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Table 1 
Stations Used in This Study and S-Wave Amplification Factors 

Coordinates 

Station Latitude Longitude 
Name (°N) (°E) 

Amplitudes Standard Errors 

Sensor No. of 
Type P wave S wave P wave S wave Events 

A01 34 .213924 - 118.548698 

A02  34 .238934 - 118.547394 

A03 34 .263672 - 118.542450 

A04  34.275669 - 118.543457 

A05 34 .131889 - 118.502686 

A06  34.058853 - 118.499374 

A07 34 .151409 - 118.519020 

A08 34 .071354 - 118.500000 

A09 34 .204437 - 118.544273 

A10  34.113281 - 1 1 8 . 4 9 9 0 8 4  

A l l  34 .191669 - 118.540886 

A12 34 .092056 - 118.501823 

A13 34.158855 - 1 1 8 . 5 2 4 8 7 2  

A14 34.029427 - 118.491402 

A16 34.176548 - 118.529167 

B01 34.125263 - 118.443398 

B02 34.112915 - 118.446220 

B03 34.095833 - 118.440758 

B04 34 .069660 - 118.434639 

B05 34 .238670 - 118,463280 

B06 34 .050522 - 118.426300 

B07 34.025185 - 118.417915 

B08 34.222137 - 118.461845 

B10 34.259895 - 118.466927 

B l l  34 .209637 - 118.458328 

B12 34.197735 - 118.458328 

B13 34 .014610 - 118.490417 

B14 34.182293 - 118.453384 

B15 34 .166416 - 118.451508 

B I 6  34.146069 - t 18 .450325  

B20 34.054688 - 118.453125 

C01 34.152493 - 118.451706 

C02 34.154907 - 118.461411 

C03 34 .149090 - 118.444923 

C04 34.154320 - 118 .4 t2445  

C05 34.148598 - 118.427498 

C06 34.162838 - 118.464607 

C07 34.154297 - 118.470573 

C10 34.147968 - 118.461243 

C l l  34.155861 - 118.449867 

C12 34 .145744 - 118.438126 

C13 34.169792 - 118.459114 

C14 34 .149746 - 118.460838 

C15 34.149471 - 118.460495 

C17 34.138355 - 118.433693 

C18 34.160938 - 118.450775 

D01 34.135647 - 118.451981 

D02 34.136059 - 1 1 8 . 4 5 1 4 1 6  

D03 34.138283 - 1 1 8 . 4 4 8 4 1 0  

D04 34 .140984 - 118.423386 

D05 34.144588 - 1 1 8 . 4 1 6 6 5 6  

D06 34 .153667 - 118.427567 

D07 34.166927 - 118.442055 

D08 34.146019 - 118.444664 

D09 34.132534 - 118.444878 

D10 34.133999 - 118.445267 

D l l  34 .140366 - 118.443619 

D12 34 .142200 - 118.443428 

D13 34.152264 - 118.441460 

L28 0.98 0.68 0.14 0.11 27 

L28 0.93 0.67 0.13 0.11 32 

L28  0.45 0.61 0.39 0.39 1 

L28 0.72 0.89 0.12 0.13 26 

L28 0.77 0.57 0.12 0 .10 31 

L4C 0.88 0.73 0.13 0.12 31 

L28  1.07 1.17 0.15 0.16 26 

L22  1.20 0.90 0 .40 0.39 1 

L22  1.30 1.19 0.17 0.16 30 

L22  1.25 0.97 0.18 0.15 19 

L22  1.27 1.32 0.17 0.18 31 

L22  1.35 1.12 0.19 0.18 13 

L28  0.78 0.58 0.12 0.10 31 

L28  0.83 1.20 0.13 0.17 25 

L22  0.89 0.73 0.13 0 .12 28 

L28  0.67 0.81 0 . t  1 0 .12 32 

L28 0.94 1.02 0.16 0.16 14 

L4C 0.64 0.95 0.12 0.15 18 

L28  1.43 0.84 0.18 0.13 30 

L28  1.96 0.64 0.24 0.11 31 

L28  0.70 1.54 0.11 0 .20 31 

L22  0.90 0.96 0.15 0.15 17 

L28  1.16 0.45 0.16 0.10 27 

L28 1.62 0.71 0 .20 0.11 31 

L28  1.18 0.47 0.16 0 .10 28 

L28  1.21 0.57 0.16 0.10 32 

L28  1.31 1.50 0.18 0.20 21 

L28  1.60 1.24 0 .20 0.17 30 

L22  1.04 0.80 0.27 0.26 3 

L4C 0.85 0.84 0.13 0.13 29 

L28  1.93 0.67 0.33 0.25 3 

L28 1.10 1.29 0 .16 0.18 21 

L28 0.69 0.80 0.42 0.42 1 

