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Gutenberg-Richter magnitude-
frequency relation

G-R magnitude-frequency relation
logigN(=m) =a—bm

N(=m)
Pr{M > m|M > mo} ~ m
a—-bm
— 10 — 1O—b(m—m0)
10a—-bmg

Probability density function
f(m) = b107b(Mm-m0) 1n 10
= Be~Bm=mo) . 1 > m,

Power law distribution for energies, moments
and stress drops.

Pr{E > x} ~Cx™“
fora > 0, x > E; > 0.

Frequency
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Truncated exponential distribution

1 — e BM-mg)’

ﬁe_ﬂ(m_mo)
f(m) = mog<ms<M
0, otherwise

Tapered exponential distribution
fm) =g+ 1.5y101:5(m-m0) |p 10] exp|—B(m — m;) — y101'5(m‘m0)]
m.: corner magnitude

—k
In moment, Pr{moment< x}=1— (sl) exp [S‘;_S] (Kagan) distribution
0 c

S.: corner moment

Research Organization of Information and Systems il

The Institute of Statistical Mathematics Sl



10°°
|

1
Xt

G — B
M - — HilbiG-R
o —— Tapered G-R
2
o | | | | | I
5 6 7 8 9 10

Research Organization of Information and Systems il

The Institute of Statistical Mathematics Sl



b{E )i v T b B R 2
IR




1

(1\7I—mc +%)ln10
FHRSE BTN BRI

sle

std. err(E) =

Research Organization of Information and Systems il

The Institute of Statistical Mathematics Sl



Cum. Freg.

RAPRMET &

/4

i~2mk

k=1

Cum. Mag

Research Organization of Information and Systems

The Institute of Statistical Mathematics

)



Cum. Freq.

4nn AON BN

20n

AR

2B

bfEAEIE 5

T T T T
0 200 400 600

Cum. Mag

[
600

[
1000

[
1200

Research Organization of Information and Systems

The Institute of Statistical Mathematics

)



Cum. Freq.

4nn AON BN

20n

bfEAEIE 5

[ [ [ [ [ [ [
0 200 400 600 600 1000 1200

Cum. Mag

RAMRMTT  LEEEKD

JEH R 709l 4% WK R
2. A AR, WREE.
B I W R B AL B
BEATHE, Wi LA bIE
FEIFIA], AhRE. &fE.

ﬁﬁ\ﬁﬁﬁﬁimﬁ

Research Organization of Information and Systems il

The Institute of Statistical Mathematics Sl



--- Omori-Utsu’a 1,




. Omori-Utsu formula

Omori (1894): the rate of felt aftershocks of the 1891 M 8.0 Nobi earthquake,
n(t) = K(t+c)~",

t: the time from the mainshock.
K and c: constants.
Utsu (1957): the decay of the aftershock numbers could vary. (Utusu-Omori formula)

n(t) = K(t +c)~P

p: ranges between 0.6 and 2.5 with a median of 1.1.

Reasenberg-Jones model
K
A(t,m) = M’
&+ )P
s(m): the magnitude probability density function.
Multiple Omori-Utsu formula: Not only mainshocks trigger aftershocks, but also large

aftershocks may trigger their own aftershocks.

Nt

AO) = K/t —to+ P+ KiH(t ~ t:)
=l

t—t; +c;)"Pi

to: the occurrence time of the mainshock;
t;, 2 =1,... Np: the occurrence times of the triggering aftershocks;
H': Heaviside function.

Likelihood function

ogL="3" log A(t;)- IOT/I(t)dt

t,€[0,T]

(26)

(27)

(28)

(29)
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Time

K
n(t) = |
(t 1 C) P Omori-Utsu Formula (Utsu 1956)

Research Organization of Information and Systems il

The Institute of Statistical Mathematics &¢I



nt)=K@E+c) "+HEA-T)K, (t-T,+c) ™ +...+
H(t-T)K (t-T +c )™

(Utsu, 1970; Ogata, 1983)

At) = u+
sy
ea(Mi Mo)
— K
. O;‘(t t +c)°

(Ogata, 1988; 1989)

A(t) : Conditional intensity, hazard
function conditioning on the past
history
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Temporal ETAS model

