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1.1. % 23 AT ER(EFREB. (Katsumata, 2011)
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A2 12 L TIE 2005 0 BIEFHL L TEY, L3 L b 3.11 AE £ THEML2 ik L T
2T,

T;=1976 1980

Z-valus

Fig. 3. Time slices of Z-value distribution using the JMA non-declustered catalog. A time window starts at T, and ends at 7; + T, here Ty = 15
years. A red color (positive Z-value) represents a decrease in the seismicity rate. Circles labeled by M and B indicate Miyagi and Boso quiescence
areas, respectively. Al and Al” are nodes in the Miyagi quiescence area. A2 and A3 are nodes in the Boso quiescence area. A4 is a node in the
Sanriku-haruka-oki quiescence area.
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Fig. 4. (a) (d) (g) (j) Red open circles are N = 150 epicenters sampled around the nodes with the high Z-value anomalies detected in Fig. 3. The
location of the nodes are shown at the top of each figures, (b) (e) (h) (k) cumulative number curves (black lines) and Z-values (red lines) for the
sampled epicenters, and (¢) (f) (i) (1) space-time plots. A closed star indicates the epicenter of the main shock determined by JMA. The asperity
muptured by the main shock is shown in contour every 4 m of displacement on the fault (Ozawa et al, 2011).
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2.1. K 10 £l p EAMET (HH, 2011; Tanaka, 2012)

HEIRE) & By (WX aWrEm Eo¥AWR ) & OB % Schuster @ 5%

(Schuster, 1897) ZHWWTHRIE. /X7 A—% p A (0-100%DEZE & 5) /ST E
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AR,

ZEMIZAE : 200 km X200 km OV ¢ > K7 % 50 km T OBBE) SH208 5, AFEART 3000
A OMET —% 2 HWT p EEHE. TORKE, 12&AEDOHHTT p X 10%L
FERUABZMERS S L1302 720, FiE - KAEOFEIO p EIX 4.1% L /M &
SHERMHEEARH - T-.

RERIZEAL : ERD 4.1%DOFEIC OV T, 3000 H (K9 8.2 45) ORffE™ > K% 500 A (K
L4 4E) TOBEB S RN 5 pEAHE Li-. ZOREE, 1976 ALK 25 4£[11E 30%
PLEDOEWMEZ &V, AERMEBIERD Sy, L, 2000 FED B AEER]
¥ Cp EIFRAIZIKT L.

FREDHRIX, A~ TR TOT L — MERHBIZOWTHERESNATWDS. pliE

DR TR & AR TSN & 5.

2N Fig. 3| Spatial distribution of
p-values in the 3000 days prior to
the Tohoku-Oki earthquake. A
spatial window of 200 km x 200
km is moved by 50 km both in the
along-strike and along-dip
directions. For the window which
includes 20 or more earthquakes,
the p-value is indicated in the 50
km X 50 km square at the center of

40N

the window by the gray scale at
the bottom. Darker shades
represent smaller p-values. Dark
gray rectangle indicates the study
area. Light gray square indicates
the entire 200 km x 200 km
volume of the window marked by
A, which is referred to as region A.
Stars are the epicenters of the

- - - N - - ~ 2011 Tohoku-Oki earthquake and
e e e ueE e “eE e Ets largest foreshock (My 7.4).
Figure 1. Map showing the locations of shallow earth- M e 0 e
quakes (focal depth < 70 km, M,, = 5.0) from 1976 to 2011 %)
(black dots). Solid rectangle indicates the study area for
this investigation. Star is the centroid location of the 2011
Tohoku-Oki earthquake. Focal mechanism solution is shown
after the Global CMT catalog [Nettles et al., 2011].
(a) — (®)
12 L ‘wl 2 T (R
E SN _ p=0.34%
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o L | 3
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Figure 4. (a) Temporal variation of p-value in region A indicated in Figure 3. A time window of 3000 days shown
by horizontal line is shifted by 500 days. (b) Histogram showing the phase distribution of earthquakes in region A in the
3000 days prior to the Tohoku-Oki earthquake. Solid curve is the best-fit sinusoid to the distribution.

