The M9 Tohoku—Oki Earthquake and .
Statistical Seismology {fﬂ

Yosihiko Ogata, Institute of Statistical Mathematics J\

1. Long-term Probability forecasting and repeating earthquakes
2. Prediction and diagnostic analysis of seismic activity
3. Discrimination of foreshocks and their operational forecasting ﬁ
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Long-term earthquake forecast e
B The Earthquake Research Committee (ERC) of Japan opens the
probabilities that earthquakes will occur in the future at main active
faults and subduction-zones in Japan to the public.

/Loql—term evaluation of the subduction—zoN ﬁq—term evaluation of the main active f
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The main focal Miyagi-Ken-Oki Earthquake
area of major EFEFAE [ = = RE
Earthquakes DHLBES] ()
From 1793%F2H17H me. 2f2E ESOES
Sanriku-Qki to 1835 7A 208 4z, 4% M7. T2 ot
?EEOCEOI;_IQQQ) 1861F 1082180 o5, BE M7, 4FREE Bihoigs
’ 1897F2A 2008 35. 3F M7. 4 Bihmigs
19258%11H3H 39. THE M7, 4 BImgs
1978F6H 128 41. 65 M7 4 Etilal
f(x) ‘1’
o — o o &3
. t t
Time (year) .
Renewal process models
. f(t—t
A(t| History) = A(t—t,) = _Ht=te)
1-F(t-t,)
e ft—t :
30 years probability i, = L) What is the BPT renewal process?
last
B Probabilistic model for earthquake generation
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*Brownian relaxation oscillator process

S(t) = M + oW (1)

Brownian motion with drift A

*S(t): Stress accumulation

*W(t): Standard Brownian motion Earthquake
S(t) = M + oW (t)

°A: Loading rate sf{

*0: Perturbation rate

sf: Failure state s01-

*s0:Ground state

Recurrence interval
(Brownian passage time)
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What is the BPT renewal process?

B Brownian Passage Time (BPT) distribution

(o iNg
flap, o) = il '”.} — CXp —w Earthquake
’ Qratys 2w
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Recurrencd interval
(Browmianlpassage tme )

H Recurrence interval
B Unknown parameters (Brownian passage time)
Mean p=FE[X;] ==
Coefficient of _ AV Var[Xa] T
- O = Yprr =
variation [X: V/Alsg—s0)

Forecasting method by ERC

B Predictive distribution for interval time
from the latest earthquake to the next earthquake

Plug-in predictive density

f(x)

("Y

X =30 X/0

TdU/v

= 10.24
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Sl

MLE from 4 active faults where
a lot of earthquakes turned out.

or

Mean of past intervals
X = (X1 -+ Xn)

I~

U:slip size per
one earthquake

S. Nomura(SOKENDAI D3)
Proposal

B Predictive distribution for interval time
from the latest earthquake to the next earthquake

Bayesian predictive density

flr) = /ff(;r|,u.a)w(,u.a|T.X)d,uda

T) x L(X|u, )
likelihood
(BPT renewal process)

m(p, o T, X) oo 7w(p,

posterior densi ty prior density

B Merits of proposal method
Its predictive performance will be more stable than plug-in methods.
Both slip data T=U / V and past intervals X=(X1,---,Xn) are used.
The estimation of a is not fixed and different among active faults.

Estimation of prior distribution

— oo}

Fault 1
Fault 2 .
Fault 3 o ¢
Fault 4 o ®
Fault n ®
T
B ABIC and estimated prior distribution
mala)
Lognormal| Gamma Weibull Exp Uniform
Lognormal| 246.62 | 24527 | 24450 | 26300 | 249.82
i [ Gamma | 24578 | 244.44 | 24367 | 26266 | 249.94
w1 (T) Weibull | 24602 | 24466 | 24388 | 26297 | 25046
Exp 26867 | 267.38 | 266.63 | 28584 | 275.17
Uniform | 251.86 | 25048 | 249.69 | 26892 | 257.63

Probability density

Probability density
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| / (gamma
distribution)

uiT
2 ma ()
¥ i (Weibull
- J.f A distribution)

