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Abstract

Seismic hazard in terms of probability of exceedance of a given intensity in a given time span, was assessed for 12
sites in Japan. The method does not use any attenuation law. Instead, the dependence of local intensity on epicentral
intensity /, is calculated directly from the data, using a Bayesian model. According to this model (Meroni et al.,
1994), local intensity follows the binomial distribution with parameters (I, p). The parameter p is considered as a
random variable following the Beta distribution. This manner of Bayesian estimates of p are assessed for various
values of epicentral intensity and epicentral distance. In order to apply this model for the assessment of seismic
hazard, the area under consideration is divided into seismic sources (zones) of known seismicity. The contribution
of each source on the seismic hazard at every site is calculated according to the Bayesian model and the result is
the combined effect of all the sources. High probabilities of exceedance were calculated for the sites that are in the
central part of the country, with hazard decreasing slightly towards the north and the south parts.
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1. Introduction

The distribution of seismic intensity is
generally influenced by major geological and
tectonic features and, on a local scale, by local
geological conditions. Factors such as fault
direction, depth of focus, local geological and
topographical conditions, small scale irre-
gularities, are among others of primary impor-
tance.
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Many relationships have been proposed by
different authors to model the variations of
macroseismic intensity versus distance (Alger-
missen et al., 1976; Anderson, 1978; Chandra,
1979; Ambraseys, 1985; Grandori et al., 1991;
Papazachos et al., 1993; Musson and Winter,
1997; Slejko et al., 1998) among others. Their
leit-motiv is that macroseismic data could, in
some way, be used like instrumental ones for
determining earthquake source parameters and
properties of wave propagation

Utsu (1988) derived a relation between the
seismic intensity near the epicenter, the focal
depth and the magnitude of earthquakes which
is of the form

M =0.231,+0. 10515 +1.2logh+1.3 (1.1)
this is an empirical formula and holds for seismic
intensity (which is in JMA-Japanese-scale) /,> 0,
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for M ranged between 2.0 and 8.0 and focal depth
h from 3 up to 100 km. Utsu noted that the
magnitude used was the M (of IMA) which is
roughly equal to M in the interval 5.0 to 8.0.
The eq. (1.1) was determined using 1114 data
(earthquakes). The decay of intensity with
distance and its spatial distribution are performed
when the observed intensities of an earthquake

are a sufficient number of points. A number of
attenuation laws were constructed for numerous
regions of the world, and their parameters have
been evaluated using simple radiation model (s)
involving a point source and by applying a least
squares technique to the radii D, of the iso-
seismals. In order to model the uncertainty in the
data (Meroni et al., 1991) the propagation itself
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Fig. 1. Sites-points where the observed intensity is reported.
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Fig. 2. The examined earthquakes which caused the intensities studied in the present work.

of the intensity, from the epicenter to a site, has
been considered as a process which is affected by
randomness due to the qualitative character of the
seismic intensity, as well as to the complex re-
lationships between intensity decay and local
seismotectonic features. In order to make this aspect
clear the normalized intensity decay D, is con-
sidered as a random variable following the Beta
distribution given the epicentral intensity /, and the
distance R from the epicenter to the site of interest.

The paper confines itself to the estimation of
the probability distribution of the intensity /, at
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some cities of Japan, only considering the ob-
served intensity points (fig. 1) of a sufficient
number of earthquakes (fig. 2) belonging to a
zone which has the same attenuation. No
complex attenuation laws are needed because in
the study the estimates are based only on the data.
Table I shows the events used with the available
observed intensity data points occurring in
different cities which are within the zones of
Japan. The number of the data points for each
intensity level is listed in the right part of the
table.
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Table I. Events used with the available observed intensity data points occurring in different cities within the
zones of Japan. The number of data points for each intensity level is listed in the right part of the table.

