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Method

Since the pioneering work of Aki (1969), the fundamental separability of source, site and
path effects in the coda wave power spectrum has been confirmed by many researchers (Aki and
Chouet, 1975; Phillips and Aki, 1986, Su ¢t al., 1990; Mayeda gt al., 1991). We use the same

formula to isolate the site effect by considering the coda power spectrum p(w/t) = Source(w)*

Site(w)* path(w/t), here w is the circular frequency and t is the lapse time measured from the origin

time of an event. Under the assumption that the coda energy is the sum of back-scattered wave

energy from heterogeneities in all directions we derived a matrix form from above expression:
Gv+n=d

where d is the data vector which can be obtained from the observed coda power spectrum and v is
the model vector which contains the relative site amplification factors to be determined and n is a
noise vector. G is a real matrix. In practice, this matrix could be huge and very sparse. By
applying the recursive stochastic inversion method (Zeng et al., 1991) we are able to solve our
problem efficiently.

Data

A total of 185 earthquakes located in the central California area recorded by 134 short-
period seismic stations of USGS at Menlo Park from 1984 to 1990 were collected for this study.
The magnitude of these earthquakes ranged from 1.8 to 3.5 and their depths ranged from 0 to 20
km. These 134 seismic stations are located on a wide variety of geologic settings ranging from
alluvium to Mesozoic rocks. All the seismograms used were recorded by USGS standard vertical
instruments with the natural frequency of 1 Hz. All seismograms were corrected for instrument
response by the use of the calibration information provided by Eaton (1980). Since instrument
gain settings changed frequently over the time period spanning our collected events, special care
was taken to ensure the proper gain corrections by using station history files. Since the calibration
curve is non-linear above 16 Hz, our octave bands are limited to center frequencies from 1.5 to 12
Hz.

Results
(1) The coda site amplification in central California.

The final inversion results of relative site amplification factors are listed in Table 1. The
typical standard errors, in natural log, are about 0.065, 0.056, 0.051 and 0.050 for frequencies
1.5, 3.0, 6.0 and 12.0 Hz separately.

In general, from Table 1, we found that the site amplification factor of a station is mainly
controlled by its underlying surface geology. The site amplification is high for young, Quaternary
sediments and decreased with increasing geologic age at all frequencies between 1.5 and 12.0 Hz.
The rate of decrease varies with frequency. Site amplification factors decrease faster at low
frequencies than that at higher frequencies.

(2) The relation of coda site amplification factors with surface geology.
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To quantify the relation between site amplification factor and site geology condition, the
surface geology of station sites was classified into five groups: (a) Quaternary sediment, (b)
Tertiary Pliocene sediments, (c) Tertiary Miocene through Cretaceous sediments, (d) Franciscan
formation and Mesozoic granitic rocks, (e) pre-Cretaceous metamorphic rocks. The station site
amplification factors in each group were logarithmically averaged and the mean value was assigned
to the median geologic age of that group. Figure 1 shows the mean values versus their median
geologic age. The standard error as well as standard error of the mean are also shown. A smooth
power law relation is observed between mean site amplification and the median geologic age. This
relation provides a simple way to estimate site effect at a specific site with known surficial geology.

(3) The correlation between coda site amplification factors and earthquake ground motion.

A remarkable linear correlation was found between logarithmic amplification factor and the
magnitude site residual for the USGS seismic network at Menlo Park determined by Eaton (1991),
as shown in Fig. 2, where XMGK is amplitude magnitude residual and FMGK is duration
magnitude residual. This results suggests that our method provides an effective means of weak
motion site amplification estimation.

Comparison of our site amplification factors with strong motion results obtained from the
Loma Prieta earthquake (Shakal ¢t al., 1989; Chin and Aki, 1991) suggest that weak and strong
motion site amplification correlate well in the region outside the epicentral source region beyond
epicentral distance of about 50 km. Within this region, however, the weak motion amplification
factor estimated from coda wave do not agree with observed site effect on strong ground motion
suggesting a non-linear site effect within epicentral source region at sediment sites for strong
motion.

References

Aki, K., Analysis of the seismic coda of local earthquakes as scattered waves, J. Geophys. Res.,
74, 615-631, 1969.

Aki, K., and B. Chouet, Origin of coda waves: Source, attenuation and scattering effect, J.
Geophys. Res., 80, 3322-3342, 1975.

Phillips, S., and K. Aki, Site amplification of coda waves from local earthquakes in central
California, BSSA, 76, 627-648, 1986.

Su, F. et al., A recursive stochastic inversion of site effect using coda waves, EOS, 71, 1475,
1990.

Mayeda, K. ¢t al, Site amplification from S-wave coda in the Long Valley Valdera Region,
California, BSSA, in press, 1991.

