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Abstract

In this paper we compare two time-domain inversion methods that have been widely applied to the problem of
modeling earthquake rupture using strong-motion seismograms. In the multi-window method, each point on
the fault is allowed to rupture multiple times. This allows flexibility in the rupture time and hence the rupture
velocity. Variations in the slip-velocity function are accommodated by variations in the slip amplitude in each
time-window. The single-window method assumes that each point on the fault ruptures only once, when the
rupture front passes. Variations in slip amplitude are allowed and variations in rupture velocity are accommo-
dated by allowing the rupture time to vary. Because the multi-window method allows greater flexibility, it has
the potential to describe a wider range of faulting behavior; however, with this increased flexibility comes an
increase in the degrees of freedom and the solutions are comparatively less stable. We demonstrate this effect
using synthetic data for a test model of the M,, 7.3 1992 Landers, California earthquake, and then apply both
inversion methods to the actual recordings. The two approaches yield similar fits to the strong-motion data
with different seismic moments indicating that the moment is not well constrained by strong-motion data
alone. The slip amplitude distribution is similar using either approach, but important differences exist in the
rupture propagation models. The single-window method does a better job of recovering the true seismic mo-
ment and the average rupture velocity. The multi-window method is preferable when rise time is strongly vari-
able, but tends to overestimate the seismic moment. Both methods work well when the rise time is constant or
short compared to the periods modeled. Neither approach can recover the temporal details of rupture propaga-
tion unless the distribution of slip amplitude is constrained by independent data.

Key words  earthquake source inversion — rupture is to estimate the spatial and temporal distribu-
propagation — strong ground motion tion of coseismic slip on an assumed planar
fault surface or surfaces by matching recorded
seismograms with theoretical seismograms.
The kinematic rupture models derived in this

Inverse methods have been applied to esti- way'prov1de important constraints on the dy-
mate the rupture time and slip amplitude using ~ Damics of earthquake rupture (e.g. Heaton,
near-source (< 200 km) strong motion seismo- 1990, Scholz, 1990). Moreover, an accurate
grams for many well-recorded earthquakes descrlptlpn of earthquake rupture .alds in un-
(e.g. Olson and Apsel, 1982; Hartzell and derstanding the strong ground motion, leading
Heaton, 1983; Fukuyama and Irikura, 1986; to an enhanced ability to design structures that
Takeo, 1987; Beroza and Spudich, 1988; withstand strong motion in future earth-
Hartzell, 1989; Mendez and Luco, 1990; quakes.

Mendez and Anderson, 1991; Cocco and Pa- Despite much research in this area, there re-
cor, 1993). The common goal in this research main important discrepancies between rupture

1. Introduction
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models of the same earthquake published by
different authors. It is typically difficult to as-
sess the relative accuracy of each model. For
the most part, past studies have concentrated
on deriving a model that fits the strong motion
data, without much emphasis on assessing the
solution stability or spatial resolution. Using
standard inverse methods, it is not difficult to
obtain a solution that matches the data accept-
ably well. The greater challenge lies in estimat-
ing the reliability. Some solution discrepancies
are due to differences in the portion or band-
width of the wavefield used in the inversion.
However, an under-appreciated source of
model discrepancies result from the different
model parameterizations and inversion meth-
ods. It is important to understand the origin of
the model differences because they often have
more to do with assumptions made in the mod-
eling than with the earthquake.

Examples of recent earthquakes where au-
thors using similar strong-motion data have
found dissimilar solutions include: the 1979
Imperial Valley earthquake (Olson and Apsel,
1982; Hartzell and Heaton, 1983), the 1984
Morgan Hill earthquake (Hartzell and Heaton,
1986; Beroza and Spudich, 1988), the 1987
Superstition Hills earthquake (Frankel and
Wennerberg, 1989; Wald et al, 1990), the
1989 Loma Prieta earthquake (Beroza, 1991;
Steidl et al., 1991; and Wald et al., 1991), and
the 1992 Landers earthquake (Cohee and
Beroza, 1994; Wald and Heaton, 1994). In fact,
all earthquakes that have received more than
one published study show some significant dif-
ferences in the derived models. These discrep-
ancies are often cited as indicative of the
amount of uncertainty in rupture models ob-
tained from strong-motion data.

Frankel (1992) suggested in the case of the
1987 Superstition Hills earthquake that differ-
ences in the data and data weighting were the
cause of solution discrepancies, noting in par-
ticular that without applying some weighting,
close stations with larger seismogram ampli-
tudes dominated the least-squares inversion. In
this example, the model parameterizations and
inverse methods were very different (Frankel
and Wennerberg, 1989, solved for a line-source
using impulsive Green’s functions) and it was

not easy for identical data and weighting to be
used with each inversion method. Dissimilari-
ties in the rupture solutions of the 1989 Loma
Prieta earthquake were briefly discussed by
Wald et al. (1991). They also speculated that
differences in the particular stations used and
the data weighting, and to a lesser extent the
Green’s functions, might have been responsi-
ble; however they did not assess the relative
importance of each or identify features at-
tributable to the different inversion methods.

In this study we compare two established
time-domain inversion methods using identical
data, weighting, and Green’s functions. This
allows us to isolate the effect of the model pa-
rameterization and inversion method on the so-
lution. We conduct sensitivity tests for each
method using synthetic data computed for a
hypothetical 1992 Landers, California earth-
quake with known source properties. The syn-
thetic test model includes variations in slip am-
plitude, rupture velocity, and rupture duration
(displacement rise time), and we determine
how well the two different parameterizations
recover the known rupture model in the pres-
ence of realistic noise.

We find that although the multi-window
method contains greater flexibility and has the
potential to fully describe the wide range of
faulting behavior included in the synthetic test
case, the results are less stable and much of the
noise is incorrectly mapped into source proper-
ties. The multi-window method works best
when the rise time is strongly variable, but also
systematically overestimates the seismic mo-
ment. The single-window method does a better
job of recovering the input moment and the av-
erage rupture velocity. Neither method can re-
liably recover detailed rupture time variations
unless the slip model is known independently
(e.g. from geodetic data).

These two inversion methods were used to
model the M,, 7.3 Landers, California earth-
quake in Cohee and Beroza (1994), yielding
slip distribution models that exhibit large-scale
similarity. There are similarities in the rupture
time models as well, but because of the trade-
off between the slip amplitude and the rupture
time, the detailed images of rupture propaga-
tion are not reliable using either approach.