L28 1.22 1.05 0.17 0.15 24 

L28 1.55 2.39 0 .46 0.51 1 

L28 0.86 0.82 0.13 0.13 26 

L28 0.78 0.55 0.13 0.11 21 

L28 1.14 0.85 0.15 0.13 28 

L4C 2.19 1.87 0.27 0.25 20 

L28  0 .99 0.81 0 .14 0.13 23 

L28  1.05 1.26 0.15 0.17 25 

L28 0.83 0.57 0.17 0.16 8 

L4C 2.16 1.64 0.26 0.21 32 

L4C 2.20 2.30 0.27 0.30 20 

L28 0.83 1.29 0.12 0.17 31 

L28 0.95 0.70 0.14 0.12 26 

L4C 1.07 0.85 0.15 0.14 21 

L4C 1.26 1.68 0.17 0.22 30 

L4C 0.89 0.85 0.13 0.13 24 

L28  1.06 0.91 0.15 0.14 26 

L28  1.01 1.12 0.14 0.16 31 

L28 1.21 1.04 0.16 0.15 26 

L28  0.93 1.01 0.14 0.15 27 

L28  0.75 0.80 0.12 0 .12 31 

L28 1.20 1.88 0.16 0 .24 28 

L28  1.11 0.76 0.15 0.12 32 

L28  0.48 0.28 0.31 0,30 2 

L28  0.95 2.01 0.14 0.26 28 

L28 1.00 0.83 0.14 0.13 27 

(continued) 
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Coordinates Amplitudes Standard Errors 

Station Latitude Longitude Sensor No. of 
Name (°N) (°E) Type P wave S wave P wave S wave Events 

D14 34.140572 - 118.450905 L28 0.96 1.50 0.22 0.26 5 
D15 34.143444 - 118.456841 L28 1.75 1.51 0.22 0.20 31 
D16 34.145138 - 118.461327 L28 1.01 0.85 0.14 0.13 30 
D17 34.137371 - 118.494400 L28 1.01 1.22 0.14 0.17 26 
D18 34.140820 - 118.489838 L28 0.74 0.41 0.11 0.09 31 
D19 34.024738 - 118.505211 L28 1.19 1.53 0.16 0.20 28 
D20 34.146542 - 118.480446 L28 0.86 0.36 0.15 0.12 14 
E01 34.031418 - 118.500587 L4C 1.18 2.22 0.17 0.29 21 
E02 34.031605 - 118.500717 L4C 0.82 2.04 0.14 0.27 15 
E03 34.032093 - 118.499985 L4C 0.73 1.25 0.12 0.18 22 
E04 34.041210 - 118.501053 L28 0.39 0.43 0.10 0.11 19 
E05 34.033703 - 118.501236 L28 0.58 1.03 0.10 0.15 30 
E06 34.043381 - 118.480064 L28 0.49 0.67 0.11 0.12 20 
E07 34.037910 - 118.484177 L28 0.34 0.42 0.11 0.11 17 
E08 34.035156 - 118.475914 L28 0.68 0.45 0.14 0.13 12 
E09 34.043594 - 118.490288 L28 0.28 0.25 0.28 0.28 2 
El0 34.046093 - 118.489578 L28 0.68 0.35 0.13 0.11 15 
El l  34.038803 - 118.492004 L28 0.58 0.34 0.11 0.10 22 
El2 33.987370 - 118.471619 L28 0.70 0.44 0.18 0.17 6 
El3 34.034897 - 118.508072 L28 0.70 0.65 0.14 0.14 14 
El4 34.029949 - 118.501564 L28 0.88 2.56 0.13 0.32 32 
El5 34.025002 - 118.497131 L28 1.12 1.11 0.15 0.16 26 
El6 34.031467 - 118.510361 L28 1.16 1.71 0.17 0.23 17 
El7 34.131767 - 118.445312 L28 0.65 0.41 0.11 0.09 29 
F03 34.015884 - 118.496613 L28 0.49 0.51 0.11 0.11 18 
F04 34.034504 - 118.473434 L28 0.55 0.14 0.24 0.23 3 
F05 34.004688 - 118.481773 L28 0.81 0.45 0.17 0.15 8 
F06 34.015224 - 118.482063 L28 1.20 1.39 0.22 0.23 6 
F07 34.028645 - 118.483849 L28 0.83 1.07 0.13 0.15 25 
F08 34.034908 - 118.469986 L28 0.68 1.11 0.12 0.16 22 
F09 34.021729 - 118.491440 L4C 1.15 1.60 0.18 0.23 12 
F10 34.023560 -118.489738 L4C 1.08 1.51 0.20 0.24 7 
F l l  34.021648 - 118.490639 L4C 1.04 1.61 0.19 0.25 8 
F13 34.033722 - 118.486588 L28 0.39 0.39 0.10 0.10 21 

g round  noise .  In contrast ,  fo r  s ta t ions  on  bedrock ,  a h i g h  

t r igger  rat io  o f  10.0 to 15.0 and  smal l  LTA w i n d o w  5.0 to 

10.0 sec were  e f fec t ive  in r educ ing  veh ic le  t r iggers .  

