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Abstract

The three-dimensional seismic attenuation structure beneath the
Japanese Islands is determined from seismic intensity data. The source
accelerations which indicate “size” of earthquakes at hypothetical
point sources, are also simultaneously determined by inversion of
seismic intensity data.

1. Introduction

The main purpose of this paper is to describe the detailed results
of inversion, in which the three-dimensional attenuation structure and
“size” of earthquakes in and around the Japanese Islands are estimated
from seismic intensity data.

HASHIDA and SHIMAZAKI (1984) formulated the method to estimate
attenuation structure and “size” of earthquakes from intensity data.
Since then the method has been applied to several regions of the
Japanese Islands (HASHIDA and SHIMAZAKI, 1985; 1987 a), New Zealand
(SATAKE and HASHIDA, 1987), and the Aegean region (HASHIDA et al.,
1987). In this paper, the method is applied to the whole region of the
Japanese Islands and only the result is presented. Discussions on this
result are given in another paper (HASHIDA, 1987).

Once we estimate a reliable attenuation structure from intensity
data, we can calculate intensity for a specific pair of station and
earthquake. HASHIDA and SHIMAZAKI (1986, 1987 b) show that the cal-
culated intensities based on the attenuation structure are in good
agreement with observed ones even in a region such as the Tohoku
district where the intensity distribution often shows an anomalous
pattern. Therefore tables of the three-dimensional attenuation structure
presented in this paper are available for predicting the intensity.

* Present address: Seismological and Volcanological Department, Japan Meteorological
Agency, Chiyoda-ku, Tokyo 100.
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First, a brief summary of the method will be given. After de-
scriptions of data and actual inversion procedures, the obtained attenu-
ation structures and “size” of earthquakes will be shown.

2. Method

Detailed descriptions of the method and several assumptions used
in the method are given in HASHIDA and SHIMAZAKI (1984). Here we
will briefly review them.

The seismic intensity data which measure the degree of ground
shaking contain information on the “size” of earthquake source and
attenuation along the path from event to stations. We assume that
the JMA intensity is related to the maximum ground accleration of S-
wave. The relation between the medium value of maximum accelera-
tion, a** (gal) and the corresponding intensity, Iis given by KAWASUMI
(1943) as follows,

aobs:101/2—0.35 (0<I£5) N ( 1 )

By taking spatially heterogeneous attenuation of intensity into account,
the acceleration a at a station can be formulated as follows:

a=S-G-g-exp(~Zka-Tk) , (2)

S; acceleration at the seismic source,

G; geometrical spreading factor,

g; amplifying effect at the earth’s surface,
D,; attenuation coefficient (sec™) in the k-th block region,
T,; travel time (sec) in the k-th block region.

The S is assumed to be radiated at the seismic source isotropically.
Summation 3, is made over block regions where the seismic ray
k

penetrates.
The attenuation coefficient D is related to the quality factor @ as

follows:
D=rflQ , (3)

where f is a representative frequency related to seismic intensity.
Generally the representative frequency is considered to be around 1 Hz,
varying from event to event and/or station to station. Because of limited
information on the frequency from intensity data, we do use attenu-
ation coefficient D instead of Q value in this study. Weak attenuation
corresponds to high @, and wvice versa.
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First we assume a horizontally layered attenuation structure as
the initial model, in which the attenuation coefficient of D,, is given,
We can then calculate the initial acceleration S, at the source from
the observed acceleration a°> as follows:

N,

where N, means number of stations and summation >, is made over

i

stations reporting intensities. Actually the effect of ground amplifica-
tion g, is fixed to be 2.0 for all stations by only taking the free-surface
effect into account. Now we can get a calculated acceleration at the
1-th station, a{* from eq. (2) based on the initial structure D, and the
initial acceleration at source S,.

By taking the difference between the natural logarithms of the
observed and calculated accelerations, which is denoted by O—C here-
after, we get the following observational equation,

In aobs_lnamlzas_%‘ 5Dk°Tk+e’ (5)

Si=— S aP(Gur g 3D (— 3 Dy T3, (4)

where 6D,=D,—D, and 6S=In(S/S,). As we assume the same geo-
metrical spreading factor G for the observed and calculated accelerations,
which imply that the variation in S-wave velocity is much smaller than
the variation in attenuation, the error e includes not only observational
error mainly due to conversion of intensity to acceleration by using
eq. (1) but also parametric error due to simplified formulation of the
problem.

