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RGO TFHICHV LN HBRET VI, kOHEMART Y VERZERITIE, HEE%
EO I ECTRBIMICH D RSN IS T 2 A L, KR OREF IR % I
) A7z ETAS (Epidemic-type aftershock sequence) ET7 WV EIZKHI &N 5. Lo L, F4EFM
THED RSN R/ S WD R UL, SBRIGEMMICEAL 22568, FUTEZS
KHWBOREZ T CRAEMBISMIIRT L 2L 0H ), EHHEFEL ETAS ETVOM SO
WHZIER->Twad, AT, 0L 2B LHMERICH LT, KIEICX 288 EE
A% AR 2 R AEA TSR D2 b e L CI) ANZIEEH TR BEET VZIR_RET 5. REE
TV % FALH T AN 904 4 B8 D O L ERYIBEN LB L, 2011 AR HALH 5 AP
WREOREZ I T 2 72RO MBI AT % i 5.

F—7—F #H0RLUME, #HETFH, Brownian Passage Time 7045, T WFE, ETAS
T,

1. @FUBHIC

HEIIEOABIECI > THZSRISNIMEOLM A TIEI D20 THRIARTH 5.
F UWiETld, MEASEZ 2 & 2N E THIBIMICE Z SNZIS N D LEERRINT, 22
L7V — MEB R EIC X BT OERPTRT 2 &) —#EDY A 7 )VIZ X o THENIHED &K
ENTWD, L7zdoT, 2O 1% A 7 0ViZhh5MHET b b ERE MR ZMERERE A
LT, ZNENDILIE 340 HE ) EE SN BRET NV Th 5 EHFBENZ ) L7z
0 R UMR O & FINC LIZLITHW LR TW S (B 213, MR Ze A i A
ZEESOFMF I, https://www.jishin.go.jp/main/choukihyoka/01b/chouki020326.pdf 7 &) .

FEIN O FZ TG WE R MR O 7 L — MEFTH Y BRI N5 KRBT LT, BUFEE
D 7Z AT FEHE AE A TR (b FRAER) 251F2K 10~300 4 O M FEFEA MR 2 37 L — A A LT
% (https://www.jishin.go.jp/evaluation/long_term_ evaluation/). HIFEAREIC X 55 RMES
RO T, REOTHBIRPAEE SN TV REHIEICH L CHEFEEFEH S, £
) THRWIEHIRIZIZRT Y VBESEH S TWD. TS0 RSN D FAE
NZNEHEP SBUTE L IR ICR V20, FHAEY TS o 725 % 1F RO MGG E) 5> & Wik
T2 LB BT EOHMEZEST 5. 2T, Okada et al. (2012) 13 H A A 5 HL
HAKFEERRICPITTOT L — MEARRGFICB W CH—BR CHERYICH Y EIhTw
5 XD /ANBBE Y R LHERISN LT, BH fll (2007) 3 L ORJH (2009) THRE S N 73 80k

LRRRH KRS B e SR gERE - T 169-0051 HEHARF XV RARM 1 TH 6
2 SRIZEAT MR ZEER ¢ T 305-0052 FKIREO X EKE 1 TH 1
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WA 2 W2 BRI L 5 FIERZIT\, 2006 4E 7 A5 2010 EDQBIMICBWT 1 4E
B TP IMERE 2 3l L 2R B2 A LT b, £/, HPb (2018) IZF A ¥ 2 712 T K
LI TR X 2 FHIPERE OE N IZ O W TEIICER LT b, TRHDOTHIERTIX
BEAQ BT 72 FRRREAS S N T & 7245, 2011 AL 5 R s (M9.0) A% = - T LR,
VEMEORLICNET M0 ELHEOME ) R LM EFEICE 2 FHlzEL 751K
AW T & 72 (| - [, 2015, 2016; HH, 2017, 2018, 2019, 2020) .

