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Abstract

In order to determine how reliably one can invert accelerograms to determine the rupture process details, when
the station configuration is less than optimal, we use the vertical component of synthetic accelerograms for a
Haskell-type earthquake rupture model, at stations in the vicinity of a dip-slip fault and solve the inverse problem.
Of the various station configurations used, one is a uniform distribution and the others are very non-uniform. Faults
of two different aspect ratios are considered. We mainly use much larger spatial and temporal cell sizes in the
inversion than we use to construct the artificial data. The fault mechanism and the fault area are taken as known in
the inversions. To solve the inverse problem, we use the method of linear programming and stabilize the solution
by the use of physical constraints. The constraints of positivity of the slip rates on the fault is used in all cases in
this study. In some cases, additional physical constraints such as preassigning the final moment, the rupture speed,
and so on, are also used. We find that using a cell size almost double the wavelength of interest, we are able to
reproduce the solution of the problem, even when we add a small amount of random noise to the artificial data,
provided the source medium structure is known. We show that the best station configuration is when the stations
are on the hanging wall, due to the fact that they provide the best illumination of the fault surface. This provides an
incentive to install permanent ocean bottom strong ground motion stations in subduction zones. We also analyzed
the effect of the rupture propagation direction on the results of the inversion showing that even four stations are
sufficient to retrieve the rupture process if they are in the forward direction of the rupture propagation; the results
for this case are better than when the four stations are placed in the backward direction, even when their positions
are such that they illuminate the fault in exactly the same way as the four stations in the forward direction. Thus
azimuthal distribution and the resulting illumination of the fault as well as the relation of the position of the stations
to the direction of rupture propagation are more important than simply the number of stations. Finally, we find that
proper knowledge of source medium structure is essential to recover the source process details reliably and that
poor knowledge of crustal structure cannot be compensated by adding stations or by additional constraints.

Introduction

The extraction of information about the details of the
complete rupturing process of an earthquake by solv-
ing inverse problems depends on the availability of
high-quality seismograms. Clearly uniform azimuthal
distribution of stations around a rupturing fault appears
desirable when solving such problems. Since this is
often not possible, a study to determine the limitations
due to lack of optimal station coverage is important
in order to evaluate the reliability of the inverse prob-
lem solutions. Some possible configurations of non-

uniform station distribution, necessitated by the tec-
tonic and geographic settings, are shown in Figure 1.
In many subduction zones, say the circum-Pacific belt,
stations are located only on the hanging wall. We call
this configuration C-1 in Figure 1(a). In some cases,
the stations may be located on the footwall side, as,
for example, on the New Guinea subduction zone. We
call this configuration C-2 in Figure 1(b). Due to the
fact that an earthquake fault may lie partly on land and
partly under water, we may have the configurations
C-3 and C-4, shown in Figure 1(c). In the Mediter-
ranean area, situations where the stations happen to
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Figure 2. Schematic representation of the dipping fault geometry (cross section on the right) and the 12-station distribution C-0 (plane view on
the left) used in this study. The fault dip is taken as 30�. Two different fault aspect ratios (1:5 and 1:2) are used in this study, the fault lengths
being taken as 20 km in both sets of cases. The star denotes the hypocenter and the triangles the stations. In the plane view part of the figure,
the dashed line is the trace of the buried fault and the stippled fault region is its projection on the horizontal plane. The schematic of the rupture
model used in constructing the synthetic accelerograms is also shown.

components in the inversion, thus increasing the num-
ber of equations to be solved. This leads to problems
related to possible ill-conditioning of the associated
matrix, as we shall show in this paper. In addition,
use of the vertical components minimizes possible site
effects on such records, as it is well known that they
are, in general, less sensitive to site effects. Although
hard rock site stations are preferable, this is not always
possible and stations on ‘well-consolidated sediments’
or even on unconsolidated sediments might sometimes
have to be used out of necessity. Studies using the
horizontal components will be the subject of future
investigations. Das and Suhadolc (1996) and Das et
al. (1996) have shown that with six uniformly distrib-
uted stations and a Haskell-type model of the faulting
process, some important features remain unresolved
even for the problem without any noise in the data. We,
therefore, first find the most favourable configuration
for which we are able to reliably solve the constrained
inverse problem. Once we have done this, we shall per-
form numerical tests with very non-uniform azimuthal

