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ABSTRACT

Nakamura's method, which uses a horizontal-to-vertical Fourier spectrum ratio of microtremor,
is extended for earthquake recordings using new strong motion data recorded by JMA-87-type
accelerometers. From the analysis of these accelerograms, the horizontal-to-vertical Fourier
spectrum ratios of a site for different earthquakes are found to be stable regardless of magnitude,
distance and depth. The physical reason for the stability is explained through attenuation
relations for the velocity response spectra with low damping ratio.

INTRODUCTION

In order to evaluate site amplification characteristics during earthquakes, Nakamura [1]
proposed a method to estimate the horizontal-to-vertical (H/V) Fourier spectrum ratio of
microtremor. The method was extensively used in Japan [e.g., 2, 3] and in some other
countries [e.g., 4-7]. In the last few years, several researchers attempted to apply this method
for earthquake ground motion and compared Fourier spectrum ratios for earthquakes and
microtremors [4, 5, 7]. Then the amplitude ratios of earthquake records at a site were found to
be stable irrespective of magnitude and location of events. However, the physical reason for
the stability was not provided by these studies and hence, questions still remain to the
applicability of Nakamura's method to earthquakes.

From these points of view, this paper attempts to explain the reason of the stability of the
H/V ratio of Fourier spectra using recent earthquake records in Japan. First stability of Fourier
spectrum ratio is examined using new JMA (Japan Meteorological Agency) records. The
stability of the spectrum ratio is then explained through the attenuation relations for the velocity
response spectra with low damping ratio. The aim of this study is to provide a theoretical basis
of the use of two-component surface recording at a site for site characterization.

EARTHQUAKE RECORDS AND FOURIER SPECTRUM RATIO

The acceleration records used in this study consist of 2,166 three-component sets from 387
events. These data were recorded by JMA-87-type accelerometers at 76 free field sites from
August 1, 1988 to December 31, 1993. Records with peak ground accelerations (PGA) less
than 1.0 cm/s? in one horizontal component were omitted. Events whose focal depths were
zero or greater than 200 km were also excluded from the analysis. The records are mostly far-
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field ones since the records from the 1995 Hyogoken-Nanbu (Kobe) Earthquake were not
included in the data set. Detailed information regarding the data is found in Molas and
Yamazaki [8], in which attenuation relations for PGA and PGV were proposed.

The Fourier amplitude ratios (H/V) of the two horizontal components and the vertical
component are calculated for the data set. Among the 76 JMA stations, two stations
(Hachinohe and Kushiro) are selected for demonstration of the Fourier spectrum ratios. These
stations have observed the largest number of recordings. For each station, ten largest
accelerograms were selected for the estimation of the (H/V) Fourier spectrum ratio.

Figure 1 shows the Fourier spectra of the NS- and UD-components for the two stations.
Although the amplitude of the Fourier spectra for the different events differ, the shapes of the
Spectra at the same station show similarity. Figure 1 also shows the Fourier amplitude ratios
(H/V) for the two horizontal components. Although the Fourier spectra for different events
show wide variability in their amplitudes and some variability in their shapes, the H/V spectral
ratios at a site fall in a narrow range of amplitude and shape. In fact, the Fourier spectrum
ratios of earthquake ground motion seem to represent site characteristics; they are stable for
different events and show clear peaks.
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Fig. 1 Horizontal and vertical Fourier spectra and H/V spectrum ratio at two JMA stations
ATTENUATION MODEL

The attenuation of response spectrum is modeled using the attenuation model [8] for the peak
ground acceleration and. velocity. The model considers the attenuation of seismic waves in a
continuous medjum with a geometric spreading term, an elastic attenuation term, a depth term
and a site-effect term as follows: v