Date Lat. N Lon. E I, VI \Y 1\Y 111 1I I
1972/12/04 33.20 141.08 6 1 9 15 6 4
1982/03/21 42.07 142.60 6 1 8 10 3 7
1994/10/04 43.37 147.68 6 1 3 2 2 4 1
1994/12/28 40.43 143.75 6 1 3 6 15 10 4
1995/01/17 34.59 135.04 6 2 3 21 17 22 13
1952/03/04 41.80 144.13 5 4 8 13 4 2
1953/11/26 33.98 141.72 5 2 18 15 5 4
1961/02/27 31.60 131.85 5 3 7 9 15 3
1962/04/23 42.23 143.92 5 2 4 18 2 2
1964/06/16 38.35 139.15 5 5 14 15 12 11
1968/04/01 32.28 132.53 5 2 15 25 11 4
1968/05/16 40.73 143.58 5 7 21 5 2
1968/05/16 41.42 142.85 5 2 12 11 5 2
1970/07/26 32.07 132.03 5 3 5 9 13 2
1971/08/02 41.23 143.70 5 1 7 11 13 1
1973/06/17 42.97 145.95 5 2 6 6 9 2
1973/06/24 43.29 146.43 5 1 1 6 8 1
1974/05/09 34.57 138.80 5 1 7 10 12 9
1978/01/14 34.77 139.25 5 2 8 16 17 6
1978/06/12 38.15 142.17 5 5 20 14 9 5
1983/05/26 40.35 139.07 5 3 6 14 10 10
1993/07/12 42.78 139.18 5 4 6 7 6 6
1995/01/07 40.22 142.31 5 2 4 15 12 11
1952/03/10 41.70 143.72 4 2 8 9 9
1955/07/24 35.77 140.62 4 1 3 9 6
1955/07/27 33.73 134.32 4 1 8 13 7
1960/03/21 39.83 143.43 4 6 8 5 6
1961/08/19 36.02 136.77 4 10 16 13 8
1962/01/04 33.63 135.22 4 4 18 10 8
1962/04/30 38.73 141.13 4 5 5 7 6
1963/10/13 44.89 149.56 4 2 1
1964/07/12 38.52 139.32 4 1 3 8 10
1965/08/03 34.27 139.30 4 1 1
1966/06/26 36.55 138.35 4 1 1 2 5
1967/11/04 43.48 144.27 4 2 3 4 5
1968/01/29 43.52 146.72 4 1 4 1 2
1968/06/12 39.42 143.13 4 5 13 7 7
1968/09/21 36.82 138.27 4 1 1 1 3
1969/04/21 32.15 132.12 4 3 9 5 11
1969/08/12 43.44 147.82 4 3 2 1
1971/02/26 37.13 138.35 4 1 2 6 8
1972/01/14 34.80 139.32 4 1
1974/01/25 41.83 144.27 4 1 3 1 1
1981/01/19 38.60 142.97 4 3 9 5
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Table I (continued).

Date Lat. N Lon. E I, VI \% v It 11 I
1982/03/07 36.47 140.65 4 2 5 6 6
1982/07/23 36.18 141.95 4 6 13 11 6
1983/06/21 41.26 139.00 4 4 6 7 10
1983/08/08 35.52 139.03 4 4 12 14 13
1983/10/31 35.41 133.93 4 1 9 8 15
1984/08/07 32.38 132.16 4 6 12 8 11
1984/09/14 35.82 137.56 4 4 28 11 14
1985/05/13 32.99 132.58 4 1 7 7 3
1985/10/18 37.66 136.93 4 1 3 2 11
1989/07/09 34.99 139.11 4 1 6 6 5
1989/11/02 39.85 143.05 4 4 8 8 9
1990/02/20 34.76 139.23 4 7 7 14 11
1991/04/24 42.71 144 .85 4 1 2 2 1
1993/07/12 43.10 139.23 4 1 1 2 6
1993/08/08 41.96 139.89 4 2 8 2 8
1994/08/14 38.66 142.39 4 1 3 10 15
1994/10/09 43.55 147.81 4 1 3 1 2
1953/07/14 42.07 139.93 3 1 1 2
1954/04/14 32.87 134.42 3 3 6 5
1955/06/23 35.30 133.38 3 4 9 7
1961/01/16 36.02 141.92 3 1 6 9
1966/11/12 33.07 130.27 3 4 5 4
1970/05/28 40.15 143.25 3 3 6 6
1976/07/05 38.77 140.68 3 1 1
1980/12/31 45.99 151.47 3 1 2 4
1984/09/15 35.79 137.47 3 12 18 21
1986/11/13 43.80 141.84 3 1 5 2
1994/08/16 37.83 142.60 3 4 7 15
1952/03/04 42.00 144.30 2 4 5
1959/10/27 4591 151.15 2 1 6
1970/09/29 34.43 133.30 2 5 8
1963/11/13 34.28 139.22 1 2
1964/01/20 44.05 145.22 1 2
1975/06/10 43.18 147.36 1 4
2. Method applied is the epicentral intensity of an earthquake then