station distributions in order to determine the impor-
tance of the station coverage and number of stations
necessary to obtain acceptable solutions. We shall con-
sider problems without and with random noise in this
study. We shall mostly consider the case when the arti-
ficial data is generated using very fine cells and the
inversion is performed with much larger cells. Finally,
we shall perform the inversion with a different medi-
um than that used in the forward problem. In many
of the cases, it may appear that we have deliberately
chosen the worst scenario. Since one of our purposes
is to find those properties of the faulting process that
can be reliably obtained, no matter how unfavorable
the scenario, this is desirable. In some real cases the
station coverage may be excellent and the knowledge
of structural models good, but such cases are globally
indeed rare. Most seismic regions of the world are still
not well studied and instrumented. In the latter cases
the scenario can be even worse than all those discussed
in our artificial tests. As a matter of fact, it is very diffi-
cult when considering blind test cases as we do here, to
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Figure 3. The velocity models used in this study. The solid line
shows the structure (M1) used in the forward modeling and in some
of the inversions. The dashed line shows an alternative structure
(M2) used in some other inversions.

construct the most realistic scenario. Thus, our ‘worst
case scenarios’ may still not be realistic enough, and
the real cases may be even worse.

The fault geometry and method of solution

The forward and inverse problems are similar to those
described in detail in Das and Suhadolc (1996) and are,
therefore, described only briefly here. We construct
synthetic vertical accelerograms using the method of
multimodal summation for extended sources (Panza
and Suhadolc, 1987), for rectangular faults of two dif-
ferent aspect ratios. One fault is taken as 20 km long
and 4 km wide, and the other is 20 km�10 km. The
top of the fault is located at a depth of 5 km and the
faulting mechanism is taken as pure thrust, the fault dip
being taken as 30�. Since the seismograms for a pure
normal fault are the same as for a thrust fault with the
sign reversed, our results are also applicable to pure
normal faulting with a 30� dip. The schematic fault

geometry and an uniform twelve-station distribution is
shown in Figure 2 and relevant faulting parameters are
listed in Table 1. We shall call the 12-station distri-
bution C-0. The P and S wave velocity models (M1)
in the vicinity of the source used in constructing the
synthetic data are shown by the solid lines in Figure 3.
We shall keep some parameters of the faulting mod-
el (namely, the source mechanism, rupture area and
the process duration) in the forward and inverse prob-
lem the same, since our aim is to study separately the
effects of other model parameters, such as different sta-
tion configurations, different physical constraints, and
incorrect Earth structure in the source region, on the
solution. The fault is discretized into square cells and
the source process duration into discrete time steps.
The details of the cell sizes and time steps are listed in
Table 1 for all the cases considered in this study. The
rupture model is a discrete analog of a Haskell-type
model, with rupture propagating at a speed of 70% of
the shear wave velocity of the medium. As the rupture
passes by, each cell slips only during one time step, in
the forward model. An azimuthally uniform idealized
distribution of 12 stations (Figure 2) around the fault is
used in the first step of this study, while in subsequent
cases fewer and very non-uniform station distributions
will be considered.

We use the method of linear programming devel-
oped for this problem by Das and Kostrov (1990, 1994)
for the solution of the set of linear equationsA~x = ~b,
generated from the elastodynamic representation the-
orem by the discretization of the problem.A is the
matrix of the Green functions,~b the seismograms and
the unknown moment rates are thex’s. The physical
constraints to be used were enumerated by Das and
Suhadolc (1996). We shall require positivity (P) of the
slip rate for all cases in this study. The final moment
constraint (M), in which the total moment value must
equal some pre-assigned value and a rupture speed
constraint in which the rupture front is not allowed to
propagate faster than some preassigned speed will be
considered in some cases. When this limiting rupture
speed is taken as the shear wave velocity, we call the
constraint R1; when it is 70% of shear wave velocity,
we shall call it R1�. A ‘weak causality’ constraint in
which the slip rate is zero in a cell and time step that
would produce a signal before the first arrival at any
station from the hypocentral cell (R2),may also be used
sometimes. A cell may be allowed to slip more than
once in the inversion (MTO). The constraints selected
in the different cases are also listed in Table 1. We
shall define the misfit of the solution synthetics to the
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Table 1. Summary of parameters for each station configuration studied

