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Seismic Waveform Modeling in the Los Angeles Basin 

by Craig W.  Scr ivner  and Dona ld  V. H e l m b e r g e r  

Abstract The proximity of several recent earthquakes to the Los Angeles 
sedimentary basin provides an opportunity to isolate the effects of  the basin on 
wave propagation. The 4 October 1987 aftershock (ML = 5.3) of the Whittier 
Narrows sequence and the 28 June 1991 Sierra Madre mainshock (ML = 5.8) 
are on a similar azimuth to stations overlying the deepest part of the basin. A 
distinctive feature of records from basin stations recording the 4 October after- 
shock is the large amplitude of multiple S,  SS ,  etc.  The multiples have up to 
twice the amplitude of the direct S phase on the tangential component. At such 
a short range, less than 25 km, a horizontal seismic velocity gradient is needed 
to turn rays rapidly enough for large-amplitude multiples to form. A forward 
modeling approach is employed, using finite-difference numerical techniques 
that produce double-couple point-source solutions. A model based on a recent 
geologic cross section constructed for the east edge of the Los Angeles Basin 
generates more phases than are seen in the seismic records. Simpler models, 
based on dipping layers with low shear velocities in the top few layers, fit the 
data better. The seismic velocity, depth, and dip of the layers are varied to fit 
the timing between the direct P,  the direct S, and the first S multiple. The timing 
and amplitude of the direct and first multiple S pulses are well modeled, though 
the phase of the first multiple does not match the data. Including a steeply 
dipping west edge in the basin model has little effect on the synthetic wave- 
forms, except at distances near that basin edge. The amplitude of SS  is greatest 
in the deepest part of  the basin, where it is two times larger than direct S. The 
coda duration increases from 8 sec to more than 20 sec from the NE to the SW. 
The Sierra Madre mainshock occurred about 25 km to the NE of the Whittier 
Narrows sequence. The model for Whittier Narrows was extended to this dis- 
tance, with a shallow basin between Whittier and the Sierra Madre hypocenter 
to simulate the San Gabriel sedimentary basin. Phases generated by the edge of 
the deep basin continue to dominate the synthetic waveforms, but this model 
generates a lengthy coda. This study shows that specific phases with frequencies 
up to 1 Hz that have traveled through deep sedimentary basins can be explained 
by two-dimensional seismic velocity models. 

Introduction 

Events such as the 1985 Michoacan earthquake have 
dramatically demonstrated that it is important in seismic 
hazard analysis to understand the effects of sedimentary 
basins on the propagation of seismic energy (Anderson 
et al.,  1986; Campillo et al.,  1989; Kawase and Aki, 
1989). There are a number of other areas in the world, 
including Los Angeles, where large populations live on 
or near sedimentary basins. Parts of the Los Angeles 
sediment-filled basins extend as deeply as 9 km (Yerkes 
et al.,  1965; Davis et al. ,  1989). The geometry of the 
Los Angeles basin is shown in Figure 1. There is long- 
standing concern about the effect of this basin on the 

amplitude and duration of shaking that will be felt in the 
Los Angeles area as the result of a large earthquake on 
the San Andreas Fault. In addition, there is concern about 
damaging events in the Los Angeles area itself. This 
concern was originally produced by the 1933 Long Beach 
earthquake on the Newport-Inglewood fault zone, and 
has been raised again by recent quakes on blind thrusts 
adjacent to the basin (Hauksson, 1990). 

Waveforms recorded in sedimentary basins are af- 
fected by the three-dimensional structure of the basin. 
The effect is minimized for recordings of teleseismic 
events; body waves arrive with near-vertical incidence 
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through the bottom of the basin, and long-period surface 
waves average out basin effects with the surrounding 
structure. Even so, "site response" has a significant ef- 
fect on these waveforms. Near-field events interact 
strongly with the basin edge (the interface between base- 
ment rocks and compacted sediments). This interface can 
be curved tightly enough to introduce three-dimensional 
multipathing effects. In addition, the bottom of the basin 
is likely to be irregular and the stratigraphic units, which 
may roughly correlate with the seismic velocity struc- 
ture, may be folded or tilted. Synthetic waveforms based 