— 147 —




2.2.

2.

HERTH Y

(%) HE L HEREW B 5% (Tanaka et al., 2002, 2004)
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49350 A X M EOEF L DI S SRS L.
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20 — 20 T T Table 6. Results of This Study”
9 p;fzgg 9 ﬁgﬁ) Fault Type Depth
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o 101 — 6 100 — — Shear Stress  J1  Shear Stress  J1  Shear Stress  J1
> B o= S— 5 T C T g T T
g g | Reverse 0 0! o 0 0 il |
e e Normal y x o o %
Strike-slip X X x
‘8012060 0 60 120180  160-120-60 O 60 120 180 Oblique ‘ & a
Phase Angle (degree) Phase Angle (degree) * A circle indicates the case in which p < 5% appears for some magnitude
range(s), and a cross indicates the other case.
(c) Strike-Slip (d) Oblique P Correlation. is remarkable for smaller earthquakes.
20 , 20 — — “Correlation is remarkable for larger earthquakes.
p=87% p=62%
N=2145 N=547
10 10 1 ) -
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Figure 5. Frequency distributions of tidal phase angles for
the shear stress. The four histograms are for different fault
types: (a) reverse, (b) normal, (c) strike-slip, and (d) oblique
type. Solid curve represents a sinusoidal function fitted to
the distribution, of which peak 1s indicated by a triangle for
the case of p < 5%.
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Figure 4. (left) Temporal variation of p-value for the periods of 2500 days before and after the Mw = 7.5 earthquakes. A
time window of 1500 days, which is represented by horizontal bar, is shifted by 200 days. Shaded portion indicates
outside of the data period. (right) Frequency distributions of tidal phase angles in the 2000 days prior to the large
events. Solid curve reoresents a sinusoidal function fitted to the distribution.
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3. b

3.3. (B%) MuDHEN bEICE 2 2

M O FBR M OHETE 551X T 12 Wiemer and Wyss (2000)D T & Woessner & Wiemer
(2005)> EMR £ & 258 5. W I b BUERBIBHEE ST SO THEE T 5 b 0T, AT
FE LIz Mn ELEDO M Z N2 DIZH LT, BHITZETOM 25, BRENHEE LT
M (XA £V H5 0.2 KZ D22 5238 5 (Woessner & Wiemer, 2005).
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3. bfE

3.4. ZEREAL K b EIR L 7 AU T ¢ A% (BLHE - BiTH, 2011)
T =11 1990 225 2011 4 2 H £ TOHIMICIRE S oG T —oofbER (M=3.0, %
S 90km LK) o6, KEFET L— MEFSHER KO EERMER O L TRAEL T
WOHHE AR L7z, 0.056 27U v RZEEL, 527U v R BRTF D @ 200 HOME %
BV HL, Mm% Wiemer and Wyss (2000)D F{ETHEE L7z, Mm ML EOHEZ HWT,
eLiE (57, 1965) T b EZHEE L=, 7272 L, Mm L EOHIFES 50 fHASM D854 1% b i
EHEELRWZ L L L, ZORR, & b EEIX, 7L — FMER EOT AU T 1 Z3fklT
HZEITHHELTND (Wnhzd e, 7TARY T 413K bfE).

140° 142 144°
40" .
38" -
36" 1
b value
0.3 05 0.7 0.

