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Kinematic Source Parameters for the 1989 Loma Prieta Earthquake

from the Nonlinear Inversion of Accelerograms

by Antonio Emolo and Aldo Zollo

Abstract We describe a technique to infer the kinematic parameters of the earth-
quake rupture process by the nonlinear inversion of near-source high-frequency seis-
mic records. The model assumes that each point on the fault plane slips, when the
rupture front passes, with a variable slip amplitude. For a given rupture model syn-
thetic seismograms are computed by using the ray theory and a plane-layered velocity
structure. The rupture velocity and the final slip are specified at a set of control points
on the fault plane and the values at any point on the fault are then obtained by a
bicubic interpolation. The final slip and rupture velocity at the fault-grid nodes are
determined by searching for the minimum of a misfit function by using the Genetic
Algorithm. The number of control points is progressively increased to move from a
high- to low-wavelength description of final slip and rupture velocity on the fault
plane. The optimal model parameter set is chosen according to the minimum of the
corrected Akaike Information Criterion parameter. The uncertainty on the source
parameters has been estimated through the analysis of cross-correlation of the misfit
function in the neighborhood of the final, best-fit, rupture model. The method is
applied to near-source, strong motion records of the 1989 Loma Prieta earthquake.
We find that the most earthquake slip occurred in two regions located northwest and
southeast of the hypocenter, consistent with previous models obtained using other
data and techniques. Moreover, we find that the rupture propagated faster toward the
southeast than in the northwest direction. The total duration of the rupture is found
to be approximately 9 sec.

Introduction

One main target of observational seismology is to esti-
mate the earthquake source characteristics from the recorded
ground motion. Near-source seismological observations
(distances comparable with the fault length) of moderate to
large earthquakes (magnitude greater than 6) indicate that
the fracture-process heterogeneity (nucleation, propagation,
and arrest of a rupture on the fault surface) strongly affects
the seismic radiation at frequencies higher than 1 Hz (Hea-
ton, 1990; Anderson, 1991; Koyama, 1997; Bouchon et al.,
2002).

Several theoretical and observational studies have been
performed to investigate the propagation of short-period
waves in a realistic, heterogeneous earth structure. The re-
sults of these studies show that high-frequency waves ex-
cited by a heterogeneous source process can be contaminated
by the scattering and attenuation effects along the propaga-
tion path (Koyama, 1997). The a priori knowledge of the
elastic/anelastic properties of the propagation medium is
therefore an essential condition for a high-resolution source
modeling.

The study of the rupture process through the modeling

of the observed seismic radiation, in general, is done by
adopting a kinematic approach to describe the seismic source
(Beroza and Spudich, 1988; Zhang et al., 2003). The kine-
matic description of the earthquake source has the advantage
of using a limited number of parameters to characterize the
source, such as fault size, the final slip distribution on the
fault, the rupture velocity, and the slip duration (rise time).
Nevertheless, even using a simplified kinematic description
of the rupture process, the problem of inverting short-period
records is strongly nonlinear when considering variable rup-
ture velocity and/or rise time on the fault. The insufficient
data coverage of the source can be the cause for nonunique-
ness of solution. The most pathological effect is the trade-
off between the slip rate and rupture-velocity distribution on
the fault, which leads to similar perturbations on the seismic
waveforms.

This article addresses the problem of retrieving the
space-time slip function from the inversion of short-period
earthquake records and of quantitatively assessing the un-
certainty and resolution on the estimated rupture model pa-
rameters. We consider an approach based on a kinematic
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description of the rupture process that uses a nonlinear op-
timization technique, the Genetic Algorithm, to explore the
space of the kinematic model parameters, that is, final slip
and rupture velocity (we consider the rise-time constant on
the fault) at control points of an interpolation function on
the rupture plane.

The Forward Problem and Model Parameterization

The far-field approximation of the representation inte-
gral is used to compute synthetic seismograms for an ex-
tended earthquake rupture. The high-frequency approxima-
tion of the wave field allows us to compute in a fast and
accurate way the Green’s functions of body waves propa-
gating in 1D and 3D media (Farra et al., 1986; Farra and
Madariaga, 1987). Other numerical methods for computing
the Green’s functions are proposed and applied in the liter-
ature, for example, the discrete wave-number method of
Bouchon (1979, 2003), the Empirical Green Function
method of Hartzell (1978), Irikura (1986), and Hutchings
(1994). Nevertheless, these methods can be very time con-
suming when implemented in a nonlinear waveform inver-
sion code.