on three-dimensional velocity models of  sedimentary ba- 
sins have been generated (Frankel and Vidale, 1992; 
Graves and Clayton, 1992)~ and these results confirm the 
effectiveness of  the basins for trapping seismic energy, 
increasing peak amplitudes, and extending the waveform 
coda. Comparisons between synthetic waveforms and data 
in these studies, however, are based on the similarity of  
the general shape of the envelope of the waveforms, on 
patterns of  peak accelerations for the distribution of sta- 
tions, or on the similarity of  parameters derived from the 
synthetic waveforms to empirical relationships. At- 
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Figure 1. Map indicating the epicenters and focal mechanisms of the 4 Oc- 
tober 1987 Whittier Narrows aftershock and the 28 June 1991 Sierra Madre 
mainshock with the surrounding seismic stations. The Whittier Narrows after- 
shock is the black star and the Sierra Madre mainshock is the white star. The 
shaded portions of the focal mechanisms are compressional. Triangles, squares, 
and hexagons indicate seismic station locations. The black symbols are for sta- 
tions that are used in this study. Hexagons indicate records that are available for 
both events (stations DWN, BAL, and HOL). The black triangles indicate stations 
BEC, LAS, and ING, for which only Whittier Narrows aftershock records were 
used in this study. Only a record for Sierra Madre was available from station 
USC (the square). The stippled regions of the map are the hills surrounding the 
Los Angeles basin. The solid lines indicate a few of the significant faults in the 
region. The dashed contours indicate the depth in kilometers (below sea level) 
to crystalline rock in the Los Angeles sedimentary basin (from Yerkes et al., 
1965). The line X-X' through the Whittier Narrows area is the location of the 
cross section in Davis et al. (1989) on which the model in Figure 5 is based. 
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tempts to model specific phases in data have not been 
made with three-dimensional structures because the 
number of parameters to vary in the velocity models is 
immense and the cost of generating synthetic waveforms 
is prohibitive. 

Even with one-dimensional models, it is possible to 
successfully forward model some phases in seismic data 
from receivers in sedimentary basins. Modeling the po- 
larity and amplitude of the direct arrivals is an example. 
Figure 2 shows the fit of velocity data and synthetic 
waveforms for the direct S arrival from the large 4 Oc- 
tober 1987 aftershock of the Whittier Narrows sequence 
on tangential component records at strong-motion sta- 
tions in the San Gabriel and Los Angeles basins. The 
reversal of polarity of the direct arrival across radiation 
pattern nodes is clear in the data set. However, the am- 
plitudes of the phases at nodal stations do not fall off to 
values as low as is theoretically expected. Examples of 
this are SAG and ELM in the San Gabriel basin. This 

suggests that multipathing effects of the basin average 
out amplitude variations at the nodes. The one-dimen- 
sional model only predicts the direct phase well. It does 
not produce multiples like those seen in the data at sta- 
tions LAS, ING, and BEC in Figure 2. 

Since a one-dimensional velocity model can fit the 
direct S arrival, it is reasonable to expect that some other 
phases can be fit by the two-dimensional structure along 
the azimuth between the epicenter and the receiver. One 
way to assess the appropriateness of a two-dimensional 
velocity structure is simply to see how cleanly the hor- 
izontal components of the seismogram rotate into the ra- 
dial-tangential orientation. If seismic energy is arriving 
off-azimuth, then the tangential component will have 
significant P-wave amplitudes. However, polarization 
analysis, such as that suggested by Vidale (1986), pro- 
vides a clearer picture of the directions from which en- 
ergy is reaching the receiver when an arrival is separated 
in time from other arrivals. Vidale's method gives quan- 
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Figure 2. Comparison of velocity data and synthetic waveforrns generated with 
a flat-layer model. The relative station locations are plotted in the circle, and the 
aftershock epicenter is located at the center of the circle. Dashed lines are ap- 
proximate nodal planes as indicated by the first-motion polarity of the data. While 
the polarity changes are clear, the peak amplitudes of the data from stations near 
the nodal planes do not drop to the low values predicted by the synthetic wave- 
forms. The synthetics were made using the one-dimensional model of Saikia (1994). 
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titative values of the strike (relative to the backazimuth) 
and dip of the plane of maximum polarization of incom- 
ing waves, rather than the more qualitative indications 
of waveform polarization found in particle motion plots. 

A two-dimensional model is only directly applicable 
to a particular cross section. If data from multiple sta- 
tions, situated over a range of azimuths from the source, 
are to be modeled, then the model will correspond to an 
average structure across the azimuth range. Also, a two- 
dimensional model cannot reproduce three-dimensional 
multipathing effects on the propagation of seismic en- 
ergy. In counterbalance to these limitations of  two-di- 
mensional models, the computation of synthetic wave- 
forms in two dimensions is faster and cheaper than in 
three dimensions. More iterations can be made to de- 
velop a model. A three-dimensional model produces an 
overall picture of how seismic energy propagates through 
an area. However, such a model is based on sources of 
information, such as seismic reflection lines, well data, 
and geological structural models, that are of limited den- 
sity and resolution. This may result in a model that over- 
looks a significant aspect of the seismic energy propa- 
gation through the structure. Thus, two-dimensional 
modeling can be used to fine-tune cross sections through 
three-dimensional models and help constrain the models 
as a whole. 