Chin, B., and K. Aki, Simultaneous determination of source, path and recording site effects on
strong ground motion during Loma-Prieta earthquake - a preliminary result on pervasive
non-linear site effect, BSSA, in press, 1991.

Eaton, J. P., Response arrays and sensitivity coefficients for standard configurations of the USGS
short-period telemetered seismic system, USGS Open-file report, 80-316, 1980.

Eaton, J. P., Determination of amplitude and duration magnitudes from CALNET records, BSSA,
in press, 1991.

Shakal, A. et al., CSMIP strong-motion records from the Santa Cruz Mountains (Loma Prieta),
California earthquake of 17 October 1989, California Strong Motion Instrumentation
Program Report No. OSMS 89-06, 195, 1989.

Zeng ¢t al., Scattering wave energy propagation in a random isotropic scattering medium, 1,
Theory, J. Geophys. Res., 96, 607-620, 1991.




(ueosyouR1y)

3 3 M M M X M M MG G

3 3 3 3 3 M X X M

e ARAIAS

S

8Z°0-
€0°0

€9°0
Zh°0-
Lo°o
9€°0-
€9°0
09°0-
0Z°0-
29°0
sZ'0-
9L°0-
69°0-
o
L8°0-

¥y°0-

¥S°0-
9Z°0-
€5°0-
Lz'o-
65°0-
01°0
¥0°
6€°0
20°0-
170~
690~
96°0-
§S°0-
16°0-
Ly 0-
Ly 0-
$8°0-
18°0-
S0°0-
s§Z°0
S0°0
20°1-
65°0
Sy 0-
0€°0
Ty'o-
60°0
€170~
60°0-
SLT0-

¥ 1-
€0~
90°0-
T1°0-
99°0

85°0-
¥y 0-
8€°0-
S0°0

SE0-
wo

0Z°0

99°0-
€1°0

Lo o-
81°0-
€9°0-
¥Z°0-
"wo

oo~
6¥°0-
ST 1~
9€°0

S0° 1~
29°0-
€L 0-

yeo-

19°0-

09°0-

12T
[£48
1zt
1344
1zt
1544
(244
1zt
1zt
1344
1544
1zt
1348
1zt
(244
12t
1zt
12t
1t
1zt
1348
1zt

1t
et
1zt
121
611
124
(244
7t
1244
Tt
(14
1249
1249
1zt
12t
ozt
1zt
1zt
1zt
1zt
(24
1zt
1443
7t
7t
0zt
7t
1343
124
Tt
1343
1zt
1zt
12t
ozt
1249
1t
1zt
1t
[24
7t
1t
(24
1348
et

911
9¥°1z

AddH

AWSE

ny
wn ‘AL’ 0N

Ay
3
uo.uo~aw
3'TH

F{S. 8]
W

Twd ‘Wi

0 ‘W

i

[

W
190/ Twd ‘Ui’
Twd

229722z 8k 8

Voo
EBEE

88888 8aa

g
8888888

w3 ‘a0

30
Twd’ted
€0

(=]

Toquis ot1botoed

oTqel

9% °0-
SE"0-
Lo°0
SE'0-
69°0
yy0-
81°0-
o
Ly 0-
T0°0-
€0°0
06°0-
06°0
SL 0~
€0~
08°0-
0
s8°0
08°0
o
0T
€1°0-
szt
S6°0
80°0-
€€°0-
8€°0
15°0
96°0
o
99°0
L8°0
¥6°0
TE'0
€L'0
81’0
o
¥E'O
0s°0
08°0
LE'T
€8°0
oL'0
1€°1
16°1
69°0
SS°0
0S°0
zH Z1

65°0
z5°0-
St1°0
80°0
0Z°0-
8y’ 0-
§6°0-
S0°0-
60°0-
ST°0-
o
8€°0
8S°0-
10°0-
90°0-
20°0
¥0°0-
8E"0-
60°0
0Z°0-
[
¥0°0-
SE'0
€0°0
e oo0-
Vo
TE0
TS°0-
0t°0
8Z°0-
9€°0-
8L 0-
€5°0
10°T
8E°0
6¥°0
¥6°0
61°0
(128
8S°0
"o
€0°0-
"o
00°0
69°0
08°0
€S°0
66°0
mt
o
Ls°0
8Z°'0
9L’0
Ly'0
29°0
st'1
95°1
't
9L"0
L6°0
(AR ¢
9¥°0
10°1
o
2H 9

28°0 88°0
91°0- SL'O
62°0 92°0-
S1°0 €EE'O
80°0 0T°0-
¥€'0- LO°0-
€9°0- ¥¥'0-
01°0- 20°0-
st'o  98°0
»T°0- 60°0-
€V'o ST°0
w0 0¥°0
ZZ'0- S0°0-
¥E'0  62°0
12°0- €S°0-
LE'0  S9°0
1o 1T°0-
92°0- 82°0-
Lo otr'o
ST'0  €2°0°
§9°0 66°0
L0°0- 60°0
Z¥'o 20
€2°0 2E'0
09°0-