the probability that this earthquake will cause a
The observed intensity at the site, I, is con- site intensity /, equal to i is

sidered as a random variable having the binomial

distribution. In our case, the binomial distribution i o
simulates values of probability (in the same way P(Is=i/ly=io,p)=| . [p'(1-p)°"". (@.1)
that an exponential or power function simulates !

the values of intensity in an attenuation law, when

using a non-probabilistic approach). That is, if 1, The parameter p depends on epicentral intensity
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I, and epicentral distance r. It is sensible to discretize
the values of epicentral distance, r, and round all
epicentral distances r to the closest r. The values
of epicentral distance increase with a step of 10 km.

In order to apply a Bayesian model the para-
meter p must be considered as a random variable,
as well. A prior Beta distribution is required for
p and is expressed by

a+B

B(p;o, B) = T

P
jxa 11— xB-1)dx (2.2)
0

where o and B are the Beta distribution para-
meters, I" is the Gamma function and x is the
integration variable.

Meroni et al. (1994) also proposed that the
prior expected average of o and f3 for epicentral
intensity /, = i, and epicentral distance r = r, are

1|V
s 2.3)
B=1-c 2.4)

where i = 1;/C and C is a constant such that the
prior estimate of p, pi% is almost equal to 0.99.
The physical meaning of this, is that for the
smallest value of j (j=1) which corresponds to
the smallest epicentral distance (r,), it is almost
certain that the intensity will be equal to the
epicentral intensity.

Equations (2.2), (2.3) and (2.4) combined, have

as a result that the prior estimator of p is equal to
1/,

0

o 1

L | (2.5)

It was found that the posterior values of p are
not sensible to changes in the prior values of «
and S, so we adopted the proposed prior values.
It follows that the posterior mean of p is

Nj
o+ Y i
o+ B+ 1N,

where o and f are the parameters of the Beta
distribution of p, i; is the n-th intensity point at

o (2.6)

b=
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an epicentral distance r; and N, is the number of
observed intensities caused by earthquakes
having an epicentral intensity of /, and an epi-
central distance r,. This is the computed p value,
used in the calculation of the probability of
exceedance of given intensity. Using eq. (2.6)
we calculated values of p for epicentral inten-
sities 3-6 (JMA) and epicentral distances 0-500
km. Following Meroni et al. (1994) if there were
no data for a value of r, we assigned to it the
same p with r_. The prior and the posterior
estimates of the parameter p, for the epicentral
distance 0-500 km, are shown in fig. 3a and fig.
3b, respectively. For distances greater than 500
km there appears to be no dependence of p on
distance (fig. 4), mainly because of lack of data.
However a large value of intensity in the long
distance exists in fig. 4. This can due to an error
in the estimation of intensity for any reason (like
the wrong determination of shock’s epicenter or/
and its corresponding magnitudes).

