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ABSTRACT

Using a database of 655 recordings from 58 earthquakes,
empirical response spectral attenuation relations are derived
for the average horizontal and vertical component for shal-
low earthquakes in active tectonic regions. A new feature in
this model is the inclusion of a factor to distinguish berween
ground motions on the hanging wall and footwall of dipping
faults. The site response is explicitly allowed to be non-linear
with a dependence on the rock peak acceleration level.

INTRODUCTION

Ground motion attenuation relations can be regionalized
into three categories: shallow crustal earthquakes in active
tectonic regions (e.g, Western North America), shallow
crustal events in stable continental regions (e.., Central and
Eastern North America), and subduction zones (e.g., Pacific
Northwest and Alaska). In this study, we develop empirical
models for the attenuation of response spectral values for
both the average horizontal and the vertical components
applicable to shallow crustal events in active rectonic regions.

STRONG MOTION DATA SET

The data set used in this study is based on worldwide data
which consists of strong ground motions from shallow
crustal events in active tectonic regions, excluding subduc-
dion events. Events up through the 1994 Northridge earth-
quake are included. There are 853 recordings from 98
mainshocks and aftershocks with magnitude greater than 4.5
in the full data set. Recordings with unknown or poor esti-
mates of the magnitude, mechanism, distance, or site condi-
tion were excluded from the data set used in the regression
analysis. This reduced the data set used in the analysis to 655
recordings from 58 earthquakes. The 58 events used in the
analysis are listed in Table 1.

94 Seismological Research Letters Volume 68, Number 1

Earthquakes

Record Processing
All of the records were reprocessed using a common repro-
cessing procedure. The correction procedure involves 5 steps:
1. interpolation of uncorrected unevenly sampled records
to 400 samples/sec;
2. frequency domain low-pass filtering using a causal 5-
ole Butterworth flter with the corner frequency
selected for each record based on visual examination of
the Fourier amplitude spectrum;
3. removing the instrument response;
4. decimating to 100 or 20 samples/sec depending on the
low-pass filter corner frequency; and
5. applying a time domain baseline correction procedure
and a final high-pass filter.
The baseline correction procedure uses a polynomial in
degree 0-10 depending upon the initial integrated displace-
ments. The characteristics of the high-pass filter is that of an
overdamped oscillator (Grazier,1979). It is fat about its cor-
ner frequency and falls off proportional to frequency on
cither side. The filter is applied in the time domain twice, for-
ward and reverse, resulting in a zero phase shift processed
record. As with the polynomial baseline correction, the high-
pass filter parameters are selected based on visual examina-
tion of the fltered integrated displacements for a suite of
parameter values. The response spectral values are only used
in the regression if the frequency is greater than 1.25 times
the high-pass corner frequency and less than 1/1.25 times the
low-pass corner frequency. This ensures that the filter will not
have a significant effect on the response spectral values used
in the regression. This requirement produces 2 data set that
varies as a function of period. The number of recordings in
the final dara set is shown in Figure 1 asa function of period