BB TR OE WD R LHE IS T2 FHlTlE, BROEHEEOEIINLE/ICIES
THE ) ELUMEOFEAME L 2T 5 & v ) EN D 5. DB EGE)IE, FLoKbE
WX DRBIGFR, A0 =) v TEMENLIBEBHEOMEL D IZEZ2IWL Y LT L -1
DEFHEATOTRY 2 EORBEZZIFTLIRLITZL LTS, #:0) E LR FRNCHER-
WHNTEEIMEIE, 7L — MEBNC X 25 HOERED - BOEE THEATHL Z L%
RELEEERETINTH o728, LEHOBBIZL Y T L — MEEINET 5 &Iy OERFE
LMBEENTLE )20, MFELREY)ELBBICTTLIEERETVOLETIEFEDIZE &I
FEWICEL 2D, ZOXH) BBV ELBRBOZILIZH LT, Nomura et al. (2014) 1ZEH %= H
Pl U CRMZIL S 20 BRI LKA 2 i3 2 & TR LN IEEH BH
MREEZREL, 7L— MERIOAT A0 B LEEEICEH ST 5 2 & THXT W R ERE
(relative loading rate) DIFZEME L2 HEE L7z, ZORE, M WERRREORFEMELIZX 5%
HATHLB-ATF54 VHABICEVEBLTBEY, Z0-0BEOERBOMBELZOT T
TRANEHAILCFUT 5 2 L3 L .

ZZTAME T, WEORBEFBIR TN AN/ HHETH S ETAS E7 )V (Ogata,
1988) DE 2 H % ZOIEHEEIMBICHY) ANLZEFNVERET S, ¥ — 27} & Hawkes #
HO—FETH5D ETAS ETNVTIL, MBROEMHMN ZBENCHONY 7 7Ty v NigEL &
WEOABEFRAEOMTEIINS, WETF LTI, FIChRR7ZIEEF HIHBREOMT
LEMEOWME L, ERERMBEZRONBEFEHROM TR T L. 2L D IFROERE
OWBOFUIREL 2 5720, KMBHROBREFFNELZELEY ELBEOFHTH
b FFICIRET 5.

REFE2 TG R FEHRMICHEET 2 P HEBEOM D K LUHEFO 2019 £ F TORET—
LA L, 2011 45 H ) AP 3R DL 0 SR S A M B O BRI HERS B KB - T
AN - THEEB KPR L 72 1T, 2020 FICBIT 58D & LR O FEMER Ol % 5
A5,

2. BVRULHMEOET IV

AE T, EETNVEZOFNFELRT. HEFENIEHEEART (LU, [HELRT] L
W) REHNO EEERBICBIT 20 R LHEICER L W2 HEEELOBEL, ZhE
WL BIBENEPIRL, RBICKHBEOREFRIRZI) ANLRET TV EEA
LTw(.

2.1 EEFEIBIE
TV ABANRY PEAERINORIN ¢, <ta < - < t; < - BEZ, TORENEE
Xi=tiy1 —ti,i=1,2,... £BL. TOFEMBE (X} PHLFE—5mIHED & &, {6} TEH
WRRIZHES v, EFBREEABRETVO—ETHY, BEOREBENG 2 O5NLTFT
DRDGAAT E MBI h(t|H) IS & > THEFHT 5N S
AXRY D[t t+A) TR B |Hy)
A

(2.1) hMHQzE%P(
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SIC, MR D OBEORAIGEE (it < ) %K. THHBECIL S M A

SEIR AR ZHE D 721, WG ¢ DT ORBOFEARZ % ¢, LB L, KA EmER

(2.2) h(t|He) = v(t —tr)

OBCET LN TED, ZOFEMME o) ENF— FIEEIEN S, A — PRI,

FEAME X 2z 2b &) EBR R TORMMZFEAEMRE LTRDOIH)ITRKOLNS
.o Pe<X<z4+AX>z)  f(x)

(2.3) v(z) = Lui% A S TR

2L, FO) BRAMBORESAMEE, fO) IBEBBOEREERNETH L. K

HMDINT A =5 0 \ARAFET 5 543 S REE ho(t|He) &, B [S,7) NI EREZ]

