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S U M M A R Y
In the inversion of observed waveforms to obtain the earthquake source faulting process some
uncertain factors may influence the reliability of the results. Several numerical tests have been
analysed in this paper in order to understand the effect of some of these uncertain parameters,
such as the number and width of multiple time windows that define the source–time function,
the assumed strike and dip of the fault, the velocity structure, and noise. Also, the influence of
the sampling rate, the time window of the data and the distribution of observational stations is
studied. Our research indicates:

(1) The near-source waveform data can adequately recover the source rupture process of
the shallow part of the fault. However, they poorly constrain the slip distribution on the deep
part of the fault. Using near-source and teleseismic waveform data jointly can provide a more
complete view of the rupture process of the whole fault.

(2) The result using near-fault data is very sensitive to the assumed strike and dip parameters
of the fault model. A 2◦ deviation of the presumed strike and a 5◦ deviation of the presumed
dip from that of the true fault will lead to a distorted inversion result.

(3) The influence of the uncertainty of the seismic velocity structure for the Chi-Chi earth-
quake might be ignored if we can take the difference between Ma et al.’s model and Wu et al.’s
model as the measure of the media uncertainty.

Key words: faulting, numerical techniques, seismic modelling, seismic waves, slip inversion,
strong ground motion.

1 I N T RO D U C T I O N

One of the principal goals in seismology is to infer the nature of the
earthquake source from the observed seismograms. Undoubtedly,
the seismograms excited by the source contain more information
about the source rupture process than any other geophysical data, so
matching the observed seismograms is the main way to invert for the
source rupture process. Inverting for the earthquake source rupture
process by matching waveforms has advanced considerably over
the past two decades. Many characteristics of the source rupture,
such as nucleation, multiple subfaulting processes, asperities and
so on have been revealed via waveform inversions (e.g. Shibazaki
et al. 2001; Ide 2001; Okada et al. 2001; Sekiguchi & Iwata 2002).
With the recent improvement of seismic observational techniques
and networks, more and more seismologists are focusing their at-
tention on the inversion of the seismic records for the earthquake
source rupture processes. The rupture process for almost all of the
disastrous earthquakes that have occurred during the past 10 yr, such
as the Landers earthquake in 1992, the Loma Prieta earthquake in

1989, the Kobe earthquake in 1995, the Turkey earthquake in 1999,
the Chi-Chi earthquake in 1999, and so on, have been studied in
this way. Some of these events have been studied several times by
different authors with different waveform data or different inversion
algorithms. Reading these papers carefully, we find that, even for the
same earthquake, the results of inversions by different authors are
usually different because of the influence of some uncertain factors.
This leads to a question: on what basis can one judge the reliability
and precision of the inversion results?

On the other hand, some seismologists who study the earthquake
source dynamic evolution problem take the kinematic inversion
results inferred from the waveforms as the input data to deduce
the dynamic source parameters or dynamic rupture features (e.g.
Bouchon 1997; Bouchon & Ihmle 1999; Dalguer et al. 2001a,b).
So, a reliable and precise kinematic inversion input is very impor-
tant for such research.

The reliability and precision of waveform inversion for the earth-
quake source rupture process has been investigated previously.
Hartzell (1989) discussed the influence on the inversion results of
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the inversion algorithms and the initial models. Beroza & Spudich
(1988) discussed the influence of data noise. Sekiguchi et al. (2000)
analysed the robustness of their inversion results for the 1995 Hyogo-
ken Nanbu earthquake and examined the influence of random noise
and uncertain velocity structure. Graves & Wald (2001) analysed
the resolution of the finite fault source inversion using 1-D and 3-D
Green’s functions and also discussed the influence of the inexact
velocity structure.

The primary goal of this paper is to investigate the influence of
some uncertain factors, including the fault model parametrization,
the velocity structure and data time windows. We also examine the
trade-off between the model parametrization and resolution of the
inverted source rupture process. Unfortunately, it has always been
difficult to evaluate the resolution and accuracy of the recovered
source rupture process in practical cases because we generally do
not know the true source history (Wald & Heaton 1994). To avoid
this problem, we design a known earthquake faulting model and use
a set of synthetic data excited by this ‘earthquake’ to recover its
original faulting process. The consistency between the inversion re-
sults and the pre-designed faulting model can indicate the reliability
and resolution of the inversion results. The basic procedure we use
is: (1) prescribe a source model, observational network and velocity
structure; (2) use a forward simulation (Chen 1993, 1999) with the
prescribed source model, observational stations and velocity struc-
ture to calculate a set of synthetic seismograms as the ‘data’; (3)
use different data sets and various source parametrizations to invert
for the source rupture process and analyse the influence of the un-
certain factors by comparing the resulting rupture process with the
prescribed source model.