Site Classification

The site classification is based on the Geomatrix site class
that is given in Table 2. In this study, we have combined
Geomartrix site class C and D into a single deep soil site cat
egory. The Geomarrix A and B classes (rock and shallow soil)
were also combined into a single “rock” site catego™y
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TABLE 1 TABLE 1 (Continued)
Earthquakes Used in the Regression Analysis Earthquakes Used in the Regression Analysis
Event # Earthquake Date & Time  Mag Event # Earthquake Date & Time  Mag
6 Imperial Valley 1940 0519 0437 7.0 83 N. Palm Springs 1986 0708 0920 6.0
12 Kern County 1952 0721 1153 74 84 Chalfant Valley 1986 0720 1429 5.9
20 San Francisco 1957 0322 1944 5.3 85 Chalfant Valley 1986 0721 1442 6.2
25 Parkfield 1966 0628 0426 6.1 86 Chalfant Valley 1986 0721 1451 56
28 Borrego Mtn 1968 0409 0230 6.8 87 Chalfant Valley 1986 0731 0722 5.8
29 Lytle Creek 1970 0912 1430 54 89 Whittier Narrows 1987 1001 1442 6.0
30 San Fernando 1971 0209 1400 6.6 90 Whittier Narrows 1987 1004 1059 53
31 Point Mugu 1973 0221 1445 58 91 Superstitn Hills(A) 1987 1124 0514 6.3
32 Hollister 1974 1128 2301 5.2 92 Superstitn Hills(B) 1987 1124 1316 6.7
34 Oroville 1975 0801 2020 6.0 93 Spitak, Armenia 1988 1207 6.8
35 Oroville 1975 0802 2022 5.0 94 Loma Prieta 1989 1018 0005 6.9
36 Oroville 1975 0802 2059 44 96 Cape Mendocino 1992 0425 1806 71
37 Oroville 1975 0808 0700 47 97 Landers 1992 0628 1158 7.3
38 Friui, ltaly 1976 0506 2000 6.5 98 Northridge 1994 0117 1231 6.7
39 Gazli, USSR 1976 0517 6.8
41 Friuli, italy 197609150315 6.1 TABLE 2 )
4  SantaBarbara 1978 0813 6.0 Site Classification (from Geomatrix)
43 Tabas, Iran 1978 0916 74 A Rock (Vs > 600 m/s)
4 CoyoteLake 197908061705 5.7 . g;";ry ";'“_ls"" (< 5m) over rock
45 Imperial Valley 197910152316 65 allow 5ol
4  Imperial Valley 197910152319 52 Soil 5-20 m thick over rock
47 mperial Valley 197910160658 5.5 c ggﬁ”)sz‘:)"r:‘ t't‘:fg?w Canyon
48 Livermore 198001241900 58 Canyon < 2 km wide
49 Livermore 1980 0127 0233 5.4 D Deep Soil in Broad Canyon
50 Anza 19800225 1047 4.9 Soil > 20 m thick
57 Mammoth Lakes AS 1980 0527 1801 49 Canyon >2 km wide
58 Mammoth Lakes AS 1980 0531 1516 49 E  Soft Soil (Vs < 150 m/s)
59 Victoria, Mexico 1980 0609 0328 6.4
60  Mammoth Lakes AS 1980 0611 0441 5.0 Although the site classification listed in Table 2 has quantita-
) Taiwan (SMART #5) 1981 0129 57 t?vc values, for most of the sites, such quantitative informa-
63 Westmorland 1981 0426 1209 58 tion is not a.wal.lab!e, so the sites are class.iﬁcd subjectively
66 ) using the criteria listed in Table 2 as a guide rather than a
Coalinga 1983 0502 2342 6.4 strict classification scheme.
67 Coalinga 1983 0509 0249 5.0
8  Coalinga 1983 06110309 5.3 Distance Definition
69 Coalinga 1983 0709 0740 5.2 Several different distance definitions have been used for
70 Coalinga 198307220239 5.8 developing at.tcnuation relations. In this study, we h.avc. used
2| Coalinga 1983 0722 0343 49 the clc;s:est distance t(c; the rc;thurc plane, réup. Tl'ms is the
2 Goalinga 1983 0725 2234 5 same 1¥;nc§ as Lxse. by fI }:lssd (19?1) and Sadigh et al.
7 Coalinga 1983 0909 0916 53 (1‘9193?. e distri gtlon of the darta in terms of magnitude
% ’ . and distance space is sh?wn. for four periods (T = 5.9, 1.0,
organ Hill 1984 0424 2115 6.2 0.2, and 0.075 seconds) in Figures 2 and 3 for the horizontal
7 Bishop (Rnd Val) 1984 1123 1912 5.8 and vertical components, respectively.
7 Nahanni, Canada 1985 1223 6.8
% Holister 198601261920 5.4
Man (SMART #40) 1986 0520 6.4
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A Figure 1. Period dependence of the number of events (lower) and number of recordings (upper) used in the regression analysis.
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DEVELOPMENT GF ATTENUATION RELATIONS