Inversion Forward model Inverse model Noise Remarks

case �x �t nx nh nt Medium h �x �t nx nh nt Constraints added

Fault of size 20 km�4 km

Case 1:
Same 2 0.39 10 2 24 M1 5 2 0.39 10 2 24 R1� no All the aspects of

grid R1 no the solutions

size in R3, MTO no reproduced.

forward 1 0.39 20 4 24 M1 5 1 0.39 20 4 24 R1 no Instability increases

and R3, MTO no as the grid

inverse 0.5 0.39 40 8 24 M1 5 0.5 0.39 40 8 24 R1� no size decreases.

case R3, MTO, M no

Case 2: 0.25 0.1 80 16 92 M1 5 2 0.39 10 2 24 R1�, MTO no The fit to

Larger R1�, MTO, M no accelerograms

grids in R2, MTO no good;

inversion R2, MTO, M no the slip rate

R3, MTO 5% well

R3, MTO, M 5% reproduced.

Case 3: 0.25 0.1 80 16 92 M2 5 2 0.39 10 2 24 R3, MTO 5% Poor

Incorrect R3, MTO, M 5% solutions.

Earth Also used only 20s of each accelerogram for C-0 for this case

structure;

larger 0.25 0.1 80 16 92 M2 14 2 0.39 10 2 24 R3, MTO 5% Accelerograms

grids in R3, MTO, M 5% poorly fitted.

inversion The slip rate best

reproduced when all 12

stations used.

Fault of size 20 km�10 km

Case 1 2 0.39 10 5 24 M1 5 2 0.39 10 5 24R3, MTO no Same as Case 1 above

Case 2 0.25 0.1 80 40 137 M1 5 2 0.39 10 5 35R3, MTO no Same as Case 2 above

5%

�x is in km; �t is in seconds; nx = number of cells in which the fault is discretized along the strike direction; nh = number of cells in
which the fault is divided along the dip direction; nt = number of steps used to discretize the source time function;h= depth of top of fault in
inversion;R1: strong causality, rupture front speed constrained to shear wave speed;R1�: strong causality, rupture front constrained to move
at the 70% of the shear wave speed;R2: weak causality;R3: without causality.

artificial data, in thè 1-norm sense, as the ratio of the
mean absolute error of fit to the mean absolute ampli-
tude of the data (Das and Kostrov, 1990). It should
be stated here that comparison of the inversion results
with the input is a very strong test of the method and
a good comparison between the forward and inverse
models is much more revealing than traditional reso-
lution and error matrices. However, in real problems,
since there is no other way to estimate the goodness
of the result, resolution tests are useful. We do not do
such tests here as the simple concept of resolution and
error matrices does not hold for the problem where
one minimizes thè1-norm of the residuals. In such

cases much more complicated resolution tests, which
are beyond the scope of the present paper, would be
needed.

More than 110 inversions were performed for this
study of which only selected cases will be discussed in
detail in the paper. In addition to the ideal distribution
of 12 stations (Figure 2), we consider the six non-
uniform distributions shown in Figure 4. For each of
these station distributions, we consider different com-
binations of the physical constraints discussed above.
For all the above cases, we first perform inversions
using the same spatial and temporal cell sizes as used
in the construction of the artificial data in order to get
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Figure 4. The non-uniform station configurations used in this study chosen to mimic actual possible configurations shown in Figure 1. Two
different fault widths are used in this study (the fault lengths are the same in both fault geometries used), but here we plot the fault which is
20 km long and 4 km wide.
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Figure 5a. Chart giving an overview of all the cases considered in this study for the 20 km long and 4 km wide fault. For all the cases, the
positivity constraint on the slip rate is used. ‘Fixed Moment’ denotes the case when the total moment is assigned a priori and ‘No Fixed Moment’
the reverse. ‘R1’ denotes strong causality (rupture velocity constrained to be equal to the S wave velocity in the inversion, see Das and Suhadolc,
1996); ‘R1�’ denotes the case where the rupture velocity is preassigned to be equal to 70% of S wave velocity in the inversion; ‘R2’ denotes the
‘weak causality constraint’; ‘R3’ is used to identify the case when no causality condition is used. ‘MTO’ is used to denote the case when grids
behind the rupture front are free to slip as often as necessary. In some cases we added 5% of random noise to the artificial data (denoted by
‘+5% noise’). When using different structures in the forward and inverse problem we perform the inversion for the same fault depth (denoted
as ‘same dep.’) as in the forward problem, and at a different depth (denoted as ‘diff. dep.’) computed to best agree with the times of first arrival
of waves at all the stations.

insight into the inversion. We then carry out inversions
using much larger cells in space and time; more than
one spatial and temporal cell size will be used in some
inversions to investigate its effect on the solution. We
shall consider problems with and without random noise
added to the data. Finally, we shall perform inversions
using ‘incorrect’ Earth structure. The flow-charts of
Figure 5a and Figure 5b give an overall picture of all
the cases studied.