Conditional intensity

AR) = p+ ) x(m)g(t-t)

It <t
1. Direct productivity: x(m) = Ae*(M M) - m > M
2. Time p.d.f (Omori-Utsu): git)=(p-1 (1—|—t / C)_p /c, t>0

Likelihood function log L = Z log A(t.) _IT A(t)dt
t.€[0,T] .
(Ogata, 1988)
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Short-term missing of aftershocks

Missing events after the mainshock (from Omi etc, 2013)
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The following is the earthquake probability forecast
for the 31th (2008-6-12 14:28 to 2008-6-13 14:28) day after the mainshock

Expected
M>=4.0 1.14
M>=45 0.54
M>=5.0 0.18
M>=5.5 0.05
M>=6.0 0.03

2008-07-15
103.98
2008-07-24
105.5
2008-07-24
105.47
2008-08-01
32.1

# Prob.

0.68
0.41
0.16
0.05
0.03

17:26

03:54

15:09

16:32
104.7

Expected. WT 50%

0.87

1.83

5.41
16.86
25.21

15 Jul 2008
5.0 Ms

23 Jul 2008
5.6 Ms

24 Jul 2008
6.0 Ms

01 Aug 2008
6.1 Ms

95%
0.60 2.59
1.26 5.50
3.79 16.15

AT, G B e IR

99% waiting time
3.97
8.48

24.57

12.48 46.94 72.50
18.63 71.77 117.31

09:26

19:54

07:09

08:32

Mianzhu, Sichuan 31.57
Ningqgiang, Shaanxi 32.8
Qingchuan, Sichuan 32.82

Pingwu and Beichuan, Sichuan
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The Kumamoto aftershock sequence data

129° 130° 131° 132° 133°

Data Selection

Time: 2016/4/1~2016/4/21
Mag.: 1.0+
Depth: <100 km
Space: 128° -- 133°
30° -- 35°

2016-04-14 21:26 (130.81 32.74) M6.5
2016-04-15 00:03 (130.78 32.70) M6.4
2016-04-16 01:25 (130.76 32.75) M7.3

129° 130° 131° 132° 133°
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Application to the recent Kumamoto aftershock sequence data
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Previous studies for fixing the problems of short-
term missing aftershocks

Observational approaches

€ waveform-based earthquake detection methods (e.g., Enescu et al.,
2007, 2009; Peng et al., 2007; Marsan and Enescu, 2012; Hainzl,
2016).

@ Energy based description (Sawazaki and Enescu, 2014)

Statistical approaches
€ (Ogata, Omi, Iwata) Bayesian, assuming GR relation for whole range

€ (Marsan and Enescu, 2012) Assuming Omori-Utsu formula or ETAS
model

@ This study: Independence between magnitudes and occurrence
times
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When data iS Complete Biscale empirical transformation

[ #Hof times <t{;
ti—> T, = — =

N N

2 1(my <my)  #of marks <my
B N - N

m; — S
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When data missing exists......

: . , [ #of times < t;
Biscale empirical transformation t; > T, =—=

N N

2 1(my <my)  #of marks <m;

. = ,
m; S N N

Original process with missing —> Non-homogeneous process
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Non-complete
dataset

Complete
dataset
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Replenishing algorithm

[ #of times < t;
Step 1. Transform the process t;> T, =—= f :

using the biscale empirical N N
transformation
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Heuristic illustration for
estimating empirical
probability distribution
function when missing
happens in homogeneous
process

2iw(e)I(x; < x)
ZiW(ei)

1

Fx(x) =

wie) = 1-— foll((xi,y) €S)dy
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Replenishing algorithm

Step 2. Specify area S that contains the missing data

The missing area S satisfies
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Replenishing algorithm

Step 3. Calculate the missing area in the biscale transformation domain based on

complete data
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Replenishing algorithm
Step 4. Generate data point in the missing area

Generate events uniformly

ol distributed in the missing region S*
gg- (image of S)
c_gg‘ & 7
g« | P 3 #tevents ~ NB(k,1 — |S*])
e .":'-;
:- . k: # of observed events outside of S*

00 02 04 06 08 1.0
Empirical times
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Replenishing algorithm