S<ti<ta< - <t, <TWVEZOLNIEE, RUHREOLER

T n

(2.) Lisiy (Bt 1) = exp { / he(tlHt)dt} T] ottt
s i=1
L EFH SN S (Daley and Vere-Jones, 1988). FBFEDSEH L HEH AR TH 52 51, KEHl ¢ DL
B OWREOFAERELN % t, L L2 EOLEMF &ML, >00k X
f(t—1tL|0)

1— F(t—t,]0)’
LEIND. FFIZ, BRAHIMOWIRG S 280 K LHEORMDOIERI ¢, OEKE L7
L&, LEIE

(2.5) ho(t|H:) =

(2.6) Lismy(Oltr, . tn) = {1 = F(T = ta[0)} [ ] £t — ti-110),
1=2

Eh.

BN O TEZ T 2 SRR O [T, T + A) (2B 2 s AmRIE, Kk g
5.
F(T 4 A — t,]0) — F(T — t,,|0)

1— F(T — t,]0) '

CDEENRGA—F QDEPRANTHNIE, LA X LEOLEISESLNLRLHEEM
é = arg I’Ila,XgL[S’T)(mtl, ey tn) %’f‘t)\ Lf:. FT(A|é) L: J: U :ﬁ%@ﬂﬁ%%@ﬁﬁﬁ%%ﬂﬁﬁﬁ % é.

(2.7) Fr(Al9) =

2.2 Brownian Passage Time 2%

WRALTIIENO FEREMEICBIT 28D L LBEO T oEHEfEz @M LT
W5, BEHEBICBIT S BAEMBOMRS M E LTI, W O2DBEMHGERD5MADTH5
Brownian Passage Time 7745 (LU FIBPT 0 il & v 9. ) EIFEN AHERSA R TRHA EIN TV 5.
BPT 4iAild, MalFTIESN 7 R34 TV FaAin4THISNTW 525, BRFICIBWTE
HRELTRESNDWHET N (7T 7 VHRARE)#EE) ICKHA T2 DA TR TW 2.
Matthews et al. (2002) 12 & DIRFE S N72T T 7 VRAREEFEE, WECTHRELEZZ) LT
BISTIIRTE S(t) DREHHER 2 ROMESRMD NI I D ERL TS

(2.8) dS(t) = Adt + odW (t).

ZOXROERIE, 7L— MEBIZX 2 EENRIDNERICHHIET S KU 7 MHE Mt &, JFEdi
BAGENC £ 2 IS BEELIC IS 3 A SEHOH odW (1) (W (¢) 13HE#E T 5 > V3RS ofl L L CTER
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SNTWS. BN —EDORIERE Sp 1EL/2E ZICHEINRI Y, 2oL 20K
Lo TRNE—EDKIE Sy FTHRTTALHLE V) —HOYHY TOLZAZREL TS, E5H
2, IJTIREE S(t) DSWi g OREEIREE S, 13T 5 L HENHAL, —EKHE Sy FTIRIET
FTAHIERMETAILIZLY, IBHBET D OHOHIEREICE S T TOMEIRA BRI B
2 BPT A5 ICiE) 2 & b e .

BPT 5304 O B A B %L, BEEEH i O RSB @ # W

(2.9) F@m¢0:¢(§w%)+mm(;)¢<§té> (x> 0),
LRI, MEREZEEZ

Ry
(2.10) flz] pa) = 27r52:r3 exp {_%} (x> 0),

LERENDL, 2T, 2 BREMBTHY, p & o lZFOPYB X OEERE EHEFE2E - F
BNERETNRGA—F L oTWAE, TNHEDFTA—FIE, Lk L7275 VM@
BT ANRTA—FEUTOEBYFEL TV,

Sy —So
(2.11) :;%rﬁ
2.12 a=—=z
(212) VAGS; = So)

ERXSS505 X912, HEIEHIRREOPY 0 35 OBREE N & BIL, ZIHRE o 33
FOHDORE o [P L 7Btk & e o TV 5.