1516



A comparison of two methods for earthquake source inversion using strong motion seismograms

2. Rupture model parameterization

The two inverse methods we compare in
this paper have been described in previous
studies (e.g. Hartzell, 1989; Cohee and Beroza,
1994). The most significant difference between
the methods is how rupture propagation is rep-
resented. In the multi-window approach, each
element of the fault is allowed to rupture a
fixed number of times. This approach was in-
troduced by Olson and Apsel (1982) and has
been used in many later studies.

By allowing each element to rupture more
than once, the multi-window model has the
flexibility to accommodate variations in both
the rupture velocity and the duration of the
slip-velocity function (fig. 1). However, with
this flexibility, the number of unknowns in-
creases with the number of time windows used.
If the uncertainty in the data and modeling
were known, the significance of the additional
degrees of freedom could be assessed statisti-
cally.

In the single-window parameterization, each
fault element ruptures only once but rupture
time variations are allowed by admitting per-
turbations to a constant-rupture-velocity start-
ing model (Fukuyama and Irikura, 1986;
Takeo, 1987; Beroza and Spudich, 1988;
Hartzell and Iida, 1990). The perturbations are
found in a separate, nonlinear inversion. In this
approach, the rise time is assumed to be con-
stant over the entire fault and is optimized by
finding the value which produces the best
overall fit to the data.

Both methods improve the fit to data by al-
lowing some rupture time variation. This is ac-
complished by an increase in the model dimen-
sion, which results in a decrease in the solution
uniqueness. An advantage of the single-win-
dow method is that it can accommodate larger
variations in rupture time with fewer model pa-
rameters than the multi-window method be-
cause there are only two model parameters per
grid point (displacement amplitude and rupture
time). An advantage of the multi-window
method is that it allows the source time func-
tion (and rise time) to vary across the fault
surface.
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3. Inversion

The inversion method used to estimate a
model from data is necessarily different for the
single- and multi-window methods because the
relationship between the data and the model
parameters is different. The seismograms are
linearly related to the slip amplitude for both
models, but are nonlinearly related to the rup-
ture time (Spudich, 1980). Thus we can solve
for the slip amplitude using a linear inversion
in both cases; however, to solve the nonlinear
problem for rupture time, we choose to lin-
earize the problem.

In the present application of the multi-win-
dow method, slip occurs at each element in
three adjacent time-windows each separated by
2 s. In the single-window method each element
slips once, when the rupture front passes. The
rise time is a constant 2 s (note that the data is
filtered removing signal at periods shorter than
4 s). Two desirable attributes of the multi-win-
dow model are that modest deviations from the
assumed rupture velocity are accommodated,
and the rise time at each element can vary
within a prescribed range (in this case 2 to
6 s).

For the linear inversion we assemble a Sys-
tem of equations of the form Am = d. The ker-
nel A is a N X M matrix relating slip amplitude
at each point on the fault to recorded seismo-
grams, m is the model vector of slip amplitude
with length M, and d is the data vector of
length N. Displacement seismograms for the
three components of motion form d. For each
seismic station, theoretical seismograms repre-
senting the contribution from each fault ele-
ment comprise the columns of the A matrix.
The size of N is the product of the number of
stations, number of components, and the num-
ber of points in each seismogram. When we re-
strict each element to slip once, the size of the
model space M is simply the number of fault
elements. When slip is permitted to occur on
the same element in adjacent time windows,
the size of the model space is multiplied by the
number of windows. In the linearized inversion
for rupture time, each element slips once and
we solve for the optimal rupture time of each
element assuming a fixed slip distribution.
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Fig. 1. Schematic cartoon showing the single and three time-window rupture parameterizations. A cross-sec-
tion of a rectangular fault plane is shown at the figure top and is divided into square fault elements. The rup-
ture propagates from right to left. Below the cross-section, example slip-velocity functions are shown for the
j™ column of fault elements. The slip-velocity functions used in this study are triangular and symmetric. The
width of the triangle is the displacement rise time. The linear three time-window method has the flexibility to
unevenly distribute the slip across the three windows. With this method, it is helpful to define the slip-
weighted temporal centroid for each element. The centroid is shown schematically. In the single time-window
method each element slips once, and the timing of the slip is optimized with a nonlinear inversion. In this car-
toon both the multi-window and the nonlinear model show early rupture of the 2, j element, but differ in the
rupture time of the 5, j element.
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Consequently, the solution to the linearized
problem requires an additional M model pa-
rameters. The number of model parameters in
the multi-window inversion is M times the
number of time windows. In the present exam-
ple it is 3 M.

We solve the linear problem for slip ampli-
tude using both model parameterizations. The
three-window method solves for both the slip
distribution and rupture time in one step. The
possible rupture time at each element is limited
to the specific time-windows used, so the rup-
ture velocity of the first window is an upper
bourid on the average rupture velocity. Like-
wise, variation in the time function is limited
to the assumed window spacing (see fig. 1). In
contrast, the linear single time-window result is
obtained using a constant rupture velocity, so
we perform a separate, linearized inversion to
optimize the rupture time of each fault ele-
ment. This second method is similar to the /in-
earized inversion of Beroza and Spudich
(1988) and the nonlinear inversion of Hartzell
(1989), except they solved for both the slip
amplitude and rupture time simultaneously.
The difficulty with this simultaneous approach
is that it is unclear how to weight the two
groups of unknowns. Because of the strong
trade-off between the slip amplitude and rup-
ture time, it is difficult to solve this relative
weighting problem without independent infor-
mation on either component of the solution. One
approach toward resolving this ambiguity is to
use geodetic data to estimate the static slip distri-
bution, and seismic data to estimate the temporal
characteristics of rupture (Cohee ef al., 1993).

We do not have quantitative information on
the uncertainties in the data, so it is not obvi-
ous what weighting is most appropriate for the
inversion. In the absence of data covariance,
the weighting is necessarily somewhat arbi-
trary. In this study, we normalize the three
components of motion at each station by the
total power at that station. With this scheme,
each station has equal weight and the contribu-
tion of the vertical component is the smallest.
The weighting matrix is defined R = diag [1/
power*“], where power*® is the summed power
of the three components at each station.

The size of the model space in each of the

parameterizations is large and it is therefore
important to enhance the solution stability by
regularizing the linear system. An example of
this stability problem is found in Hartzell
(1989). He used the multi-window approach
and found that the earthquake moment in-
creased with the addition of each time window.
One technique to overcome this particular
problem is to append a moment minimization
constraint (Hartzell and Heaton, 1983). A more
widely used regularization method is to require
that the solution be spatially smooth. In earth-
quake source inversions, this is accomplished
by simultaneously minimizing either the first
or second spatial derivative of the model (or
perturbations to the model).