Perturbations S for each event and 6D, for the k-th block are
determined by solving a set of observational equations given by eq. (5)
for many pairs of event and station. We can estimate those perturba-
tions by the damped least-squares inversion which simultaneously
minimizes the squared sum of e and that of perturbations. The per-
turbation will be tabulated in section 5 with its resolution and standard
error. More detailed description on the inversion is given in HASHIDA
and SHIMAZAKI (1984) and AxXI and LEE (1976).

3. Data

The data consist of seismic intensities reported by JMA (1951-1983)
in the JMA eight-degree scale (0-7). The intensity 0 which has been
listed in the Seismological Bulletins of JMA since 1961 means that the
shaking is not felt by people but recorded by seismometers. There is
no lower limit of shaking for the intensity 0 as far as a seismometer
records the shaking. Then the intensity 0 data are not necessarily
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Fig. 1. The distribution of stations used in this study.

consistent with KawasuMi (1948)’s relation given in eq. (1). In order
to overcome this problem, we only employ intensity 0 data at stations
in a shorter epicentral distance than maximum felt distance and extend
the relation of eq. (1) to intensity 0. There are only a few data for
intensity 6 and no data for intensity 7 since 1951. We convert the
intensity 6 to acceleration 316 gal which is a medium value in a sense
of the logarithm between 250 and 400 gal.

The seismic intensities have been observed at JMA stations. Listed
in the bulletins of JMA before 1961 are the intensities at the weather
stations and climate stations (“kunai-kansokusho” in Japanese), but
since 1961 only the intensities at the weather stations. We used the
intensities not only at the weather stations but also at many climate
stations in order to increase the quantity of intensity data for each
event. Accuracy of attenuation coefficients increases as the number
of data increases (HASHIDA and SHIMAZAKI, 1984). The distribution of
those stations used in this study is shown in Fig. 1.




Three-dimensional Attenuation Structure beneath the Japanese Islands 251

o 30 60 SO0 120 1SO0 180 210
o o A ¢© + X =«

DEPTH

Fig. 2. The distribution of epicenters used in this study and the locations of
the eight districts. The Japanese Islands are divided into the eight distriets
which are mutually overlapping.

The distribution of earthquakes used in this study is shown in
Fig. 2. That represents the general feature of seismicity in the period.
In and around the Japanese Islands felt earthquakes, including destruec-
tive large ones, have been occurring often along the Pacific coast and
sometimes inland along the Japan Seacoast, along the Philippine Seacoast
and at intermediate depths (e.g., Usami, 1975; UTsu, 1982). The earth-
quakes in Fig. 2 include all events greater or equal to M, 6.0 and many
events smaller than M, 6.0.

We do not use the earthquakes that occurred near the Japan Trench
whose reported depths are deeper than 30 km, because it is difficult to
accurately judge the depths. We employ the hypocenters determined
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by JMA except for the following case. If the reported focal depth of
shallow earthquakes along the Japan Seacoast is deeper than 30 km, the
depth is changed to 20 km because the precise determination of hypo-
centers based on the microearthquake network (e.g., SATO et al., 1986)
suggests that shallow earthquakes along the Japan Seacoast occur at
a depth less than 30 km.

4, Inversion

We divide the Japanese Islands into eight districts to obtain the
three-dimensional attenuation structure. The reason is that the number
of unknown parameters in inversion, 7.e. the sum of the number of
blocks penetrated by rays and the number of earthquakes, has its limit
due to the limited storage area of available computers. The eight
districts are mutually overlapped as shown in Fig. 2, to construct the
three-dimensional structure over all the islands by combining their
results.

The eight districts from the northeast to the southwest will be
called Hokkaido, S. Hokkaido-N. Tohoku, Tohoku, S. Tohoku-N. Kanto,
Kanto, Chubu-Kinki, Chugoku-Shikoku, and Kyushu. The locations of
these districts and block configurations for inversion are tabulated in
Table 1. The horizontal block size (in the X- and Y-directions) varies
from 50 to 90 km depending on the number of data and ray geometry
of each district, but the vertical size (in the Z-direction) is fixed at
30 km for all districts so that the obtained structures could be com-
bined for each layer.

Table 1. Locations and block configurations of the eight districts.