Results for the 20 km� 4 km fault

Case 1: Inversions using the same cell sizes in the
inverse and forward cases

The artificial data we use in our tests have been comput-
ed using the moment rate distribution, which is obvious
ly related to the slip rate by the product of the rigidity
modulus and the grid area. In Figure 6, we plot these
moment rates, only for the case when the fault is dis-
cretized into 20 cells and 24 discrete time steps. This is
mainly to facilitate comparisons with inversion results
later in the paper. The source medium structure, the
fault area, process duration, the depth of the top of the
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Figure 5b. Same as Figure 5a but for the 20 km�10 km fault.

fault (h), and the fault mechanism are the same in the
inverse and forward problem, in this case.

To investigate the effect of the spatial cell size on
the stability of the inversion, we performed tests using
three different cell sizes. We considered square cells
of 2 km, 1 km and 0.5 km which correspond to 20, 80
and 320 cells on the fault area, respectively. For each
cell size we carried out inversions for the five station
distributions (C-0, C-1, C-2, C-3, C-4) using the same
cell sizes as in the forward problem and analyzed the
effect of the different physical constraints. The source
time step size�t is taken as .39s in this set of cases,
for both the forward and inverse problem (Table 1).

Test 1– This test was carried out primarily as a test
of our programs. The rupture velocity is constrained to
be the same as in the forward model, each cell is per-
mitted to slip only once as the rupture front passes and
the positivity of the slip rate is enforced. All aspects of
the solution are correctly reproduced for all the station
configurations. Even four stations, grouped together
at one end of the fault (C-6), are sufficient to repro-
duce the rupture process. The solutions are reproduced
exactly and the fit to the artificial data is very good so

that the differences are not visible on plots, and hence
they are not included here.

Test 2– We perform inversions using the weak
causality constraint R2 and do not restrict the cells to
slip only once. Again, all aspects of the solutions are
well reproduced for all the cell sizes and for all the
station distributions.

Test 3– In this case we do not constrain the rupture
front in the inversion, that is, no causality constraint is
used. The cells are free to slip more than once and the
only constraint used is the positivity of the slip rate.
The rupture is free to initiate anywhere within the max-
imum permitted fault area. This is an interesting case,
as, in reality, the rupture front position is unknown and
the position of the hypocenter is often quite uncertain.
As expected (Das et al. 1996), we found that the stabil-
ity of the problem decreases as the number of the cells
increases. For the model with 20 and 80 cells we were
able to reproduce the results without any additional
constraints. For the case with 320 cells, the computa-
tion time needed was excessive, and we shall see below
how to improve this situation in Test 4. The relation
between the number of cells and the`1-norm misfit is
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Figure 6. The input moment rate used in Case1 for the fault discretized into 20 spatial cells, is shown at discrete time steps; each step is 0.39s
of the source time function. The same plot can be used to compare the inversion results of Case2.

shown in Figure 7. We report for each cell size the
misfits for the different configurations. Figure 7 shows
that for each cell size the configuration C-1 with the
stations on the hanging wall has consistently lower val-
ues of the misfit, relative to C-2, with stations on the
foot wall.

Test 4– For the case with 320 cells, we constrained
the seismic moment and redid the problem. This

reduced the uncertainties in the parameter space and the
accelerograms were still fitted well. This demonstrates
the necessity of constraints to stabilize the results when
using a model with a large number of relatively small
cells, as was noted earlier by other authors (Hartzell
and Heaton, 1983; Beroza and Spudich, 1988; Das
et al., 1996). Clearly, using constraints is one way to
reduce the instability of the inverse problem. Next, we
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Figure 7. The instability in the solutions when using different cells sizes. The`1-norm for the five station configurations are plotted against the
number of cells.

shall test if it is possible to reduce the size of the matrix
and still reproduce the rupture process.