We apply three types of regularization to
the problem. We append a smoothing con-
straint that minimizes the slip amplitude gradi-
ent (first derivative) of m. This augmented lin-
ear system is written

RA (Rd)

m = ,
(800) 0
where D is the smoothing matrix and & is a
scalar that weights D. There is a predictable
trade-off between model roughness, defined as
| Dm|, and data fit — a rougher model fits the
data better, but is less stable. With the Landers
earthquake, we have the benefit of independent
observations of surface displacement that is
used to estimate the best smoothing weight
(Cohee and Beroza, 1994). Furthermore, we
can constrain the top of the model to match the
amplitude of slip, s, mapped at the surface,
however we do not use this constraint in the
synthetic test cases. Additionally, we prescribe
a homogeneous boundary condition at the bot-
tom of the fault plane. This new system is writ-
ten

RA Rd

gD 0
m =

T Ts

yB 0

When the boundary conditions are enforced
Y= €0/2, and 71 is chosen so the model slip am-
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plitudes at the ground surface match the obser-
vations within a prescribed tolerance. For both
the multi-window and the linear first-step of
the single-window inversion, the system is
solved using the non-negative least squares al-
gorithm of Lawson and Hanson (1974).

To optimize the rupture time in the single-
window method, we adopt a Newton-Raphson
linearization (Press et al., 1989) and iteratively
solve for perturbations to a starting model of
rupture time. The strength of this approach is
that we improve the fit to data with relatively
small changes (< 2 s) in the rupture time of
each element, the weakness is that we only
find the minimum closest to the starting model,
which may not be the global minimum. We
solve for perturbations dm to the starting rup-
ture time model m. The linearized system is
written g (m +dm) = g (m) + Jdm, where J is
the Jacobian matrix of partial derivatives relat-
ing change in the rupture time model to each
of the residual seismograms:

J_agi
U_amj7

and g (m) is the functional that yields synthetic
seismograms for a given rupture and slip
model. The Jacobian matrix is computed using
a fourth-order central difference operator with
error proportional to (At)4, where At is the
sampling interval of the data. The linearized
system is written as

(o) om= (%)

where the residual r = d — g (m), and again we
impose the first-derivative smoothing operator
D (weighted by &) that in this case smoothes
the rupture time perturbation field. We iterate
on m, = m, | +dm, until a convergence crite-
rion is met. At each iteration the system is
solved using either a SVD (Press et al., 1989)
or a SIRT algorithm (Olson, 1987). We use the

efficient SIRT algorithm to evaluate the large
range of starting models and smoothing
weights.

4. A synthetic test case using the Landers
earthquake geometry

4.1. The Landers earthquake

We have based our synthetic test case on
the strong-motion data set and fault geometry
of the M,, 7.3 1992 Landers, California earth-
quake. The Landers mainshock was the largest
earthquake to occur in Southern California
since the M,, 7.7 1952 Kern County event. It
produced right-lateral displacements at the
ground surface for over 70 km on a sequence
of right-stepping vertical faults that form the
northward extension of faulting that began
approximately two months earlier with the
M, 6.1 Joshua Tree earthquake (Hauksson et
al., 1993).

The location of the fault used in our model
is based on the surface trace of mapped rupture
(Ponti, 1992; Sieh et al., 1993; Johnson et al.,
1994) and aftershock locations (Hauksson et
al., 1993). The rupture surface is represented
with three planar segments that extend verti-
cally from the surface to a depth of 18 km. The
location of the assumed fault segments are
shown in fig. 2. The hypocenter is assumed to
be at 34.20°N latitude and 116.43°W longitude
at 4.5 km depth (Hauksson et al., 1993). In this
parameterization, the southern segment of the
fault is 27 km in length and strikes 354°, the
middle segment is 30 km long and strikes
331°, and the northern segment is 45 km long
with a strike of 322°. These three segments
represent the Johnson Valley, Homestead Val-
ley, and Camp Rock-Emerson faults, respec-
tively (Johnson et al., 1994). The representa-
tion of the rupture surface as three planar seg-
ments is an idealization, however because only
longer period energy (= 4 s) is used in this
analysis, error introduced by this simplified
fault parameterization is small. It is important
to recognize that in the sensitivity tests the
synthetic data is calculated using the same ge-
ometry, slip-velocity function, and Green’s
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Fig. 2. Map of the 18 low-gain, accelerometer stations used in this study. The stations are identified by three-
letter code and are listed in table 1. Peak displacements (cm) for each component at each station are listed be-
low the station code. The mainshock rupture zone is indicated by symbols that show the surface projection of
each fault element. The symbols form three linear fault segments, representing (from south to north) the John-
son Valley, Homestead Valley, and Camp Rock-Emerson faults.

functions used in the inversion, consequently In our Landers earthquake model, we subdi-
there is no modeling error. vide the three fault segments into 204 (3x3
The Landers earthquake was recorded by km?) elements. Where the fault segments over-
the TERRAscope array and triggered numer- lap, the slip occurs simultaneously on both seg-
ous low-gain accelerometers in the near-source ments.
region. Source mechanisms determined from We use this parameterization to find the
regional first motion data and teleseismic sur- best average rupture velocity from a range of
face waves indicate almost pure right-lateral plausible values (1.8 to 3.5 km/s). The rupture
strike-slip displacement on a vertical fault is assumed to initiate at 4.5 km depth at the lo-
(Hauksson e al., 1993). There are large right- cation determined from the high-frequency net-
lateral offsets (< 6 m) and discontinuous verti- work (Hauksson ef al., 1993), and we adopt a 3
cal displacement (< 2 m) mapped at the sur- s delay to the published origin time (11:57:34.1
face, however the vertical slip is believed to be UTC) to account for the delay between this
mostly influenced by the topography and near- origin time and the initiation of mainshock
surface geology (Sieh et al., 1993; Johnson rupture as discussed in Abercrombie and Mori
et al., 1994). (1994) and Dreger (1994).

1521




Brian P. Cohee and Gregory C. Beroza

4.2. Strong-motion data

The 18 near-source, low-gain stations used
in this study come from three sources: TER-
RAscope (Kanamori et al., 1992), the Califor-
nia Strong Motion Instrumentation Program
(CSMIP, 1992), and the United States Geologi-
cal Survey (Hough et al, 1993). The station
name, location, and other characteristics are
listed in table I, and their areal distribution is
shown in fig. 2. The different recording char-
acteristics of these seismic stations influence
several aspects of the modeling effort.