2.3 FEEEIETE

CCETHRALEGEER, YL —-TMEBICIAZEEN R —E0RNEREEZATRE LT
SR BYMALE — DI ) EFHET N TH o7, E2AD, EBOT L — EE)IIRZE
MWICAWETH Y, RIMERAT—RY) v T EOEB2 2 T LIRLITEILT 5. SN
L7V — NEBONMMER EORBE TR OEHBEILILT 5L, TORET/NIBLHED R
LMEOARMMEDZLT 570, EFLEHFBBETIIL TR IIIEL 2->TLEY.

) L7280 KLU EIREI O 2L T 5 72%, Nomura et al. (2014) & BPT 4345 O BT
WA 2 RIS IEE R BT NANEIER UMD B LHEBICHEH L TWwa, #0ELHER
FIORFRREIZ BT 2 MEREOLIL 2 R v(t) TRIT 5 &, BPT 54 iz
2B 5 (2.9) RDIGHHERIZRADEANELD D

(2.13) dS(t) = X v(t)dt + o - /v (E)dW (2).

CONEGFOXTIE, )7 MREDI N v(t), IEHERE GLEEDORB D ) H¥ 02 - v(t) &,
ZFNZAERE v() ICHBIL T A, UL, B EEENC X 20 %
3720, FBEMBEOFAEEIHERR o) IS L TEILT 5 &, FEomEts 5k
MR L RIS LT 2 L V) EZICESTHTVE, ZOXIBEFTLVTE, @Y ELBED
SEMZZ0F E BPT 940 iEb % { % 55, HIAIBFEE v(¢) (LB L CREMASHEST 5
élb&ﬁ%%mAuﬁigmmu%wizkmiU,%m%ﬁ%mﬁﬁémﬁ%%ﬁuug
KDL IR, ZIRERH A() \IBT B FAEME2S BPT 5 AAICHE) £H12%b. 2ok
I, FEEEEIZ X - GEE OEIHERIFEE SN A IEE R HHIEMARIE Trend renewal process
(Lindqvist et al., 2003) & MHEN 5. HAWERTE v(t) = v(t]0) 23T X —F 0 O— IS
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THLOLLT, BERL G, t, 3L OB TIZ T O A(t) = A(t0) = [Sv(s]0)ds 12 &
BEBIBERER A(t1),. .., Altn), A(T) T HV 2 &, BB OS] S %80 K L EO KA
DRt OB E Lz ZOIFEFEIBBEOLEIROT L %5 (GEIL - B4, 2019) !

n

(214)  Lgsry(Ofts, .. tn) = (1= F(MT) = A(ta)[0) [ ] FA) = Altimn)10) [ [ w(til0).

i=2 =2
T, QOROEHLEHBROKIE L KT b0 e HAROLES [ LEL
TWwa.

2.4 AWEOREFRDREERL VR LMBETE
R D RRFEES L OHERE Z Gl § 2 Kk - T ORI (55, 1957) 2B X 2T, A%
TR Z tinain & BOWTERBOHEBZ RO L) IZET VLT S !

(2 15) (t|K ) 17 t S tmain:
. vou ,CP) = K
It Gaimtary B> tmain-
ZZT, MIA—F QIR K, c,pBEFENLILERDL. TDEX
(2.16)
(| ) t ( | ) t—S, tgtmain,
Aou(t|K,c,p :/vOU s|K,c,p)ds = %
s t=5+ 25 { G - e o > e

WX BREMER AT EICX D, FEEEZEOREMEL BPT 5461269 X124k 5.
ﬁ%®%ﬁ$wwuﬁd<ﬁ%§m%mw:gm@$kﬁ<k%,ﬁM%ﬁ@%Tﬁ%T
P OHIEROMME [T,7 + A) 1B 2 ERAMRIL, KRNCLVKRES !
FAT +A) —A(ta)]0) — F(A(T) — A(tn)]0)
1= F(A(T) — A(tn)|0)