Block configurations

Locations (XX YXZ)
District < Rotation™ Distance to Size
Origin of Yaxis S-W end (km)  (km?) umber
Hokkaido (142°E, 43°N) 20° (—240, —233) 80x90x30 8X6X8
S. Hokkaido- (142°E, 41.5°N) 0° (—280, —210) 65%X60x30 8X8X9
N. Tohoku
Tohoku (141.5°E, 389.5°N) —10° (—260, —280) 60X70X30 8X8X9
S. Tohoku- (140°E, 36°N) —10° (—250, — 50) 50X60x30 9X6X8
N. Kanto
Kanto (140°E, 36°N) —10° (—200, —200) 50x60X30 9X6X6
Chubu-Kinki (136.5°E, 85°N) 20° (—175, —150) 50x50x30 8X9X3
Chugoku-Shikoku (133.5°E, 34.5°N) 20° (—270, —275) 60X55%X30 9X9IX4
Kyushu (131°E, 32.5°N) —10° (—210, —238) 60X70X30 TXTX6

t X and Y are in the horizontal directions and Z is in the vertical direction.
* Rotation of the Y-axis is measured counter-clockwise from the north.
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The block configuration used in this study is not a spherical-layer
type, but a flat-layer type. Any corrections for the spherical layer
are not taken, because the horizontal extent of each distriet is much
smaller than the radius of the earth and the error induced by no cor-
rection is much smaller than observational error mainly due to conver-
sion of intensity to acceleration.

The initial attenuation coefficients are 7.85x107*sec™" for the upper-
most layer and 3.14x107%2sec™ for the deeper layers. This initial
attenuation model will be used as a reference model. In the results
of inversion, we will show the deviations from these reference attenu-
ation coefficients as solutions. The reference coefficients can be con-
verted to @ values, 400 for the uppermost layer and 100 for the deeper
layers, if we assume that the representative frequency related to the
intensity is 1 Hz. These @ values are in good agreement with those
estimated by UMINO and HASEGAWA (1977) in northeastern Honshu and
also with those of the standard earth model estimated from longer
period waves by ANDERSON and HART (1978). The S-wave velocities
which are used to calculate the ray path, geometrical spreading factor
and travel time in each block, are assumed to be 3.8 km/sec in the
uppermost layer and 4.3 km/sec in the deeper layers for all districts.

After a calculation of initial source accelerations by eq. (4), the
intensity data are inverted to estimate the three-dimensional attenu-
ation structure of each distriet. The same damping factors given by
the ratio of the variance in the data (O—C) to expected variance in
the unknown parameter are used for all districts, which are the same
as values used in the preceding papers (HASHIDA and SHIMAZAKI, 1984;
1985; 1987 a). Those are (0.34/0.17)* and (0.34/0.01 sec™*)* for perturbations
of S in each event and 4D in each block, respectively.

The number of unknown parameters as well as the numbers of

Table 2. Numbers of earthquakes, stations and intensity data used in this study.
Number of unknown parameters of inversion and variance improvements after
inversion are also listed.

District Earthquakes Stations In%e;gty pglr,l;(rgggl;s im\}/;?giirrlr(iznt
Hokkaido 114 67 1726 268 37.9%
S. Hokkaido- 122 65 1994 355 46.6%
N. Tohoku
Tohoku 101 66 1630 317 33.5%
S. Tohoku-N. Kanto 98 66 1943 273 38.2%
Kanto 171 4 4358 346 23.8%
Chubu-Kinki 69 74 1336 155 22.9%
Chugoku-Shikoku 68 7 1352 202 25.7%
Kyushu 65 60 831 185 37.9%

(Total) 808 549 15170 2101 —
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Table 3.

Solution (deviation from the reference attenuation coefficient) and the

standard error are given in units of 1.0X107%sec™!.
the diagonal element of the resolution matrix.

Resolution means

Solution

(a) Hokkaido
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Table 3.
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events, stations, and intensity data are listed for each district in Table
2. The total number of intensity data and unknown parameters amount
to 15,000 and 2,100, respectively. Also tabulated is the variance im-
provement. The value is defined by a ratio of reduction of square sum
of O—C by inversion to the square sum of O—C before inversion.