F igure  4 s h o w s  six raw 3 - c o m p o n e n t  s e i s m o g r a m s  and  

the i r  spect ra  f r o m  even t  1 at  t w o  s ta t ions  650  m apar t  in 

San ta  M o n i c a ;  the  top set of  th ree  t races  was  r eco rded  at 

s ta t ion  A 1 4  in a zone  o f  h e a v y  d a m a g e  and  the  l o w e r  set  o f  

three  at s ta t ion  F13 in a zone  of  l ight  damage .  The  P -  and  

S -wave  ampl i t udes  are a b o u t  four  and  seven  t imes  s t ronger ,  

respec t ive ly ,  at the  s ta t ion  in the  heav i ly  d a m a g e d  zone .  The  

rat io  of  S - w a v e  coda  ampl i tudes  b e t w e e n  the  two s ta t ions  is 

abou t  2:1,  w h i c h  is o b v i o u s l y  m u c h  smal l e r  than  the  ra t io  o f  

the  S - w a v e  ampl i tudes .  

M e t h o d  a n d  R e s u l t s  

W e  d e t e r m i n e d  the  m a x i m u m  ampl i tudes  of  the  g r o u n d  

ve loc i ty  on  the  ver t ica l  sensor  w i th in  a w i n d o w  that  o p e n e d  

app rox ima te ly  2 sec be fo re  and  c losed  2 sec af ter  the  first 

P - w a v e  arr ival ,  and  the  m a x i m u m  ampl i tudes  on  the  hor i -  

zonta l  c o m p o n e n t s  w i th in  a w i n d o w  tha t  o p e n e d  3 sec be fo re  

and  c losed  3 sec af te r  the  first  S arr ival .  W e  f o r m e d  the  

vec to r  sum of  the  two  hor i zon ta l  c o m p o n e n t  ampl i tudes .  

The  m a g n i t u d e s  o f  the  even t s  in th is  s tudy  r ange  f r o m  

1.7 to 3.5. The  c o r r e s p o n d i n g  c o m e r  f r equenc ie s  are ex-  

pec t ed  to be  g rea te r  t han  2.0 Hz  (Aki  and  Richards ,  1980),  

w h i c h  is w i th in  the  r a n g e  o f  f r equenc ie s  tha t  we  h a v e  used.  

Howeve r ,  for  this  ini t ia l  s tudy,  we  a s s u m e  tha t  the  focus ing  

effects  are f r equency  independen t ,  and  we  cons ide r  fre-  

quency  d e p e n d e n c e  at  a la te r  t ime.  

The  ampl i t udes  for  b o t h  P and  S w a v e s  we re  co r rec t ed  

for  geome t r i ca l  sp read ing  and  a t t enua t ion  by  a s s u m i n g  an  

i so t ropic  and  h o m o g e n o u s  m e d i u m ;  i.e., 

n ( r -  1)f  
A = rA' exp cQ ' (1 )  

whe re  A '  is the  amp l i t ude  m e a s u r e d  d i rec t ly  f r o m  the  seis- 

m o g r a m ;  r is the  hypocen t r a l  d i s tance ;  A is the  equ iva len t ,  

co r rec ted  amp l i t ude  at r = 1 km;  f is the  d o m i n a n t  fre-  
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34"30'  

34°21 ' 

3 4 " t 2 '  

34°03 ' 
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Figure 3. Epicenters of the 32 aftershocks used in 
this study. Diamonds indicate major numbered high- 
ways. The epicenter of the mainshock is indicated by 
the star. 

quency, which is 7.0 Hz for P and 4.0 Hz for S waves; c is 
velocity, which we take to be 5.0 km/sec for P and 3.0 kin/ 
sec for S waves; and Q is the attenuation factor, which we 
assume is 150 for P and 100 for S waves. 