10g Y(T) = by(T) +b,(TIM + b, (T)r + by(Dlog r + b, (D + Sc (TS +o(TP (1)
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where y(T) is the relative velocity response spectrum in cm/s at period T, M is the JMA
magnitude, r is the shortest distance in kilometer between the source and the recording station,
h is the depth in kilometer of the point on the fault plane that is closest to the recording site,
bi(T)'s are the coefficients to be determined for each T and o(7) is the standard deviation of log
y(T) with P=0 for 50-percentiles and P=1 for 84-percentiles. The term b(T)r represents
anelastic attenuation and the term b3(7T)log r represents geometric spreading. The geometric
spreading constant b3 is assumed to be -1, which corresponds to a spherical spreading from a
point source. c;(T)'s are the station coefficients representing local site effect at the recording
sites and S; = 1 for station i, S; = 0 otherwise. Note that c;'s are constrained to have a zero
mean for each period, representing a relative site effect to the average site. N is the total number
of recording stations. The total variance o2 is taken as the sum of the record-to-record (intra-
cvent) component of the variance and the earthquake-to-earthquake (inter-event) component of
the variance. Although r is defined as the shortest distance from the recording site to the plane
of the fault rupture, published reports of fault extent are either difficult to find or nonexistent
for the events in the data set except for two large earthquakes (the 1993 Kushiro-Oki and the
1993 Hokkaido-Nansei-Oki with both M=7.8). Because most of the records are in the far-field
and smaller magnitude, the use of the hypocentral distance is practical and justified for them.

The attenuation relations of the relative velocity response spectrum with damping ratio &,
Sv(§ T), for horizontal and vertical components are used to explain the reason behind the
stability of the H/V Fourier spectrum ratio at each station. The attenuation relations for the two
components at station i are written as follows for the 50 percentile values:

log S," &, T)=b," +b"M +b,"r +b logr +b,'h + " )
log Sy &, T)=b," +b M +b,'r +b,  logr +b,"h+ ¢’ 3)

where the superscript "H" represents the horizontal component and "V" the vertical component.
Then the ratio of the two equations yields

log %v% = B = by )+ (B b I+ (B, b, )+ (b, -b W+ -cY) (4)

Note that log r term is dropped in equation (4) due to the assumption of b3H =b3V =-1.

ANALYSIS OF HORIZONTAL AND VERTICAL VELOCITY RESPONSE SPECTRA

Regression analysis is performed for the relative velocity response spectra with three damping
ratios (0%, 2%, 5%) using the JMA data with 2,166 three-component sets. Figure 2 shows the
period-dependency of the four regression coefficients (bo, b1, b2, b4) of the horizontal and
vertical velocity response spectra with the three damping ratios. The coefficients for three
damping ratios looks quite similar for both components. Note that the approximation of
acceleration Fourier spectrum by velocity response spectrum is valid for zero damping ratio.
But at zero damping, the response spectrum may fluctuate. Since the regression coefficients are
close for the three damping ratios, a small damping value (2%) is used in the analysis.

In Figure 2, the four regression coefficients for the two components are seen to behave
quite similar manner to the period axis. The regression intercept, bo, for the horizontal
component is slightly higher than that for the vertical component although their trends are very
similar. The magnitude coefficient, b1, is almost the same for the two components. The
absolute value of the anelastic attenuation rate, b2, decreases as the period increase. This trend
is consistent with the observation that high-frequency contents of strong ground motion are
attenuated faster than low-frequency contents. The depth effect coefficient, b4, decreases as the

period increases. The depth effect becomes almost constant for periods of 1s and above.
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Fig. 2 Regression coefficients for attenuation relations of SyH and SyY for three damping ratios

Figure 3 compares the spectral shapes for different magnitudes, distances, and source depth.
Note that the station coefficient is set to be the mean value (c; =0) of all the stations in the figure.
Figures 3a and 3b show the mean horizontal and vertical velocity response spectra (Sy) for a
given depth and distance with changes in magnitude. Figures 3d and 3e compare the mean
horizontal and vertical Sy for a given magnitude and depth with changes in the shortest distance.
Figures 3g and 3h show the mean horizontal and vertical Sy for a given magnitude and source-
site distance with changes in depth. The velocity response spectra for both components depend
on magnitude and distance, and to some extent on depth.

H/V RESPONSE SPECTRUM RATIO

The horizontal-to-vertical (H/V) velocity response
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magnitudes, source-site distances, and source depths. Figure 3c shows the velocity response
spectral ratio for a given depth and shortest distance with changes in magnitude. The ratio is
slightly affected by the magnitude, but the overall shape is similar. In the very short-period
range (less than 0.1s), the ratio is almost constant (about 1.5); in the short-period range (0.1s
to 0.5s), the ratio increases linearly with period (up to 2.7-3.2); in the intermediate to long-
period range (0.5s to 7.5s), the ratio becomes almost constant. In these period ranges, the ratio
is larger for smaller magnitude events but for the long-period range (greater than 7.5s), the
ratio becomes larger for larger magnitude events. The trend of the spectrum ratio is consistent
with the fact that the vertical component has higher frequency contents than those of the
horizontal components.