2 T E S T C A S E A N D I N V E R S I O N
M E T H O D O L O G Y

2.1 Prescribed source model for the test case

In order to place the analysis in a realistic context, we take the 1999
Chi-Chi earthquake as the test case to analyse the reliability and
precision of waveform inversion for the earthquake source history.
According to the surface breaks along the Chelunpu fault generated
by the Chi-Chi earthquake, we simply set the fault plane of the pre-
scribed model as 110 km along strike by 40 km down-dip (from
the surface), with a strike of 3◦, and a dip of 29◦ (Lee et al. 2000;
Ma et al. 2001). The hypocentre of the Chi-Chi earthquake is located
30 km along strike and 16.5 km down-dip from the southern top cor-
ner of the rectangular fault. Similar to the test case of Graves & Wald
(2001), we design the slip distribution of the prescribed model by two
simple rectangular slip patches (asperities). The slip on the northern
asperity is a constant 5 m and the slip on the southern asperity is a
constant 2 m, which approximates the slip distribution recovered for
the Chi-Chi earthquake by some authors (Yagi & Kikuchi 2000; Ma
et al. 2001; Zeng & Chen 2001). The rupture time distribution of the
prescribed model is taken as a uniform propagation with a constant
rupture velocity of 2.5 km s−1. For simplicity, we set a constant rake
of 85◦ and a cosine slip velocity source–time function with 3.0 s
duration as expressed by:

ṡ(t) =
{1 − cos(2π t/R)

R
for 0 ≤ t ≤ R

0 for t = others
(1)

where ṡ(t) is the slip velocity source–time function and R is the
source rupture duration which is prescribed as 3.0 s in our test case.
Fig. 1 illustrates our prescribed source model for the tests.

Figure 1. Prescribed source model. The hypocentre is marked by �.

According to the site investigation by the Taiwan Central Geologi-
cal Survey (Chen et al. 2001), the seismogenic fault of the Chi-Chi
earthquake is much more complex than our prescribed fault model
and may consist of several segments with different strike and dip
angles. The slip distribution, rupture propagation and source–time
function are also more complex than the prescribed source model.
However, since our primary goal in this paper is to examine the
possibility of inverting for a reliable and precise earthquake source
rupturing process using traditional methods, taking a simple pre-
scribed source model as the test case is the clearest way to study
the robustness of the inversion results. We will use a more complex
fault model when we use our newly developed inversion method
(Zhou & Chen 2003) to invert for the rupture process of the Chi-Chi
earthquake in a future study.

Fig. 2 shows the 21 near-source stations and the velocity struc-
ture used to generate the ‘observational data’ in our test case. The
locations of the stations are listed in Table 1. The velocity model is
the average velocity structure of western Taiwan as inferred from
the work of Change et al. (2000) and Chen et al. (1998). The 21 sta-
tions are the stations which best recorded the Chi-Chi earthquake,
among about 600 local digital accelerometers (Lee et al. 2001), and
are widely used in inversion studies of the Chi-Chi earthquake (Ma
et al. 2001; Wu et al. 2001; Zeng & Chen 2001). We will use the gen-
eralized reflection/transmission method developed by Chen (1993,
1999) to calculate the ‘data’ in our numerical tests. The sampling
and the length of each data record will be described in detail in the
following section.

2.2 Inversion methodology

During the past two decades, many methods have been devel-
oped to invert for the earthquake rupture process from seismic
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Earthquake source history inferred from waveforms 1219

Figure 2. Distribution of the strong motion stations and the regional media structure.