Method  

The two earthquakes discussed in this article are the 
4 October 1987 Whittier Narrows aftershock (ML = 5.3) 
and the 28 June 199l Sierra Madre mainshock (ML -- 
5.8). A location map is shown in Figure 1. The 4 Oc- 
tober event was the largest aftershock in the Whittier 
Narrows sequence, but it was a much simpler event than 
the 1 October mainshock. The aftershock was predom- 
inately strike slip; the mainshock was almost pure thrust. 
The entire sequence took place directly adjacent to the 
Los Angeles basin and was associated with the Elysian 
Park Thrust (Hauksson, 1990). This sequence was a clear 
indication that such blind thrusts need to be considered 
in seismic hazard assessments for the area. The 28 June 
1991 Sierra Madre mainshock was 25 km further away 
from the edge of the Los Angeles basin than the Whittier 
Narrows sequence, and the shallow San Gabriel basin 
lies in between. It was, however, at about the same azi- 
muth from stations in the Los Angeles basin as the Whit- 
tier Narrows sequence. This allows us to extend the model 
further back from the basin, and look at how the effect 
of the basin on waveforms changes as the source is moved 
away from the basin's edge. 

We first work with data from six stations in the Los 
Angeles basin area for the Whittier Narrows aftershock 
(Fig. 3). All three components of data are available from 
each of these stations. The stations LAS, ING, DWN, 
HOL, and BAL are California Strong Motion Instrumen- 

tation Program, Division of Mines and Geology (CDMG) 
instruments (Shakal et al., 1987). The sensors record ac- 
celeration with free periods of about 0.0395 sec and 
damping coefficients of around 0.59. The response is 
flat in acceleration to about 10 Hz. The raw acceleration 
has been resampled to a rate of 50 samples per second 
and bandpass-filtered with ramps of about 0.3 to 0.6 Hz 
and 23.0 to 25.0 Hz during CDMG processing. The BEC 
station is a GEOS instrument installed and maintained by 
the U.S. Geological Survey (USGS). The nominal pa- 
rameters for this instrument are a free period of 0.02 sec 
and a damping coefficient of 0.7 (Mueller et al., 1988). 
This results in a response that is flat to acceleration out 
to about 20 Hz. The BEC station is at an azimuth to the 
southeast of the others, where the basin is about 7 km 
deep. Both the BEC and DWN stations are at a 16-km 
distance from the epicenter of the 4 October aftershock. 
Stations HOL and BAL are on the north rim of the basin 
where sediments are relatively thin. The ING and LAS 
stations are near the Newport-Inglewood fault zone at 
the west edge of the Los Angeles basin. Only station 
DWN lies over the deepest Los Angeles basin. 

The records from these stations, except for HOL and 
BAL, contain a very strong phase on the tangential and 
radial components 5 to 6 sec after the direct S arrival. 
Complex polarization analysis (Vidale, 1986), an ex- 
ample of which is given in Figure 4, shows that on the 
records from DWN, BEC, ING, and LAS the dip of the 
polarization plane of this phase is close to 0 ° and the 
strike is more than 60 ° away from the backazimuth. This 
is consistent with a shear wave arriving on azimuth from 
the source, without heavy contamination by energy re- 
fracted from other parts of the basin. On the DWN tan- 
gential velocity record, this phase is more than two times 
larger than direct S pulse. We argue that this phase is 
appropriately modeled as a first multiple (SS) off the bot- 
tom of the basin of the direct S ray, that its appearance 
in the records is dependent on the seismic structure of 
the edge of the sedimentary basin, and that it therefore 
can be approximately modeled with a two-dimensional 
velocity structure. 

To work with two-dimensional velocity models, we 
have generated the synthetic waveforms by a finite-dif- 
ference formulation described in Vidale et al. (1985). In 
this approach, the SH and P-SV systems are decoupled 
and solved separately. It is based on using known first- 
term asymptotic solutions for double-couple sources to 
introduce pseudo-near-field terms, which produce the 
appropriate radiation patterns for a point source with two- 
dimensional codes. These asymptotic approximations 
break down for long periods because of the neglect of 
near-field terms. Also, the grid used in the finite-differ- 
ence modeling introduces high-frequency dispersion, with 
the severity of this effect controlled by the size of the 
grid elements. As a result, the synthetic waveforms pro- 
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duced are inherently bandlimited. In this study, the syn- 
thetics have been bandpass-filtered to minimize the long- 
period and high-frequency artifacts. The calculations are 
appropriate for a line source perpendicular to the two- 
dimensional cross section and point-source solutions are 
generated from these by a simple transformation (Helm- 
berger and Vidale, 1988). 

One approach to modeling the data is to use a geo- 
logic cross section as a starting point. We have con- 
structed a model directly from the cross section devel- 
oped by Davis et al. (1989) that passes through the 
Whittier Narrows area (Fig. 5). The position of this cross 
section is shown as the line X-X' on the map in Figure 
1. Calculations for this model with the two-dimensional 
finite difference code with a double-couple source at the 
depth and location relative to the edge of the basin that 
are appropriate for 4 October event result in synthetic 
waveforms that are much more complex than the data. 

It is apparent that this model needs to be smoothed to 
fit the data. We start from a simple one-dimensional 
seismic velocity model and tried to construct a simple 
two-dimensional model that satisfies the data. We use a 
deterministic forward modeling approach to satisfy the 
clear signals in the data. 