The P- or S-wave averaged amplification factors are ob- 
tained using Bayesian nonlinear inversion (Jackson and Mat- 
su'ura, 1985). If all the events had been recorded by all the 
stations, the optimal amplification factors relative to the 
mean can be found by solving the system of equations 

Aij Fi 
(2) 

E '  Akj E'k= Fk k = l  1 

under the constraint 

1 

E = I, (3) 
k = l  

where A~j is the corrected P- or S-wave amplitude at the ith 
station from the jth event, I is the total number of stations, 
and F~ is the optimal amplification factor for the ith station. 
If the total number of events is J, then I • J equations must 
be solved for the I amplification factors. 

If some event-station pairs were unrecorded, the sum of 
amplitudes on the left side can be replaced by a weighed 
sum of the corresponding amplification factors. The above 
system of equations becomes 

Aij Fi 
= w 1 I '  Ef~,Akj  + jEk=Nj+~F~ 

(4) 

where Nj is the number of stations that recorded thejth event 
and wj is a scaling factor for the jth event. 

The unknown parameters in equation (4) are the I am- 
plification factors and the J scaling factors. In this study, 
I = 93, J = 32, and the total number of data points for P- 
or S-wave amplitudes is 1983. Therefore, the number of de- 
grees of freedom is 1858. 

We used a normalized form of equation (4) for the in- 
version: 

( ' 
B o =  N +N E (5) 

~=Nj+I I '  

where B;j = A;j ( N / ~ L l  Akj) and VCj = wj ( N / ~ L l  Akj). 
The starting parameter Fo; was taken to be the relative 

amplitude at the ith station averaged over all the events re- 
corded by the station: 

G, = B 0, (6) 

where M; is the number of events recorded by the ith station. 
The standard deviation of Fo; is set to be 0.5. The starting 
value of W i is set to be 1.0 with standard deviation of 0.5. 

Empirical tests using artificial data sets indicated that 
the above procedure could always find the expected param- 
eters, but the convergence was slow due to high nonlinearity. 
Therefore, a large number of iterations are required. The 
final amplification factors were obtained after 200 iterations, 
which takes about 12 hr on a SUN Sparc-5 workstation. The 
standard deviations of the parameters were computed from 
the covariance matrix. Figure 5 shows the starting and final 
values of the P- and S-wave amplification factors for all the 
stations as a function of the station latitudes. The starting 
and final values are close to each other: the difference be- 
tween the starting and final amplification factors for S waves 
ranges from -0 .08  to 0.06 with a mean of 0.001 ___ 0.022, 
while the difference between the starting and final parame- 
ters ranges from - 0 . 1 4  to 0.09 with a mean of 0.000 + 
0.035 for P waves. These differences are small because the 
events that were used in this study were recorded by a large 
number of stations (on average 67%). If all events had been 
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Origin Coordinates 

Event Latitute Longitude Depth No. of 
No. Day Time (UT) (°N) (°E) (kin) Mag. Stations XCC_p XCC_ s S ratio 

1" 090 1136:18.7 34.293 - 118.636 13.8 2.2 69 0.29 0.77 3.94 
2 090 2027:18.6 34.268 - 118.479 9.8 2.2 57 0.68 0.71 2.22 
3 092 1218:41.0 34.304 - 118.488 9.2 2.0 53 0.81 0.72 1.71 
4* 093 0909:2t.7 34.339 - 118.616 12.9 2.6 77 0.78 0.84 4.03 
5 093 1427:37.8 34.288 - 118.442 11.1 1.7 40 0.56 0.75 - -  
6 093 1828:24.0 34.235 - 118.605 17.9 2.7 76 0.35 0.69 5.54 
7 094 0519:01.5 34.304 - 118.444 7.9 2.2 65 0.43 0.72 1.59 
8 094 1006:55.1 34.306 - 118.442 7.7 2.2 81 0.63 0.76 2.05 
9 094 1205:41.0 34.317 - 118.471 7.2 1.9 51 0.58 0.69 1.90 