waveform data. These methods can be divided into two approaches.
In one, the slip and rupture time are recovered simultaneously, such
as in the linearized method (e.g. Beroza & Spudich 1988; Zhou &
Chen 2003), in the frequency-domain inversion method (e.g. Olson
& Anderson 1988), or in the global statistical search optimization
method (e.g. Fukuyama & Irikura 1986; Zeng & Anderson 1996;
Hartzell & Liu 1996; Ji et al. 2001). The main advantage of this
approach is that both the slip and rupture front time distribution on
the fault can be determined simultaneously. The main disadvantage
is that the mathematical expression of the source–time function is
usually assumed. Dynamic faulting research based on both seismic
observations and rock rupturing experiments (Ohnaka & Yamashita
1989; Miyatake & Yamashita 1995; Nakumura & Miyatake 2000)
and numerical simulations (Day 1982; Dalguer et al. 2001b) show
that the earthquake source–time function is very complex. It may
vary at different points on the fault, and cannot be described with
a simple functional form. The other main approach is the multi-
ple time-window inversion, which was presented initially by Olson
& Apsel (1982). After their pioneering work, much progress has
made this inversion method more sophisticated (Hartzell & Heaton
1983; Hartzell 1989; Nakayama & Takeo 1997; Sekiguchi et al.

2000). Both methods discretize the fault surface into a set of cells
(or subfaults). The second requires the pre-setting of several tem-
poral segments (multitime windows) for each cell. This is done so
that each cell on the fault may slip within any of these time windows
in order to accommodate the complexity of the slip functions and
model variations in rupturing front times (effectively allowing the
rise time and rupture velocity to vary spatially). The basic inversion
equation of this method (Hartzell 1989) can be expressed as a simple
linear optimization problem:(

wG
λS

)
X ∼=

(
wd
0

)
s.t. X > = 0.0 (2)

where G is the matrix of Green’s functions and d is the data vector
of observed seismic waveforms. S is a matrix of smoothing con-
straints, where the difference between the slip on adjacent subfaults
is set to zero. λ is a linear weight, whose magnitude controls the
trade-off between satisfying the constraints and fitting the data. w

is the inverse value of the corresponding observational data point,
thus normalizing the data and letting all the recordings with dif-
ferent values have the same weight when fitting the waveforms.
Sekiguchi et al. (2000) introduced Akaike’s Bayesian information
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Table 1. Location of the stations.

Name of station Code Latitude (◦) Longitude (◦)

T039 Sta1 24.4922 120.7838
T046 Sta2 24.4687 120.8540
T052 Sta3 24.198 120.740
T059 Sta4 24.2688 120.5637
T067 Sta5 24.0917 120.7197
T068 Sta6 24.278 120.7657
T072 Sta7 24.0392 120.8577
T074 Sta8 23.9607 120.9617
T075 Sta9 23.9835 120.6778
T078 Sta10 23.8123 120.8455
T079 Sta11 23.8397 120.8942
T089 Sta12 23.9037 120.8565
T123 Sta13 24.0177 120.5427
T128 Sta14 24.4162 120.7607
T129 Sta15 23.8783 120.6843
T141 Sta16 23.8335 120.4640
C006 Sta17 23.5822 120.5522
C024 Sta18 23.7577 120.6065
C041 Sta19 23.4393 120.5957
C074 Sta20 23.5103 120.8052
C101 Sta21 23.6862 120.5622
RAYN Sta22 23.52 45.5
CTAO Sta23 20.09 146.26
KBS Sta24 78.93 11.94

criterion (ABIC) (Akaike 1980) to select the appropriate smoothing
weight λ.

The main advantage of this method is that the form of the source–
time function need not be presumed but is instead described by the
combination of a series of temporal basis functions (such as a trian-
gle function) with different weights. Each of these basis functions is
localized within one of the pre-set multiple time windows, which can
overlap each other. So, the source–time function is nearly an arbi-
trary function. If we have inverted for the slip weight for a particular
subfault within its own time window in eq. (2), we can easily re-
create the source–time function of the subfault. Fig. 3 illustrates the
way to obtain the source–time function. Theoretically, if we pre-set
the number of the multitime windows for each subfault large enough
(i.e. the interval between the neighbouring time windows is small
enough), it is possible to invert for a complex faulting process with
variable rupture propagation and arbitrary source–time function.
However, a large number of multitime windows means that more
unknown parameters are contained in the inversion eq. (2), which
requires more data. Because we have abundant seismograms for the
Chi-Chi earthquake, it is possible to use the multiple time-window
method to invert for the faulting process without constraining the

Figure 3. Schematic illustration of combining the multi-overlapped triangle functions with different weights into a source–time function.

form of the source–time functions. The following analysis in this
paper will mainly use the multiple time-window method.

