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% 2-1SSLB ip|zb#rk * 135 £ 4 2 k4 o

Date Time | Lat. (N) | Long. (E) | Depth (km) | M tc(sec) | Pd(cm) | Mtc | Mpy
1996/10/09 | 09:29:05 | 23.620 | 121.000 0.10 4,90 0.83 0.0095 | 5.36 | 5.07
1998/07/17 | 04:51:15 | 23.500 | 120.660 2.80 6.20 1.19 0.0128 | 6.00 | 6.18
1999/03/15 | 23:46:48 | 23.670 | 120.860 7.10 4.30 0.63 0.0032 | 489 | 4.13
1999/07/07 | 13:53:13 | 23.319 | 120.735 13.80 5.10 0.60 0.0012 | 4.81 | 4.67
1999/09/20 | 17:47:15 | 23.850 | 120.820 8.00 7.60 254 02241 | 7.32 | 7.33
1999/09/21 | 22:17:01 | 23.930 | 121.350 1.10 5.30 0.69 0.0101 | 5.05 | 599
2000/02/15 | 21:33:18 | 23.320 | 120.740 14.70 5.60 0.79 0.0026 | 5.28 | 5.27
2000/06/10 | 20:13:48 | 23.910 | 121.100 24.00 4.30 0.43 0.0010 | 421 | 3.86
2000/06/10 | 18:53:38 | 23.850 | 121.050 28.50 4.00 0.42 0.0012 | 420 | 3.99
2000/06/11 | 20:11:20 | 23.860 | 121.100 27.90 4.70 0.54 0.0024 | 4.61 | 4.57
2000/06/19 | 07:32:51 | 23.960 | 121.120 23.20 4.80 0.88 0.0038 | 548 | 4.99
2000/07/28 | 20:28:07 | 23.410 | 120.930 7.30 6.10 1.46 0.0357 | 6.35 | 6.93
2000/08/02 | 08:34:32 | 23.850 | 121.020 10.80 5.00 1.16 0.0162 | 596 | 5.15
2000/08/23 | 00:49:16 | 23.640 | 121.630 27.50 5.60 0.99 0.0041 | 568 | 591
2000/12/22 | 11:23:00 | 24.078 | 121.145 13.28 4.70 0.33 0.0011 | 3.75 | 4.20
2001/01/11 | 08:36:59 | 24.081 | 120.987 25.22 4.80 0.91 0.0012 | 553 | 4.30
2001/02/18 | 20:25:10 | 23.585 | 120.719 17.67 4.90 0.40 0.0075 | 4.10 | 559
2001/04/24 | 14:24:49 | 23.800 | 120.931 10.50 4.00 0.35 0.0038 | 3.88 | 3.73
2001/04/27 | 02:02:33 | 23.631 | 121.044 8.86 4.90 1.07 0.0182 | 581 | 5.67
2001/05/13 | 14:57:03 | 23.936 | 121.069 7.45 4,70 0.51 0.0050 | 452 | 4.68
2001/05/18 | 12:34:12 | 23.837 | 121.059 28.86 4.30 0.29 0.0019 | 352 | 435
2001/09/15 | 10:05:44 | 23.812 | 121.011 12.28 4.10 0.43 0.0038 | 4.23 | 3.99
2002/02/12 | 03:27:25 | 23.741 | 121.723 29.98 6.20 2.09 0.0183 | 6.98 | 7.16
2002/03/23 | 18:53:20 | 23.933 | 121.095 521 4.00 0.31 0.0020 | 3.65 | 4.01
2002/08/29 | 13:36:33 | 23.853 | 121.012 10.09 4.70 0.59 0.0092 | 4.79 | 4.66
2002/09/06 | 11:02:01 | 23.890 | 120.729 28.82 5.30 0.51 0.0039 | 451 | 513
2002/09/30 | 08:35:13 | 23.328 | 120.614 8.12 5.00 0.59 0.0020 | 4.77 | 514
2002/10/07 | 00:55:48 | 23.823 | 121.015 9.79 4.30 0.49 0.0042 | 445 | 3.93
2003/02/09 | 05:21:03 | 24.002 | 121.043 14.70 4.70 0.47 0.0015 | 444 | 4.10
2003/12/10 | 04:38:13 | 23.067 | 121.398 17.73 6.80 1.42 0.0078 | 6.31 | 6.54
2004/01/01 | 03:15:18 | 23.336 | 121.712 24.88 5.30 0.69 0.0098 | 5.08 | 6.38
200402/15 | 13:32:06 | 23.827 | 121.040 29.38 4,90 0.45 0.0135 | 4.39 | 572
2004/03/03 | 13:50:29 | 23.966 | 121.156 26.23 4.60 0.44 0.0016 | 434 | 4.36
2004/05/01 | 07:56:11 | 24.076 | 121.528 21.55 5.20 0.49 0.0023 | 451 | 5.09
2004/07/28 | 09:40:57 | 23.912 | 121.017 7.56 4.50 0.60 0.0052 | 4.84 | 4.56
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% 2-2 SRt 2 115k R o