Regression Method

We use a random effects model for the regression analysis.
The random effects model is a maximum likelihood method
that accounts for correlations in the data recorded by a single
earthquake. For example, if an earthquake has a higher than
average stress drop, then the ground motions at all sites from
this event are expected to be higher than average. We use the
procedure described by Abrahamson and Youngs (1992) to
apply the random effect model. In a standard fixed effects
regression, the model can be written as

Y, = f(My.n)+¢, (1)

where Y} is the ground motion, M, is the magnitude and 7,
is the distance for the 4th data point. The g, term is assumed

104 Seismological Research Letters Volume 68, Number 1

to be normally distributed with mean zero. The standard
error of the g, values gives the standard error of the model.
In contrast, the random effects model can be written as

@

Y;= f(Mi"ij) +E;+1);
where Y}; is the ground motion for the jth recordings from
the 7th earthquake, M; is magnitude of the zth earthquake,
and r; is the distance for the jth recordings from the ith
earthquake. There are two stochastic terms in the model.
Both &;; and 7); are assumed to be normally distributed with
mean zero. The random effects model uses the maximum
likelihood method to partition the residual for each record-
ing into the &;and 7); terms. There are two parts to the stan-
dard error for the model: an inter-event term, 7, which is the
standard error of the 77; and intra-event term, o, which is the

January/February 1997
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standard error of the &;. The total standard error of the
model is

ot +12.

The Joyner and Boore (1981) two-step method also
accounts for the correlation in the data from a single earth-
quake by explicitly estimating an event term for each event
in the first step. In their model, the random terms, 1,, are
replaced by fixed effects terms (coefficients of the model).
The random effects model differs from the two-step method
described by Joyner and Boore (1981) in that for events with
only a few recordings, part of the mean event term may be
due to random variations of the dara (intra-event variations)
and poor sampling of the event. As described by Abraham-
son and Youngs (1992), for poorly sampled events, the ran-
dom effects method estimates how much of the event term is
likely to be due to random sampling of the intra-event distri-
bution and how much is likely to be due to systematic differ-
ences berween the event and the average. If all of the events
have a large number of recordings, then the two-step method
and the random effects method become equivalent.

Regression Model

In developing the functional form of the regression equa-
tion, we combined features of the regression equations that
have been used in previous studies. The general functional
form that we employ is given by:

InSa(g)= fl(M,r,,‘,,) + Ff3(M)+
HW(ﬂ; (Mirmp) + Sf;(ﬁamck)

1
Mgy

)

where Sa(g) is the spectral acceleration in g, M is moment
magnitude, 7,,,, is the closest distance to the rupture plane in
km, Fis the fault type (1for reverse, 0.5 for reverse/oblique,
and 0 otherwise), HW is the dummy variable for hanging
wall'sites (1 for sites over the hanging wall, 0 otherwise), and
§ is 2 dummy variable for the site class (0 for rock or shallow
soil, 1 for deep soil). For the horizontal component, the geo-
metric mean of the two horizontals is used.

The function f{(M, r,,,,) is the basic functional form of
the attenuation for strike-slip events recorded at rock sites.

For £,(M, 1,,,), we have used the following form:
for M < ¢,
[iM,r,) =2 +ay(M —))+ay,(8.5— M)
+[a3 +ay5(M - cl)]lnR
for M > ¢
AWM ) = 2+ ag(M =)+ 2,,(8.5- M)
+[a3 +ay(M - q)]ln R

(4)

where

R=w"’:¢+f§ (5)

This form is a composite of several previous studies. The
slope of the log distance term is magnitude dependent as was
used by Idriss (1991). The Idriss model differs from our
model in that it uses exponential models for the magnitude
dependence of the slope whereas we have used a linear
dependence. The saturation of high frequency ground
motion at short distances is accommodated by the magni-
tude dependent slope.

For long periods, a linear magnitude dependence is not
adequate. Most recent studies have found that higher order
terms are needed. Boore et al. (1993) include a quadratic
term; Campbell (1993) includes a hyperbolic arctangent
term, Idriss (1991) includes an exponential magnitude term,
and Sadigh ez al. (1993) includes a higher order polynomial
term. These different models give similar models when fit to
the same data. We have adopted the functional form used by
Sadigh ez al. (1993).