The NNLS (non-negative least square) algorithm was recom-
mended by Hartzell (1989) to solve the multitime window inver-
sion problem described by eq. (2). Householder transformations are
applied in this algorithm to avoid taking the product GTG, which
would lead to a squaring of the singular values of the matrix and a
loss of accuracy. However, we prefer to choose the Gauss iteration
algorithm with non-negative constraint for several reasons:

(1) The Gauss algorithm needs less memory than NNLS. This is
because NLLS needs to use a sequence of Householder transforma-
tions to convert an asymmetrical matrix to a upper triangularized
Heisenberg matrix and needs to use QR (singular value decomposi-
tion) to get eigenvalues and eigenvectors. So there are dual iteration
processes in NNLS. In the Gauss algorithm only a mono-iteration
process is required.

(2) It is true that Householder transformations avoid taking the
product GTG in NNLS. However, for an ill-conditioned matrix in-
version problem the solution might be unstable. This originates from
the problem itself instead of the algorithm because the solution is
unique for a linear matrix inversion problem. For a deterministic
problem, the unstable solution originates from the rounding errors
of the digital operations. Such an unstable phenomenon should be
more serious in NNLS since there are many more operations needed
for calculating the matrix inversions.

2.3 Source parametrization

The parametrization of the source is a key step in the waveform in-
versions. It is one of the main tasks in our paper to examine how the
parametrization influences the inversion results. The parametriza-
tion in the multitime window method mainly includes: (1) the dis-
cretization of the fault surface; (2) discretization of the source–time
function (the number of multitime windows, and the basis function
of the source–time function); and (3) an assumed rupture propa-
gation velocity. The discretization of the fault surface generally de-
pends on how much detail we want to know about the source process
and on how good/numerous the waveform data are. Sekiguchi et al.
(2000) discussed the problem of discretization of the fault surface.
They pointed out that the spatial periodicity arising from discretiza-
tion of the fault was likely to generate spurious synthetic waves of
the corresponding frequency. They suggested that the subfault size
should be carefully chosen to make the dominant frequency caused
by the spatial periodicity lie outside the frequency range of the used
waveform data. We discretize the fault into 704 (44 × 16) identical
subfaults, each with a dimension of 2.5 km by 2.5 km. The spa-
tial periodicity arising from our discretization is more than 1.5 Hz,
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Table 2. Parameters of the finite fault source inversion.

Discretization of the fault 2.5km × 2.5 km for each subfault
The fault plane is discretized into 704
subfaults totally

Basic function for the source–time
function discretization

1 − cos(2π t/w)

w

4

w2




t 0 ≤ t < 0.5w

w − t 0.5w ≤ t < w

0 other




The number of multitime windows 1–12

Possible rupture time range of the −2.0–3.3
incorporated source–time function

w is the width of the time window

Table 3. Inversion data.

Data type Sampling Nyquist Hamming filter Length for
rate frequency parameters each record
(Hz) (Hz) (Hz) (s)

Near-source 2.5 1.25 For near-source data: 45.0
3.333 1.66 lower freq. 0.1, 0.2; 70.0
2.5 1.25 higher freq. 0.9, 1.0 95.0

Teleseismic 1.0 0.5 For teleseismic data: 500.0
lower freq. 0.05, 0.1;
higher freq. 0.35, 0.4

which is outside frequency range (0.1 to 1.0 Hz) of the waveform
data used in our research.

In order to compare the inversion results using different dis-
cretizations of the source–time function, we consider triangle func-
tions with 0.3 to 1.0 s rise and 0.3 to 1.0 s fall. We also consider a
cosine function of 3 s duration. The number of multitime windows
is also taken from 1 to 12 for different tests in our study. The neigh-
bouring time windows on each subfault half overlap each other.
Table 2 summarizes the various parametrizations of the source we
will test in this analysis.

2.4 Data

The data used in our test inversions are generated by the generalized
reflection/transmission method (Chen 1993, 1999) and have been
filtered with a Hamming filter. The parameters of the filter are listed
in Table 3. Because the seismogram length of the record and the
sampling rate may both affect the resolution of the inversion results,
we will use different record lengths and different sampling rates to
test their influence. Table 3 lists the data sets we will use in different
tests.