Date Time Lat. (N) | Long. (E) | Depth (km) M
1999/09/20 | 17:47:15 | 23.850 | 120.820 8.00 7.60
2000/06/10 | 18:23:29 | 23.900 | 121.110 16.20 6.40
2001/03/01 | 16:37:50 | 23.838 | 120.997 10.93 5.80
2001/06/14 | 02:35:25 | 24.419 | 121.928 17.29 6.30
2001/06/19 | 05:43:39 | 23.197 | 121.098 11.70 5.20
2001/06/30 | 04:07:37 | 24.055 | 121.543 23.37 5.00
2002/02/12 | 03:27:25 | 23.741 | 121.723 29.98 6.20
2003/06/09 | 01:52:50 | 24.370 | 122.023 23.22 5.70
2003/12/10 | 04:38:13 | 23.067 | 121.398 17.73 6.80
2004/01/01 | 03:15:18 | 23.336 | 121.712 24.88 5.30
2004/05/01 | 07:56:11 | 24.076 | 121.528 21.55 5.20
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R e REPIH R 1980& X Bl e — BATE o f R R ikeDEF
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HEBENE RS TE R R T SR R RS BB (Broadband Array
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Tokachi-Oki, M,,=8.0 |

Chi-Chi, M,=7.6 - |
Miyagi-Oki, M,=7.0
Miyagi, M,=6.0

N. Hollywood, M,=4.2 |

Compton, M, =4.0 —MWAMAM

San Marino, M,=2.8 F | 9

Time, sec
B 2-5 - B 72 e BAde 4o A5 (Kanamori, 2005 ) B 5l =k = §5 p enik 8 »
REAR A B0 W ARE il g

(2) Pd =z

Wu and Kanamori (2005, 2006b) &~ & ¥ @ & Pd #_P & A 5] pzkis =
PR A B A A o 1 5 s BRI (TSMIP) 24 4713 2% (SCSN)
g BEALEA 4T F P Bk Bend 4w R B (PGV ) R IRHBSRM %
(4cFl 2-6) 0 ~ # RR R hig- L1 PGV fF 5 4y 4% (Wu et al., 2003) » F)ut
PErd PAd2 R PGV »iga R RR - BIRERLZ - BRAFWue
al., 2006b) -

F -2 0 PdAT r kAR AP E N ROLIRIGE IR R R
gl 238 (2558 4rlog(R)=a-M +b-log(Pd)+c > Pd 2 ¥ R = ##&WE R 2 &
JREERE M 5 RHD) 15 0 Pd P B Riese AAEE 0 L1 B E

IR AIFHHE M
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oTaiwan 507 records o <>/' 7
100 —* Southern California 323 records < L
= P
. P
_ 5
- <o
S0
() -
v 7
E -
S -
> 7
©)
o 1 —
1%
- :/
- O./;‘"c
W - 4 . .
- Y. Linear regression over 830 records
0.1 — o log(PGV)=0.953 log(Pd) + 1.659
W IR SDV =0.317
1 llllllll 1 llllllll 1 llllllll LILELLLILLL
0.001 0.01 0.1 1 10
Pd(cm)
B 2-6 Pd £ PGV st i 2B (Wu et al., 2006a) - EP- R L jEfrt - 7 2 2
l P\ g‘f’li—k’v% (@’; "’*}F ] ‘-ri-l‘!:.’}’ii;-.vc ’ r,;f'h’v 1) E-;J:.’}’ﬂl"’ ) 'ijf/"}l\ LAY
PHIREE P A B AER - FRETD B T2 ATED B E AR B E

BodY e Rr R H- RleAES RE kT AE K- - 4 54T o
(1) ey Bz i B8 41% 252 BRleb2 v B 2D Ffad
RORBAE (XY, 2) 2FRAFE (1) 2 S d 3 RA B2 TP @
VR > A R peat B B AF 2R R AT 0 ¥ ] Geiger (1912) gt E
RO RS R T R R O E Y S AR e

J(xn %) 2+ (Y = Yo) 2 (2, — 2)?

t
V(xy.2)

_to —

n

Vi Rk gk B
0> X% Yo L RFAOEFERETE -



o

n Y X Yo Zyt RATIERIE R AR

FH R AL AR RO S BRI 3 (B
dom Ed WAL T s Mgd 2 kil M AR 2 2R 8d Sk
) e fe it - o1 3 %ifﬁwmw - ~,s § 1k LRI T PE g % 4R 15 4
RN MTEZRITR RS S e 43y SR e A JE F R

Peig i 52 o

(2) 27 &P &EpF R > Nekamura (1988) 1 * H — plxb# B {7 e Rk

5 o1

ES ’«EL&

s}

N

Fao ke Bkt o2 AR @RiEg 2 kG H AL 28 3

®E R RT L F 2 MBI S RB e Bz 28 ko ok

T BB MEL2 AP Sl d T DN R
(Ruaen)i =a(Rygen)ia ™ (Xug)i (X (2-4)