The four TERRAscope sites (GSC, SVD,
PFO, PAS) are equipped with FBA-23 ac-
celerometers. These seismograms are the most
useful for three reasons: first and most impor-
tantly, recordings from numerous aftershocks
are available at the same sites, allowing the ac-
curacy of Green’s functions used in the inver-

Table I. Accelerometer stations.

sion to be evaluated (see Cohee and Beroza,
1994); second, the broadband response of these
systems is superior to analog systems, allowing
longer periods to be recovered; and third, the
data are recorded in absolute time.

The strong-motion seismograms collected
by CSMIP were recorded on SMA-1 ac-
celerometers. This group comprises the major-
ity of data used in this study (12 stations) and
with two exceptions (BOR, YER) was also
recorded in absolute time. The displacement
seismograms are derived from the recorded ac-
celerograms by CSMIP and have a long-period
response reliable to about 15 s (CSMIP,
1992).

We also use two stations (FHS, MVH) de-
ployed by the USGS to record aftershocks of
the Joshua Tree earthquake (Hough er al.,
1993). This system consists of a Kinemetrics
FBA sensor and a digital GEOS recorder.

Code Station name Latitude Longitude Range (km) Instrument
AMB Amboy 0 34.560 115.743 67-98 SMA-1¢
BAK Baker ¢ 35.272 116.066 88-129 SMA-1¢
BAR Barstow 0 34.887 117.047 28-100 SMA-1¢
BOR Boron ¢ 35.002 117.650 83-147 SMA-1

FHS Fire House § 33.925 116.549 27-94 FBA®

FTI Fort Irwin ¢ 35.268 116.684 59-127 SMA-1¢
GSC Goldstone t 35.303 116.808 62-133 FBA-23%
HEM Hemet 0 33.729 116.979 69-114 SMA-1¢
IND Indio ¢ 33.717 116.156 53-128 SMA-1¢
JOs Joshua Tree ¢ 34.131 116.314 10-81 SMA-1¢
MVH Morengo Valley § 34.053 116.572 17-79 FBA®

PAS Pasadena t 34.148 118.172 143-164 FBA-23%
PFO Pinon Flats 1 33.609 116.455 59-130 FBA-23%
POM Pomona ¢ 34.056 117.748 116-127 SMA-1¢
SLT Silent Valley ¢ 33.851 116.852 51-99 SMA-1¢
SVD Seven Oaks Dam 1 34.104 117.098 62-76 FBA-23%
TWN Twentynine Palms ¢ 34.021 116.009 41-108 SMA-1¢
YER Yermo ¢ 34.903 116.823 18-92 SMA-1

@ stations with absolute time; ¢ CSMIP; t TERRAscope; § USGS.
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MVH is an important record since it is the
closest station west of the hypocenter.

The recorded Landers accelerograms are
twice integrated to displacement and high-pass
filtered using a zero-phase, eight-pole butter-
worth filter with a 0.08 Hz (12.5 s) corner. We
use a 0.05 Hz (20 s) high-pass filter corner
with the TERRAscope seismograms. The high-
pass filter corners are required by the increased
signal-to-noise ratio at lower frequencies. For
all stations, we use a low-pass filter corner at
0.25 Hz (4 s). A low-pass filter is used to pro-
vide more accurate Green’s functions — this
particular corner was determined by modeling
aftershock seismograms recorded at TERRAs-
cope (Cohee and Beroza, 1994). In the syn-
thetic test case, we filter the artificial data in an
identical manner.

4.3. Model parameterization

Using the multi-window model, it is simple
to add additional time windows. The data vec-
tor d remains unchanged. Columns in the A
matrix are repeated (with a time shift) for each
additional window, and the size of the model
vector m is increased accordingly. The window
is delayed by a fixed amount (in this study 2 s)
from a reference rupture time. The only deter-
rence to using many time-windows is the prac-
tical limitation of increased memory storage
and the added solution instability resulting
from the larger model dimension. Alterna-
tively, using one time-window assumes each
fault element ruptures just once, and it is only
possible to find a variable-slip, constant rup-
ture velocity model. We use a rise time dura-
tion of 2 s; however, because of the low fre-
quencies used in this study, any rise time of 3 s
or less yields similar results. The model is not
sensitive to differences in the rise time dura-
tion when less than 3 s because the seismo-
grams are filtered using a 4-s corner.

Adding multiple windows permits variable
rupture velocity by allowing slip to occur in
adjacent time windows. There are no con-
straints relating the slip at each element in the
adjacent windows. If required by the data, the
fault element may repeatedly rupture and stop,

or have an extended duration. The degree of
rise time complexity depends on the duration
and number of windows used. Up to six win-
dows have been used with the multi-window
approach (Wald and Heaton, 1994). In the fol-
lowing tests we only use three. The instability
we find using three windows will likely be
more problematic with additional time win-
dows.

4.4. Inversion results using synthetic data

We compute synthetic data for a hypotheti-
cal rupture using the Landers fault geometry,
add uncorrelated white noise of comparable
amplitude to that found from modeling after-
shocks, and image the slip distribution and rup-
ture time using each inversion method. For a
known model m, we calculate synthetic data d
by computing the forward problem A = d.
We then solve the inverse problem

RA Rd
goD m = O
YB 0

for m. Next, we add a representative noise vec-
tor e and solve

RA Rd+e
SoD m = 0
YB 0

for m. We perform this test using each inver-
sion method and compare the solution m to the
input model m to assess the spatial resolution
and accuracy of each inversion method. The
slip distribution that we use for the test case is
shown in fig. 3 (top left). The synthetic model
has right-lateral displacement of either 0, 2, or
4 m, as shown by the 1 m contours. Note that
the three rectangular fault segments are pro-
jected onto a single fault plane. The rupture ve-
locity varies along the length of the fault: it is
2.2 km/s on the southern (Johnson Valley) seg-
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Fig. 3. Input synthetic test model (slip amplitude-top left and rupture time-top right) and the inversion results
using the two linear inversion methods. In these cross-section projections of the fault, the overlapping regions
are superimposed. The hypocenter is at 4.5 km depth and defines the horizontal origin. The two slip patches in
the south fall on the Johnson Valley fault, the center slip patch is on the Homestead Valley fault, and the
northernmost patch falls on the Camp Rock-Emerson fault. In each patch, the displacement is right-lateral. The
rise time of each patch is either 2, 3 or 4 s, as labeled in the figure (top left). The slip amplitude is either 0, 2,
or 4 m (shown by 1 m contours). The second and third panels are the solutions using the one time-window in-
version method and a rupture velocity of 2.3 and 2.4 km/s. The fourth and fifth panels are three time-window
solutions using rupture velocities of 2.5 and 2.8 km/s, respectively. For these multi-window solutions, the slip-
weighted temporal centroid is contoured for those elements with slip above 1 m. For elements with less slip,
the rupture time is poorly determined and the 2.5 km/s rupture velocity is contoured. The normalized seismic
moment is labeled for each solution.