3 A N A LY S I S O F T H E R E S U LT S

3.1 Influence from the number of the multitime windows
and the length of the data

The number of multitime windows is a parameter that must be as-
sumed when the multitime window algorithm is used to invert for
the earthquake faulting process. Another parameter to be consid-
ered is the length of the waveform data used in the inversion. In the
following inversion tests, the same source–time function, the same
fault parameters (the strike, dip and the size of the fault) and the
same velocity model as those of the prescribed source are used so
as to remove any other uncertain factors from our discussion on the
effects of the number of the multitime windows and the length of
the data.

Fig. 4 shows the inversion results with different lengths of near-
source waveform data and different numbers of multitime windows.
Because the source–time function and velocity structure used in the
calculation of the Green’s function matrix G in these inversion tests
are the same as those used in the calculation of the ‘data’ (d vector),
and there is no noise, we expected that we could completely recover
the slip distribution pattern of the prescribed source model. But
instead we find that we cannot completely recover the source if we
only use the near-source ground motion data in the inversion.

From Fig. 4, we can see that:

(1) The full waveforms should be used in the inversion for a more
reliable recovery of the source rupture process. If shorter waveform
record segments are used, the data will contain less information on
the more remote and deeper subfaults of the source fault and the
slips on those subfaults are poorly constrained. Fig. 5 indicates that
the longest duration of ground motion among the 21 stations in our
test case was about 80 s.

(2) Although the time-window parametrization can certainly pro-
vide the possibility of inverting for a complex source rupture process
with variable rupture velocity (an arbitrary source–time function
as we mentioned in the introduction), it may also produce some
false patterns in the recovered source rupture process because of the
trade-off among the slip distribution, rupture front time distribu-
tion and source–time functions (Hartzell & Heaton 1983; Hartzell
1989; Wald & Heaton 1994). A larger number of time windows may
require more data to constrain the source and reduce such trade-offs.

(3) The slip distribution on the shallow part of the fault can be
recovered quite well using the near-source waveforms. However,
even when a single time window is used to remove the trade-off
between the slip distribution and rupture delay time distribution,
there is still a small false slip area on the deeper part of the fault in
the inversion result.

To investigate the possible factors which lead to this false slip
area, we select some subfaults from three down-dip profiles of the
fault and compare the elements of the synthetic Green’s function
matrix G excited by these subfaults. The synthetics excited by shal-
low and deep subfaults with the same unit slip are shown in Fig. 6.
We can see from the synthetics in Fig. 6 that there is obvious varia-
tion in the amplitude of the waveform according to the depth of the
subfault. The synthetics from the deep subfaults are much weaker
than those from the shallow subfaults, which may be the main reason
that the slip distribution on the deep part of the fault is more dif-
ficult to recover with the near-source waveforms. We also find that
the synthetics from the more remote deep subfaults are the weakest
(subfaults 12, 14, 16 in the right column of Fig. 6). Compared with
other synthetics, they are so weak that their contribution to the ob-
served ground motions can almost be ignored, which is a plausible
reason why a false slip pattern can easily occur on these subfaults.
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Figure 4. Rupture processes inverted with near-source waveform data.

To improve the inversion resolution on the deep part of the source,
we add data from one to three GDSN stations (see Table 1) to our
tests. Fig. 7 shows the synthetics of the stations excited by some
subfaults with different depths. We can see that there is no significant
variation in synthetic waveforms with depth, or along strike, which
means that the synthetics from all subfaults on the fault have nearly
the same contribution to the teleseismic ground motion. So, using the
near-source and teleseismic waveform records jointly may improve
the inversion resolution on the whole fault. Fig. 8 shows the inversion
results using the full waveforms of the 21 near-field stations and the
P waveform of one teleseismic station. We can see that the source
has been perfectly recovered.

3.2 Influence of the width of the basis function

The source–time function plays a very important role in the calcu-
lation of the synthetic seismograms. In research on source history,
we should also invert for the source–time function as we do for
the slip and rupture front distribution on the fault. In the multitime
window inversion method, the source–time function is temporally
discretized and expressed as the linear sum of a series of basis func-
tions with weights (see Fig. 3). Because the iso-triangle function is
usually chosen from among all the possible basis functions, such
as triangle, ramp, sine or cosine functions (Olson & Apsel 1982;
Hartzell & Heaton 1983; Wald & Heaton 1994; Nakayama & Takeo

C© 2004 RAS, GJI, 157, 1217–1232

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/157/3/1217/568358 by guest on 22 Septem

ber 2022



Earthquake source history inferred from waveforms 1223

Figure 5. Comparison of observation (dashed lines) and synthetics(solid lines) in the inversion with the record length of the waveform data 95.0 s and three
time windows.