(Runs)i = @(Runs)ia + (Xig )i (Xis)i (2-5)
B (Ryy) S8 i mEBlG ARL Ml (R, 58 0%
A imEE AR KR (X)), b
RS imd A SRR R0 s TR B(00
-10)ed 2238 (2-4) 2 (25) REApM SBz 18> B R 2T N e L7
Bk »BE2 24 0o

PO | (RJd,ew)i
T R, (26)

Fobood e Zdrty (AD) IR E R M G587 nda B 2l B2 §E
B (R)e -k Rakm 3 > BiRFZ HBELE S RRE (M) 2t > B g
BB VEREA HHcE S K oo TPt s A I Ap L] R BB RF o B BiE2

JEET 4 TN

log(R)=a-M +b-log(Ap) +c (2-7)
trP g bx ci W EE Fd RAPZFRMGRF ETATEN LR

Gk 2R R BE Rl TaAHER BEE .
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(3) Odakaetal. (2003) # 41— BA73 2 » 7 K BEEFR P (34)) 08 - »
Rakrd G ELAERE-ZITRECLABRPAGSI R HEY - BHE S 42
Bl

Acc(t) = Bt - exp(—At) (2-8)
Bt 84 P A2 R - Acc(t) 5 v R IRt 0 B T & P oA A dR g s
Fo AR ERIGEFF DR B o AJBETd KAL) e 2 > 1y
B T3 E A

FOK-NET Aedkeng B 250 5 FIE A>OfF > dododrtf i 3 B 4c (T
B>0)m P A PSRRI ER R 28 A+ BBF I F 2% A<O
P JRIGAEPF R R dp i e 0 A5 Ren- e ViR logB & R4
BEZ $HHCE X F o T PO AR ig e SRRA T AR o IR ERRARE o %
THERVRAEMELFER > Y 2433 K logB » @RlaniEgt 34304
2. BT AR o 2B~ 1§ F T hlogB » H T AR 28 345 0 FptiR
LB 2~3F k3 E BEKRLEE

INE Rk s VEF REET AR (A w g M) gnt Efod
Ewap 3 kit 2 5 83 (4o UrEDAS s it? & % eh 2 ) ZREGR Y K3t
RiE o

(4) Voronoi cells (Sambridge, 1999) #_ik ¥ ZEBIHE ¥ 2 plzba # i
AR e N kho B EF A BB RAr e G A B BRP AR
o BRI RA R - A BRI RR S Rl FlptE BRI A
BHEE - B 53, (Voronoi cells) » HE R 4 cnk ZR] 5 A F s
prfe R Bk o PR - B RF AL d ARIEEE AT Bk Bl
BRE - i ARlzkeVoronoi cell o MEF BB AR Rk B R R AR B o
Voronoi cells =5 ff j § 4£]: e g i jeAs o

BUEAPR RS o SR R T TR A T 2 SR AEE NS e
Voronoi cells (B2-7) > Pt A s @A G R cnplaba BB E N F 35 A
Foeht BRI FP AR REF O APT UIEHF A AL i B RT S

7oA Ao
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B 2-7 BATS #773 @|xtc1Voronoi cellse & & 4 § p > FIRI =k fk % > # Voronoi
celsw fadi | » et RIE 2 g ¢ R/ ApHe o woba adplabict

H Voronoi cells & ## iz~ o

(5) £ *m Biplskiz By R=% > Rydelek and Pujol (2004) & * # i i

s AT B AP d o FTEt B (ORI FIE BA chA B T B o Bk

RELL > BACI PRas BRET 2 12> HPRIIFAYIL T,
B R Rz e Wi d > d, o R IRE T S

d,—d, =V(t, -t,) (2-9)

BP VELP RO R - APTUFRENLFE- BV BEREEY R

A Y R T BT S R EEpEs X R - Wil 3 E R A - 1Y A niplak
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1402 578 B2 58 D enfEd R o F b2 P8 @ plabR A e F Pt o
AL AR EARUR Ak - P ARE S Rt A R R BT AR T (
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Bl 2-8 & x5 7% i 4 B (Rydelek and Pujol, 2004) - Mg - B B

Bk (M F B4 T ) 100 km x 100 km g 48 % 7 0 Bk B8 4 AR (0,0)
il (M EELA T ) BlEk SR Ec P PR AV E R T o B P aup sk B &
¢ 12> Mg BRIk E REATR G D el R A d W AT o L At
Rl 3 TR AF PRIEDUFE > P22 R R REEREF LI A
Bl o FRAEEEFAZIREN  PlER A TR Paand plab ¢ %2 138

17 srg m%ﬁﬁ?glk”ﬁﬁﬁﬁu

W RIREY 5 fe g Voronoi cells e 4 & i s g = 2 > VR 2 K B
A RMHAROE RE od BATT B (T RS RE 2 BRG]
10 =2 0 > $IIEE f a5 o SRR g o FlYt 0 kv A& o

T 2 Pd ok RN LEY o
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5=2% 1 &%
31 H - plebz a7