The effect of the basin edge is to weaken the direct 
phase and to enhance the reflected phases (Fig. 6). The 
ray for the direct phase intersects the bottom of the basin 
obliquely where the interface is flat. As a result, the 
transmission coefficient for this ray into the basin is very 
small. In comparison, the ray for the reflected phases is 
nearly normally incident on the dipping edge of the ba- 
sin. This ray has a transmission coefficient closer to 1 
than does the direct ray. In addition, the lateral velocity 
gradient at the edge of the basin turns the ray of the 
multiple shallowly within the basin edge at greater than 
critical angle. Therefore, all of  the transmitted energy 

October 4, 1987 Whittier Narrows Aftershock, Velocity Data 
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Figure 3. Three-component velocity records from six stations in the Los An- 
geles basin for the 4 October 1987 Whittier Narrows aftershock. The strong shear- 
wave multiple is evident in the tangential components at the stations near the 
central basin. DWN, ING, LAS, BAL, and HOL are instruments maintained by 
the California Division of Mines and Geology (CDMG). BEC is a USGS GEOS 
station. Amplitudes are in centimeters per second. 



Seismic Waveform Modeling in the Los Angeles Basin 1315 

gets trapped by the shallow structure and is channelled 
into the multiple S phases. 

Resul ts  

Our preferred model fits the relative amplitude of 
the SS and S phases, S-P times for the data, and absolute 
S and P times (for those stations where they are avail- 
able). The fit is best for the stations over the deep basin 
(DWN, BEC, and LAS). The modeling was done pri- 
marily for the SH system because P-SV waveforms are 
more expensive to synthesize and more complicated to 
treat because of conversions between P and S energy at 
interfaces. For the best-fit model, however, we also cal- 
culated radial and vertical synthetic waveforms. 

The finite-difference code calculates synthetic wave- 
forms for the fundamental fault orientations. For the SH 
system, this is vertical strike-slip and vertical dip-slip 

(Fig. 7). In the corresponding synthetics, the multiple is 
clearly present for both fault types. However, the strike- 
slip fault orientation produces a lower-amplitude multi- 
ple than is needed. The dip-slip synthetics have very strong 
multiples, and this suggests that the strength of this mul- 
tiple in records such as DWN is due to the small dip-slip 
component of  the aftershock source mechanism. Syn- 
thetic waveforms are compared with the velocity data in 
Figure 8a. 

An emphasis was placed on fitting the records from 
station DWN (see Fig. 8b) because DWN is the only sta- 
tion in the data set over the deepest part of  the Los An- 
geles basin and the multiple on the tangential component 
is particularly strong for this station. Unfortunately, the 
trigger time was not recorded by the DWN station, so 
the data and synthetic waveforms are lined up by the 
direct S arrival on the tangential component. The dashed 
line indicates this point for all the waveforms. The am- 
plitude scale for the synthetic waveforms is about twice 

Complex Polarization Analysis for DWN 
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Figure 4. An example of complex polarization analysis (Vidale, 1986). The 
analysis is for station DWN. The velocity data was lowpass-filtered with a comer 
at 4-Hz frequency prior to the analysis, in order to smooth the results. The dip 
and strike relative to the backazimuth of the polarization plane are shown as a 
function of time and range from -90  ° to 90 °. A portion of the record around the 
multiple phase that is being modeled is shown by dashed lines. The large and 
rapidly fluctuating values for the dip at the beginning of the time series are ar- 
tifacts of the low amplitude of the horizontal components prior to direct S. 
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that of  the data when a moment of 5 x 10 23 dyne-cm is 
used to construct the synthetics. The tangential compo- 
nent has the best fit of  synthetic to data among the three 
components. The relative timing and amplitude of the 
SS and S arrivals in the data are well matched in the 
synthetic. There is also a suggestion of an additional 
multiple 4 sec after SS in both the data and the synthetic, 
which would correspond to SSS. The radial component 
of the data has more phases than are found in the syn- 
thetic. One reason for this may be that P to S conver- 
sions at the edge of the basin are not strongly generated 
by this model. The P-wave velocities in the model are 
only crudely established, and the homogeneity of the P 
velocity in the top of the model is certainly not accurate. 
The SS phase in the data is larger than the multiple in 
the synthetic, and the additional multiple (at 12 to 13 