ment, increases to 2.8 km/s on the middle
(Homestead Valley) segment, and decreases to
2.5 km/s on the northern (Camp Rock-Emer-
son) segment. Additionally, each slip patch has
a rise time duration of either 2, 3, or 4 s, which
is labeled in fig. 3 (top left). This rupture time

model does not contain small-scale perturba-
tions that may occur in earthquake rupture — in
this test we only seek to reproduce the average
rupture of each segment and the rise time vari-
ability. The rupture time for the input model is
contoured in fig. 3 (top right).
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This strategy of using sensitivity tests for
resolution analysis is discussed in Beroza and
Spudich (1988) for the earthquake rupture
problem, and in Spakman and Nolet (1988) for
the delay-time tomography problem. The abil-
ity of each inversion method to recover the
known slip and rupture model is indicative of
the resolution expected with the real data. Arti-
facts of each method evident with synthetic
data are also likely to exist with the recorded
data. The range of rupture velocity, rise time,
and slip amplitude in the synthetic model is in-
tended to be representative of the variation
found in the actual Landers earthquake. The
rupture velocity varies from 2.2 to 2.8 km/s;
rise times are 2 to 4 s, which is reasonable
given the width of the rupture surface (Day,
1982); and the slip is spatially heterogeneous,
with large patches of displacement (asperities)
separated by areas of zero slip.

The inversion results using the synthetic
data without noise are shown in fig. 3. The
second and third panels show the slip ampli-
tude distribution obtained using the single-win-
dow method and constant rupture velocities of
2.3 and 2.4 km/s, respectively. The fit to the
data is nearly identical using either rupture ve-
locity, but the slip distribution is different. The
single-window model does a good job of re-
covering the input slip when the rise time is
short (2 to 3 s). When the rise time is longer (0
and 45 km along strike), more of the slip is
mislocated in neighboring elements. This is a
result of the inability of the single-window
method to reproduce the longer rise times. In-
stead, the method prefers a slower rupture ve-
locity and tends to put greater weight on shal-
low elements that have lower frequency
Green’s functions (Cohee and Beroza, 1994).
The fourth and fifth panels show the two best-
fitting solutions of the three-window approach,
which differ only in the rupture velocity used
to establish the timing of the first window. In
both solutions, the multi-window approach re-
covers the variable rise time and rupture veloc-
ity by distributing slip across the three win-
dows. The slip amplitude solution locates the
slip correctly for the long rise-time (4 s) asper-
ities, but tends to mislocate the slip in the
shorter rise-time patches. In general, the corre-
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sponding rupture time model is a more accu-
rate representation of the input model than a
constant propagation velocity, but some arti-
facts are introduced to reconcile the mislocated
slip (for example, between 5 and 15 km).

One practical problem encountered with the
three time-window approach is that the fit to
seismograms is nearly constant over a wide
range of rupture velocity (we refer here to the
timing of the first window, not the centroid of
the three windows). This is expected because
slip is simply shifted to later time-windows
when using a higher rupture velocity. How-
ever, even though the slip distributions are
quite similar for the two cases shown, the rup-
ture time models demonstrate important differ-
ences. These differences using noise-free data
demonstrate a best-case scenario with this
method. Thus without additional information,
it is unlikely that fine details of the rupture
propagation can be recovered.

We quantify the fit to the data using a
weighted measure of variance rediction (Ac?)
between the model and data defined as

A62=(1

where C;' represents the weighting (inverse
data covariance) matrix, d is the data vector,
and g (m) is the model prediction for model .
In the noise-free test case the fit to seismo-
grams is better using the three time-window in-
version (Ac” = 92% at 2.8 km/s), compared
with that obtained with the single-window in-
version (Ac® = 73% at 2.4 km/s). In all pre-
ferred solutions, the seismic moment is overes-
timated by 10 to 20%.

To carry out a more realistic test, we add
Gaussian white noise to the synthetic data. The
power spectra of the noise is flat and is filtered
the same as the data. The amplitude of noise is
adjusted to reproduce the level of variance re-
duction (approximately 30%) found when
modeling the Landers mainshock data and the
Landers aftershocks (Cohee and Beroza, 1994).
Note that the level of variance reduction is

_ d—gm) C;' d~g(m))
da'c;'d

) x 100%
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strongly dependent on the passband and is con-
siderably higher at lower frequencies. Syn-
thetic displacement seismograms computed us-
ing the model shown in fig. 3 (top) are plotted
in fig. 4 for three representative strong-motion
stations. The solid seismograms are the noise-
free synthetic data, and the dashed seismo-
grams are with noise added. The noise is un-
correlated for each component and each station
and is not associated with the arrival of any
particular phase, so the variance reduction
achieved using this synthetic data is a conser-
vative estimate of the modeled signal relative
to the actual Landers data. In other words, the
true data have relatively greater misfit in that
portion of the seismogram containing signal.

SVD A=62-76 km

PFO A=59-130 km

The inversion results using the noisy data
are shown in fig. 5. Again the one time-win-
dow approach recovers the average rupture ve-
locity (2.3 to 2.4 km/s). Recovery of the input
slip distribution is degraded slightly relative to
the noise-free solution for those asperities with
a long (4 s) rise time. The moment is again
overestimated by 20%. However, even in the
presence of noise, the patches with 2 and 3 s
rise times are accurately located. With noise
added, the seismogram variance reduction is
reduced from 73% to 28%. In contrast, the re-
sults using the three-window method have
changed considerably from the noise-free case.
The slip is located less accurately for all slip
patches. In particular, the long rise time

GSC A=62-133km

80s

Fig. 4. Synthetic displacement seismograms from the hypothetical Landers earthquake shown in fig. 3 (top)
for three seismic stations at representative azimuths (see fig. 2). The synthetic data is shown with and without
noise added. In each case, the seismograms are filtered the same as the recorded data (see text). The level of
noise was chosen to be representative of the uncorrelated noise present in the Landers mainshock seismo-

grams.
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Fig. 5. This figure is analogous to fig. 3, but the inversion results are obtained using synthetic data with noise
added. The top panel is the input synthetic test model (slip amplitude-left and rupture time-right). The second
and third panels are the results using the single-window method and rupture velocities of 2.3 and 2.4 km/s.
The fourth and fifth panels are three time-window solutions using rupture velocities of 2.5 and 2.8 km/s.

patches now have considerable slip in neigh-
boring elements and the asperity is poorly im-
aged. Compared with the one-window solu-
tions, there is substantially more slip (and seis-
mic moment) in these models, indicating that
the increased number of free parameters allows
the inversion to fit the uncorrelated noise with
erroneous slip. As a result, the total seismic
moment is overestimated by about 50%. This
overestimation of seismic moment was also
found by Hartzell (1989) using a multi-window
approach. As noted earlier, he found the seis-
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mic moment increased with the addition of
each successive time window. Most impor-
tantly however, the rupture time solution now
bears little resemblance to the input model.
The measure of fit to the seismograms is only
marginally improved over the one-window
model (32% versus 28%).