1.b & 7 AU 7 1 434, Yoshida et al. (2011, EPS) 23EFBBRMANTIC L > THEE L= T~ Ep =y
H—% 4 m BROER TR UL, BHHRIIAEER T 7 0% EENakajima and Hasegawa, 2006, GRL;
Nakajima et al., 2009, JGR), BIHHIS OHRFERRIT T ¢ U B LA T 7 EGEMRGLHE - i, 2008) , FHILT «
Vv AT 7 oAb (Uchida et al., 2010, JGR; Nakajima et al., 2009, JGR) % Z 1 EHRT .
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2011 4 B AL 5 AT PE T = @ﬁl&ﬂmﬁ%$ R EE B AE S O LA CREF I 2R Hi TR B &

PEo 7=, FEMZRMEATIC LV BTETEEL S W T DVBEIL TWAEEF2RNH L E 7R
St £, AIEOEHRE AW AE %E%M%kaomf%ﬁﬂfé.

4.1. AEBRICAELE 2ECHES 9oL VY DEHE (Kato et al, 2012)

RIS 5 ERBLARE 0@k 7 — Z I B L, MEIE & o fH BARBIf#AT 4 fi
TILT, KFPFTAZ a7 IZEENTWRWEEOM/NEZ R L, i 7eniiE ORI
NERTERE L. ZOHE a7 w2152 LT, REOMEERM R~ BIEE
@y, 1XIZEE CEE (LT, EMZ, earthquake migration zone) T, 2 EIZH7- VL&
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2~5mm®yf%ok.2ﬁ9@%@i 3 H 9 HDMT.3 DEKHIEDHAZIZAGN

%@%@LFiIﬂﬁummmwf'%@LWiWEMﬁ3@%$%ﬁ%ﬁb:ﬁ@
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604 outside emz || M7 M9.0
N25E km/day =404 L
100 §2 — : l 520‘\'\.&"’«5\1‘1\-«,«...1
10 20 I T H T
E Y Repeaters S 40 - L
w0 \,, l\é? M4 N32 % Events g‘j" Inside EMZ
a0 3 resembling repeaters & 2%
E 0 T T
70 — ’ Days e\apsfad from M7.3 .
E . w .
E 60 E . . L]
§ 50 o °
Q D - o ¢ o0 . * [+ ° *
— R . [+ . o
g a0 P . '--!'_":‘:.". ; 6& o .
& E --_'— o .
s 7 2leniday ==& w2t oy, .
= E S o . .
g 20 ; . \\\“ L e °
104 o ~ o
E 5kmiday ok ° o
3 . -~ .
0 . ° “~- w *
-10 .
3 : ° -
-20 T T T
S25W 213 218 2/23 2/28 3/05
Date 2011

Fig. 2. Earthquake migration toward the rupture initiation point of the main-
shock. Space-time diagram of all detected events between 13 February and the
mainshock origin time, with earthquake origin locations indicated in terms of the
distance along the trench axis (blue circles scaled to magnitude). Red dashed
lines, approximate locations of the fronts of earthquake migration; red stars,
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repeating earthquakes in the JMA catalog (23); green stars, newly detected events
that were found to resemble those repeating events; black star, M, 9.0 main-
shock; yellow star, M,, 7.3 largest foreshock. (Inset) Time variations in seismicity
rates inside and outside the EMZ after the M,, 7.3 largest foreshock. The blue
dashed curve denotes the least-squares fitting of the modified Ohmoni law.
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4. RiE

4.3. FIBIEBOMFHIE S HBRATHIET L (Maeda, 1996; BiH - 503, 2011; Maeda
& Hirose, 2012)
REOHEACEEOMBENRETZHANH DL Z LICEH L, TAARKEEMRERTED
X9 B HURIEE) & ERTORTERIEE) & 272 TSR B R A O TR A DNV THR
L7, ZORER, HEOFFMENTROEILO 3 Mk (2 oA TR FEiL 3 5Hi5k)
IZBRD &, ZN D ORI OV TR /3T7 A—4 (K1) %AV CHIEREMZ BN L7285
A, M>6.0 DAEIZK LT, RIEEMAEORGE Ch 5 alaett G#EH=R) (X% 50 4 (1961
HF~2010 ) OT—X b 0%RETHY, THSINLIAEBOEEG (THME) 1% 38% T
AT ENGoT (K 2). LL, MOfERTIEFERIU AT A —FZH 5 L#EP#%E, T
R E BTN T Th -T2, 2011 AHCHT REHE R 1 e F M O R ORI TR A4 L
THEY, ERRONRTA=2IZL0 FPRILZSE, 8 DOMENRIEEME LTINS, £
DHHLO 1o, TRRFZEMANICAERBAEL, TRINEP LI &2 s (K 3).