An inspection to figs. 3a,b and 4 illustrates
that the posterior estimates of p do not decrease
monotonically with increasing distance from the
source. A relevant Bayesian theory was given by
Rhoades and Evison (1993, eq. (2.10)). The main
difference from the present study is that instead
of a prior Beta distribution for a single value p,
the above mentioned authors assume a prior
Dirichlet (multivariate Beta) distribution for a
collection of ordered binomial parameters. An
alternative approach would be to smooth the
posterior estimates of p over radii, for a given
value of /. For this purpose we applied smooth-
ing by 7-point moving average. An example
prepared for Tokyo where we estimated the
probability of exceedance used for this purpose
the alternative smoothing procedure (in table III,
as Tokyo A). No significant difference from the
original results observed. The procedure sug-
gested by Rhoades and Evison (1993), would be
very useful if we focused to the attenuation and
not to hazard assessment. In our case the
parameter p in not strictly decreasing with
distance, but its mean value shows such trend.
In order to base the results on reliable data only,
it was decided to choose 500 km as the upper
limit for epicentral distance. In fig. 5 we can see
the smoothed posterior value of p for the chosen
distance of 500 km.
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Fig 3a,b. a) The prior estimates of the p parameter given the epicentral distances 0-500 km and /,= VL, V, IV and
111, and (b) the posterior estimates of the parameter p given the epicentral distances 0-500 km and 7, = VI, V, IV
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posterior estimates of p
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Fig. 4. The posterior distribution of the values of the parameter p for epicentral distances 0-1000 km and I, = VI,
V, IV and III.
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Fig. 5. The smoothed posterior estimates of p for the chosen distance of 500 km.

664



A method for Bayesian estimation of the probability of local intensity for some cities in Japan

In order to assess the seismic hazard in a
specific site, in terms of probability of exceed-
ance of a given intensity in a given time span,
the following steps must be taken. First, for every
subdivision of every source and for every pos-
sible value of [, the probability of exceedance
of I in the given site is evaluated

pP=pr (Io = io)P (Is 2 i‘lo = io) 2.7

where P (I,=i,) is the probability of occurrence
of an earthquake with an epicentral intensity of
I,, in the given subdivision of the given zone
within the given time span and P(I5 > i|l, = iy )is
the probability of an earthquake with an epi-
central intensity of /,, to cause an intensity of
or greater at the site.

The first factor of eq. (2.7) is calculated in-
directly. The magnitude of an earthquake that is
expected to have an epicentral intensity of /, is
given by eq. (1.1). A mean value of 4 equal to
15 km was calculated from the data. Then using
the Gutenberg-Richter law parameters a and b
(1944) for the specific source, the probability of
exceedance of the magnitude M is calculated

Pr{IO € (io, i + AIO)} =
= Pr{M (M, M, + AM)} <e™aM  (2.8)
where M, =M (i,) see eq. (1.1) and then it is

normalized for an area equal to the area of the
subdivision. In the present study we adopted for

Table II. The values of the a and b (£ uncertainty)
parameters used in the present study as computed by
Koravos (2000).

Zone a b*o,
J1 5.09 0.92 0.09
J2 3.01 0.62 0.11
I3 5.49 0.88 0.07
J4 4.19 0.74 0.08
I5 4.84 0.85 0.07
J6 3.86 0.73 0.09
J7 2.89 0.57 0.16
J8 5.52 1.00 0.12
J9 4.19 0.78 0.06
J10 3.31 0.68 0.07

the computations the a and b values very recently
stimated by Koravos (2000) for the zones in which
Japan and the surrounding area are divided. In table
II the values of a and b parameters used, are listed.

In order to take into account the uncertainties
of eq. (1.1), it was assumed that its values have a
standard error of 0 =0.5. So, instead of obtaining
a single value for M, we calculated a normal
distribution with a mean value of M and standard
deviation 0. Applying this, the probability P(/, > i,)
is the one obtained by the average value of eq.
(2.8), weighted over all possible values of M
using a weighing factor equal to N(M,c"), where
N is the probability function of the normal
distribution, M is the magnitude given by (eq.
(1.1)) and ois the standard error

(I, 2iy) = f P(Iy = ip|m)N(m; M, o)dm (2.9)

—oco

where P(I, = ij|m) is the probability of exceed-
ance of epicentral intensity I, given that the
magnitude is m and N(m; M, o) is the probability
density function of the Normal distribution at m.