sec) is present in the data but not the synthetic. This 
suggests that SH energy is being turned onto the radial 
Component by the three-dimensional structure of the ba- 
sin, but not so strongly that it obscures the two-dimen- 
sional propagation of most of the energy. The vertical 
component is much lower amplitude in both the data and 
the synthetic. It is interesting to note that the direct S 
phase is not visible on the vertical component of the data. 
This indicates that the direct shear wave is arriving with 
vertical incidence. The dashed line in Figure 8b indicates 
where direct S arrives on the radial and tangential com- 
ponents. The phase coming in 5 to 6 sec after the trigger 
on the vertical component is probably a converted S 
to P multiple phase. The vertical synthetics have both 
the direct and the converted phase. This suggests 
that the shallow shear-wave velocities in our model are 
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Figure 5. (a) Finite-difference synthetic waveforms of the tangential-displace- 
ment component for the 4 October 1987 Whittier Narrows aftershock along the 
DWN azimuth for distances from 2 to 22 km. The source mechanism used to 
construct these synthetics is from Saikia (1994). (b) The seismic velocity model 
used to calculate the synthetic waveforms in part (a). The velocity structure is 
an attempt to directly incorporate the geologic cross section of Davis et al., 1989. 
Velocities are given in kilometers per second. NE is to the left. (c) A comparison 
of the tangential component velocity data from station DWN with the velocity 
synthetic at the correct range from the source (16 km). The two waveforms are 
lined up on the direct S phase. A source with M0 = 5 x 1023 dyn-cm was included 
in the synthetic waveforms. 
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not slow enough to turn the direct S ray to vertical inci- 
dence. 

Trigger times are known for three of the six avail- 
able stations, ING, LAS, and BAL. The data and syn- 
thetic waveforms for these stations are compared in ab- 
solute time in Figure 8a. The trigger times for stations 
BEC, DWN, and HOL are not known. The data and syn- 
thetics for these stations are lined up on the direct S of 
the tangential component. As mentioned before, the 
modeling in this study was primarily done on the tan- 
gential component, to avoid the cost and added com- 
plexities of fitting the P-SV system. In addition, the model 
cannot hope to fit all the data on azimuths from 169 ° to 
279 °, the contours of basin depth in Figure 1 indicate the 
differences in the cross sections from the hypocenter to 
each station. The stations DWN, ING, and LAS are on 
azimuths for which the propagation path should be sim- 
ilar. The absolute timing of the direct S for ING and LAS 
are within a second of the data. The relative timing of 
the SS and the direct S arrivals for stations DWN and 
LAS are quite good. However, the synthetic for ING does 
not predict a strong SS arrival, though the data for this 
station has a clear signal. The absolute amplitude of the 
whole waveforms and the relative amplitudes of the SS 
and S arrivals on the synthetics are fit within a factor of 
2. The relative phase of  the SS arrival to that of the direct 
S is not well predicted by the synthetic waveforms. The 
synthetic SS is consistently shifted 90 ° in phase relative 
to the direct S, as expected. The data for stations DWN 
and LAS suggest that the multiple is 180 ° out of phase 
with the direct S arrival. The SS arrival in the data at 
station ING, however, seems not to be phase-shifted at 
all relative to the direct S. Stations BEC, BAL, and HOL 
are on azimuths from the hypocenter that do not cross 
the deepest portion of the basin. Of the three, BEC is 

Effects of the Edge of a Basin 

F1 

Almost normally variation across the dipping layers, Obliquely incident, 
incident. T -  1 rays can tuna above th~ source, so T is small 

0-> 0e, so R = 1. 

Figure 6. A cartoon indicating the effect, in 
terms of ray theory, of the edge of a sedimentary 
basin on propagating seismic energy. The solid star 
at the left is the seismic source, and the box at 
upper right is the receiver. The dashed lines are 
interfaces between velocity layers. 

over the deepest sedimentary layer, and there is a large- 
amplitude multiple on the data for this station, but not 
for the other two. However, the synthetic waveforms for 
these azimuths do not predict large multiples, so it is 
unclear whether such multiples are missing from the data 
because of the shallow basin structure or because of  the 
radiation pattern. 

The modeling was primarily concerned with match- 
ing the tangential component and so it is not surprising 
that the vertical and radial synthetic waveforms, gener- 
ated by the P-SV calculation, do not fit the data as well 
as the tangential component. The timing is still fairly 
good between different phases, but the absolute ampli- 
tudes are less consistent. Also, the relative amplitudes 
of the phases are not as consistent for the vertical and 
radial synthetic waveforms. 

The model just discussed included only the east edge 
of the Los Angeles basin. It might be argued that energy 
propagating across the basin would be reflected back at 
its west edge and be trapped (Novaro et al., 1990). This 
would produce a ringing effect that would complicate 
and lengthen the waveform. When such an edge is in- 
cluded in the model, however, there are almost no changes 
seen in the synthetic waveforms (Fig. 9). In the middle 
of the basin, there is no effect at all on the strong mul- 
tiple to the direct S phase. Stronger effects can be seen 
at the west basin edge, but they are still minor. The west 
basin edge probably produces more significant effects 
beyond the basin by disrupting surface waves across the 
basin and by setting up a further set of focused phases 
in offshore sedimentary basins. Such effects would be 
consistent with the results of Vidale and Helmberger 
(1988). 

