture inversion and segmentation revealed by 2003 Mw 6.8 Chengkung

67



earthquake in eastern Taiwan, Geophys. Res. Lett., 33, doi:10.1029/2005g1024711.

Yamauchi, T. (1987), Anomalous strain response to rainfall in relation to earthquake
occurence in the Tokai area, Japan, J. Phys. Earth, 35(1), 19-36.

Yu, S. B., and L. C. Kuo (2001), Present-day crustal motion along the Longitudinal
Valley Fault, eastern Taiwan, Tectonophysics, 333, 199-217,
doi:10.1016/S0040-1951(00)00275-4.

Yu, S. B., H. Y. Chen, and L. C. Kuo (1997), Velocity field of GPS stations in the
Taiwan area, Tectonophysics, 274, 41-59, doi:10.1016/S0040-1951(96)00297-1.

Zadro, M., and C. Braitenberg (1999), Measurements and interpretations of tilt-strain
gauges in seismically active areas, Earth-Sci. Rev., 47, 151-187,
doi:10.1016/s0012-8252(99)00028-8.

Pl SR mE L 20070 £ T RRATHAILES L2 o ¢ LT R b

PRBFEL > % 484 o

68



- T RRRE D RILEAE

PR By i T R R R e TR e ko2 18 TR AR AR

=~ ﬁ&;ﬁfﬁﬂ
(HEBEAXT P g $F)
L RETH S RBEZ TR L4
Path: /gpsdb/Q330/ & ik & FHL & T o

Ex: ZANB 7 #2753t /gpsdb/Q330/ZANB/ 2. T » & ¥ ik B 2e &P [ e > 5 2 o
barhEGTHR AT RAWDATA B Fll & ch it & 51 &.F Rl

e
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=
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4. R4pFHAERIZTH & BE

Bt T och 4 TR AF B 3 /gpsdb/Q330/ 5k & tmpl B T AR o 1L T SE AR R AR ¥
FLXXX B EERG iR A R T 0 & A4 3 ZANB 2008 #

) 1HZ DTL FA 4 b o (B 8 4% (v ¥ m3od )

9% 3 11 7 (¥ 245-335

= ~ Step 1: Split Raw Data in Different Channels

B et - MIniSEED #% % & channel s 2 -

% 35 4 :sdrsplit -C filename

-C % i channel 4 %)

Ex : & &~ 3] C081111072721 ZANB.XXx ##% >

#ij ~ sdrsplit ~C  C081111072721_ZANB.XxX *

%% 0 ¢ DR ZANB.TW.OCF.*% % 7 f Channel trff%k > 7 u4h & ¢ > TW {8 &5
ZBE= i%‘d&“”ﬁadﬁ{:ﬁ F ok o T iEARE 1 1Hz Data i b0 F R g T
ZANB.TW.LS1.* ~ ZANB.TW.LS2.*f= ZANB.TW.LAP*ersf % (H & 4% 5 3
Sampling rate data 2 Q330 %-#cth % > &yt ¥ AL )

= ~ Step 2: Connect MiniSEED data into a period of data set

P el k-7 fe P B MINISEED datadgAs ko> > 2 5 A B[ 3 B 7 i andata o
% 4p 4 tcat input_filename > output_filename.ms

Ex: % F & 4~ 24 ZANB 2008 # 9 * 3 11 * (% 245-335 =)= 1Hz Valve 1 Data -
Al% 2 Raw Data w3 FAL & 35 11975 K% 245-335 = H AR > &lFh & 5 XXX
FoEAEI TR & T stepl & B4k 6 0 Bl - fiisdr (LSI files) hF
KA R L PR ﬁi;'l » . cat * TW.LS1* > output _filename.ms

% KA BAR LR TR REMERAL > 25 output _filename.ms (output
_filename & fEF TP ) o

% 38 4% 7 (MIniSEED format) i & % £-4p £ : gmerge -n  filename

I ~ Step 3: Cut monthly (or any time period) data from a period of data
P e 34 Step 2 mﬁi%l IR EL B SIEFER RS- B - £ MIniSEED 4 % -

® % 35 £ : gmerge T  —f timeperiod -t timeperiod input_file -0
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output_file.ms

T B T4y LF R chdata

-fo e de iR (from) o

t R B PER (10) 0 & JF A B PRS- % 40 00:00:00.00 (§ IR T
»ok 38)e

timeperiod : PR f58 5 T & X A f) B o (0I5 T 6 5 38)
input_file : F & 7 pFRF gk o

0 bR A 4

output_file.ms: =t . & > A4 p @A F.ms (BIHS R RTR AR E RS

+ - =+ -
Y43 4w )o

!
\\\?{r

Ex : Z & j&_new_filename.ms %?ﬁsﬁ%]:': ZANB 2008 # 9 * 1% (% 245%) 3 9
" 308 (% 274 =) en1Hz Valve 1 284k

gmerge -T —f 2008.245,00:00:00.00 -t 2008.275,00:00:00.00
new_filename.ms -0 ZANB.2008.0901.LS1.ms o