In comparison with the method proposed by
Meroni et al. (1994), we showed an alternative
approach. These authors utilised the probability
distribution of the epicentral intensity. Contrary to
the aforementioned method we express the
probability distribution of I, through the proba-
bility distribution of M, (eq. (2.8)) in combination
with Utsu’s magnitude-epicentral intensity relation
(eq. (1.1)). In addition to this we assumed that there
is an uncertainty in this relation, which is incor-
porated in our method with the use of eq. (2.9).

The second factor of eq. (2.7), is calculated by
eq. (2.1) with the proper value of p for the specific
epicentral distance and epicentral intensity.

For every subdivision of every source, the
probability in question is the sum of the pro-
babilities that correspond to epicentral intensities
of [,=1,I =I+1,I =I +2and so on, up to the
maximum value of /, which is 6 for the Japanese
intensity scale

=Pl =ip)=

6
= Y Pr{ly =il =iy, p} - Pr{ly =iy} (2.10)

lo=Is
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Table III. Probabilities of exceedance for the site intensities 6.0, 5.0, 4.0 and 3.01in 1, 2, 5, 10, 20, 25, 50, 100,
200 and 500 years for the 12 Japanese cities examined. The epicentral distances vary from O to 500 km. An
example prepared for Tokyo (see Tokyo A) used for this purpose the smoothing by 7-point moving average.