The ray theory synthetics can be considered a good rep-
resentation of the seismic wave field at near-source distances
if the dominant signal wavelengths are smaller than receiver
distances from the source (Bernard and Madariaga, 1984;
Farra et al., 1986). In our case, this approximation is valid
at distances less than a few source depths so that the surface
waves are not important. In these cases the direct S waves
emitted by the seismic rupture become dominant in ampli-
tude on seismograms relative to near-field terms and sec-
ondary arrivals (Farra et al., 1986; Beroza and Spudich,
1988; for the Loma Prieta earthquake case study, Zeng et
al., 1993; Beroza, 1996).

At high frequencies, the ground displacement associated
with the wave type c (P or S) at a given receiver located at
x can be obtained as the summation of signals emitted by
elementary sources (subfaults) densely distributed on the
rupturing surface:

c cu (x, t) � u (x, t) , (1)� m,n
m,n

where the ground displacement produced by the subfault
(m, n), , is given by the representation integral (Aki andcum,n

Richards, 1980):

c FFu (x; t) � G (x,n; t, 0) * Du̇m,n m,n m,n��
subfault

c(n; t � T )d� . (2)m,n

In (2), is the Green’s function in the far-field approxi-FFGm,n

mation, is the slip rate, represents the travel timecDu̇ Tm,n m,n

for the wave c from the elementary source located in nm,n to

the receiver, and the symbol * indicates the convolution
operation.

The asymptotic Green’s functions for direct body waves
in a flat-layered propagation medium are computed with the
numerical kernel developed by V. Farra and based on the
original formulation by Farra et al. (1986). In this approach
the focal mechanism is a priori fixed but the radiation pattern
coefficient (which is included in function G) is variable on
the fault, depending on the relative position of the radiating
subfault and receiver.

To account for the Earth anelasticity, the Green’s func-
tion is convolved with the Azimi’s attenuation function
(Azimi et al., 1968) parameterized by a constant quality fac-
tor Qc. The slip-velocity function in equation (2) is approx-
imated by a boxcar function:

D(n) for T (n) � t � T (n) � s(n)R R
s(n)Du̇(n; t) � (3)� 0 elsewhere

where TR(n), s(n), and D(n) are, respectively, the rupture
time, the rise time, and the final slip associated with the fault
element whose position is n.

According to equations (1), (2), and (3), the displace-
ment recorded at x is linearly related to the slip intensity D,
once the rupture-time distribution is assigned. However, the
rupture time TR implicitly appears in the slip-rate definition,
which makes the dependence of observed displacement on
the rupture-velocity parameter strongly nonlinear. In this
study we adopted a truly nonlinear approach for estimating
the source parameters from seismic waveform data by the
whole exploration of the model parameter space with a non-
linear optimization technique. This approach is rather dif-
ferent from the ones used by previous authors who solved
the inverse problem through a trial-and-error forward mod-
eling (Archuleta, 1984) or by a linearized iterative approach
(Beroza and Spudich, 1988).

The model parameters are the values of the final slip
and rupture velocity at a set of control points of a bicubic
interpolating function, regularly distributed on the fault sur-
face. The interpolation allows us to determine the final slip-
and rupture-velocity distributions on the whole fault at the
fine grid spacing required to avoid undesired spatial aliasing
effects.

The computation of synthetic seismograms by equation
(1) requires the estimation of rupture times on the fault. For
a heterogeneous rupture-velocity distribution and a given
nucleation point, the rupture front propagates having an ir-
regular shape. In this case, the problem of computing rupture
times can be solved by tracing the rupture propagation fronts
along the fault and searching for the first arrival at each point
of the rupturing surface. We used the 2D finite-difference
code of Podvin and Lecomte (1991) for computing the rup-
ture times, assuming that the eikonal equation can describe
the rupture front evolution on the fault.
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The Inverse Problem and Inversion Strategy

The inverse problem is solved by searching the maxi-
mum of a fitness function by a wide exploration of the model
parameter space. The search is performed by the Genetic
Algorithm (GA) (Goldberg, 1989; Charbonneau, 1995).
Among the different nonlinear optimization techniques (e.g.,
simulated annealing, Monte Carlo search), GA is revealed to
be very efficient and fast for a wide exploration search in a
multidimension model space and for bracketing the region
containing the absolute maximum (Sambridge and Drij-
koningen, 1992; Boschetti et al., 1996; Zollo et al., 2002).
A complete description of GA (Pikaia routine) and its param-
eters can be found in Charbonneau (1995).