BATS ® gfdcsk (SSLB) 7 8t f £ ~ = BEFITaiplsb > Flpt > AP g BT
i35 £ R R BT R T 2 R EAHT o F AT ERPE RS
BRESZ N T B A NS RRNTE (40 31) > B v §F A
6 B R R ER RN oo
M =3.723-log(r,) + 5.673 (31)

B0 B E RAN AAFT Y M B > £ A

fot.
1%
i
3%

RHEM LR (B 32)c Mre,&2M B3R 11 el 2> BR% 1 5 048

e

FACE o Ap b Tl s 0850

AR RO RREER e P 1T §F A 45 0 K10 Pd SEEEYE R 2 M %
£ (drBl 3-3) 0 #0 ¥ b BN 4eT

log(Pd) = —3.688+0.605- M —1.101-log(R) (3-2)

Fd P RpEMRSd Pd B R Mg 77 o B R HT Mg 2 M > TR
1:1RE 5> 124 % 040 RH0H > A0k ik y 088 (4B 3-4) -

FA1* APk ch 2 A4 @ 5k 2 % 4 (NACB ~ TDCB ~ TPUB ~ YULB) -
Mok b BRI A 3 FHwmEk FHA e ¢ (B ALL D B AL-16)

% 3la LRl BB M 2B 2 AT o

T M ZH M TR Mz & M 5% %
NACB | M =3.667-log(r,)+5.325 0.69
TDCB | M =4.071-log(r,) +5.327 0.69
TPUB M =4.499-log(z.) + 5412 0.62
YULB M =2.878-log(z.) +5.479 0.48
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#31b Pd - M2 R2 B %2 My, 2

RELEE

Pd % s BE 7% 3¢ Mps & MR35 2
NACB | log(Pd)=-3.777+0.657-M —1.242-10g(R) 0.47
TDCB | log(Pd)=-3.535+0.526-M —0.897 - log(R) 0.77
TPUB | log(Pd) =-3.782+0.899- M —1.944-log(R) 0.35
YULB | log(Pd)=-3.798+0.725-M —1.355-log(R) 0.45
8 /
M=3.723*log(t_)+5.673 ,*’ ,
SDV=0.48 ’ t
;4 R=0.85 A
.
y

B 31 7,

A

.

B2M 2R B o SSLB Bz in35 L B (M E S AT ) B iE

M =3.723-log(r,) +5.673 » %% £ % 048+ 4p M t4¥c: 0.85 -
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SDV=0.48 < 11
R=0.85 ’ /]

B 32 Mt &8 M 2 ¥R (% 8] o SSLB Blsbyc 3|35 £+ & (1A 541 ) &

Mz, &M ER 11 et ehd > R 2 5 048R HH = - 4ph ik 085
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1
log(Pd)=-3.688+0.605*M-1.101*log(R)
SDV=0.256
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_ oM7-8
&
E 0.014
©
o
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B 3-3 Pd z gLip| B % .44, 5,6 % 71‘.?"&??@' 4 (SSLB #b) o Pd“gREHE F B
2 B 458 % log(Pd) = —3.688+ 0.605- M —1.101- log(R) -
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SDV=0.40 et
R:OS8 // t/,

B 34 My, 22 M 2 % bl 2] - SSLB jplebiec 3] eh 35 £ 2 (B84 7)o

AMp &M ERL: Lo hl %o R84 5 040 368 > 4phf %@ics 0.88-

32 % plxbz A7

",% TH - P2 NPRBRERD G E- B T RS BRIREET

AT BN o 5 BRI PR Rl as B 4 11 BRI REET b e B
= ¥ F P

Al - B R plab R Bt B 2 T b T aE s @) log(T,)S M ek i B
%7 % M =3.805-log(z,) +5.595 (4-® 3-5)° Mz & M &I 1: 1 s fiu B 1% -
L L 058 4LHH = v 4K il i 0.79 (- 3-6) -

B 37507 5 11 B3 RIGE 5 3T 32 (3 @B hM,, 23 S RHEM 2 0t i

B> M, &M ER L1 M R B8 L 5 047 RpE = 4pM hiici: 084
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peek o Ay T Bplak A Wi FH BT Y T2 My 23V AR 37 0 A

Moy > 6 55 T M o § ABLTRAE fochTi 4 o
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51 SDV=0.58 !
R=0.79
7 —
6.5 -

55 =

4.5 -

0.1 10

Bl 35 7,0 M 2§/ (2B - & d F547H - plabBulz B E (T BR
A GEFHE AT ER Y 247 FORE ) 2 d B ELA T 5 BRIk e ART
1l B R T Eo FARAT 1B R Tibr gk BRI v A A

R ARG e - BARME L e R HARE AL L 058 Aph Ti#ici 0.79 -
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-7 SDV=0.58
R=0.79

Yy 1
6 7 8
M

B 36 Mr 2 M 2 $/kH IR = & E258 700 - Rlshe Mo R3bie (F

I BREEANEFE AT RIZ Mo, ) 2d BEL AT 5 BRI PFITE

w

Flen 1l B B2 M fosh @ F8A T 11 L2 RMr &2 M2 Wi > A ik
M- BRELDFER -1LLE0 g2 Mr, EM ER 11 hiEM & 18