25 gi.%] 11 ZANB.2008.0901.LS1.ms ## %

= ~ Step 4: Convert cut data (MiniSEED format) in to SAC format
P et B MINISEED #& 3% enff & d& = SAC $5¢ -

i % 35 4  bsm2sac filename

Ex : #& 4% ZANB.2008.0901.LS1.ms ## % 3 SAC 5% o

bsm2sac ZANB.2008.0901.LS1.ms
R ﬂi;'l ZANB.2008.0901.LS1.ms.sac

W)

S ERE T A T testbsm2sac.csh A2t 0 B AR FTE o

”ﬂ

= ~ Step 5 : Down sampling rate from SAC file

B et Ak A T ehfk % 7 28 Raw Data #1345 < sampling rate (1/10 Hz / 1/100 Hz
/1 Hz / 100Hz files) » &4 1 count/hr » B fpt FREEA o

& * f2;¢ 1 OOtest.csh

2P D f1* SAC P22 s decimate 4 4 H#pf k EAE o
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#1/bin/csh

# list sac format files
set stn = "Is *.sac”

foreach sta($stn)

# enter SAC program
sac << !

# read sac files

r $sta

# down sampling rate

decimate 5 filter off
decimate 5 filter off
decimate 3 filter off
decimate filter off
decimate 4 filter off
decimate 4 filter off

# rename down sampling rate files

w $sta-

end

Ex: #-1count/sec (1Hz) # % 347 = 1count/hr e % o
decimate 45 4 & * ¥ § S prghrgh(F F R S FIR
filter)» & % 1 ) 1 geasampling rate 4% % & "% = 1 /| p*
12 P 3600 BLfs £ B~ 1 gk o

decimate & #ehficd & 5 2-5004 0t s )01/ P 5 3600
f

$7

» e T A% 2345 B4 &l dpgk S 3600 B LU

~F

o % 7 "EHE = W sampling rate r2 pt EE 4R o

m:

BE ﬁg?] 41 ZANB.2008.0901.LS1.ms.sac-1hr -

A~ Useable SAC files

il

BB FTiE 2 SACTormat 5% T 5 RIS T RS AIZLE T F L Ak o
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ek XXX R A B2 R4

Borehole strainmeter mainly files

Channel Name

Conversion

Description

Valve 1 record (for_single-component strainmeter and three-component

HS1/H1A miniseed; 100 count/sec ]
strainmeter)
HS2/H2A o )
miniseed; 100 count/sec Valve 1 record (for three-component strainmeter)
HS3/H3A
HS2/H2A miniseed; 100 count/sec Valve 2 record (for single-component strainmeter)
HS4/H4A miniseed; 100 count/sec Valve 2 record (for three -component strainmeter)
HAP/HDO miniseed; 100 count/sec Atmospheric pressure record
o Valve 1 record (for_single-component strainmeter and three-component
LS1/L1A miniseed; 1 count/sec ]
strainmeter)
LS2/L2A o )
miniseed; 1 count/sec Valve 1 record (for three-component strainmeter)
LS3/L3A
LS2/L2A miniseed; 1 count/sec Valve 2 record (for single-component strainmeter)
LS4/LAA miniseed; 1 count/sec Valve 2 record (for three -component strainmeter)
LAP/LDO miniseed; 1 count/sec Atmospheric pressure record
o Valve 1 record (for_single-component strainmeter and three-component
VS1/V1A miniseed; 1 count/10 sec ]
strainmeter)
VS2/V2A o )
miniseed; 1 count/10 sec Valve 1 record (for three-component strainmeter)
VS3/V3A
VS2/V2A miniseed; 1 count/10 sec Valve 2 record (for single-component strainmeter)
VS4/VAA miniseed; 1 count/10 sec Valve 2 record (for three -component strainmeter)
VAP/VDO miniseed; 1 count/10 sec Atmospheric pressure record
USL/UIA miniseed; 1 count/100 Valve 1 record (for_single-component strainmeter and three-component
sec strainmeter)
US2/U2A miniseed; 1 count/100 )
Valve 1 record (for three-component strainmeter)
US3/U3A sec
miniseed; 1 count/100 ) )
US2/U2A Valve 2 record (for single-component strainmeter)
sec
miniseed; 1 count/100 )
US4/U4A Valve 2 record (for three -component strainmeter)
sec
miniseed; 1 count/100 .
UAP/UDO Atmospheric pressure record

sec
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REVIEW Q330 SOH and WAVEFORM CHANNELS
(Modify from  http://www.passcal.nmt.edu/~eliana/Work/Documentation_files/APP-G_Q330-SOH.pdf)

Channel Name

Conversion

Description

others

miniseed; not a

VCO quality expressed as SEED timing

ACE ] )
time series blockette 500
1 microsecond /
LCE Absolute clock phase error
count
) GPS lock interval
LCQ 1 % / count Clock quality )
(pgl —m filename)
miniseed; not a time State of health expressed as ASCII o o
LOG ) o Largest time jump after initial
series miniiseed records
o Q330 configuration parameters )
miniseed; not a lock/adjustment (glog
OCF ] . expressed as opaque data records ) -
time series logfilename | grep —i jump)
(B2000)
VCO Count / count VCO control voltage
VEA 1 milliamp / count GPS antenna current
VEC 1 milliamp / count Q330 system current
150 millivolt /
VEP Input (system) voltage
count
VKI 1 celsius / count Q330 system temperature
VPB 0.1 %/ count Baler dump % or time

Q330 buffer usage

interval(pgl —m filename)
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