0.24 0.35 b
(ERC) (MLE from all datasets)
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B Maximum Posterior estimates )

2000 a8
“ W00 -“ oy
v ass
Coefficient s
=i Mean interval @ of variation
o ~ i P ~ l aa
H a )
- ﬂi -
. (%) '
» W, » Bl
» G 48 2000 » y (e
.\; { . =
" ! At e “ ol T
SN 100 4 1 . a3
n v i ‘, I \ .\[_,” L % - < B \/ll.'“:\.l: _
; oA Ay s
L)
» T T T T » T T v T ars
w0 k] .0 148 1w L] 1 1

. Earthquake
Recurrence interval

~1 i i
I\\(Brownlan passage time ) g T ~—
1
1
e o @
! ~ i(f) = At +alV(1)
1 paN_
~ e " T Y;/

uonouny Aysusp
Aungeqoid

M

Okada, Uchida, Aoki (2011)

Renewal model (log Normal) for 163 repeating earthquake sequences
Estimation 1993 - 2009

Forecasted for 2010 Result for 2010
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Stochastic model for repeating earthquakes

Brownian relaxation oscillator process (e.g. Matthews et al. 2002)
ds, = Adt + o dW, (W, standard B.M.)

‘ S, : shear stress ‘ s, ’ Adt :stress loading ‘ ‘ odW, : stress perturbation

---S; : failure stress

S, : ground stress

Interval lengths obey the BPT distribution:
} mean: u4=(S; —S,)/ A

variance: a =o/JA(S; —S,)

f(x|u, @)= { 2

S. Nomura(SOKENDAI D3)

space-time model

* Non-stationary loading rates and dispersions
dS, = A(xy,t) dt + olx,y,t) dW,

x: KFELE
Mx.y.t):loading rate
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* We cannot assume the BPT for the interval
distribution.
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Assume the following model omie )

*dS, = A A(X, Y, t)dt+ o,/ A(X, Y, t) dW,
— A,: Background loading rate
- 0,: Background perturbation rate
— AM(x,y,t) :space-time rates relative to the
background loading rate A,

Then we have the BPT intervals for each (x,y) by
time transformation t =[A(x,y,t)dt

* A(x,y,t)is regarded as changes of stress loading
velocity, and parameterized by a 3D spline
function with smoothness constraints.

S. Nomura(SOKENDAI D3)

Parkfield data (Nadeau)

Micro-earthquakes (HRSN, Magnitude range —0.5~2)

 period 1987/1/1~2004/9/28 (preceding 2004 Parkfield)
with missing data during 1998/7/1~2001/7/26

R . No
¥ O e o i obser-
T g . . =, . vation

¥ .| period

. . . . . 2004 M6.0
» Objective Bayesian procedure (ABIC) is applied 190OMEO H0km anead
to attain the optimal constraints. . - =
S. Nomura(SOKENDAI D3) S. Nomura(SOKENDAI D3)
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S. Nomura(SOKENDAI D3)

Result on the dispersion coeff.a

Dispersion coefficienta(proportional to the perturbation rate
0) is affected by the nearby earthquakes
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Prediction and diagnostic
analysis of seismic activity

2010/03/11 14:46-2011/07/18 24:00 N=84874
H 0.0- 25.0km M:-9-9.5

Geographical Survey Institute
Deformation of Japanese islands
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Coseismic dislocations of
Tohoku-Oki earthquake of M9
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Triggering

N Sudden Stress
4.-=""1Shear Decrease

ACFS = A(shear stress) —

Coulomb’s o
(friction coeff.) X A(normal stress)

Failure Stress

ETAS model: (Epidemic Type Aftershock Sequence model)

A=K+ Z

where 1<t}

t; is occurrence time of jth event;

((t)=L\

M is magnitude of jth event;

Omori-Utsu formulal
for aftershock decay
| Zc"‘””’v(! {,) ;

“"--—...-.._, g T

parameters are|( 4, K.c.a. p).

Ogata (1988,JASA)

Ogata (1988, J. Amer. Statist. Assoc.)