ERoOSBEEEREL t, 25 T T TORICHEITEZ 52 WiEE, 457 3R ERS]
tn O T+ A TTOMICHEIRI SLWIEREZELTWDE., ThOLDMERDOILZNS Z &
T, ERIIHERERER ¢, 225 T FTOMICHEISRI S o/ &, EHITHAT+A
I TOMICHIEISEZ 50 WEH EHERE LS TWVE, DL ENT A—F 0 DIEIRMT
R, 2L ZZEOREI BN RAMEEM I = arg maxyLis,my (0lt1, ..., tn) AL
72 Fr(A0) 12 X 0 Ik A MR 2 TX 2.

(2.17) Fr(Al9) =

3. ¥F—%

KIENTTIE, ARBITOBERT OISR T S 2B 3 M Lo ERIEie&E Sl &
N7z 2019 FEKFETOMES &0 7 h e SN A KMo Y ELET— % %
Hwiz, B ELHROKEICH 2o T, 3E(ETFHMEETT K2 H0) EhENIC
B CTHEEOMEEAS, 2012 FLENIFREEDSD v, R R TFEM RIS L ) —5E 2 7
WL R e B D 0.8 LA E L, 2013 ELIRIZ 09 L TH B T LA MMEL L7z, €9 LT
EINTAYBELHERIIOS B, 20114 3 A 11 HORILH G K PN HEZ A THED
BYBEINTWD 5 RF % RATHITRE T 5. LIZIZB R ORI ELFSFEOLE
FIC/RL TV, Group 1 DEJFRIE S 134 36 km, Groups 2-5 1 50km HiATH ), »Iid
KFET L — MEARAARFOT L — PEFAAETHRIBEIN TV EHERIIE o TWnb.

B2 12iE, RIICEOBERNE Y7 =F2—F2RLTWwS. MULRIINTLVY =
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42°

40°

Miyagi

38°

Pacific Plate

36°

140° 142° 144° 146°
1. # VR LUHERS O BIRAE (FoM &) & 2011 R KR FEEIT RO R
Jefi i (F M UER) . BII KT T L — M EROSEER (Kita et al., 2010;
Nakajima and Hasegawa, 2006; GAMf flil, 2008; Nakajima et al., 2009) % 7.

Fig. 1. Epicenters of repeating earthquake sequences (stars with the group numbers)
and the 2011 Tohoku earthquake (a large star without a number). The dashed
contour lines represent the depth to the upper boundary of the Pacific Plate.

Fa— RIZRELDIESDENH Y, Group 2 DY =F 2 — Fl& MA4Fitk, ZhUUIDRY
DO T=Fa—FEIM5HitRE o Tnab. RO D R LML, Group 1454 [, Group
2L 5A7HITD, Group 34716 [0, Group 4 A9 E R o TWE, WTFIDRIID, WD
W7 DR AR % £ SR 5 OB BAERZ], 2019 4K 2 B THEG & L CRIEICIRE L7296
HHEPTEAL A LT 24TV, 2020 £ 1 4RI B X OF 2020~2022 £ D 3 ERICHBIT B K&
RO WIS MR Z FHET 5.

4. FENTER

4.1 BFHORINIXWT 2827 & FH

9, NICHVE 5 2505 5, kb0 ELEIEDZ W Group 3 2R LT, 201143 H
11 H O R KM B O R BRI % tinaim & L72(2.15) KON EHRROHRZ SO
FEFEEIBELEHLT, QIUARNOREZRAET LI LIZIN NI A—Y 2R EHECL
720 7272, WHEBROFEMBEANE D 5L, T us, BEMRE o O BPT 50z #H L
TWwa, Ubkdhs, #ETRENTA=F130=(K,c,p,ps,0) D52THY, ZOmAHEE
iz 11IR L7z, 22T, BPT OOV T XA =8 T b ps & 2011 AEHACH 7 AT
M EERT O I BT 2 FISAMRE RN T 5 2 ERTE, WALH KRR IZIEAH
MEREO LHICI ) BEMBIIENL DI E L L4 5.
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Fig. 2. Magnitude-time diagrams of repeating earthquake sequences. Gray dashed ver-

T T T T T T T T T
1990 1995 2000

tical line represents the occurrence time of the 2011 Tohoku earthquake (M9.0).