Figure 3f shows the response spectrum ratio for a given magnitude and depth with changes
in distance. The trend of variation of the ratio with period is same as Figure 3c. The effect of
variation of distance is almost negligible. However, since the current data set consists of
mostly intermediate to far field data, this observation should be limited to records of these
distance ranges. Figure 3i shows the spectrum ratio for a given magnitude and distance with
changes in depth. The variation of the ratio with different depth is again very small. In
summary, the ratio of horizontal-to-vertical velocity response spectra of intermediate to far field
records is a function of period, but almost independent of magnitude, source-site distance and
source depth. Hence, in equation (4), only bo term remains if the site effect is not considered.
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Fig. 3 Predicted horizontal and vertical Sy and H/V spectrum ratio for 2% damping and ci=0.0
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SITE-SPECIFIC SPECTRUM RATIOS

Figure 4 shows examples of the station coefficient spectrum. The shapes are different from
station to .station. But, for the same site, the station coefficient spectrum for the vertical
component has the similar shape with that for the horizontal component. It is also seen from the
figure that the period corresponding to the peak for the vertical component is shorter than that
for the horizontal one. Molas and Yamazaki [8] inferred that the peak of the station coefficient
spectrum for the horizontal response spectrum corresponds to the predominant period of S-
wave propagation. As an extension of this inference, the peak for the vertical component may
indicate the predominant period of P-wave propagation. However, it is difficult to prove this
for the JMA stations since detailed geological profiles are not available.

By combining the velocity response spectrum ratio for the mean station and the spectrum of
station coefficients, the site-specific response spectrum ratio can be obtained for each JMA
station. Figure 5 shows sample site-specific velocity response spectrum ratios for the two JMA
stations plotted for a particular distance, depth and magnitudes. The site-specific response
spectrum ratios show clear peaks and the effect of magnitude on the ratios seems almost
negligible. Since the effects of distance and depth have already been shown to be small for the
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Fig. 5 Predicted H/V velocity response spectrum ratio with 2% damping for two JMA stations
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current data set, the spectrum ratio is unique to the site. Thus the H/V response spectrum ratio
R, at aspecific site i is approximated as a function of structural period only as

H t .

logR, = log 5\,4@ =@ -5, e @) - )] (6)

$,'(&.T)
where the first term of the right side of equation (6) shows the spectrum ratio on the average
site and the second term represents the site effect.

In Figure 6, the response spectrum ratio for 2% damping is compared with the observed
Fourier spectrum ratio for the two JMA sites. Although slight dependence of the response
spectrum ratio on magnitude, depth and distance exists, it may be insignificant for this
comparison. In the figure, the mean Fourier spectrum ratio is shown together with the mean
plus or minus one standard deviation. As expected, the comparison reveals that the predicted
Sy ratio produces similar values with the average of the observed Fourier spectrum ratio.
Hence, the stability of H/V ratio of Fourier spectra at each site is reconfirmed using the
attenuation relations for Sy and the approximation between Fourier spectrum and S,.
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The implication of the H/V ratio was further explored by the present authors elsewhere [9]
using earthquake records from two downhole array sites whose underground structures were
known. Transfer functions between the ground surface and stiff-soil outcrop were calculated
for horizontal and vertical components. The ratio of the transfer functions were calculated and
were compared with the H/V response spectrum ratio. The theoretical background of proximity
of the H/V spectrum ratio and the transfer function were then provided. Thus the predominant
period of a site can be estimated from two-component earthquake records at the ground surface.

CONCLUSIONS

The H/V amplitude ratio of Fourier spectra was investigated for earthquake recordings. Fourier
spectra were calculated for several earthquake events recorded at JMA stations and H/V ratios
were found to be stable for different events at each site. Attenuation relations of velocity
response spectra for horizontal and vertical components were derived using 2,166 recordings
from 76 JMA stations. As a result of regression analysis, the magnitude, distance, and depth
dependent terms were found to be close for the two components. Hence, if we take the
spectrum ratio, the ratio can be approximated by only a function of station coefficients, which
represent site characteristics. Through the proximity of Fourier spectra and velocity response
spectra with small damping, the stability of the Fourier spectrum ratio (H/V) was confirmed.
Implication of the H/V spectrum ratio was further investigated in a separate paper. These
results suggest that site amplification characteristics can be evaluated by one-point two-
component surface recordings, in a similar manner as proposed by Nakamura for microtremor.
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