For the distance term inside the log, we have used the

2 2
erp +cy4

model similar to that\used by Boore ez al. (1993). In the
Boore et al. (1993) model, the ¢; term can be interpreted as
a fictitious depth. In our model, however, we are using the
rupture distance (which can include depth for dipping faults
and for fault that do not reach the surface), so the interpre-
tation of ¢; as a depth term is not clear. Nevertheless, we have

adopted the

2 2
-,’rmp +cy

model because it yields a marginally better fit to the data at
short distances.

Style-of-Faulting Factor

The distinction between ground motions from strike-slip
and reverse faults has become common in recent attenuation
relations (e.g., Idriss, 1991; Sadigh et al., 1993; Boore et al,
1997; Campbell and Bozorgnia, 1994). The difference in
ground motion between reverse and strike-slip events is
called the style-of-faulting factor. Most attenuation relations
have considered a constant style-of-faulting factor that
applies to all magnitudes, distances, and periods. Sadigh ez
al. (1993) and Campbell and Bozorgnia (1994) included a
magnitude and distance dependence of the style-of-faulting
for peak acceleration. Boore et al. (1997) include 2 period
dependence to the style-of-faulting facror.

Seismological Research Letters  Volume 68, Number 1  January/February 1997 105



In this study, we have used a functional form that allows
for a magnitude and period dependence of the style-of-fault-
ing factor:

as for M <5.8
HM)= as+(a6_45) for5.8< M <q (6)
[l —5.8
ag for M 2 ¢

Hanging Wall Effect

We also followed the approach used by Somerville and Abra-
hamson (1995) to model the differences in the motion on
the hanging wall and foot wall of dipping faults. In this pre-
vious study, a comparison was made between the ground
motions for sites on the hanging wall with those on the foot
wall and with those off the ends of the fault rupture. A sig-
nificant systematic increase in ground motions was found for
sites over the hanging wall, but the decrease in ground
motion for sites on the foot wall was not as systematic. As a
result, the ground motion for dipping faults was separated
into two categories: sites on the hanging wall side of the rup-
ture and within the edge of the rupture, and sites on the foot
wall side or off the end of the rupture. The hanging wall
effect is considered to be primarily a geometric effect that
results from the distance definition used in this study. (The
distance measure used by Boore et al, 1993 implicitly
accounts for the difference in the ground motion over the
hanging wall and footwall.) The magnitude and distance
dependence of the functional form, (M, rm), for the hang-
ing wall effect is taken from Somerville and Abrahamson
(1995) and is modeled as separable in magnitude and dis-
tance so that

JiMir) = frrAM) frruArnp) 7)
where
0 for M £5.5
Ffrw(M)={M~=5.5 for5.5<M«< 6.5 (8
1 for M 26.5
and
0 forr,, <4
Tp — 4
C for4<r,, <8
Frw ) =3 ag for8<r,, <18 9)
Trup — 18
ag(l— ) for18 <7, <24
10 for7,,,>25
106 Seismological Research Letters Volume 68, Number 1

Site Response

A key aspect is the use of a functional form that accommo.-
dates non-linear soil response. We followed the approach
used by Youngs (1993) in which the soil amplification is
function of the expected peak acceleration on rock. This
approach allows a single regression for both soil and rock
while preserving the differences between soil and rock atten-
uation.

The non-linear soil response is modeled by

fS(ﬁC\;Arock) =at 4, ln(P/C\Aror_k + CS) (10)

where P’.GAmck is the expected peak acceleration on rock in
g (as predicted by the median attenuation relation with § =
0). A similar functional form was proposed by Youngs
(1993); the only difference here is the addition of the ¢
term.

Standard Error
Several recent attenuation studies have found that the stan-
dard error is dependent on the magnitude of the earthquake
(Sadigh, 1993; Idriss, 1991; Campbell, 1993) or is depen-
dent on the level of shaking (Campbell and Bozorgnia,
1994). This issue is discussed at length in Youngs et a/
(1995).