The estimated seismic moment and fit to
seismograms for the synthetic tests are summa-
rized in fig. 6. The top panel shows the mo-
ment obtained for a range of rupture velocities
(1.8 to 3.5 km/s) using the one time-window
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Fig. 6. The seismic moment obtained for each average rupture velocity is shown in the top bar chart for the
one time-window model (the input moment is normalized to unity). The moment in each time-window is
shown for the three-window model in the middle bar chart. The bottom panel shows the seismogram variance
reduction (Ac?) as a function of rupture velocity using each method.

inversion. The middle panel shows the moment
in each time window using the three-window
approach. Note that as the rupture velocity is
increased (in the range from 2.4 to 3.0 km/s),
the method places a greater percentage of mo-
ment in the second and third windows. The
bottom panel quantifies the fit to the synthetic
data using both inversion methods (solid — one
window, dashed — three windows). The broad
peak in the variance reduction using the three-
window method makes it difficult to choose a
best average rupture velocity and is indicative
of the increased non-uniqueness that is inher-
ent in the multi-window approach. In contrast,
the single-window method has a peak in vari-
ance reduction at 2.3 to 2.4 km/s and a corre-
sponding seismic moment that is within 20%
of the true moment. The fit to the synthetic
data is plotted in fig. 7 for the one-window
(2.4 km/s) and three-window (first window at
2.5 km/s) solutions presented in fig. 5. Differ-
ences in the visual fit to the data are quite sub-
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tle, however close examination reveals the
three-window model fits more of the noise in
the seismograms.

Finally, we evaluate the ability of the lin-
earized inversion to recover the rupture time
model using three different assumed slip distri-
butions. The top panel in fig. 8 is again the
synthetic (input) rupture time model. The next
panel is the solution of the linearized inversion
assuming the true slip distribution and noise-
free data. Most features of the input model are
recovered, including the delayed rupture in the
fourth slip patch at 45 km along strike, and the
different rupture velocity on each fault seg-
ment. When the noise is added to the data, the
solution is worse (third panel), but still con-
tains the principal features of the input model.
In practice, we do not know the true slip distri-
bution, and instead use the estimate from the
linear one-window inversion at a rupture ve-
locity of 2.4 km/s. This result is shown using
both noise-free and noisy synthetic data assum-
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ing the two slip models shown in figs. 3 and 5.
Both of these inversions recover the true rup-
ture variation to some extent, however the fit
to the seismograms is only slightly improved.
This suggests that some of the variations in
rupture time were mapped as mislocated slip in
the previous linear inversion. Note that when
we know the correct slip distribution, we re-
cover the input rupture time variation, suggest-
ing that if we can determine the slip distribu-
tion using independent methods (e.g. geodetic),
we can more reliably image the details of the
rupture propagation. Elsewhere, we adopted
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this approach in modeling seismograms of the
Landers earthquake by employing geodetic
measurements and the mapped surface offsets
to establish the distribution of coseismic dis-
placement on the fault (Cohee er al., 1993).
In summary then, the tests with synthetic
data have revealed important features at-
tributable to each model parameterization and
inversion method: 1) the single-window
method tends to overestimate the seismic mo-
ment by about 20%, while the multi-window
method overestimates the moment by up to
60%; 2) the multi-window parameterization of
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Fig. 7. Fit to synthetic data seismograms for two inversion solutions shown in fig. 5. The solid seismograms
are the synthetic data, the dashed seismograms are from the one time-window model (v = 2.4 km/s), and the
gray seismograms are from the three time-window model (first window at 2.5 km/s). The variance reduction
(Ac?) for each station component is listed to the right of the corresponding seismograms for the one-window
solution. The average weighted variance reduction is 27.6% using one window, and 31.8% using three win-
dows.
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Fig. 8. Four results of the nonlinear inversion for rupture time. The results differ only in the slip distribution
assumed in each case, and whether or not noise was added to the synthetic data. The top panel shows the input
rupture time model, which is the same as that shown in figs. 3 and 5 (top right). The second and third panels
assume the true slip model is known, and use a starting rupture model with a constant rupture velocity. The
fourth and fifth panels also use a starting rupture model with a constant rupture velocity, but assume the slip
distribution model determined in the corresponding linear single-window inversion.

rupture propagation works well with noise-free
data, but produces erroneous results when the
data contains noise; 3) the single-window ap-
proach is a simpler parameterization of the
rupture propagation and consequently can only
recover average rupture time characteristics; 4)

the slip distribution is, in general, well-recov-
ered using either method; 5) without noise in
the data, the single-window approach does bet-
ter at accurately locating the slip when rise
time is more uniform, and the multi-window
approach does better when rise time is strongly
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variable; 6) with noise in the data, the single
window approach more accurately locates the
distribution of slip amplitude; and 7) the non-
linear inversion for rupture time works well
only if the assumed slip distribution is a good
approximation of the true slip distribution.
Having performed these sensitivity tests using
the Landers fault geometry, station distribu-
tion, and data passband, we are now in a much
better position to carry out the same inversions
on the real Landers earthquake data and to in-
terpret the results.

S. Application to the 1992 Landers
earthquake

5.1. Slip amplitude distribution

Using the recorded strong-motion data of
the Landers earthquake, we perform the linear
inversion for fault slip using a range of average
rupture velocities, v, and evaluate each solution
by its fit to the seismic data and the mapped
surface slip of Ponti (1992). Solutions from the
single-window method are shown in fig. 9a.
We see that the location of slip is strongly de-
pendent on rupture velocity so that the surface
slip provides a useful constraint on the true v.
Although there are near-surface effects that can
cause the surface measurements to differ from
the average slip in the adjacent 3 x3 km?
cross-section of the fault, we expect that the
most representative v is that which yields the
highest correlation with the mapped surface
slip.