Let us now consider a set of NS seismic stations that
have recorded an earthquake and let us indicate with Sobs the
corresponding seismic records. Each record will consist of
NC components (with 1 � NC � 3) and NT time samples.
Let us indicate with Stheo the synthetic seismograms evalu-
ated for a given model parameters set. The fitness function
to be maximized by using the GA is defined as

E � EMAXF � , (4)
EMAX

where

N N NS C T
2obs theo theo(S � S ) S� � � ijk ijk ijk� �

i�1 j�1k�1
E � (5)

N N NS C T
theoS� � � ijk� �

i�1 j�1k�1

and EMAX represents the maximum allowed value for the
cost function (5). In other words, the individuals of the initial
population on which the GA acts all have a cost E � EMAX.
The parameter EMAX can be chosen arbitrarily. In our appli-
cation, after performing several preliminary tests, we chose
for EMAX a value of 0.05 m2sec�2, which corresponds to the
cost associated with a homogeneous rupture model (i.e., a
model characterized by homogeneous final slip- and rupture-
velocity distributions). On the basis of equation (4), we ex-
plicitly note that the function F assumes a value equal to
zero if E � EMAX, whereas it reaches a maximum value
equal to 1 if E � 0 (i.e., if the synthetic seismograms exactly
match the real seismograms).

For computing the misfit function (equation 5), syn-
thetic and observed seismograms are lined up after cross-
correlating the two records and relatively shifting the traces
by the time-lag corresponding to the maximum of the cross-
correlation function. Several optimization runs are per-
formed by progressively increasing the density of grid points
in which the slip and rupture velocity are evaluated through
the data inversion and which coincide with the control points
of the bicubic interpolating function. At very early stages in
which the number of control points on the fault is small, the

optimization is performed over a wide range of allowed final
slip- and rupture-velocity values. In the subsequent runs,
when the number of control points is progressively in-
creased, the search is performed with smaller and smaller
allowed variations for final slip and rupture velocity around
the model estimated in the previous run. This strategy for
model space reconstruction is, in principle, equivalent to
moving from a high- to low-wavelength description of the
slip- and rupture-velocity distributions on the fault plane.
This approach has been widely used in seismic tomography
(Lutter et al., 1990) and in migration techniques where it is
known as the multiscale approach (Bunks et al., 1995; Jin
and Beydoun, 2000). The optimization procedure has been
validated by synthetic tests assuming both heterogeneous
and homogeneous final slip- and rupture-velocity distribu-
tions on the fault plane and both regular and sparse receiver
around the source (Emolo, 2001). In particular, the choice
of progressively increasing the number of control points
makes the estimation of model parameters robust and effi-
cient by reducing the computational costs.

A point that needs to be considered concerns the eval-
uation of the statistical significance of models described by
a different number of parameters. An objective criterion
must be defined according to which one can decide whether
stopping or continuing the optimization process by increas-
ing the control points density. This point is addressed by the
corrected Akaike Information Criterion (AICc) that was first
introduced by Akaike (1974) for model selection and re-
cently modified from its original formulation by Cavanaugh
(1997). The criterion states that, among the best-fit models
described by a different number of parameters, the one that
minimizes the function has to be selected:

N(N � P)
AICc � N ln(2pE) � . (6)

N � P � 2

In equation (6), E represents the misfit value, N is the number
of data, and P is the number of parameters. The search for
a minimum AICc corresponds to finding the best compromise
between fit quality and simplicity of the model (small num-
ber of parameters). By introducing this criterion the problem
of selecting the optimal model parameterization is formu-
lated without the need for the subjective decision required
in the classical approaches based on the “test of hypothesis”
or a variance comparison. When two models described by a
different number of parameters provide the same misfit
value, the one defined by the smaller number of parameters
is chosen. In other words, the search for the minimum of the
AICc parameter provides a mathematical formulation of the
Occam’s razor principle, also known as the principle of par-
simony in model building.

The Loma Prieta Earthquake

The Loma Prieta earthquake (ML 6.7, MS 7.1) occurred
at 00:04:15.2 UTC on 18 October 1989, at latitude
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Table 1
Characteristics of the Propagation Medium Used in this Study

(after Beroza, 1996)

Depth
(m)

P-wave Velocity
(m/sec)

S-wave Velocity
(m/sec)

Density
(kg/m3)

Northeast of Fault
0.0 3340 1930 2.5

1,100 5010 2890 2.7
9,100 6260 3610 2.7

24,500 6950 4010 2.8

Southeast of Fault
0.0 3420 1970 2.5

1,100 4580 2640 2.7
9,100 6260 3610 2.7

24,500 6950 4010 2.8

Figure 1. Locations of the strong motion stations
used in this study. The rectangle represents the sur-
face-fault projection, and the star is the Loma Prieta
earthquake epicenter. The fault-plane solution accord-
ing to Zhang and Lay (1990) is also shown.

Table 2
Strong Motion Stations Used in Our Analysis

Code Organization Location PGA (ms�2)

CAP CDMG Capitola Fire Station 5.00
COR CDMG Corralitos 6.18
GIL4 CDMG Gilroy array, station 4 4.08
HOL USGS Hollister City Hall 3.62
SAR CDMG Aloha Avenue, Saratoga 4.15
SJT CDMG Santa Theresa Hills, San Jose 2.69

Organizations: CDMG, California Division of Mines and Geology;
USGS, U.S. Geological Survey.