3(a) 1213, KT Group 3 DRBEBEMBMAEFFEIRITRLTwS., 512, /T A—
¥ ORIHEEME T, (216) N TH 2 5N L EWBHREE Ao (tK, ¢, p) & FIIFEAERIIE us
T o 72l Aou (H|K, ¢, p) /pus DR ZBBRICL VRL TS, RETFILTIE, ZHRBEH
Aouv (t|K, ¢,p) L TOMBEIAREGNI T ps OFAEREZ b OEH R BRI 720, #
TR OBAGGIFZ S 240 B LHEORMOFAERL ¢, L Lz &, Z22h56 jHHOME
DIFERER t;01 TlE Aov (tj41|K,c,p) = jus L ARETHAH. £oT, ETVHRLEFLHT
1 F o TwiUE, BERO IS B TE 5 2B BEREH Aov (t K, ¢, p)/us KBRS BB
LERODDLEE TROBENRISLZ LIRS, 3(a) DKL B OHER IS
BZLTBY, MRARBIYTETF-TWwAEEEZOLNS.

ZIZT, HBDO72DIZUTD 2 DDERFRDBEL vimear (t|d), vexp (t|a, b) % (2.15) O EFHK
vou (t|K,c,p) DIRDDIZUTIIDBILEEZS .

1 t < tmai
4.1 o t d _ 5 o mainy
( ) llnear( | ) {d7 t > tmain)
1’ t S tmm'nv

4.2 exp (¢ 7b =
( ) v p( |a ) {1+aexp{—b(t_tmain)}7 t > tmain-
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R 1. KRBT 2 IE R TR O RLMEEMEE AIC.
Table 1. Maximum likelihood estimates and AIC of the nonstationary renewal process

in each analysis.

FENTI DR 5 Group 3 D#H Groups 1-3 Groups 4-5 Groups 1-5
K 20.29 17.84 3.71 15.60
c 0.31 0.26 4.5X1077 0.48
P 1.08 1.00 0.52 1.04
Hi - 28.06 - 23.59
e - 14.82 - 11.79
Us 6.31 6.12 - 491
4 . - 3.90 6.62
P - - 5.77 9.40
a 0.29 0.25 0.76 0.47
AIC 9.92 41.35 38.41 93.36

BB A T ORI R i £ TR AT d ST 2 5 D TH ), BRFISHALHTT AT
FEMMHEROBERR O G R RBEBIICRE T 5 b0 L Lz, EXOFRFIIZNENHE )
L

t
t— S, t < tmainy
(43) Alinear(t|d) = / Uliﬂear(s|d)ds = -
s t—S+d(t—tmain)7 t > tmain:

t
tfs t<tmain
4.4 Aexp(t|d) = ox ,b)ds = ) = )
(44) (1) /Qq"*ﬂa Jds {tS%a(lexp{Mttmmnﬂ), t> tomain,

WCEDRMERTLILT, ZRNENEFCETBABICH) 2L L b, ThOOEREL
BTRDTNNT XA =7 2l LHEE L TRO 72ZBBEIRER Atinear (t|d) /13, Aexp(t|a,b)/ps 24 3
(b), IZENENBHEHTRLTVS. H3(0h) OEHEBEIFIIZIKOERO R ERZ E K
ECTREELCTBY, K3(c) THHRIMG K FHEMBEOE R L EIED 5 ERNICERBZRER & R
BIAENME OT/HAROSNS., 22T, FEFLVONRTIETT Y DR S 2 RXA0RIIESEH
#(AIC) 12 X 0 3- Ml 5 .