In this study, both the inter-event (7) and intra-event
(0) standard errors are allowed to be magnitude dependent
and are modeled as follows:

b for M <5.0
o(M)=1b—b)(M=-5) for50<M<7.0 (11)
b —2b, forM27.0
and
by for M <5.0
T(M)={b;—by(M-5) for5.0<M<7.0 (12)
by —2b4 forM27.0
The magnitude dependence of the standard error is esti-
mated using the random effects model which avoids under-
estimating the standard error for large magnitude events due
to the fewer number of events (as compared to small and
moderate magnitude events).

The toral standard error is then computed by adding the
variance of the two error terms. The total standard error was
then smoothed and fit to the form

bs for M<50
O oea(M) =3 b5 —b(M—5) for5.0< M <7.0 (13)
bs —2b; forM27.0
January/February 1997




savs Sa/pga

In many previous studies for response spectral attenuation,
the regression has been separated into two steps: a regression
for the peak acceleration and a regression for the normalized
spectral shape, Sa/pga. An advantage of this approach is that
the normalized spectral values are less variable than the spec-
rral accelerations. Therefore, the higher order terms in the
magnitude dependence can be estimated with less uncer-
winty. One assumption that is usually made when using
nomalized spectral values is that the magnitude saturation
term (term inside the log) for spectral acceleration at all peri-
ods is the same as for peak acceleration. This assumption
greatly simplifies the functional form of the normalized spec-
tral shape. This assumption is the biggest potential drawback
of using the normalized spectra approach. The Boore et 4l
(1993) model shows that the ¢4 term is period dependent. If
a period dependent ¢4 term is used, then the resulting regres-
sion model becomes so complex that you have lost much of
the advantage of using normalized spectral shapes.

We have dealt with this issue by fitting the Sa values
directly (not normalized shapes). but restricting some of the
coefficients to be independent of period. Reducing the num-
ber of coefficients that are period dependent helps to keep
the response spectral values smoothly varying functions of
distance, magnitude, and period without introducing bumps
into the spectra.

Regression Results—Horizontal Component

The regression is computed using multiple steps. The multiple
steps are used to constrain the resulting model to be 2 smooth
funcrion of period for all magnitudes, distances, mechanisms,
and site conditions. Following each step, the period depen-
dence of the uncorrelated coefficients was smoothed using
piecewise continuous linear fits on the log period axis. For
highly correlated coefficients, one coefficient was smoothed
and then the other coefficients were re-estimated.

In the first step, the peak acceleration is fit to Eq. (3) with
4, set to zero. The values of 2,3, 2;, and 4, are then fixed for
the subsequent spectral values regression. In the second step,
the spectral acceleration values are fit to Eq. (3). In the third
step, the ¢; term was held fixed, and all of the other model
parameters were estimated. In the fourth step, the all coefhi-
cients exceprt 4, and 4, were fixed and new 2, and 2 values
were estimated. In the fifth step, all coefficients except 4, were
held fixed and new &, values were estimated. The final
smoothing on 4, forces the model to produce smooth spectra
for spectral velocity and displacement as well as for spectral
acceleration. The final coefficients are listed in Table 3.

We then evaluated the magnitude dependence of the
standard errors for the final fic. The raw estimates of the
inter-event and intra-event standard errors were combined
to estimate the total standard error. The standard errors were
smoothed by hand to produce the final model for the stan-
dard error (Table 4).

The residuals of the model as shown in Figures 4 and 5
for periods of 1.0, 0.3, and 0.1 seconds. Since we are using

the random effects model, there are two parts to the residual:
an intra-event term and an inter-event term. These residuals
are shown separately in Figures 4 and 5.

Regression Results—Vertical Component

The model for the vertical component was developed using
the same functional form and multiple step procedure as for
the horizontal component. The final smoothed model coeffi-
cients are listed in Table 5. The smoothed standard errors are
listed in Table 6. The residuals for periods of 1.0, 0.3, and 0.1
sec are plotted by 7,,, and M in Figures 6 and 7, respectively.