Observed time interval: [S,T]
Occurrence time data; t1.to, -+, tn
Log-likelihood function:

T
INL(O; S, T) =¥ InXg(t)— [, Ag(t)dt
S<t;<T S

parameters are ( 4, K,c, @, p).

Maximize the function :>¢9A=([1,I2,6,0?, p) M.LE.

Computer codes available. Please visit WEB
home page of our project team:
http://www.ism.ac.jp/~ogata/Ssg/ssgE.html
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Foreshocks led by the M7.3 event
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Foreshocks
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Space vs transformed-time plot of the foreshock activity till M9 mega event




Aftershocks of Tohoku-Oki
Earthquake of M9
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New Zealand Darfield Earthquake Aftershocks and Christchurch Earthquake
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Space-Time ETAS model (Ogata, 1998, AISM)

i f‘ T oE {Qﬁ}jy} " d}

At z,y) = p+
{7: tj<t}

Heterogeneity in Space (Ogata, 2004, JGR and 2011, EPS)
p= p(z,y);
K = K (z;,95); o= a(z,y;);
p=p(z;,y5); = q(2,95)

i

an illustration




Location Dependent Space-Time
ETAS model and occurrence data
{(tivxiy 9, M)y i=1,---.n}in [0,T] x A
are given. Then Log Likelihood is

log L(#) = log L (jlgl. f\‘,}:. g, ;;05.1;0?}
n T
= Igl 10g Ap(ti. i 1) —fo fA Ao(t, . y)didrdy. Delaunay-based function:

an illustration

where 8 = (6,62, 04,05, 07)

Penalized Log Likelihood

p=(W,, W, W,,W,,W,)

QO] wy, wp, wa, wp, wq)
= log L(#) — penalty(0) wy., w, wa, wp, wq) . L(&)- prior(8
where the penalty Is pOSterlor(e | p) = ( ) E)\(p) ( | p)
dxdy {w 12 1,2 u f'::’ K2 .
'[L p{wa2 +15) + ol + K+ A(p):j...jL(H).prl0r(€|p)d6’

wa(o2 + 02) + wa(p? + p2) + ws(e2 + 02)
(Likelihood of a Bayesian model; Good 1965)

Flatness constraints -
Choose ) that maximize A(p)

or minirmze

[.-lBIC' = {—2}1113)({[0;{.-\(,0}} +2x [Iim{p)]

Akaike Bayesian information criterion (Akaike, 1980)
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Hierarchical Space-time ETAS model (HIST-ETAS)
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Original data
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Geographical Survey = [ ... Back slip inversion
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Okada, Uchida, Aoki (2011)

Renewal model (log Normal) for 163 repeating earthquake sequences
Estimation 1993 - 2009

Forecasted for 2010 Result for 2010
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(1) How do we recognize that it is initial earthquake of a cluster?
(2) What is definition of foreshocks?