1997; Sekiguchi et al. 2000), we take the iso-triangle function as
the basis function in our discussion of the influence of the width
of the time window. We take the total time range of the overlapped
multitime windows to cover the rise-time duration of the real source
to ensure that it is possible to find a perfect source–time function
with such a set of basis functions.

To remove the influence of other uncertain factors, the fault pa-
rameters (strike, dip and the size of the fault) and the velocity model
are taken as those of the prescribed source in the inversion calcula-
tions and we use waveforms from both the 21 near-source stations
and three teleseismic stations to ensure we have enough data to
recover the source history.
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Figure 6. Synthetics of the station 10 (T078) for the subfaults with different depths on the three selected dip-ward columns.

Fig. 9 shows the results inverted by four different time window
combinations(see Table 4). We can see that: (1) the smaller the width
of the time window, the finer the source–time function that could be
obtained, and the more accurate inversion result could be achieved;
and (2) the spare time windows have little influence on the inversion
result when the data used in the inversion are sufficient.

We should point out:

(1) The total time range of the overlapping multitime windows
should not be less than the possible maximum rise-time duration of
the real source–time function.

(2) A smaller width of the time window is helpful for inverting
a finer source history. However, more time windows should be used
to ensure that the total time range of the overlapping multitime
windows is long enough. Also, higher-frequency data and more
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Figure 7. Synthetics of the station 24 (KBS) for the subfaults with different depths on the three selected dip-ward columns.

data will be required to ensure there is enough information to obtain
a fine inversion of the source history.

(3) A large number of multitime windows will require more ex-
pensive computation.

3.3 Influence of the uncertain strike or dip of the fault

A very important step in setting up the inversion model is to deter-
mine the strike and dip of the rupture plane. At present, a widely
accepted method for determining the source mechanism parameters
such as strike, dip and slip angle is to invert for them using both tele-
seismic waveform records and the polarities of P-wave initial mo-
tions. However, the strike and dip based on moment tensor inversion
using teleseismic waveform fitting have errors. Xu (1995) discussed
the influence of the uncertainty of the focal depth to the inversion
of the earthquake source mechanism parameters, and pointed out
that the uncertainty of the strike is about 15◦ while the uncertainty
of dip is smaller, say from 5◦ to 10◦. The parameters inferred from

P initial motions usually have larger uncertainty. So the strike and
dip based on the source mechanism have some uncertainties, which
will influence the inversion results.

In order to discuss the effects of the strike or dip discrepancy, we
pre-set the departure of the strike and dip of the inversion rupture
plane from that of the prescribed model as 15◦, 10◦, 5◦, 2◦, or 1◦.
The inversion results indicate that the strike and dip departure could
seriously influence the results and the fittings can be very poor (see
Fig. 10). But with the strike and dip getting closer to the true values,
the waveform fitting becomes much better, the shape of the area
with no rupture becomes clearer and the slip distribution is closer
to the prescribed model. This means that it is possible for us to
find a best-fitting result by changing the strike and dip. In fact,
this idea to how to reduce the influence of uncertainty of the strike
and dip on the inversion results has been adopted in inverting the
seismic source rupture process using teleseismic records (Ma et al.
2001). From Fig. 11, we can see that although the strike and dip
of the model only deviates by 1◦ from the real model, the misfit is
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1226 S. Zhou, K. Irikura and X. Chen

Figure 8. Rupture processes inverted both with near-source waveform data and teleseismic data.

still large. So when inverting by use of the near-source waveform
records, we can theoretically determine the strike and slip within
1◦. However, we must note that in a practical inversion process the
noise in the data and the possibly complex shape of the rupture
may influence the precision of the strike and dip determinations.
Furthermore, we must pay special attention to inversion results using
only near-source seismic records when we cannot ensure that the
parameters of the pre-set fault are close to those of the real fault of the
earthquake.

3.4 Influence of an uncertain velocity
structure and data noise

There are two kinds of noise. The first kind of noise originates from
the data (matrix d in eq. 2) which are often contaminated by white
noise. The second originates from the uncertainties of the velocity
structure, which may lead to some errors in the calculation of the
Green’s functions (matrix G in eq. 2). To remove all uncertainties
other than the influence of noise, we will make the parameters of
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Figure 9. Inversion results with different sets of time windows and the perfectly incorporated source–time function by the basic functions.

