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Rates of M=4 event during the 2016 Kumamoto sequence
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Single-linked clusters used for the learning 1926-1993

500

SLC
1926~1993 1926~1975 1976~1993
_#c_#cluster #f rate (%) Fcluster #f rate (%) #cluster #f rate (%)
>1 12728467 (3.74£0.2) 8550306 (3.640.2) 4178161 (3.940.3)
>2 1916125 (6.54+0.6 6.1+0.7 675 49 (7.2:1:1.0
>3 715 57 (8.0%1.0 6.8+1.1 247 10-1:!:1.9
>4 3 3 D{7.8 : 0 0.8 :
>5 242 18 (7.4+1.7 8(4.9+1.7 80 12.5£3.7)
>6 177 12 (6.8+£19 6(5.0x2.0 57 6(10.5+4.1
>71 127 10 (7.9+2.4 5(5.7+£25 40 5(12.545.3
>8 102 8 (7.842.6 3(4.4+25 34 5(14.7%6.1
>9 87 8 (9.2+3.1 3(55+3.1 32 5(15.6%6.4
210 78 8(10.3+34 3(6.0+34 28 5{(17.8%72
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Log cumulative number of clusters

Single-linked clusters used for the experiments1994-2011

#e #F PercentF  +/- Per cent S +/-  #MA #F + #S #All
>1 214 49 0.3 6.3 04 3894 491 4385
>2 70 7.9 0.9 31.2 1.0 542 347 889
>3 39 1.0 1.7 374 2.6 184 172 356
>4 24 1.5 22 42.1 3. 97 112 209
>3 21 14.0 28 39.3 4. 70 80 150
>6 16 14.8 34 38.0 4.7 51 57 108
>7 14 15.9 3.9 375 5.2 41 47 88
>8 14 194 4.7 36.1 5.7 32 40 72
>9 13 22.8 3.0 29.8 0.1 27 30 57
>10 12 23.5 39 314 0.5 23 28 )|
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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; ; are transformed into the unit cube

| 600> G ) 0T

p=—" & f =logit(p)=In——>
Probability p. is calculated sequentially 1+e p
: : : k : k : k
logit(p,) =logit { z(x,, y,)} +—— Z{aﬁZbkyiJ +> 6o+ dr }
#{i < J}15 k=1 K k=1

Arithmetic mean of polyn@mials of the normalized
space-time magnitude variables for all pairs of

=« Jability of initial earthquakes (i < j) in a cluster.
1(X,Y)- The coefficients a, b, ¢, d are estimated by the
maximum likelihood methad together with the AIC.
/ Ogata, Utsu and Katsura, 1996, GJI) \

5 k  ax b« Ck dx
3
5 1 8.018 3325 -1.490 -10.92
< 2 62.77 2.805 295.09

\ 3 3766 -2.190 -1161.5/
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Table 2. Contingency table of outcomes against forecast probabilities for
the first events of clusters or 1solated earthquakes.

Forecast 0-2.5percent 2.5-5percent 5 percent All
Foreshocks 33 84 65 182
Others 1572 1849 770 4191
All types 1605 1933 835 4373

Ratio (per cent) 2.1 4.3 7.8 4.2
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Normalized time, distance
& magnitude difference
In unit cube

(tr,9) 2 (5p,y)In[01]3

Time Interval Transformation

0 for t <0.01
T =< log(100t)/log(3000) for 0.01 <t < 30
1 for 30 <t
Epicenter Separation Transformation é vainshock CUSTET VPES )
p =1—exp{—min(r,50)/20} AM
Magnitude Difference Transformation
f}/ — { (3/3) eXpl{‘gB/O-i} ior g S 8 Aftershocks Preshocks Aftershocks
( / ) + ( / )[ a exp{—g/ag}] or g = I Mainshock- & Swarm type, if j..‘.'h.'[-=:lll.-.15 )
Where o, = 6709, o, = 0.4456 \_ Aftershock type @@ Foreshock type, if j.M.:lJ.J:-j




Forecasted sequence and evaluation (1994—2011Mar )
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ZETAS (t, X, y) Conditional intensity function of the ETAS model

n
G (LX,Y) = Zak PV (t—t)o(X=X,y=VY,), n<#c, t <t Zak =1
k=1 k=1
where, in Ogata et al. (GJI,1995);
t) is normalized density of foreshock survival function of foreshocks in Fig. 5a, and
o(x,y) is normalized density of foreshock survival function of foreshocks in Fig. 5b.
Moreover, pkin is defined in the paragraph including equation (18) of Ogata et al. (GJI,1996),

/ Manitude frequency for the next event after the n-th earthquake in the cluster c
GRdensity(m) =™ (m | M) + ' (m| M)
wr'(m| M), "¢ (m|M); normalized
M® =max{M, k=1, -, n} +0.45
F(MmIM®) = pwg™ (MM ®)+ (L= py Jye™ (m[ M)
iIf (t, X, y)isconnected to dn
k GRdensity(m) otherwise

If yAt) is normalized density of magnitude-differences between foreshocks in Fig. 5¢
of Ogata et al. (GJI,1995),

v, (m) = GRdensity {m| truncated @ max(M ;, j =1, ---, k) +0.45}

¥ (m | n+1) = GRdensity(m) — f[{(l— a )y, (m)}



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 I;; (km), magnitude difference 9i; are transformed into the unit cube

| €0~ G ) 0T |

Probability p. is calculated sequentially

z{aﬁzbﬂ,, +zckp,, +zd T,,}

#{<J}|<1 k=1

Here 1 (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, c, d are as follows.