37.036� N, longitude 121.883� W, and at 17 km depth (Dietz
and Ellsworth, 1990) southwest of the southern Santa Cruz
Mountains section of the San Andreas fault. The scalar seis-
mic moment estimates range between 1.7 � 1019 N m and
3.4 � 1019 N m (Kanamori and Satake, 1990). Aftershocks
occurred on both sides of the fault relative to the hypocenter
for a distance of approximately 50 km, filling a seismic gap
(U.S. Geological Survey, 1990). The locations of after-
shocks with respect to the hypocenter suggest that the rup-
ture propagated bilaterally along the strike and unilaterally
up-dip (Beroza, 1996).

The 1989 Loma Prieta earthquake has been the object
of numerous studies that used teleseismic records to deter-
mine the source characteristics (Barker and Salzberg, 1990;
Choy and Boatwright, 1990; Kanamori and Satake, 1990;
Langston et al., 1990; Romanowicz and Lyon-Caen, 1990;
Ruff and Tichelaar, 1990; Zhang and Lay, 1990). All these
studies indicate that slip occurred on a fault dipping approx-
imately 70� and striking approximately 130�. The rake, de-
termined from teleseismic data analysis, is approximately
140� (Zhang and Lay, 1990).

According to Beroza (1996), the fault plane used in our
study extends from 15 km northwest to 20 km southeast of
the hypocenter. The dipping fault plane intersects the hypo-
center at a depth of 18 km, with a strike of 130� and a dip
of 70� southwest. The modeled extent of the rupture zone in
the up-dip direction from the hypocenter is 14 km, corre-
sponding to depths from 18 km to slightly less than 5 km.

The velocity model used to compute the Green’s func-
tions is reported in Table 1. This model, given by Beroza
(1996), was determined by Dietz and Ellsworth (1990) an-
alyzing the Loma Prieta aftershocks. Because they found a
difference in the velocity in the uppermost layer across the
San Andreas fault, Beroza (1996) suggested using a slightly
different model in the northeast and southwest sides of the
fault. The velocity model used in our inversion analysis does
not account for specific site effects that could affect the am-
plitude of signals in the frequency range selected for our
study (0.5–5 Hz).

A constant quality factor QS � 300 (Boatwright et al.,
1991; Chin and Aki, 1991) was used to parameterize the
Azimi’s attenuation function.

Strong Motion Data and Data Analysis

The Loma Prieta earthquake occurred in a region
densely instrumented with strong motion accelerographs.
The locations of stations used in our study are shown in
Figure 1 and listed in Table 2. The peak ground accelerations
(PGAs) recorded by each instrument are also reported in Ta-
ble 2. The instrument-corrected acceleration data were in-
tegrated to get the ground velocity and bandpass filtered with
a four-pole zero-phase Butterworth filter with corner fre-
quencies at 0.5 and 5.0 Hz. The low-frequency limit was
constrained by the requirement that the receivers have to be
a few wavelengths away from the nearest segment of the



Kinematic Source Parameters for the 1989 Loma Prieta Earthquake from the Nonlinear Inversion of Accelerograms 985

fault (Spudich and Frazer, 1984; Farra et al., 1986). The
high-frequency corner is arbitrarily chosen and represents a
tentative high-frequency limit of our deterministic modeling.

Receivers located within about 40-km epicentral dis-
tance have been considered because our modeling is limited
to the direct S waves. Somerville and Yoshimura (1990),
Chin and Aki (1991), and, in particular for the Loma Prieta
case, Zeng et al. (1993) demonstrated that complex propa-
gation effects (dominant secondary arrivals, multipathing)
are minimized in this distance range. A window delimiting
the direct S arrival has been selected from the horizontal
components of the ground velocity and used for the inver-
sion analysis. To avoid inaccuracies on travel-time evalua-
tion and hypocentral location due to the use of a 1D velocity
model, we decided to perform the waveform modeling in the
time window

⎣T , T � DT ⎦ ,S,i S,i i

where i is the station index, TS,i is the first S-arrival time
measured from the record origin time, and DTi is the esti-
mated duration of the direct S wave field radiated by the
Loma Prieta earthquake fault. The first S arrival and the di-
rect S-wave window have been identified on each record
through a visual inspection and S-wave polarization analysis
on filtered velocity and displacement records (Fig. 2).

Results of the Inversion

The parameterization of the rupture process allows each
subfault on the fault to slip once when the rupture front
passes, with a spatially variable slip amplitude. The rise time
in equation (3) is assumed to be smaller than the low-pass
frequency of our modeling and it is not determined by the
data inversion.