I 1 2 5 10 20 25 50 100 200 500
Kushiro
6.0 0.0050 0.0146 0.0281 0.0478 0.0793 0.0921 0.1380 0.1848 0.2173 0.2291
5.0 0.0660 0.1077 0.1822 0.2463 0.3023 0.3177 0.3619 0.4027 0.4301 0.4397
4.0 0.1726  0.2358 0.3307 0.4085 0.4824 0.5046 0.5708 0.6293 0.6661 0.6783
3.0 0.4281 0.5170 0.6380 0.7305 0.8131 0.8363 0.8970 0.9379 0.9578 0.9634
Hachinohe
6.0 0.0088 0.0147 0.0280 0.0466 0.0744 0.0849 0.1183 0.1462 0.1623 0.1665
5.0 0.0673 0.1042 0.1613 0.2089 0.2546 0.2680 0.3056 0.3357 0.3535 0.3586
4.0 0.1705 0.2339 0.3258 0.4017 0.4777 0.5009 0.5666 0.6178 0.6470 0.6556
3.0 0.4547 0.5558 0.6894 0.7852 0.8662 0.8874 0.9368 0.9639 0.9755 0.9784
Sendai
6.0 0.0082 0.0142 0.0268 0.0448 0.0721 0.0825 0.1163 0.1448 0.1620 0.1678
5.0 0.0615 0.0974 0.1559 0.2041 0.2518 0.2663 0.3069 0.3390 0.3582 0.3644
4.0 0.1626  0.2266 0.3220 0.3974 0.4729 0.4965 0.5642 0.6166 0.6459 0.6548
3.0 0.4394 0.5421 0.6787 0.7737 0.8546 0.8766 0.9292 0.9581 0.9702 0.9734
Hitachi
6.0 0.0083 0.0141 0.0268 0.0456 0.0756 0.0876 0.1284 0.1628 0.1800 0.1845
5.0 0.0617 0.1032 0.1752 0.2283 0.2746 0.2890 0.3327 0.3683 0.3873 0.3926
4.0 0.1723  0.2379 0.3387 0.4161 0.4905 0.5142 0.5849 0.6401 0.6686 0.6766
3.0 0.4541 0.5528 0.6877 0.7807 0.8591 0.8809 0.9345 0.9640 0.9754 0.9782
Tokyo
6.0 0.0079 0.0132 0.0250 0.0426 0.0720 0.0842 0.1280 0.1694 0.1929 0.1994
5.0 0.0581 0.0994 0.1749 0.2321 0.2798 0.2941 0.3381 0.3768 0.3986 0.4046
4.0 0.1681 0.2332 0.3332 0.4106 0.4833 0.5064 0.5775 0.6364 0.6678 0.6764
3.0 0.4396 0.5357 0.6699 0.7642 0.8444 0.8672 0.9253 0.9593 0.9726 0.9758
Tokyo A
6.0 0.0033 0.0114 0.0207 0.0346 0.0578 0.0675 0.1024 0.1355 0.1543 0.1595
5.0 0.0556 0.0951 0.1677 0.2235 0.2709 0.2853 0.3302 0.3699 0.3922 0.3984
4.0 0.1658 0.2316 0.3338 0.4132 0.4830 0.5118 0.5850 0.6453 0.6773 0.6861
3.0 0.4308 0.5301 0.6688 0.7663 0.8488 0.8720 0.9304 0.9636 0.9762 0.9792
Osaka
6.0 0.0061 0.0096 0.0164 0.0269 0.0451 0.0531 0.0838 0.1176 0.1406 0.1482
5.0 0.0327 0.0579 0.1119 0.1611 0.2034 0.2150 0.2501 0.2848 0.3076 0.3150
4.0 0.1080  0.1590 0.2398 0.3092 0.3750 0.3952 0.4595 0.5200 0.5573 0.5690
3.0 0.3286 0.4158 0.5457 0.6485 0.7411 0.7683 0.8459 0.9029 0.9309 0.9387
Kochi
6.0 0.0072 0.0111 0.0197 0.0327 0.0537 0.0623 0.0919 0.1174 0.1307 0.1347
5.0 0.0315 0.0556 0.1069 0.1528 0.1915 0.2021 0.2337 0.2609 0.2765 0.2820
4.0 0.0953  0.1429 0.2202 0.2866 0.3490 0.3680 0.4266 0.4770 0.5064 0.5178
3.0 0.2868 0.3705 0.4994 0.6054 0.7024 0.7311 0.8126 0.8700 0.8979 0.9081
Fukuoka
6.0 0.0066 0.0096 0.0161 0.0257 0.0409 0.0468 0.0658 0.0790 0.0842 0.0862
5.0 0.0222  0.0387 0.0740 0.1061 0.1336 0.1414 0.1639 0.1810 0.1899 0.1945
4.0 0.0658 0.1009 0.1609 0.2135 0.2640 0.2795 0.3271 0.3656 0.3881 0.4003
3.0 0.2112 0.2813 0.3968 0.4972 0.5943 0.6242 0.7122 0.7762 0.8098 0.8270
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Table III (continued).

I 1 2 5 10 20 25 50 100 200 500
Sapporo
6.0 0.0082 0.0125 0.0232 0.0391 0.0654 0.0763 0.1165 0.1578 0.1844 0.1921
5.0 0.0539 0.0899 0.1574 0.2154 0.2647 0.2782 0.3191 0.3581 0.3834 0.3912
4.0 0.1513 0.2106 0.3005 0.3752 0.4454 0.4667 0.5324 0.5928 0.6304 0.6420
3.0 0.3988 0.4876 0.6117 0.7081 0.7937 0.8180 0.8844 0.9316 0.9547 0.9611
Hiroshima
6.0 0.0064 0.0101 0.0173 0.0281 0.0455 0.0526 0.0766 0.0968 0.1073 0.1106
5.0 0.0262 0.0460 0.0887 0.1275 0.1609 0.1701 0.1973 0.2203 0.2333 0.2379
4.0 0.0783 0.1188 0.1855 0.2437 0.2994 0.3164 0.3691 0.4143 0.4407 0.4510
3.0 0.2406 03153 0.4332 0.5340 0.6299 0.6590 0.7442 0.8076 0.8402 0.8526
Niigata
6.0 0.0078 0.0117 0.0214 0.0359 0.0601 0.0703 0.1086 0.1497 0.1793 0.1900
5.0 0.0468 0.0792 0.1423 0.2001 0.2565 0.2728 0.3183 0.3576 0.3837 0.3928
4.0 0.1440 0.2090 0.3073 0.3845 0.4601 0.4836 0.5528 0.6111 0.6463 0.6576
3.0 04137 0.5140 0.6487 0.7436 0.8256 0.8487 0.9075 0.9438 0.9601 0.9646
Gifu
6.0 0.0061 0.0096 0.0164 0.0271 0.0457 0.0539 0.0862 0.1226 0.1486 0.1575
5.0 0.0356 0.0628 0.1202 0.1723 0.2179 0.2306 0.2693 0.3083 0.3349 0.3438
4.0 0.1203 0.1761 0.2646 0.3393 0.4105 0.4325 0.5018 0.5670 0.6078 0.6207
3.0 0.3607 0.4550 0.5916 0.6951 0.7859 0.8121 0.8839 0.9335 0.9563 0.9623