Earthquakes (M=4.0) in JMA catalog during 1994 ~ Mar. 2011 are

Single—link—clustering 1926—-1993, M=4 from the old JMA catalog

connected by the distance criterion Cluster Foreshocks Swarms M.A.  All clusters
> 5 . member# #c ratio(%) s.e(%) #c ratio(%) s.e(%) #c #c
Agy = \[A? e + (€A ) < 0.3 (0r 33.33km) = 467 37 £02 — — — 11676 12727
where c is the constant so as to hold 1day = 1km =2 125 65 %06 584 305 =1.1 1207 1916
=3 57 8.0 =1 271 379 =18 387 715
. _Cluster types =4 33 87 X£15 153 405 =25 192 378
o Single Link Clushhn £y ‘ =5 18 74 *£1.7 93 384 £31 131 242
2ingle = sTering I @ Mainshock~ Attersheck
Fnﬁl.sA&Dms 9mé m 1 ’ Type (a) ¢ =6 12 68 =19 63 356 =36 102 177
Meo Ll =7 10 79 x£24 44 346 42 73 127
A ) =8 8 78 *£26 31 30.1 £45 64 103
0 %t @ SvamTye () >9 8§ 92 +3f 29 333 %51 50 87
£ }II i$ AM<ods =10 8 103 *34 25 321 £5.3 45 78
0 cis-r'.J riaLtfbt:z -
@ < 0.3° Fﬁ‘:‘m) ® Foreshor.k'ﬁrpe({r)
— Ti'me i AM> 0,45
Initial earthquakes of clusters or Probability of the initial earthquakes 2 E'{:a’
Isolated earthquakes Being foreshock during 1926 — 1993 § w
- y : T~ = y Measuring inter-events concentrations 3
19261993 == = e E in a cluster and magnitude increments & 's_: B —=warms K\w
f ot 1 = ° ¢ (3 % = A
b -3 i N M 3 i
’:g- g H)rpocentersbna.dustw ce(‘ nruc.m Tive D[FFEREMEE oarsy
AT s 43 [ @ =(b)
AR g D Ountins i
o : }nam”u&u 4}”;4;&{“,1‘ 1<y g E:_:
1 Others fre 3 8 B W % 40
|F0recasted results for 1994 — Mar | o i @ E-fu(,mfbl m/ § &1 \x |
G_) ° : ? o EP[C EI\TH.I: Dt[i%\‘\cr ][:H?! <40 240
Forecast | 0-2. 5%! 2_5—5%! 5%- | All § 9 ! =\[(1}'°})“’“Q}"¥;‘)1 . =-{c;
Foreshocks| 33 | 84| 65 | 182 g o e &
giﬁ:rgcs! 1572 | 1849 | 770 | 419 g S "@ Maym‘f' , dzlﬂmfmcu (r<4) 3 a A
All types| 1605 | 1933 | 835 | 4373 335 " " z \ g S
+ t + + o == = . . 5 ?:n
Ratio® | 2.1 | 43 | 7.8 | 4.2 = -l M;‘; = M;‘ T M{ (i<g) S 3 F/\\
" n n " T T T T s 3
Diff. entropy = -22.7 2 4 6 8 10 12 3 ‘:'_f_ i o

Diff. AIC = —40.0 (cross-table) Probability forecast (%)
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Time difference, Distance & Magnitude difference
Normalization

trng)>(zpy)in[01F =

Time Interval Transformation
0 for
=< log(100t)/1log(3000) for 0.01 <t < 30
1 for 30 <t
Epicenter Separation Transformation
p =1—exp{—min(r,50)/ 20}

t < 0.01

Normalized time differnce,
distance & magnitude
difference in the unit cube

Algorithm of foreshock probability calculations
in case of plural earthquakes in a cluster

For plural earthquakes in a cluster, time differences t ;; (days), epicenter
separation r; (km), magnitude difference 9 i; are transformed into the unit cube

[ Gona) > 60T

Probability p, is calculated sequentially

) ) 1 3 3 3
IOglt(pc):|09|t{ﬂ(xiv)’1)}+ — Z|:a1+zbkyi,jk+chpi,jk+zdkri,jk:|
#Hi< 35 k=1 k=1 =}

Here u (x, y) indicates probability of initial earthquake at location (x,y), and the
2nd term calculates arithmetic mean of polynomials of the normalised space-time
magnitude variables for all pairs of earthquakes (i < j) in a cluster, where the
coefficients a, b, ¢, d are as follows.

Ogata, Utsu and Katsura, 1996, GJI)

Magnitude Difference Transformation k& b o o
o (2/3)exp{g/o1} for g <0 1 8018 -3325 ~1.490 10,92
' (2/3) + (1/3)[1 — exp{—g/o2}] for g >0 2 6277 2805 295,09
7L o, =6709, o, = 0.4456 3 -37.66 2,190 11615
Forecasted sequence and evaluation (1994—2011Mar ) Earthquake number in a cluster
| M7.3 Foreshock
#F? #C Pc ENTRPYCU~ENT Pl P2 P3 P4 P5 P6  P7 P8 P9 P10 100% 100%
- 1 5.14% -0.01537 -0.01537 5.14%
- 2 10.06% -0.06863 -0.08400 7.46% 12.66% e
- 1 18.58% -0.16822 -0.25222 18.58% e
- 1 10.71% -0.07592 -0.32814 10.71% 10% S 10%