The representation integral (equation 1) was solved nu-
merically by discretizing the fault plane in 50 � 50 m2 sub-
faults to avoid undesired spatial aliasing effects (Zollo et al.,
1997). The rupture velocity and the final slip distributions
on the fault were determined at this fine grid by bicubic
spline interpolation of the values obtained by the data in-
version at the control points. The initial run of the inversion
procedure was performed starting from homogeneous mod-
els both for rupture velocity (vR � 2700 m/sec, mean value
after Beroza, 1996) and for final slip (at 1.70 m, according
to an average estimate of the scalar seismic moment) with
five control points in the strike direction and three control
points in the dip direction. Let us explicitly note that two
model parameters are associated to each control point: one
for the final slip value and one for the rupture velocity. As
a consequence, with 5 � 3 control points we have 30 pa-
rameters to be determined through the data inversion. In this
first run the slip was allowed to vary between 0 and 10 m,
whereas the rupture velocity was allowed to vary between
2300 and 3300 m/sec. Individuals in the initial model popu-
lation were selected randomly around the uniform starting

models (but allowing quite wide variations) with a maximum
misfit value equal to 0.05 m2 sec�2 (parameter EMAX in
equation 5). The population was composed of 400 elements
and the GA made it evolve for 110 generations when the
fitness value reached a stable value.

In the following runs, the starting models were chosen
around the model obtained in the previous search stage and
the inversion was performed allowing smaller and smaller
variations around them as the number of control points in-
creased.

Table 3 summarizes the results obtained at the end of
each inversion run, and Figure 3 shows the evolution for the
final slip distribution over the fault during the multiscale
search. The whole optimization process has evolved on 1015
generations and the total number of tested models is greater
than 106.

The maximum number of control points on the fault
used to invert strong motion data was 17 � 8 but the pre-
ferred model parameterization, according to the AICc crite-
rion, corresponds to the grid with 15 � 8 control points
(Table 3). This grid corresponds to a spatial sampling of the
fault of 2500 m in the strike direction and 2000 m in the dip
direction. Figure 4A and B show, respectively, the final slip-
and rupture-time distributions on the fault plane for this
model. The mean value of the final slip on the fault for this
grid is equal to 1.44 m, which corresponds to a scalar seismic
moment of 2.1 � 1019 N m that is compatible with the
values range indicated by Kanamori and Satake (1990).

The distribution of the final slip on the fault (Fig. 4A)
is characterized by two main asperities located southeast and
northwest of the hypocenter. Their locations, extensions and
maximum amplitudes (about 4 m for the southeastern one
and more than 3 m for the northwestern one) are in good
agreement with the results of Beroza (1996) and Wald et al.
(1996). We notice that the high-slip region located northwest
of the hypocenter, differently from other studies, seems not
to be so focused. This result could be the effect of both data
distribution around the fault and/or of the adopted inversion
technique. Moreover, we found another high-slip region near
the top middle-western edge of the fault which is probably
related to the high amplitude associated with the west–east
component of the seismogram recorded at the COR receiver.

The mean rupture velocity value for the best-fit model
is 2800 m/sec, which is slightly higher than the mean value
obtained by Beroza (1996). From the distribution of the rup-
ture times on the fault (Fig. 4B) it is evident that the rupture
advanced faster toward the southeast than in the opposite
direction, as retrieved by Horton et al. (1996). Finally, the
total duration of the rupture is about 9 sec, which is com-
patible with the value estimated by Beroza (1996).

In Figures 5 and 6 the ground-velocity records in the
0.5- to 5-Hz frequency band are compared with the syn-
thetics computed for the best-fit rupture model at all the con-
sidered stations. The fit between synthetic and real seismo-
grams is, in general, quite satisfactory although some
discrepancies are found in the peak amplitude values. How-
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Figure 2. Example of the procedure for
the individuation of the direct S-wave window
in the Hollister station. (Top) Horizontal com-
ponents of ground velocity in the frequency
band 0.5–5 Hz from integration of accelero-
metric records. (Middle) Horizontal components
of ground displacement. (Bottom) S-wave po-
larization evaluated from displacements.

ever, synthetic amplitudes are within a factor 1.5 of the ob-
served ones. The north–south synthetics (Fig. 5) reproduce
well the observed complex shape and duration of ground
motion at different azimuths and distances (see, for instance,
stations SAR, CAP, and GIL4). The overall fit of the west–
east components of ground motion (Fig. 6) is worse than for
the north–south components, mainly because of the mis-
match of stations SJT and COR, whereas for the other sta-
tions synthetics match the spatial variation of the low-
frequency shape and duration of observed records fairly
well. In particular, the remarkable fit of the west–east com-

ponent of station GIL4 must be pointed out. We believe the
discrepancies in the waveforms are mainly due to the use of
theoretical, inaccurate Green’s functions that do not include
either secondary phases or local site effects, which are pres-
ent, for example, in the CAP, COR, and GIL4 receivers
(Chin and Aki, 1991).