(4.5) AIC = —Qm?xi[S,T)(H\tl,...,tn)+2dim0.

2L, 0FFET VORI A=y FERL, dmh 3T A—F 0 DRTLThbHNT
A= OB ZEERYT. M3 ~)DELIIKEEFTIVD AIC ZRLTHEY, K3GQ) DKRHE: 5
HEOPHNCIED  ERER vou (t K, ¢,p) DET VA D AIC KRWIERE 2o 72,

FZTC, KF - FEHEOFINE S ERFR vov (tK, ¢,p) EHVZEFTVER LD 2F5HITR
L7z BV TC, RO RO & LR O A MR 2 M3 5. X 4121, £#ik
R A(t) = Aou (H K, ¢, p) ICBIT DA DOMED SIFROROHE T TORBIER A(t) — A(tn)
DBFES AT F(A)-A(tn)| iz, &) ORAHEEM iz = 6.31, & = 0.29 AL TW5B) Z/RL
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(c) FREBIE A, (¢]a,b)/ 11,
3. Group 3 D RMIEA B QR B IR & I 564 MIFE TREHEAL S M-SR BRI A () /s
DHEEM (R . ZHRERENIZIE @) AW) = Aou (H K, ¢, p) (KRF - FEHOBEH),
(1) A(t) = Alinear (t|d) BRIEBED, (c) A(t) = Aexp(t|a, b) GEEBIE) % 7z, £
ROFEBENIZBT 5, REEROERERH & IKEIERORFELERZDOEOE S 12
LoT, EFVOLETREVORSEHWITE .

Fig. 3. Cumulative count of the events in Group 3 (gray solid line) and estimated
transformed time A(t)/u3 (black dashed line) normalized by mean recurrence
time. The time is transformed along (a) A(t) = Aoy (t|K,¢,p) (Omori-Utsu
law), (b) A(t) = Alinear(t|d) (linear function), (c) A(t) = Aexp(t|a,b) (exponen-
tial function) in each panel. Goodness-of-fit of the model can be judged by the
difference between the gray and black lines just before each occurrence.

TWa. HILH TR PRI RZEOBERROE X ) BRIEHEV TV L 72012, M4 B
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FERFTOICKOBYELUHEIRZ 25EEZ 2170 KICL VFM$ 2. X 4 O 2019 4F KK
15.(2020 4EOHMEEH) TORBOSMEBIZIIIZ0 THAH7-D Q11RO FIZIEIF 1 &% 505,
2.17) RDGTIT L B 2020 FR K (2021 5 OHERH) TORIEHA BT 2.8%(0.028) & %2 b
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Fig. 4. Cumulative distribution function F(A(t) — A(tn)|fs, &) (i3 = 6.31, & = 0.29

are the maximum likelihood estimates) of lapse time from the latest event on
2019/9/25 to the next event. Upper horizontal axis and vertical dotted lines

o
N

show the real time (year) of the next event.
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£ 2. BEANTIZBUT D RO K L HE OIS AR O GRS R,

Table 2. Probabilistic forecasts of the next repeating earthquakes in each analysis.

FRMTY 5 R 5
R 53R TR T
Group 3 DH Groups 1-3 Groups 4-5
14 - 6.3%
Group 1
3 - 24.1%
14 - 0.2%
Group 2
34 - 20.3%
14 2.8% 2.4%
Group 3
3 89.1% 94.8%
14 - - 60.1%
Group 4
3 - - 93.8%
14 - - 40.0%
Group 5
34 - - 78.9%