Case 2: Inversion using a larger cell size in space and
time in the inverse problem than in the forward
problem and with random noise added to the artificial
data

We investigate if we can reproduce the total moment
rate history and distribution on the fault with a smaller
number of cells (that is, larger cells), than that used
in the forward problem to generate the synthetic data
(Table 1), in order to mimic reality. The accelerograms
used as artificial data are computed up to 1 Hz for a cell
of 0.250 km. The sampling frequency is 10.24 Hz. This
is a reasonably fine discretization for the wavelength of
interest in this problem, which is 1.2 km. The cell sizes
used for the inversion is 8 times larger in space and 4
times larger in time than the one used in the forward

problem. Full details are given in Table 1. We also add
some noise to the artificial data in some of the cases
(Table 1), in order to mimic not only the ‘noise’ in the
real data mainly due to microtremors not related to the
earthquake process, but also to account for the random
effect of the 3-D real Earth structure on the signal at
any station (the propagation paths from different parts
of the fault to the station can be very different). This
noise is taken as 5% of the maximum amplitude of the
accelerogram at the station, multiplied by a random
number. As in Case 1, the source medium structure,
the fault area, process duration, the depth of the top of
the fault (h), and the fault mechanism are the same in
the inverse and forward problem.

Test 5 – We fix the rupture front at its known
position and permit the cells to slip only once as the
rupture front passes. Even though we reproduce the
main features of the solutions, the accelerograms are
not perfectly reproduced.
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Test 6: C-0
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Figure 8. The comparison of the vertical component of the ‘artificial data’ (solid lines) to the solution accelerograms (dotted lines) for Test 6
of C-0.

Test 6– We constrain the slip rate to be positive,
the cells are allowed to slip as often as necessary and
no causality constraint is used on the rupture front.
The solution accelerograms obtained after inversion
for configuration C-0 are shown in Figure 8. The fit is

good and the small differences observed at the stations
in the backward direction of the rupture propagation
are due to the fact that the amplitudes there are smaller
and hence those stations are fit less well than the sta-
tions with larger amplitudes. This is also seen by com-
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Figure 9. Same as Figure 8 but for Test 6 of C-4.

paring the final relative misfit of the stations among
themselves, which shows that the stations in the ‘back-
ward’ direction with respect to the rupture propagation
are less well fitted. In this study we do not normalize
the data and we only compare results among configura-
tions which have the same number of stations and same
magnitude order of wave amplitudes. By introducing
a weight factor before performing any inversion, one
could use the mean or the maximum amplitude of the
data points at each station as the normalization factor,
but we shall not do so in this study.

The waveforms retrieved for configuration C-4,
which is one of the cases where the amplitudes of
the accelerograms at all the stations used in the inver-
sion are of the same order of magnitude, are shown in
Figure 9. The fits of the waveforms improve relative to
that for C-0 (Figure 8). The moment rate history and
distribution for this test using station distributions C-0,
C-1, C-2, C-3 and C-4 are illustrated in Figures 10,
11, 12, 13 and 14, respectively. The best solutions are
obtained for C-1. We shall show that this is not only
because the stations in C-1 are closer to the fault sur-
face and the physical explanation of this will be given
later.

It was not clear if the results obtained for C-4 were
relatively poor due to the lower number of stations
used in the inversion or due to the particular positions
of the stations around the fault. Therefore, we first
repeated the inversions for the additional configuration
C-5 (Figure 4), using seven stations. C-5 is C-4 but
with three additional stations placed in an intermediate
position between the forward and backward directions.
The fit to the accelerograms obtained for this inver-
sion remains as good as before but the rupture process

is now better reproduced. This improvement can be
explained by the fact that for C-5, the ray paths from
the fault surface to the stations better illuminate the
fault area relative to C-4. This is similar to the idea
(Menke, 1985) of tomographic imaging of the slip dis-
tribution on a fault after an earthquake.