Error Analysis

Error estimates on the obtained final slip and rupture
velocity distributions are addressed in Figure 7A and B. To
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Table 3
Results of the Inversion at the End of the Several Runs

Performed

Control
Points

Individuals in
the Population

No. of
Generations

E (10�2

m2 sec�2) F AICc
�Du�
(m)

�vR�
(m/sec)

5 � 3 400 110 1.095 0.781 3389 0.87 2720
7 � 4 500 140 0.975 0.805 2902 0.87 2790
8 � 6 800 160 0.937 0.813 2801 1.12 2800

11 � 6 900 110 0.900 0.820 2690 1.22 2790
15 � 8 1300 250 0.828 0.834 2543 1.44 2790
17 � 8 1400 245 0.820 0.836 2569 1.43 2790

Reported for each run are the number of control points, the number of
individuals in the population on which the Genetic Algorithms acted, the
number of generations through which the population evolved, the final mis-
fit value (equation 5), the final fitness value (equation 4 with EMAX � 0.05
m2 sec�2), the AICc value (equation 6), and the mean values on the fault
for the final slip and rupture velocity. The values in boldface indicate the
best-fit run according to the minimum AICc criterion.

Figure 3. Multiscale search for the final slip dis-
tribution on the fault plane. The green dots represent
the control points. (A) 5 � 3 grid. (B) 7 � 4 grid.
(C) 8 � 6 grid. (D) 11 � 6 grid. (E) 15 � 8 grid.
(F) 17 � 8 grid.

get them we performed the following procedure. Let us con-
sider a particular control point and focus on one of the two
parameters, final slip or rupture velocity, defined on it. We
perturb the value of this parameter around the final value
pbest we have determined through the inversion, assigning it
some values distributed in the range [0.9 pbest, 1.1 pbest], that
is, in a neighborhood of pbest wide �10% of pbest. Fixing
the whole set of other parameters at their final best value,
for each p � [0.9 pbest, 1.1 pbest] we compute the misfit E(p)
by equation (5) and then the value for the function

2E (p)
pdf(p) � C exp � , (7)� 2 �2r0

assuming that the expected errors are Gaussian distributed
with zero mean. The constant C in equation (7) is determined
requiring that the area under the function is 1:

1
C � . (8)1.1pbest

2E (p)
exp � dp� � 2 �2r0

0.9pbest

In this way the function pdf(p) assumes the meaning of a
marginal probability distribution function for the parameter
pbest. In other words, the estimates of uncertainties on model
parameters are obtained from the analysis of the marginal
probability distribution functions, that is, the probability for
a single parameter pi with pj � pj,best and i � j (Jackson and
Matsu’ura, 1985; Zollo et al., 2002). This technique is simi-
lar to the estimate of the covariance matrix in linear or lin-
earized approaches but considering only its diagonal ele-
ments, that is, the parameter variances (Menke, 1989). The
parameter r0

2 in equations (7) and (8) is the unknown var-
iance of the misfit function (5) and accounts for errors both
in the modeling and in the data. It determines the shape of
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Figure 4. Final slip- (A) and rupture-time (B) distributions on the fault plane for
the 1989 Loma Prieta earthquake. In B, the contour intervals are plotted every 0.25 sec,
and the star represents the position of the rupture nucleation point.

the pdf (7) and, in the present case, it has to be assigned
arbitrarily, according to the best-fit model variance (Table 3).

We computed, through the empirical way described pre-
viously, the function pdf for each control point both for final
slip and for rupture velocity. We can characterize these prob-
ability distribution functions by their overall widths. One
way of measuring the width of a distribution is to multiply

it by a function that is zero near the center of distribution
and that grows on either side of center (Menke, 1989). As
shown in Figure 8 for a few control points, if the distribution
is narrow, then the resulting function will be small every-
where; if the distribution is wide, then the resulting function
will be large. A quantitative measure of the width of the
distribution is given by the area under the resulting function.
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Figure 5. Real (thick lines) and synthetic
(thin lines) computed for the best-fit model
ground-velocity records for the north–south
component in the 0.5 to 5-Hz frequency range.
The peak velocity value for each seismogram
is also reported.

If one chooses the parabola f � (p � pbest)
2 as the function,

then this area gives the variance r2 of the distribution

1.1pbest

2 2r � (p � p ) pdf(p)dp (9)best�
0.9pbest

and then its square root r is a measure of the width of the
distribution and, in other words, a measure of the error as-
sociated with pbest.