A % 058 RficH i= > 4phf Tedics 0.79 -
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W37 Mo, 2 M 2 4 o bf (il o ic d B 3L 7 5 Biplsb e pFiedrd|sn 1l B3 R

ZMp o3t B FRAT ULLE AMyE ML TFR A FmR5 4of- Bk
WALl o 1188 B2 My &# M B3R 10 1 b 0 > R84 5 047 24
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Wiy RIPEFA TP & R R A A P B R S AR A B B
Pl s BRWDA L oRa g o8 h e Rapl A4 A § 2% cascade
model 3 $ i s g o B R R IRp - Bl U A BEF R
Ao cerk o F B 2327 LR 22 88 ™ - B R & 24 (Brune,
1979 ; Ellsworth and Beroza, 1995, 1998 ; Kilb and Gomberg, 1999 ) - i3 12 %
SHEARG A REAY B E - o He 22 R AHE A F RS
3R WA Bl S B e AR B A R A PR Bl R
FE2EFET A0 R oips &8 R4 (seismicmoment > f§ fM, ) 23 BB
@(Mw)ng,aﬁhﬁwmp;ﬁyﬁmmg BAE TS ERY
AT BIEE LY T oA P EE AR R ehpi g Bk w o B RS ) £ T
e H IR B RS ) A B g P PR 2 AT e A o T E R
2 #3 (Allenand Kanamori, 2003 ;  Kanamori, 2005 ; Wu and Kanamori, 2005a;
Wuetal., 20063, b) & 7 fBLiBlA 4ot Bk ¥ o B ILE BRI Azho b Bk -
B A - Olsonand Allen (2005) L% Pk cid= 45 AR 223 2R
Bz B enBf o dn e R RS ) B AR B otk e ¥ BE RO
AR AT AT A NEARL F R EARR RTINS AT R 2 BA AT
BRI Z P T B T 2 B H - Rl Mo 2R EREM
ik i 7}_47’ B 048 ¥] 0.69 L+ H i~ > 4p B 2dics # 2077 2 0.85 %Eﬁ‘]p\ ;1

Srbadra o PTHFZEE LR G 058 HEH = Aph dc: 079 A A

15 A R B AR T I B RRACE 4 A B S %
Olsonand Allen (2005) #73% ! erpLgh4p 4 o

AT AT SR R TR E S M M G AB T 2
# % (Kanamori, 2005 ; Wu & Kanamori, 2005a) 4p ez & » + &+ % An ke
F (R4 -HEEEE (MT76) 73 BAAFTTE 2 ¢ B7% 4 f@ang
ZFEFEP LT PR T LY sk o AR T i L E
PR T H iR R b g B

mk,ix*
e
(s]
3\1

=
Jer

B o A AFEER E 20 2 2 P 2 TR
s o Tl BT HE T h A A B 0 S E T R AR L

"TF IR S % (Hisada and Bielak, 2003) » # & A5 5 Bop &4 5 100 2 2
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M2BH RS DARA RS PR T ERITH T2 (5 ¢ DR K
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Foobo 3R o B R (34)) 0 APFR S B Box function  F
EafFiaaefid » @ &> @i (Fourier Transform) H#-pF 38+ chR 7|
AP > g SRS ehde R (ripple) % o 4 FEERE - RHE
Tz BAFEFEH A PRFZ- o RAFY A ET R EE

T
o mEPEFEROTZHE ELF EFOPE T L] e
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HPd 2 3t B b 45 My 2 M iR £ g i 0.35 T
0.77 .4 H > A H F TPUB #b R 2 S5 7V G3tiE 4z Ml 1 0.35 4 H > >

SRR ARE IR G 047 RHH = o min A H b S sk Sy
BE kg Pd ARG M<6.0 B> Mu &8 M ZRAPE - RenBE %0 e &
B3 M >6.0 B My, D17 SR foail b o gL T4 o B 3 2T 8
g1 2 FIPd i ¥RtF S8 & f Boeni® dupe B2 B T3 SNEE 07 e Bldom, ~ Mg
BM i B I o RA B AR KT € F 5 TiesL
FHFRESAF RER T UM %> BRI ZIREE > $AQEHE &4 F
(corner frequency ) 3R & 4 P2 7 Bxg > Flpt § » Bt £ 8 4 B e pF
w;“ﬁ%ﬁTWg%’%ﬁ’*faﬁ4%ﬁmm?oﬂﬁ—% SRR LE 1
Sato and Hirasawa (1973) # 11 h & JRiE & #4143 (kinematic source model -

el 4-2)0 EFREZ N 0 MB5 R L FIA R o Flut AP AL

T PR TG MBS T s R o AL MBS T g R
mE o PR TG BN WM BT RieZ i AL
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Numerical Test on Synthetic Source Time Function