RB/NT A —4
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wWHHE (TR), EFFE (PG), dAICEOELEZRTK. RIEOM % 5.0 AL, fEk A X
% 0.5° L L=8h, #EEN SHETTEkE 4 HIZL7RFIC dJAICER R DRI 25 2
EnD, IhEREE s L.
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4. WIE

o

4.4. HIBOHERTFH (Ogata et al., 1996; HEHEFRHIZERT, 2011a)
& 2 M CHHLO MIEIRE) (M=4.0) MAE 728, T D%, B 0.5 DL ER X VHIEE
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4.5.
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5. EHIiZAe—xRY v
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5. E#iMza—2Y v

FLBEOT Y RRAH

[2007 % 1 B~2010 1 A) (1997 £ 1 A~2000£ 1 B]

*EFNTNONNG I EROFSARAN LS ¥ <Y XRERTL T,
2007 § 1 B~2010 € | Bk, COMBAICRE LR 005 £ 5 A 5 ARMEAONR. 2008 § 7 A 10 SRR ROERE
DYRLTTFXUTHERELTLD. ANLADEDOE RN BLOTLRL,

F 161 WL HARD T KRG
Fig. 16 Estimated slip deficit in northeast Japan.

5.3. MBEHZEEBN ( LRET, 2011)
Wi EARZE T C U J e 40°N
ZEBIIT 2 5, S IT 2
REEL, ¥AX~YT 4 v/
GPS/ HHME R L D
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T — 1€. socations of the seafloor reference ]'PD[I]IS and crustal movement velocity relative to the stable
el 7L\_. — k % N I/ T A %) . part of the Eurasian plate before the 2011 Tohokn-Oki Earthquake.

— + Crustal movement velocity of JCG's seafloor reference points
— : Crustal movement velocity at GEONET on-land GPS stations (2009,04~2010.04)
-3 : Unreliable results due to less data
* : Epicenters of three large earthquakes off Miyagi Pref. and Fukushima Pref.
during the observation period.
‘]ﬁv 1 The epicenter of the 2011 Tohoku-Oki earthquake,
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5.4, ZERIO AR —R Y » 7 OHBMEIT Mw7.7 8% (Ozawa et al., 2012)
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Figure 12. Preceding aseismic slip (black contours with an
interval of 0.1 m), coseismic slip of the Tohoku earthquake
(red contours with an interval of 8 m), and afterslip of the : H i H
Tohoku earthquake (blue contours with an interval of 1 m). . H- — -
Since the slip magnitude is very different among the three 2002 2004 2006 2008 2010 2012
events, we varied the contour interval as shown in this figure. . ) . X ) o
The center of the preceding aseismic slip is located between Figure 6. Time evolution of the estimated moment of aseis-
the centers of the coseismic slip and afterslip of the Tohoku mic slip from January 2003 to January 201 1. Vertical broken
earthquake. Small stars indicate the epicenters of the five lines indicate the dates of the five subduction earthquakes
subduction earthquakes (see text). The large star shows the (see text). The estimated moment from 2003 amounts to that
epicenter of the Tohoku earthquake. of an M, 7.7 earthquake.
See == 2y, (2= Se N 3
HERTCR), HUEREGR), HEZGE) D AREAIO AT —2Y v T ORBHER
ERaVEGKi