Step 4. Remove sequentially a simulated data point for each existing point in the

missing area
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Replenishing algorithm

Step 5. Transform back all the events into the original domain
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How to test existence of missing: Testing

method
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Figure 5: Comparison between the number of true missing events and the
number of replenished events. (a) A = 2,000 fixed. (b) A is drawn from a
uniform distribution between 100 and 3000. The dashed lines represent the
case where the numbers of missing events and replenished events are equal.
The blue and red curves represent the running mean and the corresponding
single and double standard deviation bands.
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If wrong selection of missing area (1)
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* Data: eruptions at
Hakone volcano

* Data source:

— Smithsonian's
Global Volcanism
Program database

— Large Magnitude
Explosive Volcanic
Eruptions database
(LaMEVE database)

— additional Japanese
databases
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Application to the Wenchuan aftershock sequence data

Wenchuan EQ: Mw7.9 (Ms8. 2) 2008/5/12

99° 100° 101° 102° 103° 104" 105" 106" 107°

Data selection:

Time: 1990/1/1~2013/4/20
Magnitude: 3.0+

e Nay L0 4700000 IC 20 e L T
. »e <« ' g pe
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Application to the Wenchuan aftershock sequence data

Estimate transformation
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Influence of short-term aftershock missing on estimating

the
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Application 3: the Kaikoura aftershock sequence data

Kaikoura EQ: Mw?7.8 2016/11/14

Data selection: :
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Application 3: the Kaikoura aftershock sequence data

Estimate transformation

Observed data Biscale transformed under complete data
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On the biased estimate of earthquake
clustering parameters caused by short-
term aftershock missing

Errors in estimated parameters
propagate in forecasting.
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* Conditional intensity (Ogata, 1998)

A(t, X, y) = E[N (dtdxdy)|H,] /| dtdxdy |
=vu(X,y)+ ZK(mi)g(t_ti) f(X=X,y—-y,m)

It <t

. a(m-mg)
1. Direct productivity: xk(m) = Ae “, mz=mg

2. Time p.d.f (Omori-Utsu): g(t)=(p _1)(1+t/C)_p/C1 t>0

2 2 \
3. Location p.d.f: _Qg-1 X" +Yy
P F(xylm)= D/ (") (“ D’ (-0

Temporal version (Ogata 1988, JASA)

a(mi—m¢) _Kcl'™P 0 K

e = =
At)=u+K z > p—1 0 (t+c)P dt
i<t (t—ti+c) expected # of direct offspring from m,
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What influence the estimate of the ETAS
parameters
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What influence the estimate of the ETAS
parameters

Missing links!
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What influence the estimate of the ETAS
parameters: Missing links!

1. Missing links in space
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What influence the estimate of the ETAS
parameters: Missing links!

2. Missing links in time

Starting of target time interval
m -
+
+ >+ +
+ + +
t+ 4+ +
+ 4+ + 7
g * '
+ +
N T
.t
>

Starting time of catalog
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What influence the estimate of the ETAS
parameters: Missing links!

3. Missing links in magnitude

o +
+ + +
+ + +
t+ 4+ +
+ + + +,/',/>+ + + m
_____.-_____:f___+__“: —————————————————————————— c
+
N
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The influence of the above missing links has
been studied in

» Sornette & Werner (2005) JGR, 110, B09303.
» Sornette & Werner (2005) JGR, 110, BO8304.
» Wang, et al. (2010) BSSA, 100, 1989 — 2001.
» Wang, Jackson & Zhuang. (2013) GRL., 37, L21307.

> etc..
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What influence the estimate of the ETAS
parameters

4. Missing links caused by short-term
missing of aftershocks.
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What influence the estimate of the ETAS
parameters

4. Missing links caused by short-term
missing of aftershocks.

Missing events after the mainshock (from Omi etc, 2013)
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Previous studies for fixing the problems of short-
term missing aftershocks

Observational approaches

€ waveform-based earthquake detection methods (e.g., Enescu et al.,
2007, 2009; Peng et al., 2007; Marsan and Enescu, 2012; Hainzl,
2016).

