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Estimates of Radiated Energy for Moderate Shallow Earthquakes in Japan
James Mori and Hideki Kobayashi
Disaster Prevention Research Institute, Kyoto University, Kyoto, JAPAN

( a ) Purpose

The main purpose of this study is to investigate the scaling of radiated energy as a function
of earthquake size for shallow earthquakes in Japan. This scaling is a currently a controversial
issue and the data from Japan will be an important contribution to debate. The scaling of radiated
energy is directly related to the problem of how to estimate the levels of high-frequency ground
motions from large earthquakes. Also, whether or not the ratio of Eg to My increases with earthquake
size has important implications for the mechanisms of earthquake ruptures and the differences
between small and large earthquakes.

( b ) Data

In this study we used 115 earthquakes from March 1997 through October 1999, plus the 2000 Tottori
earthquake. These events were recorded on 905 K-NET sites, as shown in Fig. 1. The average
stations spacing is about 25 km. The sensors are accelerometers and the systems have a good
frequency response from about 0.01 to 30 Hz. The dynamic range of the recorders is 108 dB with
a resolution of 15 mGal. These data are sampled at 100 Hz.

For the estimates of radiated energy 2 to 161 stations were used, for most cases there were
data from 34 or more stations. For the events that occurred under or close to the main islands
of Japan there is good azimuth coverage of the stations, however for the offshore events, the
azimuthal coverage was usually much more limited.

( ¢ ) Method for Estimating Energy
In this study, we use the equations of Kanamori et al.(1993) to calculate the radiated energy.
These assume that all the radiated energy is contained in the S wave since the ratio of Ey /E

B is about 4%. We use S waves and consider a station at distance (A ) from a point source and
a sphere at a short distance rqy around the source..

|r'.-_| = 41’ l:-ll'- i !I. w7l i |..'.|Il.: r # il :I," |II }: Il'l PRk

CF is the free surface amplification factor, p 5 B o are the density and shear-wave velocity at
the source, respectively. v(t) is the ground velocity recorded at the station. For the distance
attenuation, the following function is used.

q(r) = crNexp(-kr).
Constants c, n, and k were determined by fitting this function to the data. Since the attenuation
relationship may vary with depth, the data were divided into three depth ranges, 0-10, 10-25,
and 25-50 km. Constants were determined for each depth range. The attenuation curves are shown

481



in Fig. 2. The curves for the 10-25 and 25-50 km depths are very similar.
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Figure 1. Events (circles) and K-NET stations (triangles) used in this study.
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Figure 2. Attenuation relations for 3 depth ranges derived in this study.

( d ) Station Corrections

In this study, the value of station corrections is an important factor for improving the quality
of the results. There can be large amplitude effects at the stations which can effect our results.
Site effects can cause amplitude differences of factor of 3 or greater. Since our energy estimate
is based on the amplitude squared, this means it will change the radiated energy estimate by a
factor of 9.
To calculate the station corrections, site were separated into hard (stiff) and soft sites by
the average S-wave velocity in the upper 30m. Hard sites were defined as having average S-wave
velocities of 500 m/sec or greater. Soft sites had average S-wave velocities of less than 500
m/sec. These average velocities were determined from the site information available for K-NET
sites from their web page. The sites | categorized as stiff, roughly correspond to Class A and
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B sites of the classification of strong-motion stations used by Boore et al. (1994). Radiated
energies were calculated using only events that were recorded on 5 or more hard sites. Radiated
energies were then calculated for all events at each station and compared to the * hard site
estimate. The ratio of the individual station estimate to the stiff site estimate, averaged over
all earthquakes, is the station correction.

The distribution of the stations corrections for the K-NET sites is shown in Fig. 3. There are
some correlations with the regional geology. Large station corrections in the Kanto plain may
be due to amplifications from the large sediment thickness in that region. The area of southern
Kyushu also shows large positive stations corrections. This may be due to amplifications on the
thick volcanic sediments. The areas of central Japan generally show small amplitude that might
be associated with hard sites in the central mountainous region.

Fig. 4 shows the results of the estimates of radiated energy with and without the stations
corrections. It can be seen that the scatter in the data and the size of the error bar (one standard
deviation) is significantly improved by including the station corrections.

( e ) Results and Scaling of Radiated Energy

The main purpose of this study was to determine the radiated energy of earthquakes and
investigate the relation as a function of earthquake size. Fig. 4 shows the estimates of radiated
energy for shallow earthquakes plotted as a function of seismic moment. Moment were taken from
the F-net (National Institute for Earthquake Science and Disaster Prevention) webpage. The data
are plotted along with lines that shows constant apparent stress from 0.1 to 100 Mpa. Over this
limited magnitude range, it is difficult to see if there is a systematic departure from constant
stress drop scaling. These results are consistent with the results from estimates of radiated
energy for similar sized earthquakes in California (Kanamori et al., 1993, Mori et al., 2003).
This means that if large earthquakes from California are added, there would be an apparent increase
of the ratio of radiated energy to moment, as a function of earthquake size. However, to see if
this apparent departure from constant stress drop scaling is observed for earthquakes in Japan,
further data from smaller and larger earthquakes are needed.
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Figure 3. Station corrections derived in this study.
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Figure 4. Estimates of radiated energy as a function of earthquake moment. Upper plot shows the
results without stations corrections. Lower plots shows the results including station
corrections.

( T ) Conclusions
Including the effect of station corrections reduces the uncertainty and the overall value of
the radiated energy estimate. The energy estimates show a large amount of scatter over the moment

range from 1015 t0 1018 Nm. Over this limited size range, it is difficult to make clear conclusions
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about whether or not there is a departure from the constant apparent stress drop scaling for shal low
earthquakes in Japan. Further data analyses from smaller and larger events is need to clarify
this issue.
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