5.5. RIBMEM - BERIFOHEBOREEI KX\ (Suito et al., 2011; FEAT, 2011, 2012)
FALH T A IR ORI T, 2005 LRV 223D M7 7 T ADOHTENFEAE L
7. GPS THIM 7= 2008 KM IR I O HIEE, 2008 4= & 2010 F- O 5 R O HIEE O 4
SHAEBNL, HIERFOES) & g L T2 W K& W [Suito et al., 2011]. 2 Z & (X HALHE
J7 RPEPHIRTE AT D 2 A IZBRME SN 7o HIFR T AEE = 123 ) T b [ LR 2 b s X
AL, 2007 AED D 3 FEMONVETRLD &A@ BRI DRI T To 7 b— MR
X, FEALEEBELTELT, 75757 o TWDHRETH-72 A, 2011]. MW
R IR E o TR IC > TR DL IR TIE 2000 A SR 2 T E O
HEEREEINL, 2005 FENALIXS HIZBHF TR o72 L 91T Z 5. KRR Tl 2000 65
VAR L 72 B E B DS T2 AVIE D, 2008 O RIRIE M O R LIREIZ FALE L 7= &
IR A D, B TIX 2003 FEICHA E Ay 3L, 2005 48 0 B 3 L i oo i 5E DL
WCHERINT oMy 5 L, 2012].
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ar

Fig. 2. Coseismic and postseismic observed displacements and estimated slip distribution. (a) 2005 Miyagi-ken oki earthquake M;7.2 (August 16,
2005): (b) 2008 Ibaraki-ken oki earthquake M;7.0 (May 8, 2008); (c) 2008 Fukushima-ken oki earthquake M;6.9 (July 19, 2008); and (d) 2010
Fukushima-ken oki earthquake M;6.7 (March 14, 2010). (e) Coseismic observed displacements and estimated slip distribution of the 2011 Sanriku
oki earthquake Mj 7.3 (March 9, 2011). Black arrows and contours represent coseismic displacements and slip, and colored ones represent postseismic
displacements and slip in each panel, respectively. The contour interval of each coseismic and postseismic slip is 2 cm in panels (b), (c), and (d), 5 cm
in panels (a) and (e). Also, the arrows scale is 3 cm in panels (a), (c), and (¢) and 1 cm in panels (b) and (d). Broken lines indicate isodepth contours
of the plate interface with 20-km intervals (Nakajima and Hasegawa, 2006). Stars indicate the epicenter of each earthquake. Postseismic period is (a)
2.72 years: 20050817-20080507. (b) 0.19 years: 20080509-20080718, (c) 1.65 years: 20080720-20100313, and (d) 0.98 years: 20100315-20110308
(see also Table 1).

WERRFOIANL &F 0 oA (), HBREOLAL L T~V 7546 (f4) (Suito et al., 2011)
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6. BRI Aue—RY v/
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TR ENIE S TR u,

6.1. KEBD 24/ & —ARNCRE—R Y v 54 (G - fih, 2012; Ito et al., 2012)
WEIESJE ) EHIC 2008 4F 11 A FAJ & 2011 4E 1 H FAI~2 A FAICEERN R B, KEND
HEL VO TAR—RY v 7NEAELZEHESND.

The 2008 slow slip event
& induced seismicity

8

o T e -m
55.'
{ 8 10
i ig
20800 4MwST ] 3
a5 0
j 5 Days tiom 1 January 2008 =
5 )
2 KNK [gen B %
E faisi ‘ﬂ.!""l’i‘l’m‘z@m 1050 2
3t e
’ 0 %0 *og
s
T 8’ 11 121
TIT2 £ .
§ ? Bo% @ On o080 ® g =@W§,§g
om | @ 0 20
11 142° 148" Days from 1 January 2008

Fault width: 30 kim
Faultlength: 100 km
Slipamount: 0.2 m
Seismic moment: 1.8 X 109 Nm (M, 6.8)