In Figure 7A and B we represented the distributions on
the fault plane for the relative error r(pbest)/pbest , expressed
in percentage, associated, respectively, with the final slip and
the rupture velocity. The percentage relative errors on final
slip are between 22% and 36%. As we can see in Figure 7A,
the smallest relative errors for final slip distribution are
found in the central part of the fault, where we retrieved the
main asperities (Fig. 7A). In this area the percentage error
does not exceed the 25%. We found larger errors for the
rupture-velocity distribution. In this case (Fig. 7b) the per-
centage relative errors are between 21% and 46%. However,
errors which do not exceed the 27% are found in the area
between the rupture nucleation point and the southeastern
edge of the fault. As we said before, in this direction we

retrieved a faster velocity for the rupture front. In the north-
western edge of the fault the final slip asperity we found
there (Fig. 7A) is characterized by a large error (about 35%).
On the contrary, in the same region, the error associated with
the rupture velocity is relatively smaller (about 25%). Prob-
ably in this zone we are not able to resolve the trade-off
between the final slip and the rupture velocity.

Comparison with Other Studies

Several authors have proposed an extended faulting
model for the Loma Prieta earthquake (Steidl et al., 1991;
Zeng et al., 1993; Beroza, 1996; Hartzell et al., 1996; Wald
et al., 1996). Although many of the strong motion data an-
alyzed in this article are common to these studies, several
differences (e.g., different frequency bands, model parame-
terizations, inversion methods, approach to the forward
problem) can lead to varying results.

First, we briefly review the assumptions used in each of
these studies in comparison with ours. Steidl et al. (1991)
modeled strong motion velocity records from 20 near-source
receivers in the frequency range 0.05–1 Hz. The inversion
was performed with inequality and smoothness constraints
and the forward problem was solved by a complete seis-
mograms approach.
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Figure 6. As in Figure 5 except for the
west–east components of the ground velocity.

Zeng et al. (1993) performed a waveform inversion of
horizontal components of displacement strong motion data
from 14 stations with an epicentral distance less than 35 km.
Using a recursive stochastic inversion method, they deter-
mined both the low-frequency final slip distribution from the
low-pass filtered data (f � 2 Hz) and the high-frequency
energy radiation map from the envelope of the squared high-
pass filtered data (f � 5 Hz).

Beroza (1996) used the horizontal components of the
displacement in the frequency range 0.33–2 Hz for 20 of the
closest strong motion stations. The inversion was performed
using a tomographic backprojection approach and the for-
ward problem was solved by using the ray theory in a time-
dependent Kirchooff formulation (Spudich and Frazer,
1984).

Hartzell et al. (1996) used teleseismic P waves from 24
stations and SH body waves from 16 stations in the Global
Seismic Network at frequencies above 1 Hz and great-circle
distances between 30� and 90�. The inversion was performed
using both L1 and L2 norms with inequality and smoothness
constraints and the forward problem was solved by the gen-
eralized ray theory.

Wald et al. (1996) used teleseismic P-wave velocity
waveforms from 16 stations, teleseismic SH velocity wave-

forms from eight stations, and velocity records from 16 near-
source stations in the frequency band 0.1–1 Hz. The inver-
sion was performed by using a least-squares method with
inequality and smoothness constraints, and seismograms for
the forward problem were computed by generalized ray the-
ory and discrete wavenumber/finite-elements technique.

Although there is a certain overlap in the data sets used,
the methods differ substantially with respect the one we pro-
pose. Moreover, the frequency bands used include lower fre-
quencies than that we considered. On the other hand our
frequency band extends at higher frequencies that those con-
sidered in the cited studies. Also we performed a purely
nonlinear inversion whereas the inverse problem is linear-
ized in cited methods. In any case, there are several similar-
ities in the map for the total slip amplitude we derived with
those obtained by other authors. All the studies find a rela-
tively low slip amplitude in the hypocentral region and a
substantially bimodal distribution with respect to the hypo-
center. The retrieved seismic moments range from 2.3 �
1019 N m to 3.5 � 1019 N m against the value of 2.1 �
1019 N m we found. These results are all consistent with the
range determined by teleseismic data analysis at longer
periods.

Differences among the final slip distributions, including
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Figure 7. (A) Relative error distribution for the final slip of Figure 2 according to
the color scale reported. (B) Relative error distribution for the rupture propagation
velocity on the fault according to the color scale reported.

ours, proposed for the Loma Prieta earthquake arise from
the data sets used (which can also include teleseismic data)
and from the frequency contents considered. A bimodal
trend for the final slip on the fault plane is evident for all
the proposed models. Our results look fairly similar to those
proposed by Zeng et al. (1993) and Beroza (1996) who in-
verted only near-fault strong motion seismograms up to
2 Hz. Steidl et al. (1991) also inverted only near-fault strong

motion data, but they performed their inversion at a maxi-
mum frequency of 1 Hz, and this leads to differences found
especially for the slip peak values associated with the major
asperities that can be related to the higher-frequency contri-
butions. Although most results agree on the slip distribution
for the Loma Prieta earthquake, they differ significantly re-
garding the time evolution of the faulting process. Steidl et
al. (1991) found an average rupture velocity of 3.0 km/sec
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Figure 8. A parabola of the form f � (p � pbest)
2 is used to measure of the width

of two probability-distribution functions that have the same mean but different widths:
the product f * pdf is small everywhere for the narrow distribution but has two large
peaks for the wider distribution. The area under f* pdf is related to the width of the
distribution.