T T T T | L L L B LI N B A L | T

Satg-Hirasawa Moment-Rate Funclion

Moment Rate

Time

B 4-2 =45 Sato & Hirasawa (1973) g miE 6 8412 #3852 =4 43

B (Kanamori, 2005) - & * eh% s P A B 6km/s> Skt B 35km/s: @ &
2.7g/cm® > B A i# & 25km/s: T+ 30barse
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[1] Prompted by recent success in the research and
application of earthquake early warning systems, we
conducted an investigation into the relationship between
the magnitudes of earthquakes and the properties of the first
three seconds of the P waves at a single station. Using
waveforms at station NACB of the Broadband Array in
Taiwan for Seismology from 46 earthquakes within 100-km
epicentral distance, we found a linear correlation between
the magnitudes and the logarithmic characteristic periods of
the initial P waves for earthquakes up to magnitude 6.5.
We also detected a deterministic relationship between the
magnitudes and the peak amplitudes of the initial P waves
for earthquakes of magnitude M < 6.5. While further study
needs to be done on the behavior of the initial P-wave
peak amplitudes from larger earthquakes, we propose here
that the characteristic periods and peak amplitudes of the
first three seconds of the P waves be used jointly in onsite
(single-station) earthquake early warning operations.
Citation: Wu, Y.-M., H.-Y. Yen, L. Zhao, B.-S. Huang, and
W.-T. Liang (2006), Magnitude determination using initial
P waves: A single-station approach, Geophys. Res. Lett., 33,
L05306, doi:10.1029/2005GL025395.

1. Introduction

[2] In the past few years, research on earthquake early
warning (EEW) has undergone a rapid development [Wu
and Teng, 2002; Allen and Kanamori, 2003; Kanamori,
2005; Wu and Kanamori, 2005a, 2005b; Olson and Allen,
2005]. At present EEW is becoming a useful tool for
practical real-time seismic hazard mitigation, with applica-
tions in Japan [Nakamura, 1988; Horiuchi et al., 2005],
Taiwan [Wu and Teng, 2002], and Mexico [Espinosa-
Aranda et al., 1995].

[3] The critical point of EEW is determining the overall
size of an earthquake, and thus the expected strong ground
motion, from the first few seconds of the P wave. Whether
this determination is possible rests on whether there are
differences in the onsets of earthquakes of different sizes,
which is ultimately controlled by the physics of the
earthquake rupture process. A prevalent hypothesis for the
carthquake rupture propagation is the so-called “cascade
model”. In such a model, an earthquake rupture starts with a
slip on a small fault patch and continues to grow along the
fault plane as long as the conditions are favorable [Brune,
1979; Ellsworth and Beroza, 1995, 1998; Kilb and

'Department of Geosciences, National Taiwan University, Taipei,
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Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan.
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Gomberg, 1999]. This domino-type concept implies that
all earthquakes large and small begin in the same way from
a small slip, and therefore the size of an earthquake cannot
be determined until the entire rupture has run its course.
This scenario appears to contradict the observations on the
deterministic relationships between the earthquake magni-
tudes and some waveform properties, such as the character-
istic periods and peak amplitudes, of the first few seconds of
P waves [Allen and Kanamori, 2003; Kanamori, 2005; Wu
and Kanamori, 2005a, 2005b]. As an alternative model for
earthquake rupture process, Olson and Allen [2005]
suggests that the final magnitude of an earthquake is
determined by the first few seconds of the rupture process
and the state of stress in the region surrounding the fault
plane. This model provides a physical basis for the
deterministic nature of earthquake magnitudes and for
EEW applications.

[4] There are currently two different approaches to the
EEW operations. One is the multi-station approach and it
has been adopted in previous EEW studies [Allen and
Kanamori, 2003; Kanamori, 2005; Wu and Kanamori,
2005a, 2005b] to find the relationships between the final
magnitude of an earthquake and the characteristic para-
meters in the first few seconds of the P waves from a
number of stations. In the EEW practice, this approach
requires a data processing center to collect and analyze the
P-wave observations and estimate the magnitude. In the
present study, however, we investigate an alternative
approach that uses the information gathered from the first
few seconds of the P wave at a single station to estimate the
magnitude of an earthquake. This allows the EEW
assessments to be done onsite without the need to gather
the observations from other stations, thus providing an even
faster EEW than the multi-station method.

[5] From a practical point of view, most critical facilities
have some automatic ‘““shutdown” provisions whenever
large ground acceleration is detected. Therefore, a single-
station EEW system will be useful for large earthquakes that
occur at a distance beyond about 20 km from the epicenter.
However, no EEW system can provide actionable early
warning within this distance, because damaging S-waves
will have arrived before an alarm can be issued.

2. Data and Method

[6] In the single-station or onsite approach, we attempt to
find out the relationships between the magnitudes of earth-
quakes and some observational properties of the first few
seconds of the P waves, including the characteristic periods
Te [Kanamori, 2005; Wu and Kanamori, 2005a] and the
peak displacement amplitudes Pd [Wu and Kanamori,
2005b; Y. M. Wu and L. Zhao, Attenuation relation of Pd
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Figure 1. Stations (solid triangles and square) of the
Broadband Array in Taiwan for Seismology (BATS) and the
epicenters of 46 events (circles) used in this study. The blue
solid square shows the location of NACB station.

and its application for earthquake early warning, submitted
to Terrestrial, Atmospheric and Oceanic Sciences, 2005,
hereinafter referred to as Wu and Zhao, submitted manu-
script, 2005].