Model Predictions

Examples of the median ground motions for strike-slip
events are shown in Figures 8 and 9 for the horizontal com-
ponent and in Figures 10 and 11 for the vertical component.

DISCUSSION OF THE EMPIRICAL MODEL

There are several limitations of the empirical model devel-
oped in this study that should be considered in the applica-
tion of the model to engineering projects.

The way the data set was constructed produces a data set
that is biased to the larger motions. Ground motions that are
larger than average have a higher likelihood of being above
the noise level than ground motions from data that are
smaller than average. Since the usable bandwidth of each
recording was evaluated separately, rather than finding a sin-
gle usable bandwidth for all of the data, we will likely have
more larger than average recordings in the data set for the
periods not completely sampled (< 0.1 sec and > 2 sec). By
not using a cutoff to the first non-triggered instrument, we
also tend to have ground motions biased to the larger values.
We decided that it was preferable to have some biased data
than to have no data for the high frequencies and long peri-
ods, so we accepted this bias.

The site response factor (f5 in Eq. 10) is dependent on
only the expected peak acceleration on rock. It does not
include a magnitude dependence to the site effect. While we
consider this model to be an improvement over models that
only consider a constant scale factor for the site effect at each
period, this model does not include all of the effects that may
be found in site specific studies based on analytical models of
the site effect.