10 095 0547:15.5 34.235 - 118.528 13.6 2.0 64 0.40 0.71 6.82 
11 096 0918:58.3 34.347 - 118.552 4.6 2.9 79 0.42 0.69 2.31 
12 096 1051:35.8 34.247 - 118.493 10.2 2.0 72 0.41 0.72 2.72 
13 097 0419:27.8 34.331 - 118.487 5.9 3.5 78 0.40 0.74 2.05 
14 097 0440:07.7 34.330 - 118.489 5.7 2.6 52 0.58 0.76 2.13 
15" 097 0955:31.2 34.296 - 118.665 7.7 2.4 74 0.58 0.51 2.52 
16 098 1345:08.1 34.325 - 118.470 8.0 2.3 58 0.68 0.73 1.78 
17 098 t436:21.9 34.266 - 118.490 9.9 2.4 59 0.61 0.67 2.86 
18 098 1715:16.9 34.307 - 118.469 8.1 2.8 57 0.65 0.75 2.44 
19" 099 1229:52.5 34.285 - 118.696 12.1 2.5 72 0.34 0.61 3.55 
20* 099 1310:10.5 34.406 - 118.647 13.9 2.5 53 0.41 0.54 2.42 
21 099 1515:04.2 34.293 - 118.485 9.0 2.3 61 0.55 0.87 3.10 
22* 099 1915:39.0 34.371 - 118.674 10.2 2,8 63 0.41 0.66 2.53 
23 099 2118:24.5 34.276 - 118.455 10.4 2.5 69 0.66 0.58 2.62 
24 100 0829:44.5 34.221 - 118.517 18.0 1.7 50 0.44 0.71 - -  
25 100 1601:21.7 34.336 - 118.502 7.1 2.6 52 0.30 0.83 2.23 
26 101 0543:39.1 34.283 - 118.466 10.1 1.8 55 0.55 0.51 - -  
27 102 0806:03.6 34.298 - 118.467 7.8 1.8 49 0.57 0.59 2.26 
28 102 1127:20.1 34.261 - 118.491 11.8 1.8 56 0.79 0.76 2.42 
29* 103 0157:31.1 34.343 - 118.614 10.4 3.2 62 0.48 0.63 3.29 
30 103 1118:25.1 34.365 - 118.531 2.0 2.8 64 0.51 0.66 1.96 
31" 103 1529:41.2 34.291 - 118.499 7.3 2.6 57 0.46 0.82 2.85 
32 104 0642:21.2 34.323 - 118.570 3.4 2.5 58 0.40 0.58 2.70 

*Events with observable secondary phases. 

r ecorded  by  all s tat ions (i.e., M~ = J,  Nj = /), then Fo~ = 

F~. H oweve r ,  w h e n  s o m e  o f  the events  were  r ecorded  by only  

a small  n u m b e r  o f  stations,  the d i f fe rence  could  be  signifi- 

cant. 

W e  use c ross -cor re la t ion  coeff ic ients  (XCC)  to quant i fy  

the cohe rence  o f  the relat ive ampl i tudes  f rom di f ferent  

events .  The  cohe rence  of  t h e j t h  event  wi th  the ampli f icat ion 

factor  pat tern is c o m p u t e d  us ing 

~]i"-1 (v ,  - ~ ( B , j  - Bj) 

XCCj  = ~ i x =  ~ (Fi - PT ~ 1  (Bo - Bj) 2 '  (7) 

where  K is the n u m b e r  o f  c o m m o n  stat ions b e t w e e n  the j t h  

event  and the ampli f icat ion factor  pat tern,  P is the averaged  

ampl i f ica t ion factor  for  all o f  the events  and the K stations,  

/~j is the averaged  relat ive ampl i tude  for  the j t h  event .  

The m e a n  n u m b e r  o f  m e a s u r e m e n t s  for  a g iven station 

is 21 + 10. The ampl i f ica t ion factors  Fi for  both  P and S 

waves  and their  s tandard  devia t ions  c o m p u t e d  f rom the co- 

var iance  matr ices  are l isted in Table  1 and plo t ted  in Figures  

6 and 7. The s tandard devia t ions  for  both  P-  and S-wave  

ampli f icat ion factors  is about  10% o f  the mean.  

The final P -  and S-wave  ampli f icat ion p a t t ems  have  a 

c ross -cor re la t ion  coeff ic ient  (XCC)  of  0.50. For  the P - w a v e  

factors,  the ratio of  the largest  to the smal les t  value is about  

7; for  S waves ,  the ratio is as large as 17. The m e a n  X C C  

o f  the S -wave  ampl i f ica t ion pat tern  o f  an individual  event  

and the averaged  pat tern  for  S waves  is 0.69 _+ 0.09; for  P 

waves ,  the mean  X C C  is 0.53 _+ 0.14 (Table 2). The S-wave  

pat tern  is more  cons is ten t  f rom even t  to even t  than the P -  

wave  pattern.  

D i s c u s s i o n  

Comparison with Damage Pattern. Our af te rshock  ampl i -  

tude results  (Figs. 6 and 7) show a general  ag reemen t  wi th  

the dis t r ibut ion o f  r ed- tagged  bui ld ings  s h o w n  in F igure  1. 

In the two heavi ly  d a m a g e d  zones  of  southern  She rman  Oaks 

and m i d - S a n t a  Monica ,  the relat ive ampl i tudes  are more  and 