1 0.15% 0.03586 -0.29228  0.15%
- 1 1.70% 0.02028 -0.27200  1.70%
- 4 950% -0.06243 -0.33443  9.14% 11.17% 7.87% 9.82%
1 6.03% -0.02484 -0.35927  6.03%
- 1 1.77% 0.01950 -0.33977  1.77%
+ 1 13.14% 1.27605 0.93628 13.14%

—> g75 +80 9.2% 0923 28.649 6.7% 27.8% 27.7% 20.1% 14.0% 142% 13.6%
10.1% 82% 10.1% 11.7% 10.9% 10.6% 11.5%
72% 68% 76% 73% 7.4% 67% 7.0%
86% 82% 80% 81% 84% 7.8% 7.3%
81% 78% 7.4% 77% 78% 7.6% 7.2%
67% 74% 80% 7.8% 76% 7.7% 8.3%
86% 83% 84% 82% 82% 80% 7.9%
86% 85% 86% 84% 82% 84% 83%

880 - 11 2.44% 0.01266 31.60644 4.69% 4.77% 6.21% 3.42% 1.74% 1.24% 1.04%
1.03%

881 - 16 2.11% 0.01604 31.62248 0.03% 0.25% 0.51% 0.83% 2.77% 2.21% 2.02%
2.43% 3.07% 2.92% 2.74% 2.84% 2.68%

882 - 7 1.47% 0.02259 31.64507 0.06% 0.79% 1.70% 2.06% 1.90% 1.90% 1.88%
883 - 1 4.51% -0.00878 31.63629 4.51%
884 - 1 3.84% -0.00178 31.63451  3.84%
885 + 7 5.04% 0.31698 31.95149 6.89% 7.42% 4.88% 3.98% 3.56% 4.05% 4.49%
886 - 1 2.84% 0.00853 31.96002 2.84%
887 - 1 7.00% -0.03518 31.92483  7.00%
888 - 1 7.65% -0.04219 31.88264  7.65%
889 - 1 7.83% -0.04419 31.83845 7.83%

| M7.3 Foreshock
| of 9 Mar 2011
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How foreshock forecast probabilities (BLUE LINES) changed after
actual mainshock occurred in case of foreshock-mainshock-
aftershock sequence?

Probability forecast (%)
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Single—link—clustering 1926-1993, M=4 from the old JMA catalog

Cluster Foreshocks Swarms M.A. Al clusters
member#t  #c  ratio(%) s.e.(%) #c ratio(%) s.e %)  #c #o

=1 467 3.7 *=02 - - - 11676 12727
=2 125 6.5 *0.6 584 305 *=1.1 1207 1916
=3 57 80 =1 271 379 £1.8 387 715
=4 33 87 +15 153 405 £25 192 378
=5 18 74 =17 93 384 =*3.1 131 242
=6 12 68 =19 63 356 *=3.6 102 177
=7 10 79 %24 44 346 £42 73 127
=8 8 78 *26 31 30.1 £45 64 103
=9 8 92 =*£31 29 333 £5.1 50 87
=10 8 103 +34 25 321 +53 45 78

Single—link—clustering 1926-2009, M= 4 from the new JMA catalog

Cluster Foreshocks Swarms M.A. Al clusters
member#  #c  ratio(%) s.e.(%) #c ratio(%) s.e(%)  #c #c

=1 1088 6.5 +0.2 - - - 14872 16784
=2 156 56 =04 824 296 *09 1800 2780
=3 78 76 *=08 366 354 *15 589 1033
=4 46 82 *1.2 213 382 =21 299 558
=5 30 79 =14 145 381 =*£25 206 381
=6 20 71 *=15 108 382 =*+29 155 283
=7 15 70 =17 77 36.0 %33 122 214
=8 13 76 *2 59 347 =£37 98 170
=9 11 79 +£23 46 331 x4 82 139

=10 11 87 *£25 44 349 £42 JA 126
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Thank you very much for your attention

Software available.
Please visit WEB home page of our project team:

http://www.ism.ac.jp/~ogata/Ssg/ssgE.html