In order to investigate properly the effect of rupture
directivity on the inversion, we consider configuration
C-6, which is the mirror image configuration of C-4
about the center of the fault, with four stations in the
forward rupture direction, so that the fault is illumi-
nated in the same way by C-4 and C-6. We find that
the inversion for C-6 is better than C-4 (Figure 15).
Thus, the directivity effect plays an important role in
how well one is able to retrieve the rupture process
details from the inversion. The misfits for the differ-
ent station distributions are plotted in Figure 16a. Due
to the different number of stations used in the differ-
ent configurations, the misfits are only comparable for
configurations C-1 with C-2 and for C-4 with C-6. The
lower values of the misfits confirm that the station dis-
tributions C-1 and C-6 are better than C-2 and C-4,
respectively.

Test 7– We next constrain the seismic moment
to the known value. The moment rate distribution is
fairly well reproduced for configurations C-0, C-1, C-
2 and C-3 and no slip ahead the rupture front, even
though this was permitted in the inversion. We plot
only the results for C-2 (Figure 17), and by comparing
with Figure 12 for the corresponding case without the
moment constraint, we see that solutions did improve.
For C-4 (Figure 18), comparing with the Figure 14, we
see that the addition of the moment constraint did not
improve the solution.
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Figure 10. Moment rate map in time obtained by the inversion in Test 6 of C-0.

Test 8– An unwanted aspect of the solution in Test
6 was the small amount of moment ahead of the rupture
front. To eliminate this effect we use the weak causality

constraint and grids are permitted to slip more than
once. This eliminates the moment ahead of the rupture
front but worsens the fit of the accelerograms.
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Figure 11. Same as Figure 10 but for Test 6 of C-1.

Case 3: Inversion using a different structure in the
forward and in the inverse model

The effect of using an incorrect velocity structural mod-
el or an incorrect fault size and depth has been already

studied by Das and Suhadolc (1996) and by Das et
al. (1996). Using six stations they were unable to
reproduce the rupture front correctly. In addition, they

jose23.tex; 18/06/1998; 15:04; v.7; p.14



15

1

           Test 6 : C−2

9 17

2 10 18

3 11 19

4 12 20

5 13 21

6 14 22

7 15 23

8 16 24

Figure 12. Same as Figure 10 but for Test 6 of C-2.

obtained some systematic moment behind the actual
rupture front, which they called ‘ghost front’. Here
we study the effect of using an incorrect structure in

the inversion when the inversion is performed using
larger gridding than the forward problem, and when
the artificial data also have some random noise added.
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Figure 13. Same as in Figure 10 but for Test 6 of C-3.

The artificial data are computed for a spatial cell size of
0.250 km with a sampling frequency of 10.24 Hz in the
medium M1 (solid line in Figure 3). The Green func-

tions used in the inversion are computed for a cell size
of 2 km and a temporal step of 0.8s with the structural
model M2 (dashed line in Figure 3). The two structural
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Figure 14. Same as in Figure 10 but for Test 6 of C-4.

models are deliberately chosen to be quite different to
analyze a very unfavorable scenario. In most regions
of the world, the velocity inaccuracies due to a poor

knowledge of the structure are substantially larger than
those in the very few well-investigated regions of the
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Figure 15. Same as in Figure 10 but for Test 6 of C-6.

world. The fault area and the fault mechanism are the
same in the inverse and forward problem.

Test 10 – The fault model of the inversion has the
same size, and for this test the top of the fault is placed
at the same depth as that in the forward model. We fix
the slip rate to be positive and the cells are free to slip as

often as necessary. No causality condition is imposed
on the rupture front. For all the station distributions we
find that the fit of the accelerograms is poor and the
rupture process is not well reproduced.

Test 11– The moment value is fixed in the inversion
and we use the same fault model as in Test 10. The fit
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Figure 16. Misfits for different station configurations for (a) the 20 km�4 km fault (b) the 20 km�10 km fault.

of the accelerograms does not improve and the rupture
front is still not well reproduced.

Test 12– We place the fault with its top at a depth
of 14 km. At this depth the first arrival times are com-
patible with those obtained for the forward case. The
solutions are not well reproduced even with additional
constraints. The fit of the accelerograms is shown in

Figure 19 and the moment rate in Figure 20. We can
identify the rupture front and we do not see any other
systematic moment rate behind or ahead of the rup-
ture front. However, a few, small scattered areas with
non-zero moment rates are seen over the fault surface,
including in the acausal regions. Fixing the value of
moment does not improve the results. Thus, we are
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Figure 17. Same as in Figure 10 but for Test 7 of C-2.

unable to fit the data and to reproduce the moment
rate distribution in space and time, when a different
structure is used in the inverse model, in spite of good

azimuthal coverage and many more stations (twelve)
than is generally available for strong ground motion
data. This is, however, the most realistic case and sug-
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Figure 18. Same as in Figure 10 but for Test 7 of C-4.

gests that good structural information at the source is
essential to reliably determine the seismic moment rate
history and distribution on a fault.