The style-of-faulting factor (f; in Eq. 6) has a strong
magnitude dependence. For rock sites, the effect is about
30% for large magnitude events but almost a factor of 2 for
small (M < 5.8) magnitude events. This strong magnitude
dependence is driven by the Coalinga aftershock sequence
which represents 8 of the 11 reverse and reverse/oblique
events with magnirude less than 5.8. This sequence pro-
duced larger than average high frequency motion which lead
to a large style-of-faulting factor for small magnitude events.
The events in the sequence were treated as uncorrelated in
the random effects model. If a sequence random effect was
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TABLE 3.
Coefficients for the Average Horizontal Component
Period €4 2 a, ay 2, ag ag a ap ay a, a3 & 6
5.00 350 -1.460 0512 -0.7250 -0.144 0.400 -0.200 0.000 0.664 0.040 -0.2150 0.17 6.4 003 2
4.00 350 -1.130 0512 -0.7250 -0.144 0.400 -0.200 0.039 0.640 0.040 -0.1956 0.17 6.4 003 2
3.00 350 -0.690 0512 -0.7250 -0.144 0.400 -0.156 0.089 0.630 0.040 -0.1726 0.17 6.4 003 2
2.00 350 -0.150 0512 —0.7250 -0.144 0.400 -0.094 0.160 0.610 0.040 -0.1400 0.17 6.4 003 2
1.50 3.55 0260 0512 -0.7721 -0.144 0.438 -0.049 0210 0.600 0.040 -0.1200 0.17 6.4 0.03 2
1.00 3.70 0.828 0512 -0.8383 -0.144 0490 0.013 0.281 0423 0.000 -0.1020 0.17 6.4 003 2
0.85 3.81 1.020 0512 -0.8648 -0.144 0512 0.038 0309 0.370 -0.028 -0.0927 0.17 6.4 0.03 2
0.75 3.80 1160 0512 -0.8852 -0.144 0528 0.057 0331 0.320 -0.050 -0.0862 017 64 003 2
0.60 412 1428 0512 -0.9218 -0.144 0557 0.091 0370 0.194 -0.089 -0.0740 0.17 6.4 003 2
0.50 4.30 1615 0512 -09515 -0.144 0581 0.119 0370 0.085 -0.121 -0.0635 0.17 64 003 2
0.46 438 1717 0512 -0.9652 -0.144 0592 0.132 0370 0.020 -0.136 -0.0594 0.17 64 003 2
0.40 4.52 1.860 0512 -0.9880 -0.144 0610 0.154 0.370 -0.065 -0.160 -0.0518 0.17 6.4 003 2
0.36 4.62 1955 0512 -1.0052 -0.144 0610 0.170 0.370 -0.123 -0.173 -0.0460 0.17 6.4 003 2
0.30 4.80 2114 0512 -1.0350 -0.144 0610 0.198 0.370 -0.219 -0.195 -0.0360 0.17 6.4 003 2
0.24 497 2203 0512 -1.0790 -0.144 0.610 0.232 0.370 -0.350 -0.223 -0.0238 0.17 64 003 2
0.20 5.10 2406 0512 -1.1150 -0.144 0.610 0.260 0.370 -0.445 -0.245 -0.0138 0.17 6.4 003 2
017 5.19 2430 0512 -1.1350 -0.144 0.610 0.260 0.370 -0.522 -0.265 -0.0040 0.17 6.4 003 2
0.15 5.27 2407 0512 -1.1450 -0.144 0610 0.260 0370 -0.577 -0.280 0.0050 0.17 6.4 003 2
0.12 5.39 2972 0512 -1.1450 -0.144 0.610 0.260 0.370 -0.591 -0.280 0.0180 0.17 6.4 003 2
0.10 5.50 2160 0512 -1.1450 -0.144 0610 0260 0370 -0.508 -0.280 0.0280 0.7 6.4 003 2
0.09 5.54 2100 0512 -1.1450 -0.144 0610 0.260 0370 -0.609 —0.280 0.0300 0.17 6.4 003 2
0075 5.58 2037 0512 -1.1450 -0.144 0610 0260 0.370 -0.628 -0.280 0.0300 0.17 6.4 003 2
0.06 5.60 1.940 0512 -1.1450 -0.144 0610 0.260 0.370 -0.665 —0.280 0.0300 0.17 6.4 003 2
0.05 5.60 1870 0512 -1.1450 -0.144 0.610 0.260 0.370 -0.620 -0.267 0.0280 0.17 6.4 0.03 2
0.04 5.60 1780 0512 -1.1450 -0.144 0.610 0.260 0.370 0555 -0.251 0.0245 0.17 6.4 003 2
0.03 5.60 1690 0512 -1.1450 -0.144 0.610 0.260 0.370 -0.470 -0.230 0.0143 0.17 6.4 003 2
0.02 5.60 1640 0512 -1.1450 -0.144 0.610 0.260 0.370 -0.417 -0.230 0.0000 0.17 6.4 003 2
0.01 5.60 1640 0512 -1.1450 -0.144 0.610 0.260 0.370 -0.417 -0.230 0.0000 0.17 6.4 0.03 2
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TABLE 5. ﬁ