with a velocity of 3.4 km/sec for the rupture propagation to
the southeast. Zeng et al. (1993) tried different rupture-
velocity models finding that a rupture velocity of 2.5 km/
sec provided the best fit in terms of the Euclidean norm.
Beroza (1996) obtained rupture velocities ranging between
2.7 km/sec and 3.1 km/sec, and Wald et al. (1996) found a
rupture velocity of 2.5 km/sec. Our results show an average
rupture velocity of about 2.8 km/sec with a peak velocity of
about 3.0 km/sec for the propagation of the rupture to the
southeast. All these models, including our model, assume
the rupture propagated simultaneously northwest and south-
east. On the contrary, Horton et al. (1996), using a frequency
domain inversion technique that allows much greater free-
dom in the rupture behavior, found that the rupture to the
northwest initiated after the rupture to the southeast and
obtained higher rupture velocities ranging between 3.5 and
5 km/sec.

Zeng et al. (1993) used their inversion method to map
the high-frequency (f � 5 Hz) energy radiation intensity
over the fault plane. Their results show that the energy ra-
diation intensity was highly variable and the energy-sources
distribution was very different from the final slip map. The
most important sources are located near the boundary areas
of the large slip zones. In particular, one of these energy
patches is located close to the rupture nucleation point where
we find a relatively small slip amplitude. They conclude that
the earthquake probably started as a small rupture event. The
fracture then accelerated and increased in slip amplitude
around the source area, producing high-frequency radiation.

Conclusion

In this article we developed a nonlinear inversion tech-
nique of high-frequency data for the simultaneous determi-

nation of slip- and rupture-time distributions on an extended
fault.

The kinematic source parameters are determined search-
ing for the minimum of a L2 norm-based misfit function by
the GA (Goldberg, 1989; Charbonneau, 1995). We point out
that the use of a truly nonlinear inversion technique, that is,
the GA, allows for an exhaustive exploration of the model
parameters space. The forward problem, that is, the com-
putation of synthetic seismograms, is solved using the
asymptotic ray theory for given final slip- and rupture-time
distributions on an extended fault. The rupture velocity and
the final slip are determined through data inversion at a set
of control points of a bicubic interpolating function on the
fault plane, and the distributions over the whole fault are
then obtained by interpolation. Rupture times are computed,
starting form a given rupture-velocity distribution, through
the algorithm of Podvin and Lecomte (1991).

An adaptive model space investigation, according to
which the number of control points is progressively in-
creased (multiscale approach), is used to move from the
high- to the low-wavelength description of final slip and
rupture velocity on the fault plane. The optimal model pa-
rameterization is chosen according to the minimum of the
corrected Akaike Information Criterion parameter (Akaike,
1974; Cavanaugh, 1997). We applied our inversion tech-
nique to invert the horizontal components of six near-fault
strong motion records to determine the kinematic source pa-
rameters for the 1989 Loma Prieta earthquake. We found
two areas of very high slip: one at approximately 7 km south-
east of the hypocenter at 12 km depth and another about
8 km northwest of the hypocenter at 10 km depth with peak
amplitude of about 4 m and more than 3 m, respectively. As
shown by Beroza (1996), these high-slip regions are rela-
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tively poor in aftershocks, whereas the low-slip areas are
characterized by an aftershocks abundance. The scalar seis-
mic moment we found is approximately equal to 2.1 � 1019

N m, result which agrees both with inversion analysis and
with long-period determinations.

Moreover, we found that rupture propagated with an
average velocity of about 2.8 km/sec with a higher velocity
of about 3.0 km/sec for the propagation to the southeast from
the hypocenter. The total duration of the rupture has been
estimated equal to about 9 sec, which agrees with the esti-
mation by Beroza (1996).

On the basis of the error analysis performed, we point
out that the high-slip regions on the fault plane are charac-
terized by the smallest error and, therefore, they are well
constrained. The same conclusion is valid for the high rup-
ture velocity found in the area southeast of the hypocenter,
which is characterized by a small error, too. On the other
hand, we are not able to resolve the trade-off between rup-
ture velocity and the final slip in the area near the top western
edge of the fault, where we found a large final slip charac-
terized by a large error and a low rupture velocity with small
errors. Although further investigations of the high-frequency
source characteristics of the extended earthquake fault re-
quire accounting for effects like site responses, multipathing,
and scattering, we believe that our result provides a reliable
overall description of the Loma Prieta earthquake source
process.
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