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Foreshocks of M9.0 Tohoku earthquake 



4≤m<5
5≤m<6
6≤m<7

Foreshocks of M9.0 Tohoku earthquake 

Eleven 4.0 ≤ m ≤ 5.5 earthquakes between 14/1/2011 and 27/2/2011

14/1/2011

27/2/2011





Is this activity in early 2011 anomalous?Is this activity in early 2011 anomalous?



Ding et al. BSSA 2015

secular annual + semi-annual coseismic postseismic

Craig earthquake (Alaska)

y (t )=a+bt+c sin (2π t)+d cos(2π t )+e sin(4π t )+ f cos (4 π t )+g H (t−t0)+k log (1+
t−t0
τ )H (t−t0)



Far–field co-seismic:
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Far–field co-seismic (GPS):

Aftershock triggering: with 0.3 < x < 0.7

N(M)~10M

California
2<M<7.5

    Japan M=9.1

Sumatra M=9.0

Marsan and Lengliné 2008 Helmstetter 2014

x=0.4

x=0.67



y (t )=a+bt+c sin (2π t+ϕ)+d sin (4 π t+ψ)+∑
i

giH (t−t i)+k i log (1+
t−t i
τ i

)H (t−t i)

Only the largest shocks

GPS:GPS:

Seismicity:Seismicity:

N (t)=secular+triggered (aftershocks)
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Declustering

=

Removing aftershocks

= 

For mainshock H, find its aftershocks 

Gardner and Knopoff BSSA 1974
Reasenberg JGR 1985



Declustering

=

Removing aftershocks

= 

For earthquake E, find its trigger 
among all previous shocks H

i

Single link clusters  (Davis and Frohlich, GJI, 1991)
Stochastic declustering (Zhuang et al., JASA, 2002)



For earthquake E, find its trigger 
among all previous shocks H

i

Bayes

Probability 1 earthquake E in                                       knowing Hknowing H
ii is the trigger is the triggerinterval [t, t+dt]

volume [x,x+dx]

interval [m, m+dm]



For earthquake E, find its trigger 
among all previous shocks H

i

An earthquake can also occur spontaneously: it is not the aftershock 
of a (known) previous mainshock

 = no seismic trigger 



For earthquake E, find its trigger 
among all previous shocks H

i

only if        and        are independent

Is this the case?



 = + 3 A

 = + 5 A

1

2

Triggering according to rate-and-state friction

Velocity weakening faults already 
accelerating (nucleation)
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For earthquake E, find its trigger 
among all previous shocks H

i

only if        and        are independent

Is this the case?

NoNo according to rate-and-state

But :
 Departure is only significant at short time scales
 Departure vanishes when t → 
Total N is linear



M = 3 earthquake (L = 400 m, u = 1 cm)

1 km

2 km

km

km

CFF (bars)

Static stress triggering with rate-and-stateStatic stress triggering with rate-and-state

Marsan and Lengliné (JGR) 2010



= # of direct aftershocks in time              and distance [0, t ] [R1 ,R2 ]

Rate-and-state friction

Dieterich (JGR) 1994

n

n=μ (R1 ,R2 ) t a {ln (e t / ta+e−ΔCFF /Aσ−1 )+ ΔCFF
Aσ

−
t
t a }



Rate-and-state friction

= # of direct aftershocks in time              and distance [0, t ] [R1 ,R2 ]

Background density 

(R) ~ R1.65

Total number N grows in L1.65 ~ M
o

0.55

n=μ (R1 ,R2 ) t a {ln (e t / ta+e−ΔCFF /Aσ−1 )+ ΔCFF
Aσ

−
t
t a }

n



r -2.4

r -2.2

0<t<1 hour0<t<1 hour

NOT RESOLVED

NOT RESOLVED



For earthquake E, find its trigger 
among all previous shocks H

i

only if        and        are independent

Is this the case?

NoNo according to rate-and-state

But :

 Departure is only significant at short time scales
 Departure vanishes when t → 
Total N is linear
 Rate decays in t-1

 Rate decays in r- (≈2)
 Total N grows in M

o
x (x≈0.5)



For earthquake E, find its trigger 
among all previous shocks H

i

λ i=
Keαm

(t+c )p
(r+Lm )

−γ

 N is linear
 Rate decays in t-p

 Rate decays in r-

 Total N grows in M
o

x

ETAS (space-time) models :

Ogata (Ann. Inst. Stat. Math.) 1988 



For earthquake E, find its trigger 
among all previous shocks H

i

λ i=
Keαm

(t+c )p
(r+Lm )

−γ

 Compute P(H
i
|E) and P(H

0
|E) 

for all earthquakes E

 Smooth P(H
0
|E) in space and time

 Iterate until convergence 

(x,y,t)



27/2/2011

14/1/2011



Raw m≥2

N ( j)=∑
i≤ j

P(H 0/Ei)

Declustered m≥2





Small scale transients: ℓ = 20 km,  = 40 days

Marsan et al. JGR 2013 



Yokota and Koketsu 
(Nat. Comm., 2015)



Yokota and Koketsu 
(Nat. Comm., 2015)

Mavrommatis et al. (GRL 2014)

Heki and Mitsui (EPSL 2013)





All m≥3



All m≥3
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Rate change of background activity 1990 – 2011 



Mavrommatis et al. (GRL) 2015



Mavrommatis et al. (GRL) 2015

2008 M7.0 Ibaraki earthquake





GPS Repeaters Seismicity



Plate interface geometry in the Kanto region and model setting. The blue and red iso-depth 
contours (10-km intervals) represent the NAM-PHS and NAM/PHS-PAC plate interfaces, 
respectively. The blue-stippled portion of the NAM-PHS plate interface and the pink-
coloured portion of the PHS-PAC plate interface show the model regions for inversion 
analysis. The blue and red arrows indicate the steady slip vectors at the NAM-PHS and 
PHS-PAC plate interfaces, respectively. NAM, North American plate; PHS, Philippine Sea 
plate; PAC, Pacific plate. Noda et al. 2013.



Noda et al. 2013

PHS / NAM PAC / NAM



Sagiya PAGEOPH 2004



Ozawa GRL 2014



Reverso et al. GRL 2016







Nishikawa & Ide JGR 2017



Shishikura 2014

1923

12 m / 2000 years = 0.6 cm / year0.6 cm / year only

(instead of 2 to 3 cm / year)



Only assume linearitylinearity and search for a mean-fieldmean-field solution

Marsan and Lengliné 2008

Contribution from #i  

Distance from #i 
Time since t

i

t-t
i


i
(t) marginal


i
(x,y,t) = (x-x

i
,y-y

i
) (t-t

i
) 

λ i=
Keαm

(t+c )p
(r+Lm )

−γ

 OK for aftershocks 
 But not for other processes, eg LFE during SSE



λ i (x ,t )=λ j,k,lContribution from #i  

Distance from #i to x

Time t-t
i

Magnitude m
i

(Maximization) λ j,k,l=
n j,k,l

nl δt k δV j

window duration

shell volume



Predictive policing



Predpol software is based on exactly the same algorithm 
as used for stochastic earthquake declustering



λ i (x ,t )=λ j,kContribution from #i  

Distance from #i to x

Time t-t
i

(Maximization) λ j,k=
n j,k

nl δt k δV j

window duration

shell surface



Mohler et al JASA 2011



Mohler et al JASA 2011



Flag the N spots with highest  values













Mignan (Sci. Rep.) 2014



Uchida and Matsuzawa (EPSL) 2013



RE time series show clustering just as well as « normal » seismicity
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