Table 4. The parameters of the time windows we used in our tests.

Test Width of Overlap length Number of Possible rupture time
code time window of neighbouring time windows range of the incorporated

(s) windows (s) source–time function (s)

A 2.0 1.0 7 −3.0–5.0
B 1.0 0.5 7 −1.0–3.0
C 0.6 0.3 9 0.0–3.0
D 0.6 0.3 12 −0.6–3.3
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Figure 10. Inversion results when the strike or dip of the inversion rupture plane departs from that of the prescribed model by 15◦, 10◦, 5◦, 2◦ and 1◦.

the pre-set fault plane and the rupture timings of the points on the
fault and source–time function the same as those of the original
prescribed model in this analysis.

Ma et al. (2001) and Wu et al. (2001) respectively used two
different media velocity structure models to calculate the Green’s
functions in their inversions for the Chi-Chi earthquake. The model
of Ma et al. model was the average velocity structure of western
Taiwan inferred from the works of Change et al. (2000) and Chen

et al. (1998); this was used to calculate the ‘data’ in the numerous
tests of this paper. Two different velocity structures for stations in
the hanging wall or the footwall of the Chelupu fault were used in
the model of Wu et al.. Fig. 12 shows all three velocity structures.

Fig. 12 indicates that these three velocity models (depth between
0 and 30 km) are similar in their gross features, but small differ-
ences exist. The difference between these velocity profiles provides
a measure of the uncertainty that currently exists in our knowledge
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Figure 11. Waveform fitting error variation on the dip angle deviation and
strike azimuth deviation.

of the actual velocity structure of Chi-Chi region. Differences in
the velocity profiles lead directly to differences in wave propaga-
tion effects, which can ultimately result in some degree of influence
on the inversion of the earthquake rupture process. To analyse the
influence of the uncertain velocity models and white noise contam-
ination, we use the hanging-wall model of Wu et al. to calculate the
Green’s function matrix for numerous test models whose ‘data’ was
generated with the model of Ma et al. and with 5 per cent random
noise.

The inversion results indicate that the noise, whether it originates
from the uncertainty of the velocity structure or from data contami-
nation, would certainly affect the results. However, in the following
inversion for the Chi-Chi earthquake, the influence might not be
very serious: the discrepancy between the velocity structure model
used and the actual one is small if we can take the difference be-

Figure 12. Velocity profiles for three regional media velocity model.

tween Ma et al.’s model and Wu et al.’s model as the measure of
the uncertainty. The inversion results (Fig. 13) have recovered the
main features of the original test models despite there being some
differences between the velocity structure used in calculation of he
Green’s function matrix and the velocity structure used in the calcu-
lation of the ‘data’, and 5 per cent disturbance was randomly added
into ‘data’. But the difference between the inversion result and the
prescribed source is big and cannot be ignored.

4 D I S C U S S I O N A N D C O N C L U S I O N

The inversion tests in this paper show that the multitime window
method is an effective method for inverting for a complex earth-
quake faulting process without assuming the form of the source–
time function. Using a time window of shorter width is helpful
for inverting for finer details of the earthquake faulting process.
However, the shorter-width time window may require using a larger
number of time windows and a larger number of time windows
requires more data to constrain the possible trade-off between the
slip and rupture timing front distribution on the fault. Some studies
have discussed the problem of choosing a suitable number of mul-
titime windows and have pointed out that the increase in number of
multitime windows might reduce the misfit between the synthetic
and observed waveforms. However, such an improvement might
not originate from the inversion result approaching the real one and
might not be statistically significant. They suggested that the AIC
measure should be used to select a suitable number of multitime
windows. Because inversion methods that recover the slip and rup-
ture time simultaneously presume the form of the source–time func-
tion, their basic inversion formula contains fewer unknown variables
than the multitime window method. The number of data required
may be less in the simultaneous slip and rupture time inversion
methods. However, the earthquake faulting process recovered by
such methods may be distorted if the presumed form of the source–
time function departs from the true form too much; we generally
do not know exactly the correct form of the source–time function.
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Figure 13. Inversion results when there are differences between the velocity structure used in calculation of Green’s function matrix and the velocity structure
used in calculation of ‘data’.