The bottom panel in fig. 9b shows that the
fit to seismograms is peaked in the range from
2.4 to 2.7 km/s, with an average rupture veloc-
ity of 2.5 km/s providing the best fit. In this
example, the surface slip is not explicitly used
in the inverse problem, but it provides a useful
independent check on the solution. A 2.5 km/s
rupture velocity shows good agreement with
the mapped surface displacement, although a
slightly higher value (2.6 km/s) attains the best
correlation. Because the quantitative compari-
son of predicted to observed surface slip is
only sampled every 3 km, the fit is spatially
aliased and this small difference is insignifi-
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cant. Also shown in fig. 9b is the seismic mo-
ment obtained using the different values of v.
The moment is fairly constant (5 to 7 x 10"
N —m) for v less than 2.9 km/s.

Figure 10a,b is analogous to fig. 9a,b except
the multi-window approach is used. With three
windows, the trade-off between slip amplitude
and v is less pronounced because the method
distributes displacement across the time win-
dows. For example, the slip distributions using
v =2.6 and 2.9 km/s in fig. 10a are very simi-
lar. But when v = 2.6 km/s most slip occurs in
the first window, and when v = 2.9 km/s the
slip occurs equally in the first and second win-
dows. This is shown in fig. 10b where the mo-
ment in each time window is plotted for each
rupture velocity tested. As seen before in the
tests with synthetic data, the greater modeling
flexibility of the multi-window method is evi-
dent in the relative uniformity of variance re-
duction for a wide range of rupture velocity.
This is in contrast to fig. 9b where there is a
clear maximum in the seismogram variance re-
duction at 2.5 km/s. The fit to the surface slip
using the three time-window method does not
help constrain the rupture velocity. This occurs
primarily because for all values of v the pre-
dicted surface displacements are larger than the
observed, so the largest surface slip variance
reduction occurs when the moment is smallest
(at v = 3.5 km/s).

A comparison of figs. 9a,b and 10a,b also
reveals two other familiar characteristics of the
slip distribution and seismogram variance re-
duction that were found in the solutions with
synthetic data. The seismic moment is larger,
but the seismogram fit is only slightly im-
proved using three time-windows. Recall that
in the sensitivity test, the moment obtained us-
ing one time-window was 20% larger than the
true moment, while the three time-window
model overestimated the input moment by 40
to 60%.

The optimal models using each inversion
method are shown in fig. 11a-d. The best-fit-
ting, single time-window solution (v = 2.5 km/s)
is shown in fig. 11a. The largest displacement
is 38 km north of the hypocenter and begins
approximately 16 s after the initiation of rup-
ture. This model includes the surface slip
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Fig. 9a,b. Comparison of fault slip solutions for the 1992 Landers earthquake using the single-window
method and different average rupture velocities, and the corresponding agreement with the mapped surface
slip. A rupture velocity of 2.5 km/s gives the best fit to the seismograms and an acceptable fit to the surface
slip. a) Right-lateral slip amplitude solutions obtained for rupture velocities of 2.0, 2.3, 2.6, 2.9, and 3.2 km/s.
The grayscale bar to the right and the 1 m contours indicate right-lateral displacement on the fault surface. Slip
is summed for the overlapping portions of the fault. The hypocenter defines the horizontal origin and is indi-
cated by a symbol at 4.5 km depth. b) Variance reduction (Ac?) as a function of rupture velocity for both the

fit to seismograms and the fit to surface slip. The seismic moment obtained for each rupture velocity is shown
in the bar chart with units of 10" N-m.
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Fig. 10a,b. This figure is analogous to fig. 9a. b, but using the three-window inversion method. a) Slip ampli-
tude solutions obtained for average rupture velocities of 2.0, 2.3, 2.6, 2.9, and 3.2 km/s. The grayscale bar lo
the right and the | m contours indicate right-lateral displacement on the fault surface. b) Variance reduction
(Ac®) as a function of rupture velocity for both the [it to seismograms and the fit to surface slip. The seismic
moment obtained in each of the three time-windows is shown in the bar chart. The moment is nearly constant
(7 to 8 x 10" N-m) for rupture velocities greater than 2.3 km/s.
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Fig. 11a-d. Best-fitting slip amplitude and rupture time models for the Landers earthquake. The three fault
segments from north to south are representative of the Camp Rock-Emerson (CRE), the Homestead Valley
(HV), and the Johnson Valley (JV) faults. a) Three fault segment cross-section of right-lateral slip amplitude
obtained with the one time-window method and a rupture velocity of 2.5 km/s. The grayscale bar and the 1 m
slip contours show displacement on the fault surface. The seismic moment is 6 x 10" N-m. b) Contours of
rupture time obtained using the linearized inversion assuming the above slip model. Contour interval is 1 s.
¢) Cross-section of best-fitting slip model obtained using the three time-window method and a first-window
rupture velocity of 2.8 km/s. The moment of this model is 8 x 10'” N-m. d) Contours of the rupture time cen-
troid from the solution in fig. 11c (for elements with slip greater than 1.5 m).

boundary condition. Adding this boundary con-
dition yields a very similar solution at depths
greater than 3 km, but also conforms to the
mapped slip at the ground surface. The de-
crease in variance reduction from adding this
constraint is quite small (1.2%).

The best-fitting, three time-window slip dis-
tribution model (v = 2.8 km/s) is shown in
fig. 11c. This slip model is very similar to fig.
11a on the Camp Rock-Emerson and Home-
stead Valley fault segments north of the

hypocenter. The greatest differences exist on
the Johnson Valley segment where the three-
window solution has more than 3 m of dis-
placement at the hypocenter. In comparison,
the single window model has less than 1 m of
slip amplitude near the hypocenter.

The total seismic moment for the single-
window model is 6 x 10" N-m, for the three-
window model it is 8 x 10" N-m. Moments
determined in other studies range from 7 to
11 10" N-m. See Cohee and Beroza (1994)
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for a summary. Although the moment obtained
with three time-windows is in better agreement
with the other estimates, our results from the
sensitivity tests suggests this method tends to
overestimate the actual moment required by
the strong-motion data. The better agreement
between the moment of the multi-window
model and the moment derived from studies of
other data sets is likely to be strongly influ-
enced by the regularization used. This relative
insensitivity to moment is demonstrated by the
fact that the multi-window model has a consid-
erably larger moment than the single-window
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model, yet the fit to the seismograms is nearly
identical.