Test 13– We performed an inversion using the much
shorter time window of 20s of data to see if the solution
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Figure 19. The comparison of the artificial data (solid lines) to the solution accelerograms (dotted lines) for Test 12 for C-0.

is affected. We find that the data are still not well fitted
and the solution does not improve.

Results for the 20 km�10 km fault

Till now, we have considered a fault with an aspect ratio
of 1 to 5 which is mainly seen for great events (the 1957

Rat Island earthquake, the 1960 Chilean earthquake,
the 1964 Alaska earthquakes, for example) but not
usually for smaller events. So we study a fault with
the aspect ratio of 1 to 2 which is close to the typical
aspect ratio seen for shallow thrust faults (Wells &
Coppersmith, 1994). We consider a fault that is 20 km
long and 10 km wide. The top of the fault is at 5 km
and the tests we performed are reported in the flow-
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Figure 20. The moment rate maps in time produced by the inversion in Test 12 for C-0.

chart of Figure 5b and in Table 1. With the new fault
geometry, we repeated most of the tests of the previous
section for Cases 1 and 2 (Table 1); we inverted for
the same grid size in space and in time for the forward

and the inverse case, as well as for larger cells sizes in
the inversion than in the forward case; we also added
5% of noise as we did before. Our main results do not
change due to the changing of the aspect ratio, as it
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Figure 21. Schematic explanation of the difference between the illumination of the fault by stations located on the foot wall and on the hanging
wall.

can be seen by the values of the misfit we report in
Figure 16b.

Discussion and Conclusions

The aim of this study was to determine how reliably
one can invert accelerograms to determine the rup-
ture process details, when the station configuration
is less than optimal. We show that the solutions can
be improved by using well-established physical con-
straints, to reduce the effect of the less-than-optimal
station coverage in the inversion. In some cases, we
deliberately chose a very unfavorable scenario, since
our purpose was to determine which properties of the
faulting process could still be reliably obtained, if any.

For a dipping fault, we show that the best configu-
ration is when the stations are on the hanging wall and
six stations on the hanging wall are enough to obtain
the moment rate history and distribution. The stations
on the hanging wall are closer to the fault surface but
the better result is also due to the better illumination of
the fault by the hanging wall stations, as is illustrated
schematically in Figure 21. Further, we find that the
solution for the C-1 configuration, with six stations all
located on the hanging wall side of the fault, is better
than that for configuration C-0 with twelve uniformly
distributed stations. It may appear surprising at first
glance that adding the six footwall stations produces a
poorer solution. But since the footwall stations illumi-
nate the fault less well, their contribution to the Green
function matrixA worsens its condition number. This
provides incentive to install permanent ocean bottom
strong ground motion stations in subduction zones.
Thus the azimuthal distribution and the resulting illu-
mination of the fault is more important than simply the
number of stations. For a fault dipping more shallow-
ly than that considered in this paper, the illumination
effect discussed above will be even more pronounced.

Placing only four stations in the forward direction
relative to the rupture propagation, was sufficient to
recover the solution well. On the other hand, four sta-
tions placed in the backward direction produced a poor-
er solution, though the main features of the rupturing
process were still obtained. Finally, we were unable
to determine the details of the rupturing process when
using a different source medium structure than the cor-
rect one, even though the overall picture of the moment
rate distribution could still be recovered. Our point in
using very different structure in the inversion was to
show that though we can compensate for poor station
coverage by using constraints, very incorrect struc-
ture cannot be compensated for by any means. Thus
at regional distances using an incorrect source Earth
structure, it is difficult to distinguish between the true
source properties and artefacts generated by the incor-
rect medium properties, even with an optimal station
distribution and additional physical constraints. Except
in a very few intensively studied regions of the world
(for example, California) the crustal structure unfor-
tunately remains poorly known even today. Our study
shows that some gross features of the faulting process
can be obtained even in that case, though not the finer
details.
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