[7] The characteristic period T, is defined in terms of the
waveforms of the first few seconds of the P waves as:

Te =21/ \/F, (1)

with

= /0 "2yt / /0 26t 2)

where u(¢) and #(¢) are the ground-motion displacement
and velocity, respectively, and T, is the duration of the
P waveform used (usually 3 sec). Previous studies have
shown that the characteristic periods reflect the sizes of
carthquakes [Kanamori, 2005; Wu and Kanamori, 2005a;
Y. M. Wu et al., Experiment on 7. and P, method for
earthquake early warning in southern California, submitted
to Bulletin of the Seismological Society of America, 2005,
hereinafter referred to as Wu et al., submitted manuscript,
2005].

[8] The quantity Pd is the peak amplitude of displace-
ment within the first few seconds (again usually 3 sec) after
the arrival of the P wave. In previous studies, we have
shown that this peak amplitude is well correlated with peak
ground velocity (PGV) in Taiwan [Wu and Kanamori,
2005b] and in Southern California (Wu et al., submitted
manuscript, 2005). This correlation suggests that we may be
able to predict the peak intensity of the overall ground
motion using the initial P waves. On the other hand, Pd is
an amplitude parameter and reflects the attenuation relation-
ship of the ground motion with distance. Therefore, if we
can determine the attenuation relationship of Pd, then we
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can use Pd to estimate the magnitude when the hypocentral
distance is available.

[o] In practical implementation of the single-station
(onsite) EEW approach, it is important to carefully analyze
and choose candidate sites that can provide good EEW
signals. We analyzed some of the stations in the Broadband
Array in Taiwan for Seismology (BATS) maintained by the
Institute of Earth Sciences (IES), Academia Sinica. We
found the station NACB to be a good candidate and we
will focus on this station in this paper. Figure 1 shows the
station distribution of the BATS. All of the BATS stations
have both high-gain broad-band velocity and low-gain
force-balance acceleration (FBA) sensors. Signals are dig-
itized at 100 samples per second with a 24-bit resolution.
The low-gain channels record all large earthquakes without
clipping, while the high-gain channels provide the high
resolution waveforms for the initial 3 sec of the P waves
used in this study.

[10] The NACB station is located in a marble rock tunnel
in eastern Taiwan, and provides a large number of high-
quality waveform records from earthquakes in the surround-
ing region. The waveforms used in this study were collected
from 46 earthquakes occurring between 1996 and 2002. In
the Central Weather Bureau (CWB) catalog, all of the
events have magnitudes from 4.0 to 7.6 and focal depths
of less than 30 km, and all of them are within 100-km
epicentral distances from station NACB.

[11] In the CWB earthquake catalog, the reported mag-
nitude is the local magnitude Af;. Taking the saturation
problem of the local magnitudes [Wu et al., 2001] into
consideration, for events of M; > 6.5 we used the Harvard
CMT moment magnitude M,,. In this paper, we denote all
the earthquake magnitudes simply by M.

[12] In determining 7. and Pd, the velocity records were
numerically differentiated to obtain the accelerations and
integrated to obtain the displacements. We applied a high-
pass recursive Butterworth filter with a cutoff frequency of
0.075 Hz to remove the low-frequency drift after numerical
integration. An automatic P picker described by Allen
[1978] is used to detect the P arrival from the vertical
acceleration records. Following the analyses of Kanamori
[2005], Wu and Kanamori [2005a, 2005b] and Wu et al.
(submitted manuscript, 2005), we chose a duration of 3 sec
for the estimation of 7. and Pd. A good estimate of the
characteristic period for large (M > 7) earthquakes will
require much longer than 3 seconds of the initial P-waves
[Kanamori, 2005].

3. Results

[13] The result we obtained for the relationship between
the characteristic period 7. and the magnitude M is shown in
Figures 2a and 2b. Figure 2a is a plot of 7. determined from
all 46 records versus M. The values of logt. increase
approximately linearly with M with a linear correlation
coefficient of 0.77. The linear regression for the relationship
between the T, and M leads to

M = 3.088log 7. + 5.300, 3)

with a standard deviation of 0.57. This means that when
using T. to estimate the magnitude (M..), one standard-
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M = 3.088 * log(t¢) + 5.300
9 Correlation coefficient =0.77 -
Standard deviation=0.57 St
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Figure 2a. Relationship between M and logt,. determined
from the 46 events. Solid line shows the least squares fit and
two dashed lines show one standard deviation of M.

deviation level will be about 0.57 units. This uncertainty is
slightly smaller than those in previous studies [Grecksch
and Kumpel, 1997; Allen and Kanamori, 2003]. From
Figure 2a, we can see that the linear relationship between
logT. and M persists throughout the entire magnitude range.
This result strongly supports the scenario that the earliest
stage of the earthquake rupture probably plays an important
role in determining the final magnitude of the earthquake.
Not surprisingly, the magnitudes estimated from . correlate
very well with the values reported in the earthquake
catalogs, as shown in Figure 2b.