The fit to the Landers seismograms is
shown in fig. 12 from the one-window (Ac? =
25.5%) and three-window (46 = 31.0%) solu-
tions shown in fig. 11a-d. The data are shown
as solid lines and the model seismograms are
dashed (one window) and gray (three windows).
Both data and model seismograms are plotted at
the same scale and the amplitude is normalized
to the largest seismogram peak. The variance re-
duction is listed at the right of each seismogram
for the single-window result. Because each sta-

Vertical

data
............................ one window model
three window model

Fig. 12. Fit to the recorded displacement seismograms using the linear solutions shown in figs. 11a and 1lc-d.
The data seismograms (solid) and model seismograms (one window-dashed, three windows-gray) are plot-
ted at the same amplitude scale. The variance reduction (Ac?) for each station component is listed to the right
of the corresponding seismograms for the one-window solution. The average weighted variance reduction is
25.5% using one window and 31.0% using three windows.
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tion holds equal weight and each component is
weighted proportional to its power, the largest
amplitude horizontal components show the
largest variance reduction. Most of the seismo-
grams are fit well, including the peak amplitudes,
which vary from 0.7 to 28.1 cm (see fig. 2).

5.2. Rupture propagation

We use the linear solution obtained with a
constant rupture velocity of 2.5 km/s (fig. 11a)
as the initial model in a linearized inversion to
optimize the rupture time of each fault ele-
ment. Recall that with the single-window ap-
proach, we separate the inversion for slip am-
plitude and rupture time to avoid the problem
of relative weighting. However, because we
first solve for slip and then for rupture time,
the procedure favors a variable slip model,
with the spatial roughness determined by the
smoothing weight. The result of the linearized
inversion for rupture time is shown in fig. 11b.
The model shown in fig. 11b produced the
largest increase in variance reduction for the
smallest rupture time perturbations.

Allowing these small perturbations (< 2 s)
to the average rupture velocity starting model
increases the variance reduction modestly from
25.5 t0 29.1%. The data and model covariance
are not known, but we do know that measure-
ment error is small compared with theoretical
error introduced by inaccurate Green’s func-
tions, and we also know that we are near the
limit of how well we expect to fit the data
based on the modeling of aftershock wave-
forms in Cohee and Beroza (1994).

The rupture time model from the three-win-
dow inversion is shown in fig. 11d. The slip
model has the same smoothing and bounda-
ry conditions as the single-window solution
(fig. 11a). The timing of the first window is
fixed using a rupture velocity of 2.8 km/s,
which produced the greatest variance reduc-
tion. We define the rupture time in the multi-
window model to be the slip-weighted tempo-
ral centroid for elements with slip greater than
1.5 m. In fig. 11d we contour this centroid for
comparison with fig. 11b.

Based on the sensitivity tests, it is difficult

to give strong preference to either rupture time
model. It is very likely that the single-window
method recovers a reliable average rupture ve-
locity of 2.5 km/s. Our results with synthetic
data suggest that details of these rupture propa-
gation images are not particularly reliable due
to the strong trade-off between slip amplitude
and rupture time. Recovering the time-depen-
dent behavior of the rupture is difficult for the
Landers earthquake because the large source-
receiver distances require using long-period
(= 4 s) waveforms dominated by regional sur-
face waves rather then body waves. One other
lesson from the tests with synthetic data is that
we can recover rupture time details if we can
obtain the slip distribution correctly using
other constraints (e.g. geodetic).

There are some general features that are
common to both rupture models in fig. 11a-d.
Rupture of the Johnson Valley segment in the
hypocentral region is relatively fast. Fast rup-
ture of this segment could be facilitated by the
dynamic stresses generated by the immediate
foreshock that brought the fault closer to fail-
ure as the mainshock rupture began to propa-
gate northward. The rupture across the south-
ern part of the Homestead Valley segment is
similar to the constant rupture velocity model.
At the high-slip region on the north end of this
segment, the rupture velocity decreases some-
what, then increases as it propagates across the
region of highest slip. In both models, rupture
on the Camp Rock-Emerson segment initiates
1-2 s earlier than the constant velocity model.
On the Camp Rock-Emerson segment the rup-
ture front propagates at higher velocity at
depth than near the surface and ruptures
through the shallow, high-slip region from be-
low. The observation that the rupture front
slows down as it encounters high-slip regions
suggests that they were relatively further from
failure before the mainshock either due to
lower pre-stress, higher strength, or both
(Beroza and Spudich, 1988).

6. Summary

In this study we compared two different ap-
proaches for recovering the rupture behavior of
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a fault using strong-motion seismograms. We
first analyzed the properties of the solutions
and their ability to recover a general rupture
model in the presence of a realistic level of
noise. The results of the synthetic tests indicate
both methods have strengths and weaknesses.

One strength of the single-window method
is that it appears to recover the seismic mo-
ment fairly well. It also recovers the average
rupture velocity and variations in slip ampli-
tude provided the rise time is short relative to
the periods used in the analysis. The weak-
nesses of the single-window approach are that
it does not recover the slip properly when the
rise time is long, and that it does not recover
detailed variations in rupture velocity.

One strength of the multi-window case is
that it has the flexibility to correctly locate dis-
placement in the presence of substantial rise
time variability. The weaknesses of this
method are that it tends to overestimate the
seismic moment and that, like the single-win-
dow method, it does not reliably recover de-
tails of the rupture propagation.

Despite these caveats, there is much similar-
ity in the slip amplitude solutions for the Lan-
ders earthquake. Using both methods, the slip
distribution is heterogeneous, with high slip re-
gions in the same general region of each fault
segment. The three-window result has a 20%
larger seismic moment than the one-window
result. This difference is similar to that found
in the sensitivity test, and reflects the tendency
of the multi-window approach to overestimate
the actual moment required by the strong-mo-
tion data. Although recovery of detailed varia-
tions in rupture velocity were problematic in
the sensitivity tests, the two models derived
from the Landers data do show some similari-
ties in the propagation of rupture. Both models
suggest high velocities near «the hypocenter,
nearly constant rupture velocity on the Home-
stead Valley fault segment, and some delay in
rupture propagation on the southern Camp
Rock-Emerson segment.

It is clear from the comparison of the one-
and three-window models for both the syn-
thetic test case and for the Landers earthquake
data, that strong-motion seismograms alone
cannot estimate the seismic moment with great
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precision. In both cases the fit to the data was
nearly identical, yet the seismic moment dif-
fered by up to 50%. In short, we find that
strong-motion data are not particularly sensi-
tive to the seismic moment (compared to other
data), and that moments obtained using strong-
motion seismograms are strongly influenced by
the choice of model parameterization and in-
version method.

Cohee et al. (1993) assumed a geodetically
derived slip distribution and used strong-mo-
tion seismograms to recover characteristics of
the rupture propagation in a linearized inver-
sion. Although we did not assess the uncer-
tainty of the geodetically derived slip model, it
was evident that including geodetic data helped
reduce the trade-off between slip amplitude
and rupture time that affect solutions based on
seismic data alone. Clearly, including other
types of data will increase the solution accu-
racy and decrease non-uniqueness in future
studies.
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