Coefficients for the Vertical Component
Period €4 3 a a a a5 3 3 3p 4y ap a3 6y Cs n
5.00 250 -2.053 009 -0.7200 0.275 0.260 0100 0240 0.040 -0.220 -0.0670 0.06 6.4 0.3 3
4,00 250 -1.857 0.909 -0.7200 0.275 0.260 -0.100 0.240 0.040 -0.220 -0.0565 0.06 6.4 0.3 3
3.00 250 -1.581 0.909 -0.7200 0.275 0.260 0100 0240 0.040 -0.220 —0.0431 0.06 6.4 0.3 3
2.00 250 -1.224 0909 -0.7200 0275 0.260 —0.008 0.240 0.040 -0.220 -0.0240 0.06 6.4 0.3 3
1.50 250 -0.966 0909 -0.7285 0.275 0.260 0.058 0.240 0.025 -0.220 -0.0180 0.06 6.4 0.3 3
1.00 250 -0.602 0809 -0.7404 0275 0.260 0450 0240 0.004 -0.220 -0.0115 006 64 0.3 3
0.85 250 -0.469 0909 -0.7451 0.275 0.309 0.450 0273 -0.004 -0.220 -0.0097 0.06 64 0.3 3
0.75 250 -0.344 0909 -0.7488 0.275 0.348 0.150 0.299 -0.010 -0.220 -0.0083 0.06 6.4 0.3 3
0.60 085 -0.087 0.909 —0.7896 0.275 0.416 0.150 0345 -0.022 -0.220 -0.0068 0.06 6.4 0.3 3
0.50 326 0.145 0809 -0.8291 0275 0471 0.150 0.383 -0.031 -0.220 -0.0060 0.06 6.4 03 3
0.46 345 0271 0809 -0.8472 0275 0497 0.150 0.400 -0.035 -0.220 -0.0056 0.06 6.4 0.3 3
0.40 377 0478 0909 -0.8776 0.275 0.539 0.150 0.428 -0.043 -0.220 -0.0050 0.06 6.4 03 3
0.36 401 0617 0909 -0.9004 0275 0.571 0.150 0.450 -0.048 -0.220 -0.0047 0.06 6.4 0.3 3
0.30 442 0.878 0909 -0.9400 0.275 0.580 0.150 0.488 -0.057 -0.220 -0.0042 0.06 6.4 03 3
0.24 493 1.312 0809 -1.0274 0275 0580 0109 0533 -0.069 -0.220 -0.0035 006 6.4 0.3 3
0.20 535 1.648 009 -1.0987 0275 0.580 0.076 0571 -0.078 -0.220 -0.0030 0.06 6.4 0.3 3
0.17 572 1960 0809 -1.1623 0.275 0.580 0.047 0604 -0.087 -0.220 -0.0025 0.06 6.4 0.3 3
0.15 6.00 2.170 0909 -1.2113 0.275 0580 0.024 0630 -0.093 -0.220 -0.0022 0.06 64 0.3 3
0.12 6.00 2480 0.909 -1.2986 0275 0.580 0017 0630 -0.104 -0.220 -0.0015 0.06 6.4 0.3 3
0.10 6.00 2700 0909 -1.3700 0.275 0.580 -0.050 0630 -0.114 -0.220 -0.0010 0.06 6.4 0.3 3
0.09 6.00 2730 0.909 -1.3700 0.275 0.567 —0.050 0.630 -0.119 -0.220 -0.0009 0.06 6.4 03 3
0075 6.00 2750 0.809 -1.3700 0.275 0545 -0.050 0.630 -0.129 -0.220 -0.0007  0.06 6.4 0.3 3
0.06 6.00 2710 0809 -1.3700 0275 0.518 -0.050 0.630 -0.140 —0.220 -0.0004 0.06 6.4 0.3 3
0.05 6.00 2.620 0909 -1.3700 0.275 0.496 0050 0.630 -0.140 -0.220 -0.0002 0.06 6.4 0.3 3
0.04 6.00 2420 0909 -1.3700 0275 0.469 -0.050 0.630 -0.140 -0.220 0.0000 0.06 6.4 0.3 3
0.03 6.00 2100 00909 -1.3168 0275 0.432 —0.050 0.630 -0.140 -0.220 0.0000 0.06 6.4 0.3 3
0.02 6.00 1.642 0909 -1.2520 0.275 0.390 0050 0.630 -0.140 -0.220 0.0000 0.06 6.4 0.3 3
0.01 6.00 1.642 0.909 -1.2520 0.275 0.390 -0.050 0.630 -0.140 -0.220 0.0000 0.06 6.4 0.3 3
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- TABLE 6.
coefficients for Standard Errors for the Vertical Component

T Period by b

] 5.00 0.78 0.050
4.00 0.75 0.050
3.00 0.72 0.050
2.00 0.69 0.050
1.50 0.69 0.050
1.00 0.69 0.050
0.85 0.69 0.050
0.75 0.69 0.050
0.60 0.69 0.050
0.50 0.69 0.050
0.46 0.69 0.050
0.40 0.69 0.050
0.36 0.69 0.050
0.30 0.69 0.050
0.24 0.69 0.050
0.20 0.69 0.050
0.17 0.70 0.056
0.15 0.72 0.063
0.12 0.74 0.075
0.10 0.76 0.085
0.09 0.76 0.085
0.075 0.76 0.085
0.06 0.76 0.085
0.05 0.76 0.085
0.04 0.76 0.085
0.03 0.76 0.085
0.02 0.76 0.085
0.01 0.76 0.085
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A Figure 6a. Distance dependence of the intra-event residuals for 1.0 second period for the vertical component.
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