Therefore, we suggest that the multitime window method is the bet-
ter way to invert for the source history when the observation data
are abundant. Otherwise, the simultaneous slip and rupture time
inversion method may be considered if a reasonable source–time
function form can be presumed

Teleseismic waves carry information about the source function
only for that part of the space-time spectrum for which |ω/k| >

c, where ω is the angular frequency, k is the wavenumber compo-
nent in the fault plane, and c is the wave-propagation velocity. So a
complete determination of the source history requires observations
near the seismic source (Aki & Richards 2002). As near-source data
become more and more abundant, seismologists pay more and more
attention to the use of near-source waveform data to invert for the
source history. Our tests show that the near-source waveform data
can recover the source history on the shallow part of the fault; how-
ever, they constrain the slip pattern poorly on the deep part of the
fault. This is because the strength of the near-source ground motion
strongly depends on the depth of the source. Information on the near-
source ground motion from the deep part of the fault is too weak
relative to that from the shallow part. There is not such an extreme
difference between the shallow and deep parts in the teleseismic
waveforms. In our test, jointly using one teleseismic station along
with data in the near-source region can help to recover the correct
faulting pattern on the whole fault. So, jointly using near-source and
teleseismic waveform data may provide more complete information
on the rupture process of the whole fault. In fact, the real improve-
ment in the inversion resolution may come from directly combining
all available data, particularly seismic with geodetic data since the
combination can offer a more broadband frequency range of obser-
vations than the individual seismic data sets (Ji et al. 2001). Also,
the static data (static component of the seismic data or GPS geode-
tic data) are particularly helpful for reducing the trade-off between

timing and slip distribution. However, there are two main difficulties
in such a combination:

(1) The static component of the seismic data is not easy to extract
from the waveform data because of the baseline errors created by
instrumental fatigue, instrumental tilting due to the strong ground
distortion, waveform incompleteness, etc. It is known that the Chi-
Chi earthquake was well recorded by an excellent local broadband
(50 Hz dc) digital network with more than 600 stations. But the per-
manent dc component displacements can still hardly be recovered,
and none of the papers about the source history inversions of the
Chi-Chi earthquake (Ma et al. 2001; Wu et al. 2001; Zeng & Chen
2001) have used such data in their inversions.

(2) GPS data for most earthquakes are obtained after the earth-
quakes; GPS data are not a continuous recording and do not contain
just the co-seismic static displacement. If the GPS were a continuous
recording and its working time fortunately covered the earthquake
source rupturing process, it would be very useful in source inversion
research. Combined with the seismic data, the static displacement
data from GPS are widely used in recent source history inversions,
including those for the Chi-Chi earthquake (Ma et al. 2001; Wu et al.
2001; Zeng & Chen 2001). We suggest that at least one teleseismic
waveform record should be added in order to constrain the faulting
on the deep part of the fault when lots of near-source waveform data
are used.

In the test on the influence of an uncertain strike or dip of the
fault, we find that the near-source inversion result on the source
is very sensitive to the strike and dip parameters of the presumed
fault model. This is because so many stations in the test are very
close to the up-dip projection of the fault radiation pattern node
so that a slight error in the fault model plane can lead to erro-
neous inversion results. Our numerous tests also reaffirm that the
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resolution of inversion results can be increased by improving the
accuracy of the fault model by changing the strike and dip angles
of the presumed fault model. But this will be very difficult for in-
versions for strong earthquakes like the Chi-Chi earthquake with a
very large and complex seismogenic fault, and cannot be exactly
represented with one, or a few, simple planar faults. So, in practi-
cal research on large earthquake source inversions we should not
choose stations which are too near the surface breaking trace of
the fault in case the inversion result is overly sensitive to the fault
model.

In the tests on the influence of an uncertain velocity structure,
we find that the uncertainty in structure for the Chi-Chi earthquake
might not be big enough to affect the main features of the inversion
results. This is so if we can take the difference between the models
of Ma et al. and Wu et al. model as a measure of the uncertainty
and other more detailed differences between the inversion patterns
are ignored.

The Gauss iteration algorithm with non-negative constraint is
used in the inversions for different tests. The results show that the
inversion solutions are stable even though we have used different
observation data (with different sampling intervals, different time
lengths, different station combinations, with 5 per cent white noise,
and so on). The Gauss algorithm needs much less memory and much
less computation than the NNLS method. The Gauss algorithm will
show a more obvious advantage relative to NNLS when the number
of equations (eq. 2 in this paper) increases due to a larger number
of multitime windows that need to be assumed.
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