The contribution, in terms of probability of a
whole source is the sum of the probabilities of
all the subdivisions of the source.
Finally, the contributions of all the sources
are combined using the relation
P=1-1I(1-P)

Jj-1

@2.11)

where P, is taken as a computation from eq. (2.10).

The seismicity of the examined area is of the
highest in the world and observed to occur in the
front and the back-arc area where great interplate
and intaplate earthquakes are generated, re-
spectively. In both areas, high risk seismic
sources were created because of their proximity
to major centers of dense population and heavy
industry. The probability of exceedance of a
given intensity in a given time span was assessed
for 12 sites in Japan (fig. 6). These sites belong
both to the front and the back-arc parts of Japan
and they are found within zones of the area
defined by Papazachos et al. (1994) and Matsuda
(1990), respectively. These sites are the following
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cities (from north to south): Sapporo, Kushiro,
Hachinohe, Sendai, Niigata, Hitachi, Tokyo,
Gifu, Osaka, Hiroshima, Kochi and Fukuoka.

3. Results and discussion

Figure 6 shows the seismogenic sources of
Japan (Matsuda, 1990; Papazachos et al., 1994)
and the 12 examined sites (cities). The method
effectively estimates the probability of the local
intensity I, through the Bayes statistics. There is
no need for an attenuation law, but the seismic
hazard can be evaluated directly from the ob-
served data points. The obtained results can be
considered as a measure (under Poissonian
hypothesis) of the uncertainty in seismic hazard
evaluation. Looking at fig. 7, presenting the
probability of exceedance of various intensities
I, (VI, V, IV and III) for the next 50, 100, 200
and 500 years, we can observed that Kushiro is
most likely to experience an intensity VI degrees
of the Japanese scale. Hitachi and Tokyo follow,
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Fig. 6. The seismic zones into which Japan was divided (Matsuda, 1990) and the 12 sites-cities for which the

seismic hazard is estimated.

while Fukuoka has the lowest probability of
exceedance of an intensity VI in the next 50
years. The seismic hazard of Japan is illustrated
in fig. 8, where the probabilities of exceedance
in the next 50 years (475-years mean return
period) of an intensity VI for the twelve examined
sites-cities are presented by black circles. This
plotted curve taken into account the cities from
north towards south and thus fig. 8 is an
interesting picture of the fluctuations of the
seismic hazard profile of Japan. We can observe
that the general trend of the hazard profile
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decreases southwards. Another interesting
observation is that almost all the sites-cities in
the back arc area are characterized by low
probability of exceedance. These cities are:
Sapporo, Niigata, Gifu, Hiroshima and Fukuoka.
But there are also cities which belong to the front
area of Japan, where take place the underthrusting
process, like Hochinohe and Sendai which are
cited in the inland part of Japan away from the
centers of the very large earthquakes and thus
their values on the hazard curve are low. The
highest values appeared in the cities of Kushiro,
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Fig. 7. The probability of exceedance of various intensities ,= VI, V, IV and III in the next 50, 100, 200 and 500
years for the 12 examined sites-cities of Japan.
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Fig. 8. Seismic hazard curves for the next 50 years (475-years mean return period) and for the next 200 years
(1000-years mean return period) presented by black circle and black triangles, respectively for the 12 examined
sites-cities of Japan. The name of the cities and their corresponding point number on the curves are: 1 - Sapporo;
2 - Kushiro; 3 - Hachinobe; 4 - Sendai; 5 - Niigata; 6 - Hitachi; 7 - Tokyo; 8 - Gifu; 9 - Osaka; 10 - Kochi;
11 - Hiroshima and 12 - Fukuoka.
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Tokyo and Hitachi. The problem becomes greater
for Tokyo because it is either a high dense
populated city and moreover there are centers of
high risk around (heavy industry, electricity
power and chemical plants, etc).