The Whittier Narrows sequence was unusual be- 
cause it occurred so close to the edge of the Los Angeles 
basin. Although concern is increasing about the threat 
posed by basin-bounding faults, it is also important to 
see whether the focusing effects modeled above persist 
for a seismic source farther from the basin. Since the 28 
June 1991 Sierra Madre earthquake is along a similar 
azimuth to the basin as the Whittier Narrows aftershock, 
it is a useful event to consider. Unfortunately, records 
from strong-motion stations in the Los Angeles basin for 
the Sierra Madre mainshock are not numerous. There are 
CDMG records from the DWN, BAL, and HOL stations 
and a record from a Guralp instrument at USC (Fig. 10). 
Synthetic waveforms were calculated using the source 
location and parameters of Dreger and Helmberger (1991), 
except that a lower moment was used than was found in 
that study. Wald (1992) and Helmberger et ai. (1993) 
argue that most of the high-frequency energy produced 
by this event was generated in the area near the hypo- 
center where there was high stress drop and about 30% 
of the moment was produced. 

Displacement synthetics for the azimuth to the sta- 
tion DWN with the Sierra Madre mainshock source 
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mechanism are shown in Figure 11 for two models. The 
first model shown is simply the Whittier Narrows model 
extended as a fiat-layer model, back far enough to cover 
the Sierra Madre source. For receivers over the deep ba- 
sin, the time for the arrival of  the direct S and following 
phases is obviously longer, but the waveform following 
the direct S is the same as that of  the Whittier Narrows 
model. We have also included a basin edge near the Sierra 

Madre source in an attempt to model the effect of  the 
San Gabriel basin on wave propagation into the Los An- 
geles basin. The direct S and multiples are still unaf- 
fected by this additional complexity, but there is a much 
longer wave train at ranges out into the Los Angeles ba- 
sin. This model does not include the ridge that exists (at 
least for some azimuths) between the San Gabriel and 
Los Angeles basins. This would be expected to shorten 
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tween 0.1 and 3 Hz. A source with M0 = 5 x 1023 dyn- 
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direct S on the tangential component. (b) Comparison 
for station DWN. The amplitude scale for the synthetic 
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the wave train in the Los Angeles basin (see Vidale and 
Helmberger, 1988), but not change the initial portion of 
the synthetic with the strong multiple. Overall, for both 
models, the strong S multiple persists with similar am- 
plitude and timing relative to the direct S arrival as was 
generated by the Whittier Narrows model. 

The Sierra Madre mainshock was not strong enough 
be recorded well on many of the CDMG stations in the 
Los Angeles basin. Records for the stations DWN, BAL, 
and HOL were digitized from the CDMG report (Huang 
et al., 1991). The tangential-component acceleration 
records from these stations are compared with synthetic 
waveforms in Figure 12. A trigger time for the station 
HOL is known, so the comparison of data and synthetic 
can be made in absolute time. This comparison makes 
it clear that HOL triggered after the direct P. This also 
appears to be true for BAL, for which no trigger time is 
available. By comparison, the record for DWN is more 
complete. The USC record is most complete, with a trig- 
ger time well before the direct P and 15 to 20 sec of 
coda recorded after the peak amplitudes. A strong mul- 
tiple phase is clearly present in the records from stations 
DWN, HOL, and USC, and may be present in the wave- 
form from BAL as well. Neither the amplitude nor the 
timing is as well matched between data and synthetic for 

the Sierra Madre mainshock as for the 4 October Whit- 
tier Narrows aftershock. The synthetic waveforms have 
a longer high-amplitude coda than is seen in the data. 
This may be because the model lacks the ridge between 
the San Gabriel and Los Angeles basins. 

Discussion 

Vidale et al. (1991) argue that in the Los Angeles 
basin strong site resonance effects control the polariza- 
tion of received energy at frequencies greater than 1 or 
2 Hz, and that the resonance direction at a given station 
tends to remain similar from event to event. The effect 
of the focal mechanism is not entirely drowned out by 
the site resonance, however. By taking the ratio of peak 
accelerations of the 1 October mainshock (ML = 5.9) 
and the 4 October aftershock for stations over the Los 
Angeles basin, Vidale (1989) isolated the effect of the 
radiation pattern. These two studies indicate that at high 
frequencies the site resonance effects are dominant, but 
the radiation pattern for an earthquake still has a signif- 
icant effect on the pattern of peak accelerations. 