[14] We assumed a linear relationship among the loga-
rithmic Pd, the magnitude M, and the logarithmic
hypocentral distance (R):

logPd(R) =A+B-M + C - log(R) (4)

where A4, B, and C are constants to be determined from the
regression analysis using the P waves from the 46 events.
Generally, for such a regression we need to consider the
R term. However, we conducted a test for this term and found
that it is not statistically significant. Similar result was also
found in our previous studies [ Wu et al., 2005; Wu and Zhao,
submitted manuscript, 2005]. With constraints from the 46

log(Pd) = -3.801+0.722*M-1.444*log(R)
; Standard deviation = 0.29

o M4~5
* M5~6
A M6~7
* M7.6

0.1 =

0.001 =

0.0001 =+ —T—TT T
20 40 60 80 100

Hypocentral Distance (km)

Figure 3a. Distribution of the observed Pd measurements.
The four diagonal lines are calculated from the linear Pd-R
relationship for magnitudes 4, 5, 6, and 7.
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Figure 2b. Magnitudes estimated from 7. versus M. Solid
line shows the least squares fit and the two dashed lines
show the range of one standard deviation.

records, the best-fitting attenuation relationship for log Pd is
found to be

log Pd(R) = —3.801 + 0.722 - M — 1.444 - log(R) +0.29. (5)

The comparisons between the observed and predicted Pd
values for magnitudes 4, 5, 6 and 7 are shown in Figure 3a.

[15] In EEW practice, the earthquake location can also be
estimated from the P wave [Nakamura, 1988]. The
hypocentral distance will then be available, and the
magnitude (Mp,) can thus be estimated from Pd. For this
purpose, we shall rewrite equation (5) into the following
form:

Mpy = 5.265 + 1.385 - log(Pd) + 2.000 - log(R).  (6)

Figure 3b provides a comparison of the two types of
magnitude values for the 46 events in which the Mp,
values are plotted against the M values. On the 45° line,
Mpy; = M, and the dashed lines show the one standard
deviation (0.39) locations. The uncertainty of magnitude
determination from Pd is relatively small.

[16] The results in Figures 3a and 3b show that for
earthquakes up to magnitude 7, there is clearly a determin-

Figure 3b. Magnitudes determined from Pd versus the
reported magnitudes M. Solid line shows the least squares
fit and the two dashed lines show the range of one standard
deviation.
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istic relationship between the observed peak amplitudes in
the first 3 seconds of the P waves and the magnitudes of
earthquakes. However, it is rather intriguing that the
magnitude 7.6 Chi-Chi earthquake violates this relationship
and has a much lower magnitude of 6.38 predicted by Pd,
as can be seen in Figure 3b. This is also significantly lower
than the T.-estimated magnitude of 7.06. The magnitude of
the Chi-Chi earthquake determined from Pd seems to imply
a “cascade model” for the earthquake rupture process.
However, this result remains unique in all the data we have
analyzed, and more observations are needed.

4. Discussion and Conclusion

[17] In this study, we determined the relationships
between earthquake magnitudes and the characteristic
parameters T. and Pd observed from the first three seconds
of the P waves. A good linear relationship is found between
the characteristic periods 7. of the initial P waves and the
magnitudes of earthquakes. This linear relationship persists
throughout the entire magnitude range in our study, showing
a consistency with the earthquake initiation model proposed
by Olson and Allen [2005] in which the final magnitude of
an earthquake is to a large extent determined by the earliest
stage of the rupture process. This result allows us to use the
characteristic periods (or dominant frequency) observed
from the first 3 seconds of the P waves at a single station to
estimate the magnitudes of earthquakes. To avoid large
uncertainly, previous studies [Kanamori, 2005; Wu and
Kanamori, 2005a, 2005b] have suggested that a threshold
level should be established when 7. is used in EEW
practice, since only large earthquakes can produce large ..

[18] We have also found a good linear relationship among
the logarithmic peak amplitude Pd, the magnitude, and the
logarithmic hypocentral distance, for earthquakes up to at
least magnitude 6.5. The effectiveness of the peak
amplitude observation for large earthquakes (M > 7)
remains to be examined. Although the Pd-estimated
magnitude Mp; may not predict the magnitudes of large
earthquakes, it does correlate well with the catalog
magnitude for M < 6.5 events with a small uncertainty of
about 0.4. Since Pd is an amplitude parameter, most of the
uncertainty could well come from the effect of the P wave
radiation pattern. With a good grasp of the relationship
between Pd and radiation pattern, Pd can be a very good
instrument in magnitude determination for M < 6.5 events.
Thus, we propose that a combination of Pd and T, analyses
to be used for single station or onsite EEW operation.
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