The upper part of fig. 8 demonstrates the
seismic hazard profile of Japan, where the proba-
bilities of exceedance in the next 200 years (1000-
years mean return period) of an intensity VI for
the twelve examined sites-cities are presented by
black triangles. It is expected to follow almost the
same pattern as the hazard profile for 50 years,
admittedly with the exception of Niigata. Niigata,
number 5 (fig. 8), shows relatively higher hazard,
in comparison with the previous profile it belongs
to those sites of low hazard, and this can be due
to the different time period examined. Another
critical point is that Tokyo still dominates in the
range of the high probabilities of exceedance (the
seismic hazard profile).

The majority of earthquakes, particularly the
large ones (M = 8.0) occur along the Japan trench
and Nankai and Sagami troughs. Earthquakes
along the plate boundaries generally show low-
angle thrust mechanisms and are interpreted to
denote that the Pacific and Philippine sea plates
are subducting beneath the Eurasian plate
(Ando, 1975; Scholz and Kato, 1978). Earth-
quakes are also occur in the back-arc area.
These are referred to as intraplate seismicity
(Wesnouski et al., 1982). The largest intraplate
events are generally about one magnitude unit
less (7 < M < 8) than the great interplate earth-
quakes, although they are a major danger because
of their proximity to centers of high population.

An integration of geological and seis-
mological data for probabilistic seismic hazard
in Japan was carried out by Wesnousky et al.
(1984). In particular, he estimated the proba-
bilities of the ground shaking of JMA intensity
2V during the next 20, 50, 100 and 200 years,
induced by either interplate and intraplate
earthquakes. For the 50 year period, he suggested
Nankai trough and portions of the Japan trench
adjacent to east coast on northeast Honshu will
experience major events. The 200 years map
projects the probable occurrence of a major
earthquake along Sagami trough. The cities of
Tokyo and Hitachi (point 6 and 7 in fig. 8) are
very close to Sagami trough and both can be
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considered sites of high seismic risk. Especially
for the back-arc area and for the next 200 years,
Wesnousky et al. (1984) estimated high proba-
bilities in the north and central part of Honshu.
The seismogenic sources J-8 and J-9 (fig. 6) are
parts of this high seismic risk area, where the
cities of Sapporo and Niigata are located. In the
present study, both of these cities show a
relatively high probability of exceedance for the
next time span of 200 years. The regions of high
probability expand as longer time periods are
sampled. The results obtained by Wesnousky
et al. (1984) in general are not directly com-
parable with ours, mainly because we search the
ground shaking in sites (cities), whereas Wes-
nousky and his colleagues covered the whole
territory of Japan. Despite this, we can observe
that few of the cities examined in this study
which present high seismic hazard parameter
are within the areas of high risk according to
Wesnousky et al. (1984).

Rikitake (1991) estimated the probability of
exceedance for intensities greater than or equal
to V and VI of the JMA within the next 10 years
in the broad area of Tokyo. His results for
intensity > V are 0.40 while ours is 0.23, and
for intensity = VI he found 0.049 while our
estimation is 0.043.

The plots of fig. 7 in comparison with table III,
give useful information for the seismic risk
assessment in Japan for Earthquake Resistant
Design (ERD).
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