Strong ground motions are complicated by the com- 
peting effects of site response and radiation pattern. Tan- 
gential-component synthetic waveforms constructed for 
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Figure 10. Acceleration data for the 28 June 1991 Sierra Madre mainshock 
at stations BAL, DWN, HOL, and USC. All records are shown starting from their 
initial trigger and lined up on the direct S arrival. The amplitudes are in centi- 
meters per second squared. 
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the 1 October Whittier Narrows mainshock with the fo- 
cal mechanism of the largest subevent (Bent and Helm- 
berger, 1989) predict that there should be no multiple 
after the direct S. Recordings from some stations, how- 
ever, have a clear multiple. It is possible that the effects 
of the radiation pattern are being averaged by the three- 
dimensional basin structure. Figure 13 shows the vari- 
ation in the amplitude ratio of the SS and S phases in 
synthetic waveforms as the focal mechanism is varied. 
The plots are planes with constant strike, rake, and dip, 
respectively, slicing through the space of possible source 
parameters. The plots in the left-hand column intersect 
in this space at the parameters for the 4 October after- 
shock, and the plots in the right-hand column intersect 
at the parameters for the 1 October mainshock. The 
squares drawn in the figures indicate the intersection point 
for the planes plotted in that column. These plots predict 
that the majority of  focal mechanisms should generate a 
multiple (SS) with at least half the amplitude of  the direct 
S. Only narrow bands in the parameter space correspond 
to synthetic waveforms with no multiple. In the real world, 
it appears that waveforms are generated with a radiation 
pattern that corresponds to an averaged focal mechanism 
(Liu and Helmberger, 1985). This can be due to varia- 
tions in the azimuth of the propagation path as slip pro- 

gresses along the finite fault length, departures of the 
fault from a simple planar geometry, and multipathing 
of the energy as it propagates to the receiver. In our case, 
this means that receivers at a similar epicentral distance 
and overlying a similar velocity structure should have a 
visible multiple, regardless of the source mechanism. 

The vertical radiation pattern for a vertical strike- 
slip fault for the SH system is a constant dependent on 
the shear velocity in the source region, but the vertical 
radiation patterns for the other fundamental fault orien- 
tations are all dependent on the ray parameter and ap- 
parent slowness (Helmberger, 1983). This effect is ev- 
ident in Figure 7. For the strike-slip source, the SS phase 
is clearly developed beyond about 14 km and, relative 
to the direct S pulse, its amplitude does not change much. 
For the dip-slip source, the SS phase increases in am- 
plitude relative to the direct arrival over the range from 
12 to 18 km. Beyond 18 km, the SS phase drops in rel- 
ative amplitude and a third phase grows to dominate the 
records. The energy that produces the direct S phase is 
leaving the source in a nearly horizontal direction. This 
is a node in the dip-slip vertical radiation pattern. By 
comparison, the multiples are produced by energy prop- 
agating upward from the source at angles where the ra- 
diation pattern for the dip-slip source is stronger. As the 

Sierra Madre Mainshock; June 28, 1991 
Comparison of Tangential Data and Synthetics 

BAL 

Data 

Synthetic 

HOL 

DWN USC 
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Figure 12. A comparison of acceleration data and synthetic waveforms for 
the tangential component of the Sierra Madre mainshock. The source parameters 
found by Dreger and Helmberger (1991) are used to calculate the synthetics. They 
include a moment of one-third of M0 = 2.5 × 1024 dyn-cm (see text). Both data 
and synthetic waveforms have been bandpass-filtered between 0.1 and 3 Hz. No 
trigger times are available for BAL and DWN. For these stations, the data and 
synthetics are lined up by the direct S arrival. Trigger times are available for HOL 
and USC. The data and synthetic for HOL are compared in absolute time. How- 
ever, the USC record is shifted 1 sec to the left in order to line up the direct S 
arrivals of the data and synthetic. 
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Figure 13. The variation in the amplitude ratio of the SS and S phases in 
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direct S. The synthetic waveforms were constructed with the velocity model shown 
in Figure 7 at a range of 16 km (the distance from the Whittier Narrows earth- 
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SS/S amplitude ratio changes in the synthetic waveforms if one parameter of the 
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lowed to vary. The right-hand column of figures show the variation in the SS/S 
ratio when a parameter of the mainshock is held fixed and the other two param- 
eters for the mainshock are varied. The parameters of the largest subevent of the 
1 October Whittier Narrows mainshock (Bent and Helmberger, 1989) are used 
for this purpose. The squares in the figures indicate the locations of the aftershock 
and mainshock in the parameter space. 
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range increases, the take-off angle of energy for a par- 
ticular phase swings toward the horizontal, with corre- 
spondingly less radiated energy. A further multiple phase, 
with a near-vertical take-off angle, may begin to domi- 
nate the synthetic. 

It is commonly mentioned that an effect of sedi- 
mentary basins is to lengthen the waveform coda by set- 
ting up surface waves that are trapped to bounce back 
and forth in the basin. Kawase and Aki (1989), in order 
to explain observations at Mexico City from the 1985 
Michoacan earthquake, examined the response of two 
types of basins to an incident plane wave and an incident 
Rayleigh wave. The type 1 basin is a 10-kin-long and 
1-km-deep trapezoid, with a single velocity throughout, 
that is embedded in a homogeneous half-space. The type 
2 basin is a type 1 basin with a very slow 5-km-long and 
250-m-deep trapezoidal layer covering half its surface. 
They find that a type 1 basin extends the coda notice- 
ably, but not as strongly as a type 2 basin. A type 2 
basin is required to explain the extraordinary duration 
and amplitude of the Mexico City observations. San- 
chez-Sesma et al. (1988) have very similar findings. 
Neither a one-dimensional model with a very slow upper 
layer nor a two-dimensional deep basin (0.5 km) model 
can explain can explain the Mexico City observation by 
themselves. Combining a two-dimensional basin with a 
thin slow velocity cap is much more successful. 