@ Energy based description (Sawazaki and Enescu, 2014)

Statistical approaches
€ (Ogata, Omi, Iwata) Bayesian, assuming GR relation for whole range

€ (Marsan and Enescu, 2012) Assuming Omori-Utsu formula or ETAS
model

@ This study: Conditional independence between magnitudes and
occurrence times

Research Organization of Information and Systems S3agii

The Institute of Statistical Mathematics &l



|
' Application to the Kumamoto aftershock sequence data

129° 130° 131° 132° 133°

Data Selection

Time: 2016/4/1~2016/4/21
Mag.: 1.0+
Depth: <100 km
Space: 128° -- 133°
30° -- 35°

2016-04-14 21:26 (130.81 32.74) M6.5
2016-04-15 00:03 (130.78 32.70) M6.4
2016-04-16 01:25 (130.76 32.75) M7.3

129° 130° 131° 132° 133°
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Application to the recent Kumamoto aftershock sequence data
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Replenish the missing data
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Consider only the temporal ETAS model

ea(mi—mc)
At) =u+K z =t 1P (Ogata 1988, JASA)
iit;<t ‘
1-p 0
A= K;_l = fo (t+i)P dt : expected # of direct offspring from m,
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Influence of short-term aftershock missing on

estimating the ETAS model
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Quiescence related to the ETAS model

. Transformed Time sequence (Ogata, 1992, JGR)

R ISt s E S | (b)
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504 o I
-l Relative
C1.88760e-2 Pt
400@ (t) t,\ : p?_zlg,;égéza N (T) " | quiescence
304 A(t) = I )\(S)J.S - [

0. a

CUMLATIVE NUMBER OF EARTHQUAKES

Lt

MI][“‘”!?&I,!} hpalir 1 2 ik

TIME TRANSFORMED TIME

N

MAGNITUDE

N

Lip ey

i
t -7 = A(u)du
If {ti} is the observation of a process determined by conditional intensity A(t), the
%ﬂm@%@n—pﬁgﬁs—' I I 0

Research Organization of Information and Systems S3agii

The Institute of Statistical Mathematics &l




iginal dataset

ive quiescence --- or

Relat

(b)

L] 1 L] T
300 400 500 600

Transformed Times

L)
200

L)
009

L) I 1
00€ 00¢ 001 0

‘baiq4 "wnn

L) L)
00§ (0]0)7

(a)

15

15.05909

4.4985237
14.00260 TT

1.097843
0T1

=2.2312149
6e-07
0.0457952

mu

K

c
alpha
p

TO

|
009

+
&N

=

) | L) L)
ooy 0o€ 00¢ 001 0

‘baiq "wnn

L)
00S

Time (days)

(d)

(c)

| Ll I L)
300 400 500 600

Time (days)

T
200

100

Time (days)



iescence --- Replenished dataset

ive qu

Relat

15

(b)

14

2

(a)

+
i

=

nd M6+shock

L] 1 L ] L ]
500 1000 1500 2000 2500 3000 3500
Transformed Times

0

] 1 ) T
00S¢ 000¢ 0051 0001t

‘bai4 ‘wnn

o)

S

o)

0

<

7o)

-

Il

T

T

© 3

© [{e} [aY]

~ wn o

© wL @ <

LooYo "

.a_v735 —

2eg 18 =
B A

1 cg&- <

sl 18 nmn o

EX o®a F

00G€ 000€ 00S¢ 000c OO0SGH
‘baiq "wno

0001

005

Time (days)

(c)

2000 2500 3000 3500

1500

Time (days)

Time (days)



Conclusions

» A method for replenishing missing data in marked temporal point process,
which only makes use of the assumption that the marks and occurrence
times of events are independent or that the mark distributions has no
dramatic changes along the time axis, regardless of how the events
interact on the time axis.

» The key point is an iterative algorithm for estimating the missing area in
the transform domain according to the parts where data are completely
recorded.

» This method is applied to the eruption of the Hakone volcano in Japan
and the earthquake catalogue from Southwest China including the
aftershock zone of the 2008 M7.8 Wenchuan earthquake
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Future Researches

» Extending to higher dimension or spatiotemporal cases.

» If available, more information of the marks or times can be used to
improve the replenishment. For example, distribution of earthquake
maghnitudes is well known (G-R law).
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