9Z°0

oL'o  8L'o
8€°0- S¥'0-
€EV'0  ¥6°0
96°0- 9¥S°0-
S§1'0- SE'O
99°0- 60°0-
€9°0 ¥6°0
2T 9§70
§Z'0 1¥°0
€S°0 00°T
€0°T  LS°0
0y'0 S¥O
86°0 66°0
SL°0 16°0
12°0 ¥E'O
SE°0  ¥9°0
9L'0 LL°O
Le'o- 01°0
9Z'0 S0°0
6L°0 S9°0
68°0 ¥9°T
2T 69°t
't L't
9°0 T0°%
09°0 S9°0
»2°0 SvO
§6°0 OL'T
§S°0 2870
1€°0 LT°0
16°0 S¥°0
L't 86°T
SE'T  6S°T
't ze't
9€°1  SL'T
'z S6°t
ts°0 81l°l
86°0 25°0
8T’'0 S0°0-
ZH € 2ZH G°1

(¢/¥) U uoFIEDTIFIAIN 93TS

1€°T

66°01
16°LYy
S1°8Y
¥6°0€
20°62
¥9°LS
0z LT
0L 6€
68°21
60°81
Ls°1

¥0°€E
8Lzt
YL

§S°0T
958y
8E°SY
€E°6

e 1T
1141
s9°81
€9°6€
[ 198 ¢

11°0t
90°01
L6°62
9Lzt
(4 214
€e°zs
09

TL'E

yE“0Z
§S°C

SL'SS
oL 1V
L8°LS
06°02
ST 6V
85°2S
[ 4

SZ°9S
Z1°0S
§S°01
€L-Ly
»9°LY
99 °0€
96°02
95°S2
08
8r’s

00°€

€1°82
110
91°S2
sz et
LE" VT
€6°6¥
L34
0€°€S
S0°0

€8°ST
LT°ey
€82

12t
(14
ozt
1zt
1zt
1zt
1zt
2zt
114
(14
ot
(441
1zt
124
(244
ezt
134
1zt
1t
12t
ozt
(244
1343
1t
2t
1448
1t
134
1zt
1zt
(243
144
1243
1zt
ozt
1zt
12t
e
121
12t
12t
12t
1344
124
1248
T
1t
7t
1344
1zt
1444
Tt
1zt
1zt
ozt
124
1zt
1zt
1244
0zt
(244
1zt
0zt
(244

oL VE
| 198 14
8L 6€
89°8¥
16°9

61

§Z°8¢€
96°01
Le°ee
¥8°91
§€9°92
T9°6

10°1S
18°S1
Lo°Lt
1€°02
'€

LS 1T
6€°S

1$°0vE
8L 9y
S¥°LS

8z 61
0s°2

€0°SS
€590
0tT°ds
82°6

€0°02
96°91
6Z°€ES
88°6€
[{ %4
[1 48 ¢4
8€°1S
T9°8S
1€°€S
[4 38

8Lt

L9°Ey
0$°9

oL Ly

uo§3Ied0T

nogd

AdSH
ANOH
A1dD
AdSN

ALSH

Avsd
aANad
AdHe
Aldd
aAdare

uoFIwIs




-2t

In(A/K)

In(A/K)
=)

In(A/K)

In(A/K)

-1

F=1.5 Hz

——— stordard ervor

e Stordord error of meon

"
10 100

1.5

0.3
—

In(A/K)

In(A/K)

] 1000
AGE (million yeors)
F=6.0 Hz
———— stordord error
e stordord error of meen E
; 1‘0 ':” 1000
AGE (million years)
Figure
F= 3.0 Hz
2F T ¥
r=0.89 .
H
N e
Y ) -
LN 2y <
of (- gt . 2
e S <
. £
2405
o
.
-2t 1 .
-1 /] 1
FMGK
F=12.0 Hz
2F T 3
r=0.71

-2t L

In(A/K)

-1 0
FMGK

in(A/K)

In(A/K)

-03

1.5

03

-0.5

-1

F=3.0 Hz

s Stordard orror of meon

10 100

2

1 1000
AGE (million years)
F=12.0 Hz
— stardord error
ammam Wtordord orror of meon
v 0 ] 1000
AGE (million years)
F= 15 Hz F= 3.0 Hz
2 -
~
-4
-2k
-1
XMGK
F=12.0 Hz
2 - T
r=0.72
.' ..*
cm M
g ~." D}
of o %e Lo o
< o RS
= wr
/ ’.,1'.
-2 L
-1 (o]
XMGK