logit(p,) = logit{ z(x,, y,)} +

/ Ogata, Utsu and Katsura, 1996, GJI) \
k ak bk Ck ak
1 8018 -33.25 -1.490 -10.92
2 62.77 2.805 295.09
3 -37.66 -2.190 ~1161.5
\ 3,




m 1
= | ! — Others freq. 100% |
‘o O Foreshock freq. '
w ! J
2 Vo )
s 1 g Plural earthq. <
S O U
g o
; 1994 -2011 o
8 _ % o
v o = 10%
(9]
i = S
= 1 \ : 1 g
0 20 40 0
Probability forecast (%) L
o : 2
o 1
' —— Others freq. "'5
- " O Foreshock freq.
® o o, 2
oy 1 (o] .
2 ! Single earthq. g .
g : 1994 -2011 2 0.1%
>
5 al
i}]
© = _
o
2
e S B I B B o |
2 4 6 8 10 12 : 001@
Probability forecast (%)
Forecast & performance 1994%F - 20114 2
Predicted
probability 25 5% 10% 15%
[ e e e e et SR
Foreshock < 10 30 12 14| 70
Others 179 211 2863 115 51| 819
[ S Pocemate o aate s e fr———r o e a———
183 221 293 127 &5 | 889
. R e R S et At
Relative 155 45 102 94 215| 7.9

Frequency

1%

Forecos’rs and resulfs

1994 - 2011
M>4

—Actual foreshock cluster
Other type cluster

5 10 20 50 100
Order of earthquake in a cluster

2011 March 9
| M7.3 largest foreshock

M9.0

M main 2 65

M>4

—Actual foreshock cluster

Other type cluster

Cluster types

]alnshock Ma‘fsh(}ck

Aftershocks Preshocks Aﬂershocks

I Mainshock- @ Swarm type, if AM<=045

Aftershock type @ Foreshock type, if AM= 045

S




Forecast Evaluation for 1994-2011 Mar. [_ Actual foreshock C'“Sterj
Other type cluster

4 M7.3 Foreshock

10094 __—

M7.0 Ibaragi-Ken

T~ of May 2008

o
X
|

005 010 020

7 ® Foreshocks.
LLHD'k[o_ Others

Probability forecast (%)

)
il = 2
0.1% By |
g\
Probability forecast (%) M main >6.5 Mc=>=4.0

| M. >45 Mc>4.0 |
0.01% T T T T T T 1 T I I | | | |
2 5 10 20 50 100 1 2 5 10 20 50 100

1
Earthquake number in a cluster Earthquake number in a cluster



Earthquake number in a cluster
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Global Forecasting using NEIC-PDE catalog (M=4.7)

Single-link-clustering by connecting the space-time distance dg; = \/Azspace +(cA,,.)* <0.45 (or 50km)
1973 ~ 1993: learning period, calibrating the forecasting parameters in Ogata et al. (1993, GJI)
1994 ~ 2013 April: forecasting period

Foreshock probability for isolated or the 15t quake estimated from the NEIC data from 1973 — 1993
Given location of a future earthquake, probability is calculated by the interpolation using the including Delaunay triangle.

1973 - 1993 1994 — 2013 April

W

— 0.04

B

— 0.05

o
o
|

— 0.04
|

~ 0.03

Aingeqoad

— 0.03

0.02

0.02

0.01 T T T T T T T 0.01
-150  -100  -50 0 50 100 150 -150  -100 50 0 50 100 150

Alngeqoad



Global Forecast Result using NEIC-PDE catalog (M=4.7)

1973 ~ 1993: learning period, calibrating the forecasting parameters in Ogata et al. (1993, GJI)

1994 ~ 2013 April: forecasting period
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Figure 1. Epicentres of carthquakes (M, = 4.0, depth =100km) in
the JMA catalogue (1926-91).
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Summary and suggestions

It is conceivable that the b value of the G-R rule depends on the
earthquake location when the earthquakes are small.

When the earthquakes are small, such location-dependent
b-value model performs a slightly better forecast performance
than the reference model of b = 0.9 through out entire regions.

But, there are many outlyingly negative information gain score
which causes total predictive performance worse; this is clearly
seen inland Japan experiments.

We need to pursue the physics of aftershocks and
elaborate the magnitude frequency models.




FORMLATION OF THE ISSUES

Prediction models are based on the conditional intensity function of point process,

P{an event in a bin [t,t + At]x[X, x+ AX]x[y, y + Ay]x[M,M + AM]| H,, Ft}

At x,y,M|H,FR) = At AX Ay AM |

for calculating probability of an earthquake occurring at a time t, a location (x, y), and a
magnitude M, that conditional on history of occurrence records H, :{ (%, ¥ M) <t }
and can further depend on relevant information F as exogenous records.

Then we assume the separablity between space-time and magnitude components.
A, X, YV,M |H,, F) = A(t, X, Y|H, F) y(M|t, %, y,H,F)
where »(M [t,X,y,H,F,)dM =P (M < Magnitude <M +dM [t,x,y,H,,F)

Our task is to model 7(M |t,x,y,H;,F) and evaluate the probability and .
information gains relative to the reference model, ,(M |t,x, y,H,,F)=10" (M=Me)
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Magnitude Gap: M "' =max{M,; k=1, ---, n|inclusterc} +0.5

Probability of M=Mmax+0.5 of the next magnitude;
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