In the present study, a comparison is made between 
a model with one basin edge and a full basin model. 
There is virtually no difference between the waveforms 
for these two models, and there is no significant increase 
in the duration of the coda. Although they do not find 
that it is effective enough in lengthening the coda to ex- 
plain the Mexico City observations, Kawase and Aki 
(1989) do find that the type 1 basin model does signif- 
icantly extend the coda in comparison to that produced 
by a one-dimensional model. There are several possible 
reasons for the difference between the results in this study 
and that of Kawase and Aki. The full basin model pre- 
sented here is much deeper than Kawase and Aki's type 
1 basin. Our model has a gradational transition of ve- 
locity with depth. The largest impedance contrast be- 
tween layers in the model is only 1.4, while Kawase and 
Aki use an impedance contrast of 2.5. Also, the velocity 
layers in our model do not completely pinch out at the 
basin edges, and energy leaves the basin over this lip. 
However, it seems unlikely that this aspect of the basin 
model is very significant because energy also leaks out 
of the trailing edges of basins (Vidale and Helmberger, 
1988). The reason for this can be seen by considering 
the cartoon in Figure 6, with rays propagating from within 
the basin toward the basin edge to the left. The same ray 
geometry that serves to focus energy arriving from out- 
side the basin will defocus rays striking the basin edge 
from the inside. 

Strong motions are often characterized by peak ac- 

celerations and coda duration. It is also important, though, 
to consider the overall envelope and the change in the 
envelope as the range increases. The type 1 basin of Ka- 
wase and Aki (1989) extends the coda in comparison to 
one-dimensional models, but only with monotonically 
decaying amplitudes. The very slow, thin layer over half 
of the basin is required to get a coda with amplitudes as 
large or larger than the initial portion of the record. San- 
chez-Sesma et al. (1988) also needed a very slow cap- 
ping layer to get a coda of extreme length. Their syn- 
thetic waveforms vary greatly in amplitude and duration 
at different receiver positions on the basin model. Our 
work indicates that very deep basin structures, without 
a very slow layer at the surface, can generate S multiples 
with amplitudes larger than the direct S phase. These 
synthetic waveforms are not of extremely long duration, 
but as the range increases further multiples increase in 
amplitude to dominate the record. As a result, a large 
event with multiple subevents distributed over a broad 
fault plane could generate long wave trains in the Los 
Angeles basin with significant variations in the wave- 
form envelope from point to point in the basin. Another 
complication of basin structure not addressed here is the 
role of attenuation, especially shallow attenuation and 
scattering. Some discussion of this is given by Frankel 
and Vidale (1992), but our strategy is to establish the 
basic velocity structure and then add these properties later. 

Conclusions 

A multiple of the direct S phase, seen in data from 
the Los Angeles basin stations for the 4 October 1987 
Whittier Narrows aftershock, can be forward modeled 
with a two-dimensional velocity structure. An attempt 
was made to fit absolute S and P times (when available), 
S-P times, SS-S times, the relative amplitude of S and 
SS, and the overall absolute amplitude. These parame- 
ters in the data are matched well by the synthetic wave- 
forms, though the phase of the SS pulse is not. The fit 
is more erratic for stations in the north part of the basin 
(further off the cross-section azimuth of about N205°E). 
The cross section into the basin changes significantly with 
azimuth from the source of the Whittier Narrows events, 
and cannot be modeled by a single two-dimensional 
model. 

Basin edge effects are important. Critical angle re- 
flections of energy in the dipping layers at the leading 
edge of the basin trap energy and turn it sharply back to 
the receivers. In a section of synthetic waveforms cal- 
culated for the 4 October Whittier Narrows aftershock, 
the amplitude of SS is greatest in the deepest part of the 
basin, where it is two times larger than direct S. The 
coda duration increases from 8 sec to more than 20 sec 
from the NE to the SW. A full basin model is compared 
to a model with only a leading basin edge. The full basin 
model produces no significant increase in coda duration 
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when compared to the model with a single basin edge. 
At the far edge of the basin, energy leaks out rather than 
being strongly reflected back into the basin. The basin 
edge effect is not significantly different if the earthquake 
is located away from the basin (e.g., the Sierra Madre 
mainshock) or immediately adjacent to it (e.g., the 
Whittier Narrows aftershock). 

We have achieved some success in deterministic, 
forward modeling of these strong-motion records. Such 
modeling is useful in predicting strong motions of large 
events in the region and in preliminary efforts in the con- 
struction of three-dimensional models. That is, it estab- 
lishes constraints on the structure of two-dimensional slices 
cutting through the region to be modeled in three-di- 
mensional analysis. Such model slices could place ad- 
ditional constraints on the three-dimensional model be- 
yond what is available from geologic and borehole data 
alone. 
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