BRINTEDORELSE RO ADMEE LTHEL TWAED, FRUHNDI/IET 2 —=FI12D00n
TIEERVIFTEFBOLDOE LTHEL TV A,

5121%, Groups 1-3 ®RFN T L 12, BREIEAER %2 KEMT, HE S NI LHREER %2
WREMBTH 300 ZEEHTRLTED, WTFNORNIWMEIBB I NEXK
LTwa. 2512, £203F5HITIERHZ L OB TR 0 2019 £ 225 1 4ELLN (2020
ERTT)B IO 3LELIN (2022 4ER T T) DXRDH Y K L HEO T EMEOFMF R Z2 R LT
W5, Group 1 RRFEOHENOBIEIENIFBLTEY, 1ELHNOREMEREIL 6.3% T,
SEDNOFEEMERIL 24.1% L 72 572, Group 2 IZHRBOMELIS 1 EDIRHEL TRV
O, TEDNOFEMRIL 0.2% LK W2S, 3EDNOIAEMERZEMT 5 & 203% & ko7,
Group 3 DHIEFAEFER O FHMME I AT O Group 3 M THANT Lz EKELIEIEDLL W
2%, 1TAEDINOFEAERERIZE T T35 T 2.4%, 3ELNOFAEMERITE ST EDT> T 94.8% &
Tholz.

KIZ, Groups 4-5 D 2 RFNIH LTHIHNT X —F PAMIILHED/RT 2 — 7 2% L TR
Mg L7#ER 2 £ 1 D 45BITRT. BPT A OEBIRENT A —F o OHEEEIL 0.76 & 7%
N, F21TR L7 Groups 1-3 2% F 5 a DHEEM 0.25 L D HREAICKEWEE 7o 7.

X 6 121%, Groups 4-5 DRFN T &12, BN L IKQHET, e SN/ EHEBIFE % F
YRR TE - 725 OO Z BB TR LTV A, 2011 E R APREM b2 o0 B
FROBBIX 5 L HRB EERLHTH Y, Groups 4-5 (2B 2 RILHH K HEIC X A4
HHEEREOEILIE Groups 1-3 LD /M Enos/eEZoNS. R2D4FHIZIFRF T L
D 2019 FERHDS 1 HELIHN (2020 FE R T T) B L O3 ELIN (2022 SE R T T) DR D# Y K LHLE
DOFAEMEEOFMAERZ R L TVAE. WTNORY S REOWEDLP S H 2 BEORH 258E L
TWh 79, Group 4 D 1 ELINOFAFERIE 60.1%, 3 ELUNOIE LM 03.8% & o 7.
Group 5 @ 1 SELNDFEEFERIZ 40.0%, 3 HELNOFAEMERIE 78.9% & o7z,
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Fig. 5. Cumulative count of the events in Groups 1-3 (gray solid line) and estimated
transformed time (black dashed line) normalized by mean recurrence time.
Goodness-of-fit of the model can be judged by the difference between the gray

and black lines just before each occurrence.
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Fig. 6. Cumulative count of the events in Groups 4-5 (gray solid line) and estimated
transformed time (black dashed line) normalized by mean recurrence time.
Goodness-of-fit of the model can be judged by the difference between the gray
and black lines just before each occurrence.
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Forecasting Repeating Earthquakes Considering Aftershock-triggering
Effects

Shunichi Nomura! and Masayuki Tanaka?
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Point process models to predict earthquake occurrences (other than the simplest
Poisson processes) can be roughly classified into two types: the renewal process for earth-
quakes repeating periodically on the same hypocenter, such as active faults; and the ETAS
(epidemic-type aftershock sequence) model, which takes the aftershock-triggering effect
of every earthquake into account. However, relatively small repeating earthquakes have
the characteristics of both models: they usually recur periodically, but have very short
recurrence intervals after large earthquakes nearby. In this paper, we propose a non-
stationary renewal process model for such repeating earthquakes that incorporates the
aftershock-triggering effect of nearby large earthquakes as a relative change in the loading
rate. We apply the proposed model to the repeating earthquake catalog on the Pacific
Plate subduction zone in the northeastern Japan and evaluate probabilistic forecasts of
the next repeating events, considering the aftershock-triggering effect of the 2011 Tohoku
earthquake.

Key words: Recurrent earthquakes, long-term forecast, Brownian Passage Time distribution, renewal pro-
cesses, ETAS model.