5. Result

Results of inversion are shown in Table 3 and Fig. 3 for the at-
tenuation structure. Tables 3 (a) to (h) correspond to the eight districts
from the northeast to the southwest. The tables list for each district
obtained deviations from the reference attenuation coefficients, diagonal
elements of resolution matrix, and standard error. The deviations and
standard errors are given in units of 10™*sec™. The negative (positive)
in the deviations indicates that the attenuation is weaker (stronger)

1C0 xm

LAYER 3 (60-90 km) LAYER 4 (90-120 km)

Fig. 3(a)




268 T. HASHIDA

LAYER 5 (120-150 km) LAYER 6 (150-180 km)
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Fig. 83(a). (Continued)
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Fig. 3 (b)
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LAYER 4 (90-120 km)

LAYER 3 (60-90 km)
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LAYER 5 (120-150 km)

(Continued)

Fig. 3 (c).
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LAYER 7 (180-210 km) LAYER 8 (210-240 km)

LAYER 8 (240-270 km)

Fig. 3(c). (Continued)
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Fig. 3(d). (Continued)
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LAYER 3 (60 - 20 km)

LAYER 4 (90 - 120 km)

Fig. 3(g). (Continued)
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LAYER 2 (30 - 60 km)

LAYER 1 (0 - 30 km)

LAYER 4 (90 -120 km)

LAYER 3 (60 - 80 km)

Fig. 3(h)
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LAYER 5 (120 - 150 km) LAYER 6 (150 - 180 km)

Fig. 3 (h). (Continued)

Fig. 8. The obtained three-dimensional attenuation structures for each layer in
the eight districts. Figs. (a) to (h), respectively, show Hokkaido, S. Hokkido-
N. Tohoku, Tohoku, S. Tohoku-N. Kanto, Kanto, Chubu-Kinki, Chugoku-
Shikoku, and Kyushu districts. Numerals in the parentheses indicate depth
range in km. In areas where broken contour lines are drawn, attenuation
coefficients are larger than the reference values. In areas where thick contour
lines are drawn, attenuation coefficients are smaller than the reference values.
Detailed explanation of the figures can be referred to in the text.

than the reference value. That corresponds to higher (lower) @. Areas
without numerals in the tables correspond to blocks where no seismic
ray penetrates.

Figs. 8(a) to (h) show the obtained attenuation structures of the
eight district in the same order. The figures include coast lines and
contours of deviation values for each layer. To draw the contours
smoothly, we shift the block configuration by half a block size in the
southwest direction and obtain another attenuation structure for each
district, which is also shown in Fig. 3. The contours are drawn in
areas where the corresponding diagonal elements of resolution matrix
are higher than 0.35. The threshold value 0.85 is chosen on the basis
of numerical experiments in HASHIDA and SHIMAZAKI (1984). Weaker
attenuation areas are shown by the thick contour lines (interval: 1.0x
107?sec™), and stronger attenuation areas by the broken contour lines
(interval: 1.5x10*sec™). The contour intervals for the Chubu-Kinki
and the Chugoku-Shikoku districts are somewhat modified to see the
details, particularly for the vast weak-attenuation areas. The letters
H and L mean high and low @, respectively.
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We combine the three-dimensional structures of the eight districts
shown in Fig. 3 for each layer to construct the structure over the
Japanese Islands. We sometimes have inconsistent structures in the
overlapping areas, because the areas are situated in peripheral regions
of each district where the solutions are poorly resolved. In such cases,
we choose the solution with higher resolution. The structure for the
uppermost three layers is constructed, because in the lower layers the
reliable solutions with high resolution are not mutually overlapped or no
reliable solution exists. The constructed attenuation structure down to
a depth of 90 km is shown in Fig. 4. We do not discuss the tectonic
implications of the attenuation structure here. The discussions appear
in HASHIDA (1987) and HASHIDA and SHIMAZAKI (1985, 1987 a).

The size of the earthquake source, which is called “source accelera-

140°E

(a) LAYER 1 (0-30km)
Fig. 4
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tion” here, is also estimated by inversion. The source accelerations
are plotted against the JMA magnitude M, in Fig. 5. We do not present
the results of inversion for each earthquake, because of a large number
of the earthquakes, 808. For almost all the earthquakes, however,
the diagonal element of resolution matrix is higher than 0.8 and the
standard error of source accelerations is smaller than 0.1 in terms of
the logarithm. Thus we can conclude that reliable source accelerations
are estimated by inversion. Actually, accelerations for the same earth-
quakes independently estimated in two neighbouring districts show
nearly equal values (Fig. 5). The distinct examples which show reliable
estimation of the source acceleration are the three largest earthquakes,
the 1952 Tokachi-Oki (M, 8.2), the 1968 Tokachi-Oki (M, 7.9), and the
1983 Nihonkai-Chubu (M, 7.7).