The 2011 slow slip event
& the 2011 Tohoku-Oki earthquake
T | Bs0

40°
4 ! GIT3-TIT1
a
£.40 4
I
o
8
30
" 2
<
%20
39’ 2
+
11 21 3N
¥ 5°
350 400
+ &= Days from January 1, 2010
2 l zF
> + =5 1 o
2 ++ [k { 5 T H
+ @ Fﬁmﬁf& ...................... 1050 3
¢ 2
38 Postseismic slip . T4 0| v ‘:;g E
of the 2011 Mar. 09 even(¥ A w00 £
[Onhta et al., 2012] Days from January 12000 o =
]
| v
4 Seismicity from Feb. 13 to Mar. @ v vy &
+ Seismicity from Mar 9 to Mar. 11 | 25 $ &3 1
) (Suzuki et al. 2011) 50km | & Booy o 2 % Y
TN $ bl ton D™ . 3 o Wizsol |
144° 350

400
Days from January 1, 2010

141°E 142" 143"
Faultwidth: 30 km (fixed)
Faultlength: 100 km (fixed)
Slip amount: 0.4 m
Seismic moment: 3.6 X 10" Nm (My, 7.0)

((F) 2008 48 L ONF) 2011 4EOUFIEE 12 L L HEE S =90 (REE) OALE.

22

— 163 —



6. HH Ao —2RY v

6.2. BIEDORZT Y REANCILK GRIEKRE, 2011)
WALRFZOOT G, GPS, MEE/IFF T3 A 9 AOMEBEORNE#HZEHN L TWDE. &
TR BEIEO BRI SERANCIER Lz EHE SN S.
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Fig4. (a) Volumetric strain time series at Kinka-san (KNK) slte (b) Sub-daily (every 3 hours) GPS time series at
the coastal sites for the period from the occurrence of the March 9 earthquake to 00:00, March 11 (UTC).
(c) Ocean bottom pressure change. Time series of the change in the pressure difference between GJT3
and P02 sites around the M7.3 earthquake is shown. (d) Observation site distribution for this figure.
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7. EEEEREGROBIS
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7.3. HEOEBRIND KK -EBED 4 >ORRHIERTRHRE (Ouzounov et al., 2011; He et
al., 2012)
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RURMFEA L TR Y [HBKEMIAT, 2012], EEEEORE BSHSSTWERECH-T2.)

132°E 13 138 H4"  IX'E [
o —— 4 J—
[' 2011-03-01) 2011-03-03 |

1311 (s,

|
|

Y 0. 96,
| d
| & - 3
' g
f— E 092
= z
2011-03 4
=
1 3/9 :
| E
| 4 E 0.8
R | 2
|, | < A
'C,' 5 P l
p
! 0.84
@-24 @228 03-04 0308 03-12 03-16 0318 (@-24
0 0. 0.4 0. 0.5 Lo Date
E index

Figure 2 Time series of daytime anomalous OLR observed from NOAA/AVHRR (06:30 LT equatorial Figure 7 FoF2 data cross-correlation coefficient be-
crossing time) for March 1-12, 2011. Tectonic plate boundaries are indicated with red lines and major faults tween daily variations at Kokubunji and Yamagawa
by brown ones and earthquake location by open solid dots. Red circle show the spatial location of abnormal stations.

OLR anomalies within vicinity of M9.0 Tohoku earthquake.
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Figure 4 GIM GPS/TEC analysis. (a) Differential TEC map of March 8, 2011 at 15:00 LT. (b) Time series
of GPS/TEC variability observed from February 23 to March 16, 2011 for the grid point closest to epicenter
for the 15:00 LT. (c¢) Dst index for the same period. The Dst data were provided by World Data Center
(WDC), geomagnetism, Kyoto, Japan.
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Figure 6 lonospheric tomography reconstruction over Japan using COSMOS (Russia) satellites and re-
ceivers (see Figure 1) installed at Sakhalin Island. (a) Tomography map of March 8, 2011, 05:29 LT. (b)
lonospheric reconstruction over Japan for March 2011. Blue dashes line is the TEC reference line without
earthquake influence, red arrow is location of M9.0 earthquake, and triangles, location of the ground receiver.
YSK and POR represent the ground receivers Yuzhno-Sakhalinsk and Poronajsk.
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