(b) LAYER 2 (30-60km)
Fig. 4 (Continued)
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Z -

40°

(c) LAYER 3 (60-90km)

Fig. 4. The combined three-dimensional attenuation structure of the Japanese
Islands for each layer. Numerals in the parentheses indicate depth range
for the layer. The contour intervals are 1.0X1072 (thick lines) and 1.5X1072
(broken lines) sec™, respectively, for areas where attenuation coefficients are
smaller and larger than the reference values. The reference values are
7.85%X1073sec™! for Layer 1 and 3.14X107%2sec™! for the lower layers.

There are many unrealistic accelerations exceeding 1000 gal in Fig.
5. Those large accelerations do not represent actual accelerations at
the source. They are calculated at a hypothetical foeal sphere with a
radius of one km for all earthquakes. Obviously the source radius is
larger than one km for the events with hypothetical source acceleration
exceeding 1000 gal.

Linear relationships between the source accelerations and the JMA
magnitudes are obtained for all the earthquakes and also for events
in three ranges of focal depth as shown in Fig. 6, by using only earth-
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MAGNITUDE M,

Fig. 5. Obtained source accelerations of all earthquakes used in this study
plotted against JMA magnitudes M;. The number of events amounts to 808.
Squares, circles and triangles denote the events whose depths are shallower
than 30km, 30 to 60km, and deeper than 60 km, respectively.
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Fig. 6. The relations between the source accelerations and JMA magnitudes
M;. Four relations are given for all earthquakes, those shallower than 30
km, those at a depth of 80 to 60 km, and those deeper than 60 km.
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quakes greater than 1M, 5.9. This linearity as well as the three-
dimensional structure mentioned above are available in predicting
intensity for a specific pair of earthquake and station (e.g., HASHIDA
and SHIMAZAKI, 1986, 1987Db). They are also helpful in estimating
magnitudes of historical earthquakes.

6. Summary

We have presented the detailed results of inversion, in which the
three-dimensional attenuation structure and earthquake source accelera-
tions in and around the Japanese Islands are estimated from seismic
intensity data.

The method developed by HASHIDA and SHIMAZAKI (1984) is used
for inversion, where the intensity is assumed to be the measure of the
maximum ground acceleration of S-wave at the observational point.
The data consist of about 15,000 intensity readings for about 800 earth-
quakes reported by JMA during a period from 1951 to 1983. Three-
dimensional attenuation structures are estimated for the eight districts
which are mutually overlapping and covering the Japanese Islands.
Those structures are given in Fig. 8 and are tabulated in Table 8 with
resolutions and standard errors of the solutions. The combined three-
dimensional structure over the islands for each layer is given in Fig.
4. The obtained source accelerations of earthquakes used in this study
are shown in Fig. 5 and the relations with the JMA magnitude are
given in Fig. 6. The three-dimensional structures and the source
accelerations can be employed to calculate the intensity for a specific
pair of station and earthquake and/or to estimate the magnitude of
historical earthquakes. :
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Appendix

Station amplifying factors are presented here. The factor is esti-
mated from an averaged value of residuals (O—C of eq. (6)) for each
station. As the O—C is given by the natural logarithm of acceleration,
the amplifying factor can be converted to intensity deviation 4I using
eq. (1) or to site amplifying effect g (a half value of ¢ in eq. (2), be-
cause the effect of free surface is taken into account in eq. (2)). Figure
A-1 shows the site amplifying effect g for stations used in the inver-
sion of which the reported number of intensity was more than 10. The
distribution of amplifying factor O—C, intensity deviation 4I, and site
amplifying effect ¢ is shown in Fig. A-2. These values are available in
predicting JMA intensities (e.g., HASHIDA and SHIMAZAKI, 1986; 1987 b).

STATION AMPLIFYING EFFECT

Fig. A-1. The site amplifying effects for the stations used in this study. The
amplifying effect g converted from the amplifying factor is plotted for
stations of which the reported number of intensity was more than 10.
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Fig. A-2. The distribution of the amplifying factor (0—C), intensity deviation
41, and site amplifying effect g. Stations of which the reported number
of intensity was more than 10 are plotted in this figure.
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